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1. Introduction
[bookmark: _Hlk158889119]One objective of the ambient IoT study item is to study a harmonized air interface design with minimized differences to enable two types of devices, with peak power consumption of about 1 µW and a few hundred µW, respectively [1]. Ambient IoT discussion started in RAN1 #116, and it was agreed to assume the following device types in the study item [2]:
· Device 1: ~1 µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, neither DL nor UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
· Device 2a: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission is backscattered on a carrier wave provided externally.
· Device 2b: ≤ a few hundred µW peak power consumption, has energy storage, initial sampling frequency offset (SFO) up to 10X ppm, both DL and/or UL amplification in the device. The device’s UL transmission is generated internally by the device.

In RAN1 #116, general aspects of the physical layer design were discussed and some initial decisions regarding the Reader-to-Device (R2D) channel were taken. In this contribution, we continue the discussion on the physical layer design and present our views on waveform/modulation, bandwidth/numerology, multiple access, and channel coding,
Table 1 Agreements from RAN1 #116
	Agreement
A-IoT DL study includes an OFDM-based waveform from A-IoT R2D (reader-to-device) perspective. 
· Depending on what modulation(s) are decided to be studied:
· Study whether/how to handle CP at transmitter/device/design 
· Study other characteristics of the OFDM waveform, e.g.:
· CP-OFDM
· DFT-s-OFDM
· Etc.
· The type of OFDM waveform is transparent to A-IoT device.
Other waveforms from DL transmitter’s perspective can be proposed, and further discussion will consider whether or not they are included in the study.
Agreement
A-IoT DL study includes OOK from DL transmitter’s perspective.
· For an OFDM waveform, assume OOK-1 for single-chip per OFDM symbol transmission, and OOK-4 for M-chip per OFDM symbol transmission, starting from definitions in TR 38.869.
· FFS value(s) of M.
· FFS: Any changes needed from the definitions in TR 38.869.
· FFS: Exact definition of chip
· If other DL waveforms are included, further elaboration of the transmitter’s OOK generation would be needed.

Agreement
For R2D, line codes studied are: Manchester encoding and pulse-interval encoding (PIE).
· FFS: Mapping(s) from bit(s) to line-code codewords
· FFS: Time domain definition of e.g., chips and relation to OFDM symbols, resource allocation unit, etc.

Agreement
Regarding FEC, R2D with no forward error-correction code (FEC) is studied as baseline.
· Evaluations would be by comparison to this baseline

Agreement
R2D study assumes use of CRC. FFS which CRC generator polynomial(s) are assumed, and if any cases are included with no CRC.
· FFS: Association, if any, between down-selected CRC(s) and message size, considering at least false-alarm rate target

Agreement
At least the following bandwidths for R2D are defined for the purpose of the study:
· Transmission bandwidth, Btx,R2D from a Reader perspective: The frequency resources used for transmitting R2D
· Occupied bandwidth, Bocc,R2D from a Reader perspective: The frequency resources used for transmitting R2D, and potential guard band
· Bocc,R2D ≥ Btx,R2D
· FFS: Further constraint(s) e.g. Bocc,R2D = Btx,R2D.
· Possible values of each bandwidth are FFS




2. [bookmark: _Hlk110844968]Discussion
2.1. Waveform and modulation
According to the agreements from the previous meeting, OOK-1 and OOK-4 generated using OFDM modulation is to be studied for the R2D channel. As opposed to the R2D channel, OFDM is not suitable for the D2R channel since the power and complexity needed to generate an OFDM signal exceeds the capability of the IoT device. Therefore, single carrier waveform is preferrable to be used in the D2R direction.
Proposal 1: Prioritize single carrier waveform for the D2R channel.

As for modulation, possible candidates are ASK (with OOK being a special case), PSK, and FSK. It is worthwhile to note that ASK and PSK are supported in RFID [4]. OOK is quite simple to implement while PSK offers smaller reflection loss, so both of these can be considered for ambient IoT as well. On the other hand, FSK offers good noise immunity but has lower spectral efficiency. 
Proposal 2: Focus on ASK and PSK modulation as baseline for the D2R channel.
2.2. Bandwidth and numerology
The bandwidth allocated to the R2D channel depends on the data rate; for higher data rate, chip duration should be reduced resulting in increased spectrum usage. Since the IoT signal must coexist with legacy NR signal, it is plausible that the bandwidth should be multiples of an RB where the smallest BW may be 1 RB and the largest BW depends on the data rate. In addition, since the FR1 FDD spectrum is to be used for ambient IoT, 15 kHz and 30 kHz are considered as candidate subcarrier spacings. One use case of a larger subcarrier spacing is to generate an OFDM symbol of shorter duration which can enable shorter line code symbols to be transmitted to the IoT device. However, the same can also be achieved by increasing the number of segments M in OOK-4 and thereby reducing the duration of each line code symbol. So, at least for Rel-19, we do not see a clear reason to study 30 kHz subcarrier spacing.
Proposal 3: Assume the BW of the R2D channel is multiples of an RB.
Proposal 4: Focus on 15 kHz subcarrier spacing in the study.

The BW of the D2R channel depends on the chip duration and consequently data rate. As an example, in RFID the link frequency of FM0 ranges from 40 kHz to 640 kHz. Figure 1 shows the power spectral density of FM0 for various symbol durations T where the symbol duration is multiples of the sampling period. We can see from the figure that as the symbol duration gets smaller (corresponding to higher data rate), the occupied bandwidth increases. To achieve finer granularity in line code symbol duration and link frequency, the bandwidth can be multiples of a subcarrier spacing instead of an RB.
[image: ]
Figure 1

Proposal 5: Assume the bandwidth of the D2R channel is multiple of a subcarrier spacing. 
2.3. Line code
A line code specifies how a string of binary digits are converted to a physical waveform (e.g., electrical pulses of different voltage levels). In Return-to-Zero coding (RZ), the level of the pulse returns to zero for a portion of the bit interval. In Non-Return-to-Zero (NRZ) coding, the level of the pulse is maintained during the entire bit interval. 
Device 1 is assumed to be similar to an RFID tag in terms of complexity and power consumption. For an RFID tag, the sampling frequency offset (which determines the clock frequency accuracy) could be about 104 but it can increase up to 105 due to manufacturing processes of the resistors and capacitors [3]. Therefore, a desirable property of a line code is to embed clock information into the transmitted signal. In addition, a line code should not create long sequences of high or low voltage levels and preferably should not have a DC component. Based on these requirements, NRZ codes are not suitable for ambient IoT. The potential codes that can be considered are Miller, FM0, and Manchester. Out of these, RFID has adopted Miller and FM0 line codes and as such, these codes can also be considered for the D2R channel in ambient IoT. 
The power spectral density of the three podetial line codes is shown in Figure 2. We can see from the figure that the PSD of Manchester and FM0 are the almost same (curves are on top of each other) and it has a wider BW than Miller.
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Figure 2 Power spectral density of potential line codes

An issue to consider is that the spectrum of the carrier wave overlaps with the spectrum of the backscattered signal which makes it more challenging for the AIoT receiver (gNB or a UE) to extract the backscattered data. One approach that is used in RFID is to shift the backscattered signal in frequency using the subcarrier modulation concept. In subcarrier modulation, a subcarrier signal (a square wave) having n cycles (chips) per information bit is used to modulate the data bits, where the modulated signal is generated by an XOR operation of the data bit and the subcarrier signal. An example for this approach is shown in Figure 2 where two chips per bit are assumed.
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Figure 2 Subcarrier modulation (2 chips per bit)
One useful application of subcarrier modulation is uplink channelization where more than one subchannel can be created by utilizing subcarrier signals with different frequencies (chips per bit). For example, Figures 3 and 4 show the spectrum of modulated Miller symbols using varying subcarrier frequencies and two symbol durations (T = 16 Ts and T = 128 Ts, respectively where T is the Miller symbol duration and Ts is the sampling period). We can see from the figures that the spectrum of the signal shifts in frequency as the subcarrier frequency increases. These subchannels can be assigned to different IoT devices which may be useful for increased efficiency, reduced collisions, etc. Although it is not shown here, the subcarrier modulation is applicable to other line coding schemes as well such as the Manchester encoding.

[image: ]
Figure 3 Subcarrier modulation with various subcarrier clock frequency (T = 16 Ts)
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Figure 4 Subcarrier modulation with various subcarrier clock frequency (T = 128 Ts)

Based on the above discussion, the following are proposed: 
Proposal 6: Include in the study Miller, Manchester, FM0 line codes for the D2R channel.
Proposal 7: Support channelization of the D2R channel in frequency domain using subcarrier modulation.

2.4. Multiple access
As explained above, the accuracy of the clock frequency is extremely low for IoT devices. So, from the IoT device perspective, asynchronous access should be supported since the device cannot reliably keep timing information. As an example, in RFID, a Query message indicates start of an inventory round and a QueryRep message indicates an access occasion within the inventory round.
To increase system efficiency and reduce collisions, it is highly desirable to support channelization (e.g., by using subcarrier modulation) in the frequency domain for D2R transmission. With channelization, IoT devices would be able to transmit in different uplink subchannels simultaneously.
Proposal 8: Assume TDMA and FDMA for the D2R channel.

As for the R2D channel, at least for Device 1, it is not possible to support FDMA since this type of device may not be able to support filtering to extract the desired spectrum for further processing. Therefore, considering that a harmonized design is targeted, at least for Rel-19, only TDMA can be supported in the R2D channel.
Proposal 9: Assume TDMA for the R2D channel.

2.5. Channel coding
It has been agreed that channel coding is not used for the R2D channel since the decoding operation cannot be performed by the low power, low complexity IoT device. For the D2R channel, channel coding can be considered as long as encoding can be performed by the device. It is assumed that at least convolutional channel coding can be performed relatively easily even by Device 1. In addition, CRC is also useful for data integrity and its overhead can be managed by using shorter CRC for smaller messages and longer CRC for larger messages.
Proposal 10: Include in the study convolutional channel coding and CRC for the D2R channel.

Summary
In this contribution, general aspects of the physical layer design for Ambient IoT have been discussed. The following are proposed: 

Proposal 1: Prioritize single carrier waveform for the D2R channel.
Proposal 2: Focus on ASK and PSK modulation as baseline for the D2R channel.
Proposal 3: Assume the BW of the R2D channel is multiples of an RB.
Proposal 4: Focus on 15 kHz subcarrier spacing in the study.
Proposal 5: Assume the bandwidth of the D2R channel is multiple of a subcarrier spacing. 
Proposal 6: Include in the study Miller, Manchester, FM0 line codes for the D2R channel.
Proposal 7: Support channelization of the D2R channel in frequency domain using subcarrier modulation.
Proposal 8: Assume TDMA and FDMA for the D2R channel.
Proposal 9: Assume TDMA for the R2D channel.
Proposal 10: Include in the study convolutional channel coding and CRC for the D2R channel.
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