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1. Introduction
[bookmark: _Hlk158889119]3GPP RAN has recently approved a new WG-level SI that “targets a further assessment at RAN WG-level of Ambient IoT, a new 3GPP IoT technology, suitable for deployment in a 3GPP system, which relies on ultra-low complexity devices with ultra-low power consumption for the very-low end IoT applications. The study shall provide clear differentiation, i.e. addressing use cases and scenarios that cannot otherwise be fulfilled based on existing 3GPP LPWA IoT technology e.g. NB-IoT including with reduced peak Tx power,” [1]. 
One objective 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 (referred to as Type 1 device and Type 2 device in this contribution). The general scope is as follows:
	General Scope
The definitions provided in TR 38.848 are taken into this SI, and the following are the exclusive general scope:
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.
· Coverage design target: Maximum distance of 10-50 m with device indoors as per TR 38.848: “…a range that WGs can sub-select within”.
· For Topologies 1 & 2 (UE as intermediate node under NW control) per TR 38.848, with no RRC states, no mobility (i.e. at least no cell selection/re-selection -like function), no HARQ, no ARQ. 
NOTE 1: It is to be understood that “≤ a few hundred µW” means WGs are not tasked with setting a particular value, and that it will be for WG discussions to determine if a presented design with corresponding power consumption satisfies the “≤ a few hundred µW” requirement.

B. Deployment Scenarios with the following characteristics, referenced to the tables in Clause 4.2.2 of TR 38.848:
· Deployment scenario 1 with Topology 1
· Basestation and coexistence characteristics: Micro-cell, co-site
·   Deployment scenario 2 with Topology 2 and UE as intermediate node, under network control
· Basestation and coexistence characteristics: Macro-cell, co-site
· The location of intermediate node is indoor
C.  FR1 licensed spectrum in FDD.
D. Spectrum deployment in-band to NR, in guard-band to LTE/NR, in standalone band(s).
E. Traffic types DO-DTT, DT, with focus on rUC1 (indoor inventory) and rUC4 (indoor command). 
· From RAN#104, the study will assess whether the harmonized air interface design (per bullet ‘A’ above) can address the DO-A (Device-originated autonomous) use case, only to identify which part(s) of the harmonized air interface design (per bullet ‘A’ above) is/are not sufficient for the DO-A use case.
Transmission from Ambient IoT device (including backscattering when used) can occur at least in UL spectrum.



In this contribution, fundamental design aspects of the physical layer such as the waveform, modulation, coding are discussed.
2. PHY layer design
2.1. Background
[bookmark: _Hlk158894958]According to the Ambient IoT SID, the Type 1 device shall support backscattering based communication. Backscattering communication systems can be classified as passive systems and semi-passive systems based on the type of power supply. In passive systems, the IoT device relies on the incident RF wave for power and a signal to reflect for data transmission. The device first harvests energy from incident RF wave and once the harvested DC voltage exceeds a threshold, the device is activated. In semi-passive systems, the device is equipped with an energy storage.
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Figure 1: 2-point constellation (a) On-off keying (OOK) utilizing the zero-reflectance (perfect absorptance) state (b) BPSK
[bookmark: _Hlk30426347]An IoT device relying on backscattering does not generate active RF signal. The device maps a sequence of symbols onto the backscattered RF signal by adjusting the load impedance of the antenna to generate different waveforms. For example, two commonly used constellations are illustrated Figure 1. The constellation in Figure 1(a) utilizes the zero-reflectance (100% absorbance) state S0 as a point in the constellation whereas Figure 1(b) utilizes two zero-absorbance (100% reflectance) states S1 and S2. The approach in Figure 1(a) is used to realize an OOK modulation whereas the approach in Figure 1(b) is used to realize a BPSK modulation.
The transmitted UL waveform associated with a commonly used Manchester-encoded OOK scheme is illustrated in Figure 2. Another example of a Manchester-encoded scheme employing BPSK is illustrated in Figure 3.
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Figure 2: Manchester-encoded OOK modulation
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Figure 3: Manchester-encoded BPSK modulation; (a) state transitions (b) transmitted waveform
2.2. [bookmark: _Hlk110844968]DL transmission
The proposed DL transmitter chain is illustrated in Figure 4. Information bits and CRC are first mapped to physical signals (e.g., voltage levels) using a line coding scheme. For example, Manchester encoding has been considered in the Low Power Wake-up Signal (LP-WUS) design. After line coding, the signals are modulated to generate the transmitted waveform. Since envelope detection-based receiver can be used at least for the Type 1 device, Amplitude Shift Keying (e.g., OOK) should be used as a modulation scheme. 
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Figure 4 DL transmission chain
Several OOK generation schemes have already been analysed as part of the LP-WUS SI and it has been shown that OOK-4 (illustrated in Figure 5) is a reasonable option [2]. One advantage of OOK-4 is that it is possible to generate multiple ON/OFF periods within one OFDM symbol. 
As for numerology, 15 kHZ and 30 kHz subcarrier spacing can be considered for FR1 bands. The Ambient IoT signal could be placed within an NR band and adjacent RBs can be occupied with legacy NR signal only if the IoT device has the capability to filter the desired subband. If the Ambient IoT and legacy signals coexist in the same OFDM symbol, the Ambient IoT signal power would increase with increasing number allocated; for example, in LP-WUS SI up to 12 RBs have been evaluated. However, if the IoT device does not have filtering capability, then the whole OFDM symbol should be allocated for the IoT signal; in this case, since power is not divided between IoT and legacy data, a smaller number of RBs with power boosting can be used to generate the IoT signal.
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Figure 5 OOK-4 transmitter [2]
As shown in Figure 4, line coding should be part of the transmit chain. A line coding format 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. Line coding formats can also be classified according to the polarity of the voltage levels used to represent the data. If only one polarity of voltage level is used, i.e., positive, or negative (in addition to the zero level) then it is referred to as unipolar signalling. If both positive and negative voltage levels are being used, with or without a zero-voltage level, then it is referred to as polar signalling. 
The Type 1 device 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, the device could correct its timing using the DL signal; and a desirable property of a DL line code is that the IoT device should be able to extract the clock from the received data. In addition, a line code should not create long sequences of high or low voltage levels for good receive performance and should not have a DC component. Based on these requirements, Manchester encoding could be considered as a good option for DL line encoding.
Regarding channel coding, we think it should not be considered at least for the Type 1 device due to extremely low complexity and low power consumption of the device. However, support of channel coding for the Type 2 device can be discussed further.

Proposal 1: Support OOK-4 modulation for DL AIoT waveform at least for the Type 1 device.
Proposal 2: Channel coding is not considered in DL at least for the Type 1 device.
Proposal 3: Support Manchester encoding in DL transmission at least for the Type 1 device.
Proposal 4: 15/30 kHz subcarrier spacing and up to 12 RBs are considered for DL AIoT signal transmission.
Proposal 5: SFO of at least 104 and up to 105 is assumed at least for the Type 1 device.

2.3. UL transmission 
The proposed uplink transmission chain is shown in Figure 6. Information bits and CRC are first channel coded. As for channel coding, block codes or convolutional codes can be considered due to their relatively low implementation complexity. The coded bits are then transformed into physical signals using a line code. A few of the most common line codes are illustrated in Figure 7. 
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Figure 6 UL transmission chain
As discussed in the previous section, an important disadvantage of NRZ encoding is that long series of high or low signals levels can be common, leading to a loss of synchronization between the transmitter and the receiver as no clear bit clock exists anymore. Another disadvantage is that the DC component causes energy loss. So, these codes are not suitable for UL transmission. Of the codes shown in Figure 7, Manchester and Miller codes are more suitable. 
The Manchester code can be generated by performing an XOR operation with a NRZ bit stream and a clock signal having twice the frequency of the bit stream.  There are two accepted standards for the Manchester encoding. In the implementation named after G.E. Thomas, a falling edge represents a logic ‘1’ (high) and a rising edge a logic ‘0’ (low). The definition used by IEEE 802.3 Ethernet uses a rising edge to represent a logic ‘1’ (high) and a falling edge to represent a logic ‘0’ (low).
Miller encoding uses a state diagram whose details can be found in [4]. The code can be generated by applying an XNOT operation on the bit stream and the clock signal. For both Manchester and Miller codes, the clock is encoded into the data stream, so no separate clock signal is required and there is no DC component.
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Figure 7 Some common line codes
The power spectral density of the line codes is shown in Figure 8. From this figure, we can see that Manchester code has a wider spectrum than Miller code. While needing two clock cycles to transmit one bit, the bandwidth is relatively high compared to RZ and NRZ codes. But since the overall BW is relatively small, wider spectrum is not a significant issue.

[image: ]
Figure 8 Power spectral density of several line codes
Subcarrier modulation:
In general, 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 clock of N cycles per information bit is used to generate the line code output.
One useful application of subcarrier modulation is that uplink channelization becomes possible since non-overlapping subbands corresponding to different clock cycles can be generated. For example, Figures 9 and 10 show the spectrum of the Miller code and the Manchester code using three different clock cycles. We can see from the figures that the spectrum of the encoded data is shifted in frequency as the clock cycle frequency increases. The subbands can be assigned to different IoT devices which may result in benefits such as increased efficiency, reduced collisions, etc.
[image: ]
Figure 9 UL subbands with Miller encoding generated using subcarrier modulation

[image: ]
Figure 10 UL subbands for Manchester encoding generated using subcarrier modulation

Based on the above discussion, the following are proposed: 
Proposal 6: Consider convolutional code or block code for UL transmission.
Proposal 7: Consider Manchester or Miller encoding for UL transmission of at least Type 1 device.
Proposal 8: Support UL channelization in frequency domain using subcarrier modulation.
Proposal 9: Support ASK and PSK modulation for UL backscattering-based transmission.

2.4. Duplexing
According to the SI, FR1 FDD bands are going to be used for Ambient IoT traffic. Whether to use a DL or an UL band for a transmission depends on if external CW generation is supported or not.
The FDD bands that could be used for DL and UL transmission for Topology 1 are shown in Figure 11. When an external CW transmitter does not exist, the DL band can be used since the gNB should not transmit in the UL band as to not interfere with the UL transmission of other devices. However, when there is an external CW transmitter, the CW and the backscattered signal can be transmitted in the UL band while the data transmission from the gNB can happen in the DL band.
When CW generation and uplink reception occur at the same node (e.g., a gNB or a UE), the receiver architecture could be quite complicated since the receiver needs full duplex capability. So, we think that CW generation at an external node should be prioritized. 


[image: ]

Figure 11 Duplexing schemes for Topology 1

Proposal 10: For Topology 1, with external CW generation, the CW and the backscattered signal are transmitted in the UL band, and DL data is transmitted in the DL band.
Proposal 11: For Topology 1, when external CW generation is not supported, DL band is used for transmission of data and CW.
Proposal 12: Prioritize the topology where CW generation occurs at a node different than the UL AIoT receiver. 

For Topology 2, as illustrated in Figure 12, data transmission to the IoT device originates from a UE instead of a gNB. So, it is more appropriate for data from the UE to take place in the UL band rather than the DL band. 
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Figure 12 Duplexing schemes for Topology 2

Proposal 13: For Topology 2, with external CW generation, the CW and the backscattered signal are transmitted in the UL band, and DL data is transmitted in the UL band.
Proposal 14: For Topology 2, when external CW generation is not supported, UL band is used for transmission of data and CW.
2.5. 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 a slot within the inventory round. When an RFID tag receive these messages, it can determine when an inventory round and a slot within the round start. A similar access mechanism can be considered for at least for Type 1 Ambient IoT devices. An IoT device can randomly select a slot to initiate communication, e.g., it could send a msg3-like message to the gNB/UE. 
To increase system efficiency and reduce collisions, it is highly desirable to support channelization (by using subcarrier modulation) in the frequency domain for UL transmission. With channelization, IoT devices could be able to transmit in different uplink subbands simultaneously. A sample scenario is illustrated in Figure 13 where two IoT devices backscatter in two different subbands. As mentioned above, although not illustrated in this figure, the two devices could transmit in the same time slot but in different subbands.

[image: ]
Figure 13 Sample multiple access scenario with multiple UL subbands for backscattering

Proposal 15: Support backscattering in more than one UL subband.
Summary
In this contribution, we have the general PHY layer of Ambient IoT and the following have been proposed:

Proposal 1: Support OOK-4 modulation for DL AIoT waveform at least for the Type 1 device.
Proposal 2: Channel coding is not considered in DL at least for the Type 1 device.
Proposal 3: Support Manchester encoding in DL transmission at least for the Type 1 device.
Proposal 4: 15/30 kHz subcarrier spacing and up to 12 RBs are considered for DL AIoT signal transmission.
Proposal 5: SFO of at least 104 and up to 105 is assumed at least for the Type 1 device.
Proposal 6: Consider convolutional code or block code for UL transmission.
Proposal 7: Consider Manchester or Miller encoding for UL transmission of at least Type 1 device.
Proposal 8: Support UL channelization in frequency domain using subcarrier modulation.
Proposal 9: Support ASK and PSK modulation for UL backscattering-based transmission.
Proposal 10: For Topology 1, with external CW generation, the CW and the backscattered signal are transmitted in the UL band, and DL data is transmitted in the DL band.
Proposal 11: For Topology 1, when external CW generation is not supported, DL band is used for transmission of data and CW.
Proposal 12: Prioritize the topology where CW generation occurs at a node different than the UL AIoT receiver. 
Proposal 13: For Topology 2, with external CW generation, the CW and the backscattered signal are transmitted in the UL band, and DL data is transmitted in the UL band.
Proposal 14: For Topology 2, when external CW generation is not supported, UL band is used for transmission of data and CW.
Proposal 15: Support backscattering in more than one UL subband.
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