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1. Background

In this contribution, we share our initial views on the following aspects of ambient IoT (A-IoT):
· Physical layer design, including:
· Forward link waveform, modulation, coding
· Backward link waveform, modulation, coding
· Other signals/channels such as:
· Forward link synchronization signal
· Backward link synchronization signal (e.g., preamble)
· Random access channel
· Carrier wave
· Multiple access

For the purpose of discussion in this contribution, we use the following terminologies:
· Forward link (FL): Communication from a reader (BS or UE) to A-IoT device
· Backward link (BL): Communication from an A-IoT device to reader (BS or UE)

2. High-level views
2.1	A-IoT device type/architecture assumptions
SID has the following description [1]:
	A. The overall objective shall be to study a harmonized air interface design with minimized differences (where necessary) for Ambient IoT to enable the following devices:
i. ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
ii. ≤ a few hundred µW peak power consumption1, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission may be generated internally by the device, or be backscattered on a carrier wave provided externally.
· X  is to be decided in WGs.



As we discuss in our companion contribution [2], we think the above description of the SID indicates that the study should consider 3 different device types, briefly summarized below.
	Device
	Features

	Device 1
	· Having energy storage
· Backscatter for backward link (BL)
· RF energy harvesting to power up integrated circuit or active RF component
· Peak power consumption of around 1uW

	Device 2a
	· Having energy storage
· Backscatter for backward link (BL)
· RF energy harvesting to power up integrated circuit or active RF component
· Peak power consumption of a few 100uW
· Potential rx/tx amplification can be done

	Device 2b
	· Having energy storage
· Actively generated carrier frequency for backward link (BL)
· RF energy harvesting to power up integrated circuit or active RF component
· Peak power consumption of a few 100uW




2.2	Physical layer design targets
Considering its ultra-low power consumption/complexity and the ‘tag’ like form factor, the legacy NR physical designs, including OFDM based air-interface design, must not be applicable to A-IoT.  It is necessary to explore physical layer designs that fit well with extremely simple FL receiver such as RF envelope detector, and BL backscatter/transmitter without OFDM modulator.

As referred in [3], there has been a standard for zero-battery passive tag that have been widely deployed, UHF RFID ISO18000-6C (EPC C1G2). The air-interface of the UHF RFID are outlined as following.

	
	Forward link (reader to tag)
	Backward link (tag to reader)

	Modulation
	SSB/DSB/PR-ASK
	ASK/PSK

	Line coding
	Pulse interval encoding (PIE)
	FM0/MMS

	Channel coding
	None
	None

	Synchronization 
	Preamble/frame-sync signal per FL
	Frame-sync signal per BL

	Bit/symbol rate
	Min: ave. 27kbps (with Tari = 25 us)
Max: ave. 107kbps (with Tari = 6.25 us)
	FM0: 40 - 640 kbps
MMS w/ M=2: 20 - 320 kbps
MMS w/ M=4: 10 - 160 kbps
MMS w/ M=8: 5 - 80 kbps 



UHF RFID can be a good reference for study of A-IoT. For example, for the UHF RFID like use-cases, A-IoT can target same/similar FL/BL data rates as for UHF RFID. There are some differences – e.g., A-IoT devices have energy storage and hence should achieve better link-budget (up to 50m). In the following sections, we share our views on A-IoT physical layer design.

3. Physical layer design
3.1	Forward link (reader to A-IoT device)
3.1.1	Waveform and modulation
As presented in [2], A-IoT device receiver must be RF envelope detector at least for device 1/2a. Therefore, FL should consider using ASK (or OOK). In the Rel-18 LP-WUS study, multicarrier (MC) OOK waveform generated by CP-OFDM transmitter was studied. For A-IoT, it would not be matter whether the OOK/ASK is generated by CP-OFDM transmitter or other types of transmitter that generate phase-reversal (PR) ASK, double-side band (DSB)/single-side band (SSB) ASK. A-IoT device receives the FL as OOK modulated waveform using the RF envelope detector.

Device 2b may use advanced FL receiver (e.g., RF BPF with zero-IF multi-bit ADC detector [2]). However, common waveform based on OOK/ASK would be preferred also for FL for device 2b.

Proposal 1:
· Study ASK (OOK) for A-IoT forward link (FL) (from reader to A-IoT device)
· PR/DSB/SSB-ASK and/or OOK-1/4 with CP-OFDM compatible transmitter can be considered

3.1.2	Line coding
Line coding is useful for A-IoT device to recover clock or identify symbol boundaries during data reception. For UHF RFID, pulse interval encoding (PIE) is used as the line coding, wherein data-0 is modulated by a symbol with shorter on-duration and data-1 is modulated by a symbol with longer on-duration. The UHF RFID device identifies a threshold of on-duration length using the FL preamble associated with the PIE encoded payload and used for decoding. 
[image: ]
Fig. 1	PIE symbols

For A-IoT FL, Manchester coding would be a better choice than PIE due to the following reasons:
· With PIE, data payload duration is dependent not only on the number of bits/symbols, but also the numbers of ‘0s’ and ‘1s’. For example, suppose the case where a symbol for bit-0 has 50us duration and a symbol for bit-1 has 100us. This achieves FL data rate of 30kbps (30 bits per 1ms) on average. However, the number of bits per 1ms varies within the range of [20, 40] depending on the number of ‘0s’ and ‘1s’. For A-IoT in-band deployment scenario, a reader (BS or UE) needs to carry out Uu communication and A-IoT communication in TDM/FDM manner. This nature of PIE makes reader’s A-IoT resource management difficult.
· If a reader wants to reuse CP-OFDM transmitter for FL waveform generation, this is more serious. The reader must fit an integer number of PIE symbols in each CP-OFDM symbol duration taking into account the numbers of ‘0s’ and ‘1s’.
· The decoder for Manchester coding doesn’t need a hard threshold, i.e., the decoder can compare left- and right-side envelopes per Manchester symbol to determine whether it is ‘0’ or ‘1’. Even with hard decisions, this way works by comparing averaged values of over-sampled hard decisions on the left- and the right-side.
· As presented in [4], an A-IoT device may share an antenna for energy harvesting and communication in time-switching manner. With this, the A-IoT device does not harvest energy from the FL RF during FL reception. In other words, the advantage of PIE compared to the other line coding would not be effective for such device. 

Proposal 2:
· Study line coding for FL
· Manchester coding as the baseline. FFS other line coding schemes

3.1.3	Channel coding
For A-IoT, considering the device complexity with very limited power consumption for receiver, it is not feasible to assume that FEC can be implemented for all the device types. The baseline would be no FEC for FL.

Proposal 3:
· Baseline assumption for FL is without channel coding (FEC)

Nevertheless, channel coding (FEC) is very effective to improve the performance as demonstrated in Fig. 2. Here in Fig. 2, Manchester coding with OOK modulation in AWGN channel is assumed. All the curves are with FEC coding rate of 1/2 (total coding rate is 1/4 due to Manchester coding). It is clear that even simple block code (e.g., Golay, RM) with hard decisions can significantly reduce the required SNR for achieving a target BLER e.g., 1%. Polar with soft decoder offers much improvement. For device 2, soft decisions might be supported with multi-bit ADC and, thus, low-complex FEC codes whose performances can be improved with soft decisions cloud also be considered. Of course, in reality, there would be some constraints even for device 2 such as computational complexity, processing time, available memory for decoding, etc, and hence the FEC decoder must be as simple as possible. It would be worthwhile to study feasibility/applicability and performance benefit of channel coding for device 2.
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Fig. 2 BLER performances with different FECs for Manchester-encoded ASK in AWGN channel.

Simulation assumptions:
	
	Configurations
	Notes

	Information block length
	64 bits
	BLER is computed per information block.
(Each information block is segmented for FEC coding.)

	Modulation
	OOK
	

	Receiver
	1-bit ADC for hard decisions
4-bit ADC for soft decisions
	1 MHz sampling rate and 125 ksps symbol rate

	Manchester
	k=1, n=2
	Decoder first averages over sampled hard decisions per OOK symbol, then compares left-side and right-side power per Manchester symbol to decode (i.e., based on relative power).

	Repetition
	k=1, n=2
	Each OOK symbol is repeated twice.

	Golay
	k=12, n=24
	

	Reed Muller (RM)
	k=16, n=32 (i.e., r=2, m=5)
	Decoder: Reed's majority-logic algorithm. 

	Polar
	NR DL Polar (n = 128)
	Decoder: Successive cancellation (SC) algorithm, i.e., L=1.



Proposal 4:
· Study feasibility and performance benefits of channel coding (FEC) for FL for device 2

3.2	Backward link (A-IoT device to reader)
3.2.1	Waveform and modulation
For UHF RFID, information sequence is encoded by FM0/MMS and then modulated by backscatter coefficients. FM0/MMS is a kind of FSK in a sense that square wave frequency is determined by input bit and the state transition. Backscatter modulation is based on PSK or ASK depending on the RFID tag implementation. As explained further in Sections 3.2.2 and 3.2.3, we consider use of channel coding (FEC) for BL is attractive and for this, FM0/MMS would not be preferred.

Assuming FM0/MMS is not applied, the waveform/modulation for A-IoT BL could be simply realized by a square wave modulation. A data bit can be modulated by a modulation scheme (ASK, PSK, or FSK) with a symbol frequency fs (= 1/symbol-rate) using a square wave with a frequency of fw (for FSK, another square wave with different frequency fw’ is also necessary). The symbol frequency fs and square wave frequency fw (and also fw’ for FSK) are not necessarily same. Below, simple examples are illustrated. 

Figure 3 (a) illustrates example ASK/PSK/FSK sequences with symbol frequency fs = f modulated by a square wave with frequency fw = 2f. Figure 3 (b) shows another set of ASK/PSK/FSK sequences with symbol frequency fs = 2f modulated by a square wave with frequency fw = 4f. Figure 3 (c) shows the other set of ASK/PSK/FSK sequences with symbol frequency fs = f modulated by a square wave with frequency fw = 4f. As such, symbol frequency fs and square wave frequency fw do not need to be equal. 
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(a) Symbol frequency fs = f, square wave frequency fw = 2f
[image: ]
(b) Symbol frequency fs = 2f, square wave frequency fw = 4f
[image: ]
(c) Symbol frequency fs = f, square wave frequency fw = 4f
Fig. 3 Example waveform for A-IoT BL using square wave modulation

Allowing various combinations of (fs, fw) enables variable BL data rate and variable repetitions of the square wave (same as variable M for MMS in UHF RFID). 

Backscatter modulation for device 1/2a can be either ASK (coefficients between +1 and 0) or PSK (coefficients between +1 and -1) based on fast antenna load switching implementation as shown in Fig. 4. The coefficients of backscatter modulation are not necessarily binary; it can be multi-level coefficients between the two values such that the waveform in time-domain is smoother, resulting in less harmonics. The difference between ASK and PSK backscatter modulations from reader receiver point of view is that ASK contains DC while PSK does not. At the receiver of the reader, after DC (= CW) component is eliminated from the received BL signal, ASK and PSK backscatter modulations look the same. Therefore, A-IoT device can select either ASK or PSK backscatter modulation based on its implementation choice.

[image: ]
Fig. 4	Backscatter modulation for square wave modulated symbols

For device 2b, the BL transmission is based on the carrier frequency generated by the device itself internally. The same waveform/modulation is applicable to device 2b.

Proposal 5:
· Study ASK/PSK/FSK as data modulation schemes for backward link (BL) (from A-IoT device to reader) 
· Study square wave modulation to enable various combinations of (fs, fw) for variable BL data rate and variable repetitions of square wave

3.2.2	Line coding
UHF RFID adopted FM0/MMS as line coding for BL clock recovery. For A-IoT, clock recovery is also required for low-cost devices, at least for device 1. In addition, since larger target coverage is considered for A-IoT, it would be worthwhile to consider applying channel coding, which provides significant coding gains compared to line coding. To achieve both clock recovery capability and coding gains in A-IoT, one way is joint (concatenated) use of channel coding and FM0/MMS. However, two drawbacks could be found in this way. The first drawback is data rate reduction, e.g., the total coding rate is 1/4 when FM0 and 1/2 rate channel coding are adopted. The second drawback is that performances of concatenated FM0/MMS and channel coding could be even worse than concatenated FM0/MMS and repetition. Figure 5 demonstrates BLER performances of FEC-encoded and FM0/Manchester-encoded PSK sequences in AWGN channel. Total coding rate is fixed to 1/4 for all the curves. As clearly seen from the figure, joint use of FEC and FM0 degrades the performance compared to simple PSK repetitions. This would be because FM0 has a nature of state-machine based encoding and hence is already a kind of convolutional coding. Use of joint or iterative FEC/line decoder at reader may improve this. However, it must be not preferred to require BS/UE reader to implement high complexity decoder for A-IoT BL. Therefore, joint use of channel coding and FM0/MMS would not be preferred.
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Fig. 5 BLER performances with different FECs for line-coded PSK in AWGN channel.

Simulation assumptions:
	
	Configurations
	Notes

	Information block length
	128 bits
	BLER is computed per information block.
(Each information block is segmented for FEC coding.)

	Modulation
	BPSK
	

	FM0/Miller-M
	k=1, n=2M (FM0: M=1)
	Viterbi decoder (hard outputs)

	CC
	k=1, n=2
trellis = [171 133]
constrain length = 7
	Viterbi decoder

	Golay
	Same to Fig. 2.

	RM
	

	Repetition
	The Repetition in “FM0-Repetition” denotes twice of repetition for each BPSK symbol.
The dot-line “Repetition” denotes 4 times of repetition for each BPSK symbol. 
Decoder performs soft combinations.



Instead of line coding, use of preamble/midamble to accommodate BL timing error/drift at reader maybe a better approach in terms of overhead/spectral efficiency as presented in Section 3.3.2. We recommend to study this to find the best option.

Proposal 6:
· Study BL without line coding
· With channel coding (FEC), use of FM0/MMS would not be preferred
· Use of preamble/midamble could be an option to accommodate BL timing error/drift at reader

3.2.3	Channel coding
As for channel coding scheme for BL, various options such as RM, Golay, CC, and Polar, can be considered. Figure 6 shows BLER performances with different FECs without line coding (‘FM0’ and ‘Manchester’ are just references of realizations of code rate 1/2). Here, all the curves are with code rate of 1/2. It is observed that FEC with soft decisions (CC-soft and Polar-soft) offers significant improvement compared to repetition coding. Therefore, FECs that enable soft decoders are attractive options for BL channel coding.
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Fig. 6 BLER performances with different FECs PSK in AWGN channel.

Simulation assumptions:
	
	Configurations
	Notes

	Polar
	NR UL Polar (n = 256)
	Decoder: Successive cancellation list (SCL) algorithm with L=8.

	Others are same to Fig. 5.



Different devices (e.g., device 1 and device 2) would have different capabilities for FEC encoding, including its computational complexity, processing time, memory, etc. Further study is recommended on which FEC is appropriate for A-IoT devices, potentially with further simplifications.

Proposal 7:
· Study channel coding (FEC) for BL for all devices, including its feasibility and performance benefits
· FFS different FEC schemes for different devices

3.3	Others
3.3.1	FL synchronization signal
For clock/timing synchronization, the synchronization signal should be designed for simple RF envelope detector. As studied in R18 LP-WUS, an OOK/ASK modulated sequence would be a promising option for this. As we present in [4], OOK/ASK modulation with Manchester coding would be a good candidate of FL data waveform. The signal for clock/timing synchronization can be a known (predefined or preconfigured) sequence of OOK/ASK symbols with Manchester coding. The sequence may need to have good cross/auto correlation properties.

For carrier frequency synchronization of device 2b for active BL transmission, the RF envelope detector using OOK/ASK sequence with Manchester coding would not be suffice. For example, with a carrier frequency of 900MHz, 1% frequency error causes 9MHz uncertainty, which must be unacceptable in the system. Another structure would be necessary for carrier frequency synchronization. One example would be a single tone sine wave with a predefined or preconfigured frequency. The sine wave could indicate a reference for carrier frequency modulation of active BL transmission. The A-IoT device can measure the frequency of the sine wave and synchronize the oscillator for carrier frequency based on the measurement.

[image: ]
Fig. 7	Example of signal for clock/time and carrier frequency synchronization

Proposal 8:
· Study FL synchronization signal with the following as the starting point for discussion
· OOK/ASK sequence with Manchester coding for clock/time synchronization for all devices
· Additionally, carrier frequency synchronization signal (e.g., single tone) for active BL transmission for device 2b 

3.3.2	BL synchronization signal (e.g., preamble)
For BL, synchronization signal for reader to recover the symbol boundary/timing is necessary. Since BL is aperiodic and always triggered by reader via FL command, the BL synchronization signal must be a preamble associated with the BL backscattering/transmission.

The BL preamble should be a line-coded sequence. In UHF RFID, the sequence is based on FM0/MMS. For A-IoT study, these line coding schemes can be valid candidates. 

As discussed in Section 3.2, for BL payload, channel coding (FEC) is attractive and joint use of FM0/MMS and FEC would not be preferred. Without line coding, clock/timing recovery at reader must rely on the BL preamble associated with the BL payload. For a long BL packet, A-IoT device clock drift may cause loss of synchronization. The need for midamble for long BL packet should be studied.

[image: ]
Fig. 8	BL with preamble and midamble

Proposal 9:
· Study BL synchronization signal with the following as the starting point
· Consider FM0/MMS coded sequence for BL preamble
· Investigate whether midamble is necessary to address clock/frequency drift during a long BL 

3.3.3	Random access channel
In RFID inventory procedure, a tag selects a random 16 bits number and transmits it to the reader in a slot that the tag has selected due to random back-off in the Q-protocol. This works as a temporary ID until contention resolution is carried out. 

In LTE/NR random access procedure, a UE selects a preamble sequence and transmits it to the reader in a T/F resource (RACH occasion). Based on the T/F resource of the preamble sequence transmission, RA-RNTI is derived and is used for random access response. This works as a temporary ID until TC-RNTI is provided by random access response. 

The difference between these two systems is that RFID does not consider inventory of multiple RFID tags in parallel or simultaneously. For a given slot in the Q-protocol, RFID design is to assume at most one RFID tag can be successful for the random 16 bits number backscattering/transmission.

For A-IoT, it would be desirable to enable inventory for many A-IoT devices (e.g., 100) within a limited time budget (e.g., 1sec) [5]. Assuming that random access for A-IoT is such that a reader sends a random access trigger and A-IoT devices select resources of random access channel, at least enabling FDM of random access channel from different A-IoT devices should be considered. FDM can be enabled by frequency shift for the square wave modulation as stated in Section 3.2.1. CDM could be another option, while CDM would increase the time duration of BL due to the spreading.

It is also important to design the random access channel such that reader can detect collision with another sequence on the same T/F resource.

Proposal 10:
· Study physical layer design of A-IoT random access channel, including:
· Whether/how to enable FDM of random access channel for different A-IoT devices
· FFS: CDM
· Design for better collision detection

3.3.3	Carrier wave
The CW-BL waveform is illustrated as Figure 3 [6], which can be based on
· single-tone CW
· multi-tone CW, where furthermore it can have
· unmodulated continuous or discontinuous multiple tones, or
· modulated multiple tones as OFDM signals
[image: ]
Fig. 9 CW waveform

The single-tone CW is similar as that used in UHF RFID. However, the single-tone CW may suffer from deep fading due to multipath channel. Although the multi-tone CW is beneficial to improve the robustness against fading, the high PAPR of multi-tone CW has to be considered to avoid non-linear distortion at the CW transmitter amplifier. For the reception of backscattering at the reader, the harmonic interference suppression in the frequency shifted BL based on multi-tone CW-BL is more complicated than that of single-tone CW-BL. Compared with multi-tone CW-BL, the single-tone has low complexity and easy for self-interference cancellation, which can be the starting point of the CW-BL waveform. More details in [6].

Proposal 11:
· Study the single-tone and multi-tone waveform for CW-BL.
· Singe-tone waveform for CW-BL can be the starting point. 

4. Multiple access
A-IoT inventory process must be a random access procedure with contention resolution. A-IoT FL command can be unicast or groupcast communications. For both cases, it is useful to consider efficient multiplexing of multiple A-IoT devices.

For example, FDM can be considered at least for BL as illustrated in Fig. 9. In case of backscattering for device 1/2a, different frequency offsets from the CW may enable such frequency-domain multiplexing. For device 2b, generating carrier frequency internally would enable frequency-domain multiplexing. Reader would be able to filter the BL for the target A-IoT devices. Further study is necessary considering the fact that the BL from multiple devices are based on square waves and hence may not be fully orthogonal even if frequencies are different. For FL, at least group-common FL can be considered. FDM for FL may need some more feasibility study taking into account that A-IoT devices may not be able to have RF filter.

[image: ]
Fig. 9	FDM of BL 

Proposal 12:
· Study efficient multiplexing schemes for A-IoT including:
· FDM of BLs from different A-IoT devices
· Group-common FL and FDM of FLs for different A-IoT devices

5. Conclusion
In this contribution we share views on A-IoT general aspects of physical layer design. Proposals are summarized below.

Proposal 1:
· Study ASK (OOK) for A-IoT forward link (FL) (from reader to A-IoT device)
· PR/DSB/SSB-ASK and/or OOK-1/4 with CP-OFDM compatible transmitter can be considered

Proposal 2:
· Study line coding for FL
· Manchester coding as the baseline. FFS other line coding schemes

Proposal 3:
· Baseline assumption for FL is without channel coding (FEC)

Proposal 4:
· Study feasibility and performance benefits of channel coding (FEC) for FL for device 2

Proposal 5:
· Study ASK/PSK/FSK as data modulation schemes for backward link (BL) (from A-IoT device to reader) 
· Study square wave modulation to enable various combinations of (fs, fw) for variable BL data rate and variable repetitions of square wave

Proposal 6:
· Study BL without line coding
· With channel coding (FEC), use of FM0/MMS would not be preferred
· Use of preamble/midamble could be an option to accommodate BL timing error/drift at reader

Proposal 7:
· Study channel coding (FEC) for BL for all devices, including its feasibility and performance benefits
· FFS different FEC schemes for different devices

Proposal 8:
· Study FL synchronization signal with the following as the starting point for discussion
· OOK/ASK sequence with Manchester coding for clock/time synchronization for all devices
· Additionally, carrier frequency synchronization signal (e.g., single tone) for active BL transmission for device 2b 

Proposal 9:
· Study BL synchronization signal with the following as the starting point
· Consider FM0/MMS coded sequence for BL preamble
· Investigate whether midamble is necessary to address clock/frequency drift during a long BL 

Proposal 10:
· Study physical layer design of A-IoT random access channel, including:
· Whether/how to enable FDM of random access channel for different A-IoT devices
· FFS: CDM
· Design for better collision detection

Proposal 11:
· Study the single-tone and multi-tone waveform for CW-BL.
· Singe-tone waveform for CW-BL can be the starting point. 

Proposal 12:
· Study efficient multiplexing schemes for A-IoT including:
· FDM of BLs from different A-IoT devices
· Group-common FL and FDM of FLs for different A-IoT devices
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