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1. Introduction
In RAN#102 meeting, the following objectives of R19 Ambient IoT study item have been agreed [1]. 
	The following objectives are set, within the General Scope:
1. Evaluation assumptions
a) Conclude at least the following aspects of design targets left to WGs in Clause 5 (RAN design targets) of TR 38.848 [RAN1].
· Clause 5.3: Applicable maximum distance target values(s)
· Clause 5.6: Refine the definition of latency suitable for use in RAN WGs
· Clause 5.8: 2D distribution of devices
b) Define necessary further evaluation assumptions of deployment scenarios for coverage and coexistence evaluations [RAN1, RAN4]
c) Identify basic blocks/components of possible Ambient IoT device architectures, taking into account state of the art implementations of low-power low-complexity devices which meet the RAN design target for power consumption and complexity. [RAN1]
d) Define link budget calculation for coverage, including whether/how to model carrier wave from node(s) inside or outside the connectivity topology.
NOTE: Assessment performance of the design targets is within the study of feasibility and necessity of proposals in the following objectives, e.g. by inspection of reference implementations in the field, simulations, analytically.
NOTE: strive to minimize evaluation cases in RAN1.


Based on the R19 Ambient IoT SID, we focus on the discussion for Ambient IoT device architectures.
2. [bookmark: _Ref115156542]Ambient IoT transceiver architecture
2.1. General descriptions of Ambient IoT device
As shown in Table 1, Ambient IoT devices are divided into three types according to power consumption and complexity targets[1][2]. 
For device 1, the DL receiver is based on RF envelop detection w/o LNA, and the UL transmission is based on backscatter without reflection amplifier, due to limited by ~1µW power consumption. For device 2A, reflection amplifier for backscatter transmission or LNA in envelop detector can be assumed with a few hundred µW power consumption. Besides, (zero-)IF envelop receiver architecture can be considered to achieve better DL coverage. For device 2B, the UL transmission is based on active transmission. However, the transmission power is limited due to limited by a few hundred µW peak power consumption. And IF/Zero-IF envelope detection can be assumed to DL receiver of device 2B to achieve balanced coverage between UL channels and DL channels.
[bookmark: _Ref159225821]Table 1 Comparisons of Ambient IoT devices
	[bookmark: OLE_LINK3][bookmark: OLE_LINK4]
	Device 1
	Device 2A
	Device 2B

	Power consumption
	~1 µW peak power consumption
	≤ a few hundred µW peak power consumption

	Waveform 
	DL: OOK / UL: OOK

	Receiver architectures
	RF envelope detection
	RF envelope detection or IF/Zero-IF envelope detection [hundred µW for DL]
	IF/Zero-IF envelope detection [hundred µW for DL]

	UL signal generation
	Backscattered on a carrier wave provided externally
	Backscattered on a carrier wave provided externally 
	Generated internally by the device 

	Amplifier 
	No
	UL: reflection amplifier or
DL: LNA
	UL: PA
DL: LNA

	Device complexity 
	comparable to UHF RFID ISO18000-6C (EPC C1G2)
	Medium 
	orders-of-magnitude lower than NB-IoT


Proposal 1: Consider following categorization for AIoT device types
· Device 1: RF envelop detector is assumed for DL w/o LNA, and backscatter transmission for UL w/o reflection amplifier.
· Device 2A: RF envelope detection or IF/Zero-IF envelope detection for DL (optionally w/ LNA), and backscatter transmission for UL (optionally with reflection amplifier)
· Device 2B: IF/Zero-IF envelope detection for DL w/ LNA, and active UL transmission.
2.2. Envelope detection for receiver architectures
Considering the strict power consumption design target, envelope detection becomes one of the effective solutions. As a reference, RAN1 has studied low power wake-up receiver architectures based on envelope detection in [3]. Envelope detection at RF/IF/BB are shown in Figure 1-3.
[image: C:\Users\11048224\AppData\Local\Temp\ksohtml34372\wps2.jpg]
[bookmark: _Ref159232002][bookmark: _Ref159231998]Figure 1 RF envelope detection-based LP-WUR diagram
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Figure 2 Heterodyne architecture with IF envelope detection-based LP-WUR diagram
[image: C:\Users\11048224\AppData\Local\Temp\ksohtml34372\wps4.jpg]
 Figure 3 Homodyne/zero-IF architecture with baseband envelope detection-based LP-WUR diagram
Three types of potential receiver architecture are shown in the above. By researching the existing literature, the comparisons of them are summarized in Table 2.
[bookmark: _Ref159232105] Table 2 comparison of low power receiver architectures
	
	Modulation
	Power consumption
	RF sensitivity
	Interference rejection

	Amplitude detection at RF
	ASK (OOK)
	µW [4] ~tens of µW 
	-50dBm[4] ~-70dBm (LNA)
	High-Q RF filter, multi-bit ADC

	Amplitude detection at IF
	ASK (OOK)
	tens of µW [5] ~ mw[6] 
	[bookmark: OLE_LINK1][bookmark: OLE_LINK2]-70dBm[5] ~-110dBm[6] 
	RF filter, high-Q IF filter, multi-bit ADC

	Amplitude detection at BB
	ASK (OOK)
	tens of µW [7] ~
hundreds of µW [8] 
	-70dBm[7] ~-90dBm[8] 
	RF filter, high-Q BB filter, multi-bit ADC


Compared to ASK(OOK) detection, FSK and PSK detection requires more complex circuits. Coherent carrier should be recovered for FSK demodulation and PSK is sensitive to phase changes which bring higher hardware requirements and therefore will inevitably result in increased power consumption. For example, [9] presents an LPWAN radio with a reconfigurable data/duty-cycled-wake-up receiver at 900 MHz. It has a power consumption of 781 μW with BFSK modulation. The modulation is BPSK in [10] with power consumption between 135 μW and 175 μW from a 1 V supply. Hence, FSK and PSK modulation is not preferred for AIoT DL.
In summary, power consumption of low power wake-up receiver with envelope detection for OOK modulated signal can achieve RAN design target for different AIoT devices.
Proposal 2: For receiver architecture, low power wake-up receiver with envelope detection can be reused for Ambient IoT receiver. 
2.3. UL transmitter architectures
· Backscattered transmission:
On the transmitter side, the existing RFID technique can be satisfied with the design target on power consumption and complexity for device 1 and device 2A. A Tag communicates with an Interrogator using backscatter modulation, in which the Tag switches the reflection coefficient of its antenna between two states in accordance with the data being sent as shown in Figure 4. And the UL transmission performance can be further improved by a reflection amplifier for device 2A.
[image: ]
[bookmark: _Ref159232185] Figure 4 backscatter communication
A typical backscatter radio modulator connected to an antenna with input impedance is switching the antenna termination between different load impedance  as shown in Figure 5. Bit “0” will be backscattered when load impedance  is equal to antenna impedance  and Bit “1” will be backscattered when load impedance  is equal to 0.


[bookmark: _Ref159232207]Figure 5 Principle of Impedance Matching
In the existing literature, [11] developed a battery-free tag. The tag powers up by harvesting ambient RF energy and consumes only 1 μW of power by using backscatter modulation. [12] realized a 5.8 GHz RFID tag with a low power reflection amplifier requires only 29 µW of biasing power. 
· Active transmission:
For the device 2B, UL transmission architecture is similar to active architecture. The UL signal can be generated internally by the device 2B.
In the existing literature, the output power is -10 dBm for active transmitting mode and the power consumption is 450 µW under the supply voltage of 1 V in [13]. Based on the existing literature, it can be found that AIoT for different power consumption requirements can be achieved.
2.4. Potential AIoT transceiver architectures
In this section, we give the potential AIoT transceiver architectures. Details for device 1/2A/2B are provided in the following subsections.
2.4.1. Device 1 
As shown in Figure 6, on the receiver side, device 1 performs amplitude detection at RF. The input RF signal is converted to baseband via RF envelop detector. Then the baseband signal can be filtered out by low pass filter (LPF) at BB band. Furthermore, as there is no local oscillator and mixer in device 1, the power consumption can be very low, e.g., several µW or less than 1 µW[4], which enables a long battery life for IoT devices. However, the sensitivity may be quite limited, e.g., around -50 dBm[4].  And for AIoT devices, DL coverage may also depend on the activation threshold. The tag first needs to be activated by the CW signal before subsequent reception and demodulation. It is typically in the range of -20~-30 dBm. On the transmitter side, modulator is based on backscatter modulation.
The basic blocks/components with RF envelope detection is at least the following diagram for device 1.
· The RF signal is converted into baseband signal directly via an RF envelope detector. 
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· Comparator or ADC is applied.
· Modulator is based on backscatter modulation
· Ambient energy harvester comes from RF energy
· A typical backscatter radio modulator connected to an antenna with input impedance is switching the antenna termination between different load impedance

 
[bookmark: _Ref159232222] Figure 6 device 1 architecture

2.4.2. Device 2A
As shown in Figure 7-8, on the receiver side, device 2A performs amplitude detection at RF/IF/Zero-IF.
The basic blocks/components with RF/IF/Zero-IF envelope detection is at least the following diagram for device 2A.
· Modulator is based on backscatter modulation
· Reflection amplifier can provide enough gain with low power consumption
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption
· The RF signal is converted into baseband signal directly via an RF envelope detector or is directly down converted into IF/Zero-IF signal via an RF mixer with a LO. 
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be considered in the design and evaluation.
· BB amplifier can be applied to improved demodulation performance with higher power consumption
· Comparator or ADC is applied.
· Ambient energy harvester comes from other energy (e.g., solar/wind) expect RF signal and RF signal is only used for backscatter.
· A typical backscatter radio modulator connected to an antenna with input impedance is switching the antenna termination between different load impedance



[bookmark: _Ref159232248]Figure 7 device 2A architecture performs amplitude detection at RF


Figure 8 device 2A architecture performs amplitude detection at IF/Zero-IF
2.4.3. Device 2B
As shown in Figure 9, on the receiver side, device 2B performs amplitude detection at Zero-IF. 
The basic blocks/components with Zero-IF envelope detection is at least the following diagram for device 2B.
· Modulator is based on backscatter modulation
· Power amplifier can provide large gain with higher power consumption
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determine the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be considered in the design and evaluation.
· Comparator or ADC is applied at receiver and DAC is applied at transmitter.


[bookmark: _Ref159232277]Figure 9 device 2B architecture
2.5. A potential AIoT block/component – frequency shifter
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.
· Complex interference suppression techniques are required at the receiving side.
· Reduced frequency utilization.
Observation 1: Frequency shifter may not be a good component of AIoT devices due to additional power consumption and mirror frequency. 
2.6. Potential AIoT transceiver architectures for FSK
[bookmark: OLE_LINK5]Differ from envelope detection, FSK modulation is the transmission of signals through different carrier frequencies. Based on existing studies we find that power consumption is overall higher when FSK modulation is used. For example, [14] presented a new CMOS integrated analog front-end circuit for 13.56 MHz radio-frequency identification tag with FSK modulation and the power consumption is 960 μW. [15] designed a high data rate circuit, digital FSK, and consumes 380 μW at 5 V. 
Observation 2: FSK modulation results in higher power consumption. Does not meet the design target of device 1. But it may be a potential architecture for device 2A/2B.
2.7. Potential AIoT transceiver architectures for BPSK/QPSK
BPSK/QPSK modulation is the transmission of signals through different carrier phase. The phase is susceptible to noise and multipath interference, leading to phase distortion and phase shift, which reduces the recognition accuracy at the receiving side. In addition, the higher the PSK modulation, the larger the information capacity transmitted, but the corresponding modulation complexity will also increase, thus increasing the difficulty and cost of hardware and algorithm implementation.
In the literatures, [16] presented a novel BPSK demodulator based on a phase frequency detector-based phase-locked loop. The circuit occupies 1 mm2 chip area and consumes 3 mW power without any circuit optimization. [17] presented an integrated circuit implementation of a BPSK backscatter modulator for passive radio frequency identification transponders and the power consumption of the circuit is around 16.7 μW.
Observation 3: High accuracy local oscillator may be needed if BPSK/QPSK modulation is adopted. It will also increase the difficulty and cost of hardware and algorithm implementation with the higher-order modulation.
3. Key assumptions of Ambient IoT architectures
For the analysis of different Ambient IoT transceiver architecture types, at least the following aspects have been considered:
· Reflection amplifier
· Time/frequency error
· Return loss
3.1. Reflection amplifier
A reflection amplifier is a type of amplifier that uses a reflection circuit to amplify signals. Some reflection amplifiers consisting of tunnel diodes consume little power and have large gains, but are more expensive and less stable. 
[12] presents a 5.8 GHz RFID tag equipped with a high gain, low power reflection amplifier based on a tunnel diode and results show that the realized prototype achieves gains above 40 dB and requires only 29 μW of biasing power. The tag detects very low RF signals (< -90 dBm) and provides read ranges up to 2 km. [18] enhances ranges of microwave backscattering communications with RFIDs exploiting the tunnelling effect of tunnel diodes. Tests on the 5.8 GHz backscattering link reached 1.5 km of ranges and demonstrated that a DC power of only 20.4 μW and 2.9 pJ/bit are required to operate the tunnelling Tag. Compared to ideal semi-passive tag, measured tunnelling reflector gain is from 8 dB to 36 dB as shown in Figure 10. Compare to tunnel diodes, CMOS is easier to integrate. The reflector gain in [19] is from 4.9 dB to 10.2 dB with different bias voltage and input power in COMS technology. 
[image: ]
[bookmark: _Ref159232322] Figure 10 Left Axis: received signal strengths Pr in free space as function of distances r (from 25 to 160 meters); Right Axis: measured Tunnelling Reflector gains, GTR. (referred from [18])
Observation 4: When reflection amplifier is based on transistor or tunnel diode, the power consumption can be satisfied with design target of device 2B.
Proposal 3: Power gain on reflection amplifier can be [10-15 dB].
3.2. Time/frequency error
Clock is one of the essential components of the baseband circuit. However, a huge challenge concerning the clock frequency is that an accurate frequency cannot be achieved as a result of process, voltage and temperature variations. At the same time, synchronization error will further increase with dividing or doubling the clock operation. The issues caused by timing error are summarized as follows:
· Issue#1: The starting time of UL transmission is variant. 
Figure 11 shows the link timing and Figure 12 shows link timing parameters in [20]. According to RFID, the starting time for backscattered transmission is within a certain time duration after DL command detection. Hence, reader needs to blind detect the starting time of UL transmission after DL transmission.
[image: ]
[bookmark: _Ref159232394]Figure 11 Link timing in UHF RFID C1Gen2
[image: ]
[bookmark: _Ref159232409]Figure 12 link timing parameters
· Issue#2: The Pulse width may be not equal to the nominal OOK chip length.
According to [20], 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, as shown in Figure 13. The OOK length error is caused by counting error of the number of clock cycles that the TRcal takes up [21] and discrete divide of the on-chip oscillator [22]. Hence, the BS/UE need to determine the actual OOK chip length generated by AIoT device
· Issue#3: The timing of the local clock may drift during the backscatter transmission.
In addition to chip length error, the chip length is also not stable across the backscatter duration. According to [20], up to -/+2.5% variation in addition to initial timing error may occur during the backscatter transmission. As shown in Figure 13. BS and UE not only need to determine the OOK length variation caused by discrete divide of local clock, but also need to track the OOK length variation during backscattering transmission.
[image: ]
[bookmark: _Ref159232437] Figure 13 Requirements on time and frequency error for Tag-to-Interrogator link in UHF RFID
Observation 5: Following Timing and frequency error exist in UHF RFID, due to poor accuracy and poor stability of AIoT clock.
· Up to 1% in timing error and up to 22% in backscatter frequency error as in RFID.
· Up to 2.5% frequency variation during backscatter transmission.
3.3. Return loss
Return loss is a measure of the amount of power that is reflected back from a device or system, compared to the amount of power that is transmitted into the device or system.
[23] presents the simulated and measured return loss of the antenna. The relationship between return loss and frequency as shown in Figure 14. The measured half-power bandwidth (return loss less than 3 dB) is 13 MHz from 907 MHz to 920 MHz. The return loss is between -6 dB and -8 dB, typically at 910 MHz.


[image: ]
[bookmark: _Ref159232485] Figure 14 Return loss of the tag antenna (referred from [23])
Proposal 4: Return loss for backscatter devices is [-6 ~ -8 dB].
4. Conclusion
In this contribution, Ambient IoT device architecture for R19 AIoT study are discussed with the following observations and proposals:
[bookmark: _GoBack]Observation 1: Frequency shifter may not be a good component of AIoT devices due to additional power consumption and mirror frequency. 
Observation 2: FSK modulation results in higher power consumption. Does not meet the design target of device 1. But it may be a potential architecture for device 2A/2B.
Observation 3: High accuracy local oscillator may be needed if BPSK/QPSK modulation is adopted. It will also increase the difficulty and cost of hardware and algorithm implementation with the higher-order modulation.
Observation 4: When reflection amplifier is based on transistor or tunnel diode, the power consumption can be satisfied with design target of device 2B.
Observation 5: Following Timing and frequency error exist in UHF RFID, due to poor accuracy and poor stability of AIoT clock.
· Up to 1% in timing error and up to 22% in backscatter frequency error as in RFID.
· Up to 2.5% frequency variation during backscatter transmission.
Proposal 1: Consider following categorization for AIoT device types
· Device 1: RF envelop detector is assumed for DL w/o LNA, and backscatter transmission for UL w/o reflection amplifier.
· Device 2A: RF envelope detection or IF/Zero-IF envelope detection for DL (optionally w/ LNA), and backscatter transmission for UL (optionally with reflection amplifier)
· Device 2B: IF/Zero-IF envelope detection for DL w/ LNA, and active UL transmission.
Proposal 2: For receiver architecture, low power wake-up receiver with envelope detection can be reused for Ambient IoT receiver. 
Proposal 3: Power gain on reflection amplifier can be [10-15 dB].
Proposal 4: Return loss for backscatter devices is [-6 ~ -8 dB].
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Table 6-9: Tag-to-Interrogator link frequencies

TRealt BLF: Link Frequency Tolerance  Frequency Tolerance  Frequency variation
(s +/- 1%) Frequency (kHz) FrT (nominal temp)  FrT (extended temp)  during backscatter
64/3 333 640 +/-15% +/-15% +/-25%
33.3 < TReal < 320 < BLF < +/-22% +/-22% +/-2.5%
66.7 640
66.7 320 +/-10% +/-15% +/-2.5%
66.7 < TReal < 256 < BLF < +/-12% +/-15% +/-2.5%
83.3 320
83.3 256 +/-10% +/-10% +/-25%
83.3 < TReal < 160 < BLF < +/-10% /- 12% +/-2.5%
1333 256
133.3 <TRcal< | 107 <BLF < +/-7% +/-7% +/-2.5%
200 160
200 < TReal 225 | 95 <BLF <107 | +/-5% +/-5% +/-2.5%
8 17.2 < TReal < 25 | 320 < BLF < +/-19% +/-19% +/-2.5%
465
25 320 +/-10% +/-15% +/-2.5%
25 < TReal < 31.25 | 256 < BLF < +/-12% +/-15% +/-2.5%
320
3125 256 +/-10% +/-10% +/-2.5%
31.25 < TReal < 50 | 160 < BLF < +/-10% +/-10% +/-2.5%
256
50 160 +/-7% +/-7% +/-25%
50 < TReal < 75 107 < BLF < +/-7% +/-7% +/-2.5%
160
75 < TRcal <200 | 40 <BLF <107 | +/-4% /- 4% +/-2.5%

Note 1: Allowing two different TRcal values (with two different DR values) to specify the same BLF offers
flexibility in specifying Tari and RTcal.
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