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Introduction
In this paper, we discuss device architecture of A-IoT devices including following aspects.
· Energy source for A-IoT device
· Radio architecture
· Tx Modulator Architecture
· OOK/FSK Modulator for device 2b
· BPSK Modulator for device 2b
· OOK/PSK Modulator for device 1/2a
· FSK Modulator for device 1/2a
· Feasibility of Large Frequency Shift in D2R
· Feasibility of Small Frequency Shift and FDM in D2R
· Feasibility of Reflection Amplification
· Sensitivity for Communication
· Feasibility Study on Energy Storage and Sustainable Device Operation Time
· Device Sustainable Operation Time and Design Requirement
· Device Charging Time for Inventory Process
· Wake-up Mechanisms
· Power Detector
· Sequence Detector
· RF Energy Harvester and Sensitivity
· Clock/LO
· Memory

Energy Source for A-IoT devices
SID [1] has not ruled out other types of energy sources. In practice, Ambient IoT devices could be powered by other types of energy sources. However, in Rel-19 A-IoT study, it would be difficult to include other types of energy sources in study due to their less relevance to system design from spec point of view. In Rel-19 A-IoT study, we propose to focus on RF signal energy harvesting which has direct impact on system design – topology, link budget, waveform, signal design, etc.

Proposal 1: Rel-19 A-IoT study purpose, assume that all device types do energy harvesting from RF signal only.

In RAN#103, following agreement was made regarding RF energy harvesting.
	Proposal 2
· Confirm that study of design of energy harvesting signal/waveform is out of SI scope in Rel-19
· The potential impact of energy harvesting on device availability for transmission and reception procedures can be considered for the study [RAN2, RAN1]
· Duration of one device’s unavailability due to charging by energy harvesting can be assumed up to several tens of seconds
· Note: this value can be revisited in future RAN plenary meetings, if necessary
· TR 38.848 clause 5.6 statement on latency remains the case with respect to a single device, i.e.: “NOTE: The time for charging the Ambient IoT device storage (if present) is not included in the latency defined above. Time for energy harvesting, charging, etc. is regarded as an implementation issue only.”
· No SID revision is necessary




The agreement says to study the impact of energy harvesting on device availability for transmission and reception procedure, which is basically inventory process. We propose to consider RF energy harvesting for this evaluation.

Proposal 2: RAN1 to consider RF energy source for inventory evaluation. 

Radio Architecture
Tx Modulator Architecture
Figure 1, Figure 2 and Figure 3 shows current transmitter part diagram of device 1, 2a, and 2b, respectively. However, the details of Tx signal modulator depend on modulation/waveform scheme in D2R, which is one of ongoing discussion topics in agenda 9.4.2.1. Currently, D2R link, OOK, PSK, and FSK are being discussed. In deciding D2R modulation scheme, not only the detection performance studied in 9.4.2.1, but also other aspects such as device complexity, power consumption, complexity, etc should be also considered. We study modulation scheme dependent transmitter architectures.
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[bookmark: _Ref165381498]Figure 1 Transmitter of device 1
[image: A white rectangular sign with black text
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[bookmark: _Ref165381499]Figure 2 Transmitter for device 2a
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[bookmark: _Ref165381500]Figure 3 (Mixer-based) Transmitter for device 2b

OOK/FSK Modulator for device 2b
For lower power transmitter, OOK/FSK are popular choices of waveform/modulation scheme. Two types of architecture are typically considered. 
· Mixer-based (direct conversion) architecture (shown in Figure 3) 
· Direct modulation architecture (shown in Figure 4)
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[bookmark: _Ref165551012]Figure 4 Direct modulation architecture, left: OOK and right: FSK

Mixer-based architecture is also called as direct conversion architecture converting baseband signal to RF directly using carrier frequency synthesizer (e.g., PLL) and up conversion mixer. This is so called conventional architecture requiring PLL and mixer. Both PLL and mixer are power hungry components.

The direct modulation architecture in Figure 4 is favored architecture for low power applications. In this architecture, baseband signal directly modulates carrier signals generated from frequency synthesizer (PLL or VCO). Figure 5 and Figure 6 show examples of direct modulation architectures [54][55]. Baseband data directly modulates carrier signal without mixer. Direct modulation architecture could be used easily for both OOK and FSK modulation. For OOK, baseband data can simply turn on/off generated carrier signal. For FSK, baseband data could be directly used to control the voltage of VCO to generate two different frequencies. 
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[bookmark: _Ref165470072]Figure 5 FSK/OOK transmitter architecture based on PLL [54]

For frequency synthetization in direct modulation architecture, PLL could be used as shown in Figure 5, which makes channel selection easier[54]. Another approach which is quite popular for low power transmitter is injection locked frequency multiplication (ILFM) approach, as shown in Figure 6 [55]. In ILFM, low power ring oscillator could be injection-locked with external reference clock which is directly modulated by baseband data. The ring oscillator clock speed is slower, thus power consumption could be lower. The edge combiner combines edges of slower ring oscillators clock signal with different phase (from different delay stages of a single ring oscillator) to generate combined higher frequency clock signal as shown in Figure 7. Since frequency multiplication is done by digital logics, power consumption is lower than directly generating RF signal based on PLL. 
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[bookmark: _Ref165476124]Figure 6  FSK transmitter based on Injection locked Frequency Multiplication (ILFM) architecture [55]

However, whether ILFM architecture can used to easily tune to different frequency or band requires further investigation. [57] implemented tunable ring VCO using tunable varactor (variable capacitor).
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[bookmark: _Ref165477974]Figure 7 Edge combiner: multiple pairs of lower frequency LO clocks edges w/ different phase are combined to generate higher frequency pulses. [55]

Table 1 shows the list of FSK/OOK transmitters.
[bookmark: _Ref165551935]Table 1 List of FSK/OOK transmitters
	Ref
	Title
	Architecture
	Output power (dBm)
	Modulation
	Power consumption
	Frequency (MHz)
	Process node
	On chip channel selection

	[54]
	A low-power FSK/OOK transmitter for 915 MHz ISM band
	direct modulation;
PLL +  PA
	-18.6
	FSK/OOK
	367uW (FSK)
314uW (OOK)
	925
	130nm CMOS
	Yes

	[55]
	A Sub-100 W MICS/ISM Band Transmitter Based
on Injection-Locking and Frequency Multiplication
	direct modulation;
ILFM; Injection locked ring oscillator, and frequency multiplication using edge combiner
	-17
	BFSK
	90uW
	400
	130nm CMOS
	

	[56]
	A Low-Power BFSK Transmitter Architecture for Biomedical Applications
	direct modulation;
PLL based
	-20
	BFSK
	170uW
	480
	130nm CMOS
	



Observation 1: Direct modulation transmitter architecture in Figure 4 for FSK/OOK can achieve power consumption of a few hundreds of uW.

Proposal 3: RAN1 to adopt following transmitter architecture diagrams for device 2b; OOK based active tx signal (left) and FSK based active tx signal (right).
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BPSK Modulator for device 2b
In this section, we discuss BPSK transmitter for device 2b. Conventional BPSK transmitter architecture is shown in Figure 3. Baseband information bit of -1 or 1 could be multiplied with carrier wave though mixer generating carrier waves of 0 or 180 degree phase shift. The benefit of this architecture is flexibility; it can support various modulation schemes including BPSK. However, the design complexity and power requirement could be relatively higher for very lower power applications. As discussed before, direct modulation architecture in Figure 4 can avoid using DAC, mixer, etc and lower design complexity and power consumption.

Figure 8 shows one example of direct modulation architecture utilizing multiple phase carrier generator (based on ring oscillator) and MUX. Edge combiner is used to generate carrier frequency. The basic architecture is quite similar to that of [55].
[image: A diagram of a computer system

Description automatically generated]
[bookmark: _Ref165548157]Figure 8 Phase MUX based BPSK transmitter [57]

The details are shown in Figure 9, where we have multiple carrier generators for generating signal with different phases (0 and 180 for BPSK). Ring oscillators are used for low power consumption. The output signals at the different inverter stages of each ring oscillator form a set of signals with different phases, say, set P (for 0 degree or BB info=1) and set N (for 180 degree or BB info=-1). Following MUX will select one set (between set P or N) based on the input baseband Tx data. Then, edge combiner will combine the signals with different phase in the selected set as shown in Figure 7 of previous section, generating higher frequency carrier signal.
[image: A diagram of a diagram of a diagram
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[bookmark: _Ref165549272]Figure 9 Detailed architecture of Phase MUX based BPSK transmitter [57]

An alternative architecture would be one based on one for OOK modulation in Figure 4. We use direct modulation with switch for phase selection, which is controlled by baseband information. Differential VCO could be used (similar to one shown in Figure 9) for generating two phase signals corresponding to two carrier signals with 0 and 180 degree phase difference. The architecture is shown in Figure 10.
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[bookmark: _Ref166065732]Figure 10 Differential VCO/phase selector based architecture BPSK
Table 2 shows the list of BPSK transmitters meeting power consumption requirements of device 2b. 

[bookmark: _Ref165551441]Table 2 List of BPSK transmitters
	Ref
	Title
	Architecture
	Output power (dBm)
	Modulation
	Power consumption
	Frequency (MHz)
	Process node
	On chip channel selection

	[57]
	A 330-μW 400-MHz BPSK Transmitter in 0.18-μm CMOS for Biomedical Applications
	direct modulation; 
Injection locked Frequency Multiplication 
(ILFM)
	-15
	BPSK
	330uW
	400MHz
	180nm CMOS
	Frequency tunning based on tunning varactor for ring VCO

	[58]
	An Ultra-Low Power Edge Combining BPSK
Transmitter
	direct modulation;
Injection locked Frequency Multiplication 
(ILFM)
	-19.5
	BPSK
	90uW (TX1)
125uW (TX2)
	405MHz
	65nm CMOS
	



Observation 2: Direct modulation transmitter architecture in Figure 8 for BPSK can achieve power consumption of a few hundreds of uW.

Proposal 4: RAN1 to adopt following transmitter architecture diagrams in Figure 11 for device 2b generating PSK based active tx signal: 1) ILMF based (left) and 2) differential VCO/phase selector based (right)
[image: A diagram of a clock
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[bookmark: _Ref166075799]Figure 11  Direct modulation architectures for PSK; ILMF based (left) and differential VCO/phase selector based (right)

OOK/PSK Modulator for device 1/2a
For backscatter modulator, the reflected signal’s phase and amplitude could be controlled by selecting different impedance of loads – two different states. Figure 12 shows the typical backscatter modulator for OOK and BPSK modulation scheme[11]. In this architecture, there are two impedances  and , which is connected to antenna based on switch state which is controlled by baseband information. We can define two states; S1 and S2, in which load  and   are connected respectively. To generate small frequency shift, IF square waves could be multiplied with base band information bits.

[image: A diagram of a circuit
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[bookmark: _Ref165553258]Figure 12 OOK/BPSK backscatter modulator [11]

Table 3 shows IC input impedance and corresponding reflection coefficient for two states corresponding to baseband information bit 1 and 0. The reflection coefficients depends on impedance ,  and antenna impedance  (ignoring other intrinsic impedance for discussion purpose).
[bookmark: _Ref166086271]Table 3 Reflection coefficients for two states
	State
	Mapped baseband information (after IF mixer)
	IC input Impedance
	Reflection coefficient

	S1
	1
	
	

	S2
	0
	
	



To achieve OOK modulation,  and  could be selected (e.g.,  and ) such that reflection coefficients  and  have different magnitude. For PSK modulation,  and  could be selected such that , i.e., they have the same magnitude but different sign in imaginary part so that reflected signal have opposite phase between the two signals. Table 4 shows the reflection coefficients choices for OOK and PSK and backscattered power ratio  [59][60].
[bookmark: _Ref166086378]Table 4 choice of reflection coefficients for OOK and PSK and backscattered power ratio
	
	Reflection coefficient for OOK
	Reflection coefficient for PSK

	Choice of reflection coefficients
	,  
	,  

	Backscattered power ratio  during backscattering
	0.25 (-6dB)
(25% is reflected, 25% wasted, 50% is harvested)
	1 (0dB)
(100% is reflected)



Observation 3: OOK backscatter modulator could be realized by selecting two different reflection coefficients with different magnitudes based on baseband information bits.

Observation 4: BPSK backscatter modulator could be realized by selecting two different reflection coefficients in conjugate relationship based on baseband information bits.

Proposal 5: RAN1 adopt following transmitter architecture diagram, shown in Figure 13, for OOK/BPSK backscatter transmitter.
[image: A diagram of a small network
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[bookmark: _Ref165883889]Figure 13 Backscatter transmitter architecture for OOK/BPSK

FSK Modulator for device 1/2a
FSK modulation for backscattering device could be realized by applying intermediate frequency. It can use the same architecture as OOK/PSK. The binary input data stream is modulated with two different intermediate frequency signals (e.g., square waves of frequency f1 and f2). For example, baseband information 1 could be mapped to f1, and 0 could be mapped to f2. The load switching could be done between   and  according to the frequency f1 and f2. This will produce frequency shifted reflected waves at frequency  and .

[image: A diagram of a circuit
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[bookmark: _Ref165883946]Figure 14 FSK backscatter transmission based two intermediate frequencies f1 and f2

Observation 5: Binary FSK backscatter modulator could be realized by introducing small frequency shift based on two intermediate frequencies  f1 and f2 which is mapped to binary baseband information bits.

Proposal 6: RAN1 adopt following transmitter architecture diagram, shown in Figure 14, for FSK backscatter transmitter.
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Figure 15 FSK backscatter transmitter
 

Feasibility of Large Frequency Shift in D2R
In RAN116b, we made following agreement regarding large frequency shift.
	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




Single Side Band (SSB)
In RFID, when backscatter device backscatters signal in D2R, BB signal is frequency shifted by IF frequency signal (e.g., square waves) followed by load modulation. This allows the information signal to avoid strong interference from CW. However, during this frequency shift process, image of desired signal is created. The generated image could be seen as one of two sides of the frequency shifted BB signal as shown in Figure 16. As a results, double side band signal is reflected. The double side band signal takes larger bandwidth in principle and image could fall into adjacent channel/band acting as interference.
One can also consider SSB signal instead. If SSB signal could be generated from passive device, then, it could improve not only spectral efficiency but also avoid generating interference. And, also CW transmission frequency/band could be much different from the frequency where reflected signal is actually transmitted. This means that SSB D2R and large frequency shift (in Section Error! Reference source not found.) combined could provide a solution for avoiding full duplex requirement at reader side.

[image: A diagram of a signal band
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[bookmark: _Ref163199504]Figure 16 Upper figure: normal backscattering w/ IF frequency shift. Lower figure: LSB or image suppressed D2R (SSB D2R) with IF frequency shift.

There are literatures showing the feasibility of SSB backscattering [2][9][10][11][12]. When using SSB, spectral efficiency could be improved, and enable larger frequency shift from FDD-DL to FDD-UL frequency or vice versa (see the discussion of larger frequency shift in Section Error! Reference source not found.).

Power consumption: Accordingly to [2][9][10][11][12], the power consumption for enable SSB seems to be in reasonable range (28 – 33uW) for device 2a. But, it could be too high for device 1. The power consumption reported seems reasonable given that device 2 can consume a few hundreds of uW.

Observation 6: Power consumption for generating tens of MHz clocks for SSB backscattering takes tens of uW.

IF frequency generation: In [11], to generate IF clock which could be tens of MHz, 2MHz frequency reference divided from XTAL is used with PLL. Give that XTAL cost a lot in this segment, finding lower cost solution is preferred. In [12], frequency synthesize takes reference frequency as input and generate 35.7MHz frequency clocks for backscatter using integer N charge pump and ring oscillator based PLL. If baseband capability is not good enough, generating IF frequency could be additional source of power consumption and complexity increase.

IF frequency accuracy:
IF clock accuracy could be another aspect to carefully consider. If IF clock accuracy is not good enough, there could be large uncertainty in target frequency where backscattering happens. For example, 1% of 50MHz is 500kHz. Thus, accuracy of clock needs to be reasonably good, possibly less than 0.1% (giving +- 50kHz of uncertainty < 1 RB).

Observation 7: For SSB D2R, the poor accuracy of generated IF frequency at device provides an uncertainty in target tx frequency, potentially lowering spectral efficiency due to large guard band requirement. For example, 1% of 50MHz is 500kHz.


[image: A diagram of a circuit

Description automatically generated]
Figure 17 On chip backscatter modulation with single side band QPSK modulation [11]

Table 5 List of single side band works
	Ref
	Title
	Power consumption
	Frequency shift (MHz)
	Process node

	[2]
	A 28W IoT Tag That Can Communicate with Commodity WiFi Transceivers via a Single-Side-Band QPSK Backscatter Communication Technique
	28uW
	
	

	[9]
	HitchHike: Practical backscatter using commodity WiFi
	33uW
	30MHz
	

	[10]
	Sine-Cosine modulation for SSB backscatter Radio Applications
	
	
	

	[11]
	A Low-Power Backscatter Modulation System Communicating Across Tens of Meters With Standards-Compliant Wi-Fi Transceivers
	28uW
	10 ~ 50 MHz
	65nm CMOS

	[12]
	Inter-Technology Backscatter: Towards Internet Connectivity for Implanted Devices
	28uW
	37.5MHz
	65nm CMOS



Current passive RFID tag can perform frequency shift when reflecting CW in D2R after modulating CW with tx information. The amount of frequency shift could be around 250kHz. The reflected signal is double side band (DSB) and carry identical information in lower sideband and upper sideband.

In A-IoT, device 1/2a communicates with backscattering mechanism. When it backscatters D2R signal, it could be also frequency shifted as RFID does. Frequency shifting helps reader to cancel strong CW interference in D2R reception. Since passive RFID tag (which has lower complexity than device 1) already can perform frequency shift, we can safely assume that device 1/2a could also do similar amount of frequency shift.

Related to frequency shift there are two questions: 1) whether larger frequency shift (order of tens of MHz e.g., from FDD-DL to FDD-UL frequency) can be done by A-IoT device and 2) whether multiple A-IoT devices can do different amount of frequency shifts to support FDM in D2R.

By large frequency shift (Large-FS), we mean frequency shift of tens of MHs. Tens of MHz are typical value between FDD DL and FDD UL frequency in e.g., 700 or 900MHz. If device can support large frequency shift and single side band (SSB) transmission (see Section Error! Reference source not found.), then it will be possible to receives CW in FDD-DL and reflects it in FDD-UL band, or vice versa. 
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Figure 18 SSB D2R combined with large frequency shift allows different CW tx frequency and D2R frequency.

In the following Table 6, we discuss power, complexity, and interference perspectives of large-FS.

Proposal 7: RAN1 to adopt Table 6 for large frequency shift.

[bookmark: _Ref165887176]Table 6 Large frequency shift for device 1 and device 2a
	
	Device 1
	Device 2a

	Power consumption
	Tens of MHz IF carrier needs to be generated by either a tens of MHz clock or a MHz clock w/ PLL. Power consumption level for generating 10s ~ 100s of clock is in the range of tens of uW [50][51], which is beyond device 1’s power budget.
	Tens of MHz IF carrier needs to be generated by either a tens of MHz clock itself or a MHz clock w/ PLL. Power consumption level for generating 10s ~ 100s MHz of clock is in the range of tens of uW [50][51]. 

For device 2a, there is reflection amplifier. So, both should be considered together toward power budget. If low power reflection amplifier is used, then additional tens of uW seems to be okay.


	Clock accuracy and granularity for large FS
	N/A
	IF clock accuracy might be important to aspect to study (together with cost and power). If IF clock accuracy is low, then, target frequency where backscattering occurs could have uncertainty, which require large guard bands around it. This will affect spectral efficiency in D2R.
The FS granularity is also important factor to consider since it is related not only large FS but also capability of FDM and support of different operator.

	SSB / Image suppression
	Support of SSB D2R is necessary. Otherwise, after large frequency shift, the other side of spectrum will interfere signal in another band where it falls.

	Support of SSB D2R is necessary. Otherwise, after large frequency shift, the other side of spectrum will interfere signal in another band where it falls.

Supporting large frequency shift requires clocks running in tens of MHz and mixer. 


	Harmonics - 
Interference 
	When D2R signal is generated by modulating CW with square waves, harmonics could be generated. The harmonics could potentially interfere other band / channels due to larger frequency shift. And shifted version of neighboring channels could be also interference.

	When D2R signal is generated by modulating CW with square waves, harmonics could be generated. The harmonics could potentially interfere other band / channels due to larger frequency shift. And shifted version of neighboring channels could be also interference. For device 2a, the impact could be higher than device 1 due to its amplification.




Feasibility of Small Frequency Shift and FDM in D2R
In RAN1#116bis, we made following agreement on FDM support in D2R.
	Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO




In this section, we discuss the feasibility of FDM in D2R. The nature of this issue is very similar to that of large frequency shift. The different amount of frequency shift could be generated by fast running internal IF clocks (or baseband) for device 1/2a. However, the shifted version of reflected signal will generate harmonics/interference to other nearby devices. UE’s CW will be superposed with other devices’ reflected signal (after some attenuation). Generated harmonics from square waves could overlap with other device’s backscattered signal. If nearby other UE is very close, then, interference could be stronger. This means that there should be enough guard band between two D2R link among different devices or they should be placed in such a way that impact of harmonics are minimized across different devices. Techniques to reduce harmonics (generated from square wave) could be also considered as shown in [13], where sum of multiple digital signals with different phase are combined to generate quantized version of cosine wave for IF. This approach is shown to suppress 3rd and 5th order harmonics.
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Figure 19 Harmonic cancellation based on multi-level square waves [13]

Proposal 8: Remove FFS in the following agreement from RAN1#116bis.
Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO


Feasibility of Reflection Amplification
In RAN1#116bis, we made following agreement.
	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




Reflection amplifier is amplifier which can be used for backscatter system. Reflection amplifier is an active load, which can provide power instead of consuming power. It can be implemented by e.g., tunnel diode, Gunn diode, or transistors. It increases modulation index or reflection coefficient larger than 1, resulting in amplification of reflected signal. Device 2a could use a reflection amplification improving it range. 

[image: A diagram of a device
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Figure 20 Block diagram of reflection amplifier [19]

Table 7 lists the references for the reflection amplification implementation. Although it is not the only option, we see that tunnel diode (with negative resistance) is popular choice for this purpose. Transistors are also used for this purpose.

Amplification Direction
Another aspect to consider is direction of amplification. We see there are two types of reflection amplifier.
· Unidirectional: In this case, typically only backscatter (D2R) link is amplified.
· Bidirectional: Both R2D and D2R can be amplified. According to [18], bi-directional amplifier can be realized by two identical reflection amplifiers.
Given the low complexity requirement of A-IoT device, ambient IoT device is expected to support half duplex operation only. In such case, unidirectional reflection amplifier operation in D2R can improve D2R link budget.

Observation 8: For A-IoT device supporting half duplex operation only, D2R link could be amplified by reflection amplifier.

Power Consumption: One thing to note here is that tunnel diode needs its own power supply, which means that there is power consumption by reflection amplifier. The literatures report that the amount of power consumption in the ranges 20uW ~ 800uW, which is quite large variation [24].

Observation 9: Reflection amplifier requires DC power supply. This means that it consumes power to operate and should not be turned on too long since it could drain continuously.

Amplification gain: Gain of reflection amplifier varies mostly from 8 to 20 dB across different implementations, shown in Table 7.

Observation 10: Reflection amplifiers’ gain range from 8 to 20dB.

Amplification sensitivity: We see that some of sensitivity (or minimum input power) in the last column seems to be reasonably better than typical RFID sensitivity of -20dBm or -30dBm.

Observation 11: Reflection amplifiers’ sensitivity ranges from -90dBm to -20dBm.

[bookmark: _Ref158892649]Table 7 List of reflection amplifiers for RFID applications
	Ref
	Title
	Amplifier Gain (dB)
	Power  consumption
	Frequency
	Min input power (dBm)
	Direction

	[17]
	Seiran, et al.., A Full-Duplex Bidirectional Amplifier With Low DC Power Consumption Using Tunnel Diodes, 2017
	9
	356uW
	900MHz
	-45
	“Bi-directional (realized by two identical one-port reflection amplifier)”

	[18]
	John, et al., An Enhanced-range RFID Tag Using an Ambient Energy Powered Reflection Amplifier, 2014
	8
	800uW
	900MHz
	-20
	“Amplify both the reader signal at the input of of RFID chip and the backscattered signal toward reader”

	[19]
	Francesco, et al., Long Range and Low Powered RFID Tags with Tunnel Diode, 2015
	0 ~ 40 depends on Pin
	29uW
	5.8GHz
	-90
	D2R only

	[20]
	Francesco, et al., Tunnel Diodes for Backscattering Communications, 2018
	10~35 depends on Pin
	20.4uW
	5.8GHz
	
	“the realized reflection amplifier detects very low RF signals (< -90 dBm); reflects the impinging power; and amplifies it with a gain above 40 dB compared to a conventional RF tag.”

	[21]
	Francesco, et al., Tunneling RFID Tags for Long-Range and Low-Power Microwave Applications
	29
	39uW
	5.8GHz
	-84
	

	[22]
	Farhad, “Ultra-low power reflection amplifier using tunnel diode for RFID applications,” in Proc. IEEE Int. Symp. Antennas Propag. USNC/URSI Nat. Radio Sci. Meeting, Jul. 2017, pp. 2511–2512.
	17
	200uW
	0.89GHz
	-30
	“This reflection amplifier consumes 0.2 mW DC power at bias
voltage of 200 mV, making it an ideal candidate to amplify
backscattered electromagnetic field in RFID transceivers.”

	[23]
	Full duplex reflection amplifier tag
	13dB for reflection,
10dB for transmission
	
	5.25GHz
	
	

	[24]
	Harmonic Reflection Amplifier for Widespread
Backscatter Internet-of-Things
	18dB
	144uW
	0.41GHz
0.82GHz
	
	



Proposal 9: RAN1 to capture followings for reflection amplifier.
· Reflection amplifier amplifies reflected signal in D2R link.
· Power consumption of reflection amplifier is in the order of tens of uW to a few hundreds of uW.
· Supported frequency ranges from around 900MHz to 5.8GHz.
· Amplification gain of reflection amplifier is in the range of 10~20dB.
· Minimum sensitivity for reflection amplifier is -90dBm to -20dBm.

Sensitivity for Communication
In this section, we discuss the receiver sensitivity of device types 1/2a/2b. 
· The receiver sensitivity for device 1 is assumed as -35dBm. The typical passive RFID sensitivity is around -20~-25dBm[25][26]. However, this is due to minimum rx power required to power tag IC on the fly. For device 1 with energy storage, the device IC could be powered by energy from energy storage. Thus, required minimum rx power level (sensitivity) for communication signal could be lower as -35~ -40dBm[28].
· The sensitivity of device 1 is more affected by other design factors such as rectifier design (# of stages), required voltage level for comparator in RFED, etc.
· Based on survey results we suggest using -35dBm as sensitivity of device 1.
· This value could be the same for all device types using RFED receiver.

Observation 11: Device 1/2a/2b using RFED receiver has communication sensitivity ranges of [-40] ~ [-35]dBm.

For mixer-based receiver, which requires higher power consumption, we could use following survey results in Error! Reference source not found. [25]. For device 2b with mixer based receiver consumes higher power 10uW ~ 100uW for its receivers. Those range corresponds to sensitivity in the range -70dBm ~ -40dBm. Based on this observation, we could assume sensitivity of around -60dBm ~ -50dBm.

Observation 7: Device 2b using mixer-based receiver has communication sensitivity ranges of [-60] ~ [-50]dBm.
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Figure 21 Ultra-low power radio survey: sensitivity vs power [25]

Proposal 10: RAN1 to adopt following table as device’s receiver sensitivity for communication.

Table 8 Receiver architecture dependent device’s receiver sensitivity for communication (dBm)
	
	Receiver architecture

	Device type
	RF ED
	Mixer based

	1
	[-40], [-35]
	N/A

	2a
	[-40], [-35]
	N/A

	2b
	[-40], [-35]
	[-60], [-50]



[bookmark: _Ref158732878]Feasibility Study on Energy Storage and Sustainable Device Operation Time

Device Sustainable Operation Time and Design Requirement
Device Sustainable Time Analysis
In this section, we provide quick analysis on device operation time. The purpose is to give a high-level idea on device sustainable operation time w/ fully charged capacitor when device is assumed to continuously do a certain operation (e.g., staying in sleep state only, or doing in WUS monitoring only, or Tx/Rx only, etc). Table 9 provides analysis results 

· Energy storage size: The column (a) of Table 9 is capacitor size (uF), which directly determines how much energy it could store. 
· Available energy: The amount of max energy stored in energy storage (i.e., capacitor) is given in column (e). Among them, we assume only half of them are usable because if voltage drops from 1V to 0.7V, then device logics would not simply work. Diode turn-on voltage is typically around 0.7V. So, available energy (f) for actual device operation is limited to only 50% of max energy (e). 
· Charging Time: Column (g) and (i) assume 10% of PCE and column (h) and (j) provides the time for charging when Rx power = -20dBm and -30dBm, respectively. As shown in (h) and (j), the lower incident power (-30dBm) increases charging time significantly (10x).
· Device Operation Time (Sleep): Column (k) provides sustainable device operation time when device is assumed to be in Sleep state continuously consuming 0.2uW of power. Depending on capacitor size, it ranges from 625msec to 25sec.
· Device Operation Time (WUR): Column (l) provides sustainable device operation time when device is assumed to be in WUS or Sync signal monitoring mode consuming 2uW of power. Depending on capacitor size, it ranges from 62.5msec to 2.5sec.
· Device Operation Time (Tx/Rx): Column (m)~(r) provides sustainable device operation time when device is assumed to be in either in Tx or Rx mode consuming 10 ~ 500 uW of power.

Design Requirements
We provide a few design requirements for device to support inventory procedure.
· Sustainable sleep time should be long enough for device to be able to wait and tx during a inventory process (which is order or seconds).
· Sustainable WUS monitoring time should be long enough to cover multiple wake ups (or rounds) w/ duty cycled operations during a inventory process.
· Sustainable Tx/Rx operation of a device should be long enough to successfully send its data (e.g., product ID) considering contention, multiple collisions, and retries. The sustainable time highly depends on power consumption. If we assume average power of tx and rx are in the range of 100~400, then, we expect 5 to 25ms of operation time with capacitor size 8-10uF.
· We can consider using larger capacitor, but there is cost constraint. For example, 20uF ceramic capacitor could be around $0.1.

Note that an inventory procedure requires multiple rounds of random access across many devices located in different locations. Their energy harvesting rates are different, thus, their sustainable time could be also different. There could be collisions and retries over multiple rounds of random access. Inventory procedure should be designed accounting these aspects while minimizing inventory latency and maximizing inventory rates.

Proposal 14: RAN1 designs A-IoT inventory procedure for large number of devices considering following aspects: device energy storage size, device power consumption, different energy harvesting rates, multi rounds of random access, etc.

[bookmark: _Ref166230419]Table 9  Device sustainable operation time calculation for different capacitor size and average power consumption (depending on different operation state)
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Device Charging Time for Inventory Process
In this section, we provide device 2 charging time and required capacitor size starting from power energy requirement to support following atomic set of operation sequence = {Sleep with charging, sync signal monitoring, Rx, Tx}. This sequence of operations may correspond to one round or access in an inventory process which is potentially composed of multiple rounds. Using this model, we can compute the required capacitor size and charging time required to sustain N such rounds in an inventory process.
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Figure 22 Atomic operation sequence = {Sleep with charging, sync signal monitoring, Rx, Tx} for modeling UE power state change during one round in inventory process

Table 10 shows the assumption on power numbers for each power state and their target operation duration. Total time duration is assumed to be 100ms. Rx power is assumed as -30dBm and tx power is chosen as 200. Tx duration is assumed to be shorter (0.5ms = 1 slot in 30kHz) than Rx duration (3ms = 6 slots). After every sleep duration, device must wake up little bit early and start monitoring sync signal (i.e., WUS monitoring) in the beginning to synchronize with system’s timing. If device finds right timing (e.g., by detecting periodic time sync signal), then, it can turn on BB logics for rx and tx.
[bookmark: _Ref166230529]Table 10 Assumptions on device power consumption (PRF = -30dBm)
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Table 11 shows the expected charging time (sec) and required capacitor size (uF) calculation for different number of inventory rounds based on above assumptions. The required inventory rounds will eventually depend on the number of devices competing for access in inventory process and random access procedure design; efficient (low collision/better contention resolution) random access design will require fewer number of rounds and accordingly device will require smaller capacitor allowing lower cost.

[bookmark: _Ref166230623]Table 11 Charging time and required capacitor size calculation for different number of inventory rounds
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Observation 12: Device 2 requires additional 1uF of capacitance to sustain one more round in an inventory process (when Tx power is assumed to be 200uW).

Wake Up Mechanisms
Two different types of wake-up mechanisms for ambient IoT device could be considered for A-IoT device.

Power Detector
Power detector (or passive WUR) simply measures incident power level. If incident power level is high enough, then it triggers other part, e.g., baseband logics, to be turned on. Power detector could be composed of rectifier and capacitor. If incident power is high enough, then connected capacitor will be charged. If capacitor voltage level reaches to a certain threshold, then comparator could detect the event, and it will turn on baseband logics accordingly. Any following signal (e.g., time sync signal) could be detected by BB logics. Power detector is mostly passive circuit (only comparator will need small amount of power, e.g., as low as 0.2nW (assuming ) [2]. 

[image: ]
Figure 23 Power detector

Sequence Detector
Sequence detector detects a known pattern from incoming signal (e.g., time sync signal). The rectifier output is fed to comparator or multi-bit ADC and sampled values are correlated with a known sequence. If correlation is high enough, then, it could trigger waking up baseband logics to receiver following control/data signals. Due to the increased complexity compared to power detector, power consumption level is higher than that of power detector.

[image: ]
Figure 24 Sequence detector

Table 12 shows the list of ultra-low power WUR implementations with power consumption in nW or a few uW level. Some of them are pure passive WUR works based only incident RF signal.

Observation 8: Ultra-low power wake-up receiver power consumption could be as low as nW level with limited sensitivity.
[bookmark: _Ref158841135]Table 12 List of ultra-low power WUR implementations
	 Ref
	Title
	Sensitivity
(dBm)
	Power

	Type
	Process node
	Data rate
	Frequency

	[23]
	A High-Sensitivity Fully Passive Wake-Up Radio Front-End for Wireless Sensor Nodes, ICCE, 2014
	-33
	
	Passive
	0.13 μm CMOS
	100kbps
	868MHz

	[30]
	Highly Sensitive CMOS Passive Wake-up Circuit, 2008
	-29.3
	
	Passive
	0.18μm CMOS
	
	870MHz

	[31]
	Low-power, High-data Rate 915 MHz Transceiver with Fully Passive Wake-up Receiver for Biomedical Implants, 2015
	-53
	0.2uW
	
	130nm CMOS
	8Mbps
	915 MHz

	[32]
	A -76dBm 7.4nW Wakeup Radio with Automatic Offset Compensation
	-74
	7.4nW
	active
	0.13μm CMOS
	200bps
	433MHz

	[33]
	A 98nW Wake-up Radio for Wireless Body Area Networks
	-41
	98nW
	active
	0.13μm CMOS
	100kbps
	915MHz

	[34]
	An Ultra Low Power High Sensitivity Wake-Up Radio Receiver with Addressing Capability
	-55
	1.2uW
	active
	
	10kbps
	868MHz

	[35]
	A 2.4 GHz-91.5 dBm Sensitivity Within-Packet
Duty-Cycled Wake-Up Receiver
	-91.5
	2uW
	active
	65nm CMOS
	8.192kbps
	2.4GHz

	[36]
	A Fully Integrated 2.7μW -70.2dBm-Sensitivity Wake-Up Receiver with Charge-Domain Analog Front-End, -16.5dB-SIR, FEC and Cryptographic Checksum
	-70.2
	2.7uW
	active
	65nm CMOS
	16.4kbps
	915MHz



For device 1, of which power consumption level is ~1uW, nW wake up receiver could be used for detecting incoming signal. In this case, it could be mostly power detector. Actual sequence detection is done by baseband logics after baseband logic is turned on.

For device 2a/2b, power budget is higher (a few 100uW). WUS consuming 1~2uW could be considered for extended time of monitoring. Sequence detection WUR could be implemented in 1~2uW power level according to literatures in Table 12.

Proposal 11: Device 1 support power detection based wake up mechanism.
Proposal 12: Device 2a/2b support sequence detector based wake up mechanism consuming 1uW of power consumption.

[bookmark: _Ref158734293]RF Energy Harvester and Sensitivity
RF energy harvester can be done by antenna, matching network/bandpass filter, rectifier. 

[image: ]
Figure 25 Energy harvester block diagram

Impedance Matching Network
Matching network ensures antenna impedance is correctly matched to rectifier to maximize power transfer to rectifier. If impedance is not matched, incident power is reflected reducing energy harvesting efficiency. Matched impedance will maximize input power/voltage to rectifier which can maximize harvested power. Matching network is typically composed of capacitors and inductance.

Rectifier
Rectifier performs RF to DC conversion. Figure 26 shows the basic topologies of rectifier; half wave rectifier in (a) and full wave rectifier in (b) [15]. Full wave rectifier is more energy efficient since full wave is rectified. To increase voltage output of rectifier, multi-stage voltage multiplier (RF-DC) and/or additional charge pump (DC-DC) can be considered. However, additional stages to get higher voltage comes with reduced efficiency. Schottkey diode could be used to reduce diode turn-on voltage and improve overall efficiency, however, this could be more expensive option.
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[bookmark: _Ref158846751]Figure 26 Basic topologies of the rectifier (a) half wave (b) full wave [15]

Table 13 shows the list of RF energy harvesting rectifier implementations with sensitivity around -30 or better.
[bookmark: _Ref158846352]Table 13 List of RF energy harvesting rectifier implementations.
	 Ref
	Title
	Sensitivity  
(dBm)
	Efficiency 
@ sensitivity
	Frequency 
(GHz)
	Output 
Voltage (V)
	# of Stage
	Process 
node

	 [37]
	Design of a High-Efficiency 2.45-GHz Rectenna for Low-Input-Power Energy Harvesting, 2012
	-30
	10%
	2.45
	
	
	

	 [38]
	A Self-Bias Rectifier With 27.6% PCE at -30dBm for RF Energy Harvesting, 2021
	-30
	27.6%
	0.915
	0.8
	6
	130nm CMOS

	 [39]
	[bookmark: _Hlk159018921]A -32dBm Sensitivity RF Power Harvester in 130nm CMOS, 2012
	-32
	
	0.915
	1
	
	

	 [40]
	2.4-GHz Pre-bias RF Energy Harvesting Rectifier with -35-dBm Sensitivity for Self-powered Chips, 2018
	-35
	
	2.4
	
	4
	180nm CMOS

	 [41]
	A Compact Dual-Band Four-Port Ambient RF Energy Harvester with High-Sensitivity, High-Efficiency, and Wide Power Range, 2022
	-30
	22%
	0.915
	
	
	

	 [42]
	A high-efficiency ultra-low-power CMOS rectifier for RF energy harvesting applications, 2018
	-30.5
	<5%
	0.915
	1
	10
	130nm CMOS

	 [43]
	Bootstrapped Rectifier–Antenna Co-Integration for Increased Sensitivity in Wirelessly- Powered Sensors, 2018.
	-34.7
	N/A
	2.4
	1.6
	5
	65nm CMOS




Observation 13: Sensitivity of Energy harvester is the range of [-35, -30]dBm.

Proposal 13: RAN1 to capture that sensitivity of RF energy harvester is the range of [-35, -30]dBm.

Energy Harvester Architecture
Figure 27 shows the three different architectures for RF energy harvesters shown in [16]. 
· Option (a) is independent architecture, where energy harvester and information receiver have their own antenna(s), which allows independent operation. Having separate antenna for energy harvesting and communication could implicate larger form factor for device. 
· Option (b) is time switching architecture, where same antenna is shared between energy harvester and information receiver. In this case, device can do only one (between energy harvesting and communication) at a time. 
· Option (c) is power split architecture, where rx power from antenna is split to energy harvester and information receiver. It has been reported that there could be some benefit of (c) in terms of (rate, EH power) region, but it is not clear how much it could help in additional energy harvesting by simultaneous energy harvesting and communication. 
In the end, this could be fundamentally an implementation issue. However, it would be good to assume option (b) for Rel-19 study and evaluation purpose.
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[bookmark: _Ref158895819]Figure 27 Three different energy harvester architecture; (a) independent architecture, (b) time switching architecture (c) power split architecture[16]

Proposal 14: For study purpose, assume that energy harvester and communication share the same antenna and all antennas are time shared at the same time between energy harvesting and communication as option (b) in the Figure 27.

Clock/LO
In this section, we provide a list of clocks for A-IoT devices for evaluation in Table 14.

· The first clock (Clock 1) is for sampling and Light Sleep. When device is monitoring sync signal in search window, it could use its envelop detector followed by sampling block. The samples could be processed by comparator or ADC. During Light Sleep with memory maintained, device may also need a clock to determine next wake up timing. For these purpose, the clock speed could be just large enough to meet sampling rate. One or a few percent of accuracy could be reasonable for these purposes[44][46][47].
· The second clock (Clock 2) is for frequency shifting for backscattering. RFID tag and device 1 and 2a support this frequency shift. The required speed and frequency error tolerance may depend on amount of frequency shift in Hz and guard band, channel allocation, etc. For RFID case, tag can support 250kHz of frequency shift with tolerance of 5% ~ 22% with 1uW total power budget. We could also assume similar requirement and even better requirement to support features like larger frequency shift and D2R FDM, if feasible. For this purpose, different clocks, as in [44]- [49], could be considered for different device types depending on required features.
· The third clock (Clock 3) is for carrier frequency generation. If device 2b use mixer for receiver or for transmission signal generation, accurate carrier frequency should be generated. This could be reference clock used as input to PLL to generate actual carrier frequency. This clock could be potentially calibrated based on e.g., frequency sync signal to reduce error. Clocks like [47][48][49] could be considered for this purpose.

Clock calibration
In RAN1#116bis, we made following agreements regarding preamble and clock sync.
	Agreement
For the R2D timing acquisition signal immediately preceding the transmission of a physical channel, study a preamble with at least two parts which includes a start-indicator part and a clock-acquisition part, where the start-indicator part immediately precedes the clock-acquisition part:
· Start-indicator part provides the start of the R2D transmission
· FFS: Details of start-indicator part
· Clock-acquisition part provides at least the chip synchronization of the subsequent physical channel transmission
· FFS: Details of clock-acquisition part, e.g. structure, encoding, length, etc. 
· FFS: Methods to determine chip duration of the subsequent physical channel transmission 
· FFS: Other functionalities
· Note: the preamble is considered not to be part of a physical channel
· FFS: other part(s) of the preamble, if any 
· FFS: whether the above clock acquisition is sufficient for all devices
· FFS: how to make the preamble compact




The clock can be calibrated based on the detection of preamble/time/frequency sync signal. Clocking information embedded in data symbol by linecoding could be also used for adjusting clock accuracy. Specifically, the second part of the preamble which is for clock sync could be time or frequency sync signal used for calibrating clocks. For time sync, the clock sync signal could be useful for all device types 1, 2a and 2b assuming that R2D link is mostly shared across all device types. 

Observation 14: Time sync signal could be used for clock calibration for all device types. 

For device 2a/2b, which may need to support large frequency shift or actively generate carrier frequency, frequency sync signal may be needed. Given that clock sync is designed mostly for helping low accuracy sampling clock calibration. The clocks for large frequency shift and carrier frequency generation requires faster clocks (e.g., tens of MHz) and higher accuracy, thus, additional sync signal for frequency synchronization is needed.

Observation 15: To support large frequency shift (device 2a) and active carrier frequency generation (device 2b), additional frequency synchronization signal is needed for clock calibration.

Proposal 15: For evaluation purpose, it is assumed that device 1/2a/2b can support at least following three clocks in Table 14 for sampling/sleep, frequency shifting, carrier frequency generation within their power consumption budget.

[bookmark: _Ref158905587][bookmark: _Ref158905585]Table 14 List of clocks to be considered for evaluation of A-IoT devices
	Clock #
	Description
	Applicable
device types
	Clock
speed
	Power 
consumption
	Initial clock
Accuracy (i.e., before calibration)
	Accuracy after 
clock calibration

	Clock 1
	Sampling for sync signal or preamble detection.

Light sleep w/ memory retention
	Device 1, 2a, 2b
	[10s] kHz to [1]MHz
	<< 1uW
	[1, 10]% error
	After clock calibration based on sync signal/preamble or symbol clocking information from line coding, accuracy of <1% is achieved.

	Clock 2
	Frequency shift for backscattering
	Device 1, 2a
	A few [1] MHz
	<1uW
<10s uW
	[1~5]% error before calibration.
	Accuracy of <1% is achieved.

	Clock 3

	Reference clock for generating carrier frequency for active device.
	Device 2b
	A few [1] MHz
	10s ~ 100 uW
	[1~5]% before calibration

	After clock calibration based on sync signal, clock can achieve accuracy of [50]ppm.



Table 15 provides references for ultra low power clocks. It is observed that a few MHz of clock speed can be achieved at power consumption in nW level with accuracy around 1 ~ a few %.

[bookmark: _Ref158907802]Table 15 References for low power clocks
	 Ref
	Title
	Process node
	Power 
	Clock speed
	Accuracy
	 Type
	Voltage

	 [44]
	Pouya, et al., An Ultra-Low-Power CMOS Voltage-Controlled Ring Oscillator for Passive RFID Tags, 2014
	130nm CMOS
	3.6nW
	4MHz
	
	Ring
	140mV

	 [45]
	Georg et al., 55 nm Ultra-Low-Power Local Oscillator for EPCglobal Gen2v2 Standardized Passive UHF RFID Tags, 2018
	55nm CMOS
	381nW
	5.82MHz
	
	
	1V

	 [46]
	Suzana, et al., An Ultra-Low Power Ring Oscillator for Passive UHF RFID Transponders, 2010
	90nm CMOS
	24nW
	5.12MHz
	
	Ring
	0.3V

	 [47]
	F. Cilek, et al., Ultra Low Power Oscillator for UHF RFID Transponder, 2008
	140nm CMOS
	260nA
	1.28MHz
	1~2%
	
	0.9V

	 [48]
	Ray, et al., A 0.8V 1.52MHz MSVC Relaxation Oscillator with Inverted Mirror Feedback Reference for UHF RFID, 2006
	130nm CMOS
	400nA
	1.52MHz
	<2%
	Relaxation

	0.8V

	 [49]
	Jinhai, A 800nW High-Accuracy RC Oscillator with Resistor Calibration for RFID , 2013
	180nm CMOS
	800nW
	1.289MHz
	2.5%
	RC
	

	 [50]
	A 0.35–0.5-V 18–152 MHz Digitally Controlled Relaxation Oscillator With Adaptive Threshold Calibration in 65-nm CMOS, 2015
	65nm CMOS
	17.8uW
59uW
	26MHz
100MHz
	
	Relaxation
	0.35V
0.5V


	 [51]
	Ultra low voltage, wide tuning range voltage controlled ring oscillator, 2011
	180nm CMOS

	60uW

	82-370MHz
	
	Ring

	0.5




Memory
In this section, we provide power consumption on memory component. For A-IoT device, we may need non-volatile memory (NVM), e.g., EEPROM, which can retain its information even there is no power available. Reading or Writing to NVM typically requires much higher power consumption than reading volatile memory. However, we should also note that existing passive RFID which works only with 1uW also should have a type of NVM to contain its product ID (e.g., EPC) and VM for storing inventory session information. Thus, given that there already exist such solution in commercial product, we could assume that such technology is also available to A-IoT device. We provide two data points giving an idea of power consumption for NVM and VM (in this case register).
· Power consumption for NVM read operation is 1.8 ~ 2.9uW [52][53].
· Power consumption for reading register is 0.12uW [52].

Table 16  provides the list of references for low power memtory.
[bookmark: _Ref166231261]Table 16 Power consumption of NVM and register
	 Ref
	Title
	Process node
	Voltage
	Read  NVM
	Write NVM
	Read register

	 [52]
	Peng, et al., An Ultra Low Power Non-volatile Memory in Standard CMOS Process for Passive RFID Tags, 2009
	0.18nm
	1.2V
	1.8uA
	3.6uA
	0.1uA

	 [53]
	Wu-Chang, et.al, An Ultra Low Power Operated Logic NVM for Passive UHF RFID Tag Applications, 2016
	
	0.7V
	2.9uW
	23uW
	



Observation 16: Power consumption for reading NVM is reasonably small for all device types.

Proposal 16: RAN1 to adopt followings for memory of A-IoT device.
· Non-volatile memory (NVM) can be used for A-IoT device for storing information such as product code or device ID. NVM does not require power consumption in maintaining already stored information. Reading NVM requires power consumption of 1~2 uW.
· Volatile memory (VM), e.g., register, could be used for A-IoT device for storing temporary information, e.g., during inventory process. Reading register consumes power of around 0.1uW.

Conclusion
Based on the discussion, we make following proposals and observations.

Proposal 1: Rel-19 A-IoT study purpose, assume that all device types do energy harvesting from RF signal only.
Proposal 2: RAN1 to consider RF energy source for inventory evaluation. 
Observation 1: Direct modulation transmitter architecture in Figure 4 for FSK/OOK can achieve power consumption of a few hundreds uW.
Proposal 3: RAN1 to adopt following transmitter architecture diagrams for device 2b; OOK based active tx signal (left) and FSK based active tx signal (right).
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Observation 2: Direct modulation transmitter architecture in Figure 8 for BPSK can achieve power consumption of a few hundreds of uW.
Proposal 4: RAN1 to adopt following transmitter architecture diagrams in Figure 11 for device 2b generating PSK based active tx signal: 1) ILMF based (left) and 2) differential VCO/phase selector based (right)
[image: A diagram of a clock
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Observation 3: OOK backscatter modulator could be realized by selecting two different reflection coefficients with different magnitudes based on baseband information bits.
Observation 4: BPSK backscatter modulator could be realized by selecting two different reflection coefficients in conjugate relationship based on baseband information bits.
Proposal 5: RAN1 adopt following transmitter architecture diagram, shown in Figure 13, for OOK/BPSK backscatter transmitter.
Observation 5: Binary FSK backscatter modulator could be realized by introducing small frequency shift based on two intermediate frequencies  f1 and f2 which is mapped to binary baseband information bits.
Proposal 6: RAN1 adopt following transmitter architecture diagram, shown in Figure 14, for FSK backscatter transmitter.
Observation 6: Power consumption for generating tens of MHz clocks for SSB backscattering takes tens of uW.
Observation 7: For SSB D2R, the poor accuracy of generated IF frequency at device provides an uncertainty in target tx frequency, potentially lowering spectral efficiency due to large guard band requirement. For example, 1% of 50MHz is 500kHz.
Proposal 7: RAN1 to adopt Table 6 for large frequency shift.
Table 17 Large frequency shift for device 1 and device 2a
	
	Device 1
	Device 2a

	Power consumption
	Tens of MHz IF carrier needs to be generated by either a tens of MHz clock or a MHz clock w/ PLL. Power consumption level for generating 10s ~ 100s of clock is in the range of tens of uW [50][51], which is beyond device 1’s power budget.
	Tens of MHz IF carrier needs to be generated by either a tens of MHz clock itself or a MHz clock w/ PLL. Power consumption level for generating 10s ~ 100s MHz of clock is in the range of tens of uW [50][51]. 

For device 2a, there is reflection amplifier. So, both should be considered together toward power budget. If low power reflection amplifier is used, then additional tens of uW seems to be okay.


	Clock accuracy and granularity for large FS
	N/A
	IF clock accuracy might be important to aspect to study (together with cost and power). If IF clock accuracy is low, then, target frequency where backscattering occurs could have uncertainty, which require large guard bands around it. This will affect spectral efficiency in D2R.
The FS granularity is also important factor to consider since it is related not only large FS but also capability of FDM and support of different operator.

	SSB / Image suppression
	Support of SSB D2R is necessary. Otherwise, after large frequency shift, the other side of spectrum will interfere signal in another band where it falls.

	Support of SSB D2R is necessary. Otherwise, after large frequency shift, the other side of spectrum will interfere signal in another band where it falls.

Supporting large frequency shift requires clocks running in tens of MHz and mixer. 


	Harmonics - 
Interference 
	When D2R signal is generated by modulating CW with square waves, harmonics could be generated. The harmonics could potentially interfere other band / channels due to larger frequency shift. And shifted version of neighboring channels could be also interference.

	When D2R signal is generated by modulating CW with square waves, harmonics could be generated. The harmonics could potentially interfere other band / channels due to larger frequency shift. And shifted version of neighboring channels could be also interference. For device 2a, the impact could be higher than device 1 due to its amplification.



Proposal 8: Remove FFS in the following agreement from RAN1#116bis.
Agreement
For D2R, study: Manchester encoding, FM0 encoding, Miller encoding, no line coding.
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: How to achieve small frequency shift in baseband and/or FDM(A) among devices
· Aspects to study include:
· Spectrum shape
· Complexity
· Power consumption
· BER, BLER
· Resilience to SFO
· If there is any relation to CFO

Observation 8: For A-IoT device supporting half duplex operation only, D2R link could be amplified by reflection amplifier.
Observation 9: Reflection amplifier requires DC power supply. This means that it consumes power to operate and should not be turned on too long since it could drain continuously.
Observation 10: Reflection amplifiers’ gain range from 8 to 20dB.
Observation 11: Reflection amplifiers’ sensitivity ranges from -90dBm to -20dBm.
Proposal 9: RAN1 to capture followings for reflection amplifier.
· Reflection amplifier amplifies reflected signal in D2R link.
· Power consumption of reflection amplifier is in the order of tens of uW to a few hundreds of uW.
· Supported frequency ranges from around 900MHz to 5.8GHz.
· Amplification gain of reflection amplifier is in the range of 10~20dB.
· Minimum sensitivity for reflection amplifier is -90dBm to -20dBm.
Observation 11: Device 1/2a/2b using RFED receiver has communication sensitivity ranges of [-40] ~ [-35]dBm.
Observation 7: Device 2b using mixer-based receiver has communication sensitivity ranges of [-60] ~ [-50]dBm.
Proposal 10: RAN1 to adopt following table as device’s receiver sensitivity for communication.
Observation 12: Device 2 requires additional 1uF of capacitance to sustain one more round in an inventory process (when Tx power is assumed to be 200uW).
Proposal 11: Device 1 support power detection based wake up mechanism.
Proposal 12: Device 2a/2b support sequence detector based wake up mechanism consuming 1uW of power consumption.
Observation 13: Sensitivity of Energy harvester is the range of [-35, -30]dBm.
Proposal 13: RAN1 to capture that sensitivity of RF energy harvester is the range of [-35, -30]dBm.
Proposal 14: For study purpose, assume that energy harvester and communication share the same antenna and all antennas are time shared at the same time between energy harvesting and communication as option (b) in the Figure 27.
Observation 14: Time sync signal could be used for clock calibration for all device types. 
Observation 15: To support large frequency shift (device 2a) and active carrier frequency generation (device 2b), additional frequency synchronization signal is needed for clock calibration.
Proposal 15: For evaluation purpose, it is assumed that device 1/2a/2b can support at least following three clocks in Table 14 for sampling/sleep, frequency shifting, carrier frequency generation within their power consumption budget.
Table 18 List of clocks to be considered for evaluation of A-IoT devices
	Clock #
	Description
	Applicable
device types
	Clock
speed
	Power 
consumption
	Initial clock
Accuracy (i.e., before calibration)
	Accuracy after 
clock calibration

	Clock 1
	Sampling for sync signal or preamble detection.

Light sleep w/ memory retention
	Device 1, 2a, 2b
	[10s] kHz to [1]MHz
	<< 1uW
	[1, 10]% error
	After clock calibration based on sync signal/preamble or symbol clocking information from line coding, accuracy of <1% is achieved.

	Clock 2
	Frequency shift for backscattering
	Device 1, 2a
	A few [1] MHz
	<1uW
<10s uW
	[1~5]% error before calibration.
	Accuracy of <1% is achieved.

	Clock 3

	Reference clock for generating carrier frequency for active device.
	Device 2b
	A few [1] MHz
	10s ~ 100 uW
	[1~5]% before calibration

	After clock calibration based on sync signal, clock can achieve accuracy of [50]ppm.



Observation 16: Power consumption for reading NVM is reasonably small for all device types.
Proposal 16: RAN1 to adopt followings for memory of A-IoT device.
· Non-volatile memory (NVM) can be used for A-IoT device for storing information such as product code or device ID. NVM does not require power consumption in maintaining already stored information. Reading NVM requires power consumption of 1~2 uW.
· Volatile memory (VM), e.g., register, could be used for A-IoT device for storing temporary information, e.g., during inventory process. Reading register consumes power of around 0.1uW.
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