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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In Rel-19, to further investigate the technical solutions of Ambient IoT for indoor deployment scenarios, a WG-level SI was approved in RAN#102 [1]As described in the SID, the ~1 µW device and a few 100 µW device can be based on backscattered signals for uplink transmissions, while the latter can also apply an internal RF local oscillator and mixer to transmit without an external carrier-wave. 
	(Copied from RP-234058 [1])
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.


General aspects of the physical layer for Ambient IoT needs to be studied according to the above constraints of extremely low device power consumption. Meanwhile, the target coverage is expected to be obviously better than the existing ISO 18000-6C based UHF RFID technology.
	(Copied from RP-234058 [1])
The following objectives are set, within the General Scope:
…
2. Study necessary and feasible solutions for Ambient IoT as prescribed in the General Scope, including decisions on which functions, procedures, etc. are needed and not needed, and ensuring at least the required functionalities in Section 6.2 of TR 38.848. 
…
· RAN1-led:
For the Ambient IoT DL and UL:
…
· Numerologies, bandwidths, and multiple access
· Waveforms and modulations
· Channel coding
…
For Topology 2, no difference in physical layer design from Topology 1.


In this contribution, the general aspects of the physical layer design for Ambient IoT are discussed, including bandwidth and numerologies, modulation and waveform, multiple access, and channel coding.

Harmonized design for Ambient IoT
As required in the Rel-19 SID [1], “a harmonized air interface design with minimized differences (where necessary) for Ambient IoT” would be supported between Ambient IoT devices with ~1 μW and a few 100 μW peak power consumption. On this basis, the following principles need to be considered for the air interface design of Ambient IoT. 
· As discussed in [2], the additional power consumption is only for amplification and potential carrier-wave frequency conversion, without adding complexity to baseband processing for the Ambient IoT device with a few 100 μW peak power consumption.
· The harmonized design has to support the device implementation with ~1 μW peak power consumption.
Harmonized air interface design allows maximum reuse of hardware / software implementations not only for the Ambient IoT device, but also for the base station. In other words, it is beneficial for the industrial development of the Ambient IoT device, as well as the base station.

[bookmark: _Ref129681832]Bandwidth and numerology
Downlink bandwidth and numerology
According to the Rel-19 SID [1], “Spectrum deployment in-band to NR, in guard-band to LTE/NR, in standalone band(s)” would be supported by Ambient IoT. Considering the large transmit power of the base station in downlink, subcarrier orthogonality between Ambient IoT and NR signals is recommended to be maintained, so as to minimize the interference from Ambient IoT to NR. As discussed in section 4, OFDM waveform can be applied to the downlink transmission of Ambient IoT for this purpose. It also requires that the same numerology as the co-band NR signal is used for Ambient IoT.
[bookmark: _Ref159150912]Observation 1: The same numerology between the downlink transmission of Ambient IoT and co-band NR can minimize the interference from Ambient IoT to NR.
[bookmark: _Ref157262741]Regarding the “FR1 licensed spectrum in FDD”, subcarrier spacing (SCS) of 15 kHz is supported for all the NR FDD bands [3]. According to the NR specification, SCS of 30 kHz and 60 kHz are also applicable to part of the NR FDD bands. However, SCS of 15 kHz is used in most of the existing NR FDD deployments, as sufficient cyclic prefix (CP) length is needed to counter the large delay spread of multi-path channels due to the relatively large inter-site distances for FDD base stations. Consequently, it is suggested to focus on SCS of 15 kHz for the Rel-19 Ambient IoT study, while leaving other SCS(s) to the future releases.
[bookmark: _Ref157262747]Observation 2: SCS of 15 kHz is used for most existing NR FDD network deployments.
[bookmark: _Ref157262436]Proposal 1：For the downlink transmission of Ambient IoT, the study focuses on 15 kHz SCS in Rel-19.
Considering convenient and flexible deployment, especially at an early stage of the study, a minimum channel bandwidth of 1 PRB can be regarded as the baseline for Ambient IoT downlink. As subcarrier orthogonality is assumed between the downlink of Ambient IoT and NR, frequency guard interval is unnecessary, which means the maximum signal bandwidth can be as large as the channel bandwidth for Ambient IoT downlink as shown in Figure 1. It is desirable to study designing a system that makes the minimum requirement for spectrum, to help swift deployment of Ambient IoT.
[image: ]
[bookmark: _Ref159152171]Figure 1. The channel bandwidth and signal bandwidth for downlink transmission
[bookmark: _Ref157262473]Proposal 2：For the downlink transmission of Ambient IoT, 1 PRB is the minimum channel bandwidth, while larger bandwidth can also be considered and, if so, FFS what granularity. 
[bookmark: _Ref159150725]Proposal 3: The maximum signal bandwidth can be as large as the channel bandwidth for the downlink transmission of Ambient IoT.

Uplink bandwidth
Similar to the downlink, a minimum channel bandwidth of 1 PRB would be beneficial for a more efficient and flexible deployment of Ambient IoT, especially at an early stage. Considering the potential capacity extension and some other optimizations, larger channel bandwidth may also be considered.
[bookmark: _Ref157972280]Proposal 4: For the uplink transmission of Ambient IoT, 1 PRB is the minimum channel bandwidth, while larger bandwidth may also be considered.
Considering the large SFO of ~105 PPM at an Ambient IoT device, guard interval is needed to mitigate the impact of the frequency domain distortion of the Ambient IoT uplink signal. In other words, the uplink signal bandwidth of Ambient IoT can be smaller than the channel bandwidth. For example, as the actual signal bandwidth may be extended by 10% due to the SFO of ~105 PPM, the maximum signal bandwidth is set to 150 kHz for the channel bandwidth of 1 PRB, with 15 kHz on each side as guard interval. 
[image: ]
Figure 2. The maximum signal bandwidth within 180 kHz
[bookmark: _Ref159150766]Proposal 5: For the uplink transmission of Ambient IoT, smaller signal bandwidth than channel bandwidth is used for the guard interval against the frequency domain signal distortion due to SFO.
[bookmark: _Ref159150780]Proposal 6: For the channel bandwidth of 1 PRB, the maximum uplink signal bandwidth is 150 kHz, while FFS for larger channel bandwidths, if included in the study.
Referring to NB-IoT uplink, a narrowband signal together with concurrent transmissions in the frequency domain can improve spectrum efficiency, in the case of limited transmit power for bad coverage scenarios. As the backscattered signal power can be as low as -30 dBm or lower for Ambient IoT uplink, a narrowband signal is suggested to be supported. For example, a minimum signal bandwidth of 15 kHz can be considered.
[bookmark: _Ref158219549]Proposal 7: For the uplink transmission of Ambient IoT, narrowband transmissions with much smaller signal bandwidth than channel bandwidth can be considered, e.g. 15 kHz minimum signal bandwidth.

Modulation and waveform 
Considering the strict constraints on device power consumption and complexity for Ambient IoT, modulation and waveform needs to enable sufficiently simple receiver and transmitter implementation.
Downlink modulation and waveform 
As discussed in [3], it is assumed that RF envelope detection has to be supported for the downlink receiver of Ambient IoT device. On this basis, OOK should be the only choice for Ambient IoT downlink. Furthermore, it is also bandwidth efficient and has a simple receiver design, keeping the modulation/demodulation process comparatively inexpensive. As FSK demodulation requires narrowband (e.g., 10 kHz or 100 kHz level) band-pass filtering before envelope detection, it cannot be supported for low power RF envelope detection.
[bookmark: _Ref157262511]Proposal 8: For the downlink transmission of Ambient IoT, only OOK is supported.
Regarding the waveform for Ambient IoT downlink, considering only OOK can be supported, the following two candidates can be further studied, referring to the related discussions in TR 38.869 [4].  
· OOK-1 
· OOK-4
In OOK-1, an OFDM symbol only carries a single OOK chip, as shown in Figure 3. CP-OFDM is applied for the OOK-1 waveform generation. For example, a dedicated sequence is mapped to the N subcarriers in the frequency domain for the “On” chip, while zero assigned to the same set of carriers for the “Off” chip. After that, IFFT and CP insertion are performed to the frequency main signal.

[image: ]
[bookmark: _Ref157969242][bookmark: _Ref157969378]Figure 3. The transmitter block diagram of OOK-1. N = subcarriers of Ambient IoT.
In OOK-4, an OFDM symbol carries M OOK chips by DFT-s-OFDM processing for higher efficiency, as shown in Figure 4. For example, M can be as large as 6 for a signal bandwidth of 1 PRB. Regarding the signal processing of OOK-4 described in TR 38.869, the least square or DFT sequence selection operation is used for algorithm optimization, which is not mandatory from the view of specifications. After DFT, the truncation and/or some other additional modification to the frequency domain signal on the N subcarriers are also not mandatory. The final time domain signal is generated after IFFT and CP insertion.
[bookmark: _Ref159150826]Proposal 9: For the downlink transmission of Ambient IoT, one and multiple OOK chips per OFDM symbol are supported.

[image: ]
[bookmark: _Ref157942058][bookmark: _Ref157942054]Figure 4. The transmitter block diagram of OOK-4, N = subcarriers of Ambient IoT.
It should be noted that DFT-s-OFDM processing in the OOK-4 scheme can also be used for the case of a single OOK chip per OFDM symbol, as shown in Figure 4. The generated time domain signal of 6 chips and 1 chip per OFDM symbol are both shown in Figure 5. From the view of a compact and harmonized design, it is recommended to only use DFT-S-OFDM processing for Ambient IoT downlink. 
[bookmark: _Ref159150832]Proposal 10: For the downlink transmission of Ambient IoT, only DFT-S-OFDM processing is supported for waveform generation.
           
[image: ]             [image: ]
[bookmark: _Ref157969786]         Figure 5. The example of 6-bit OOK and 1-bit OOK time domain waveforms

[bookmark: _Ref157966120]Uplink modulation and waveform
As discussed in [2], backscatter modulation has to be supported to achieve the target device power consumption of ~1 µW for Ambient IoT uplink. For the extremely low power backscatter modulation, OOK, FSK and BPSK can be considered.
· OOK enjoys the simplest implementation and lowest power consumption. It can be simply implemented by a switching circuit to change the impedance matching status, which accordingly adjusts the amplitude of the backscattered RF carrier wave [6]. It is also more power efficient since the carrier is not transmitted during binary zero, especially when considering the 1uW peak power consumption device. In most existing UHF RFID tags, OOK is implemented to achieve extremely low cost devices.
· FSK shares a similar implementation with OOK by switching between “On” and “Off” per frequency, as shown in Figure 6. Assuming the same signal bandwidth for OOK and FSK, they will share the same chip rate. However, FSK consumes at least 4 “On”/“Off” chips to represent the time domain waveform of higher frequency, while Manchester codes with 2 “On”/“Off” chips can be applied to OOK. In other words, the transmission efficiency of FSK is lower than OOK.
[image: ]
[bookmark: _Ref158199999]Figure 6. The OOK and FSK waveforms of “bit1” and “bit0”
· BPSK can be implemented by a more complicated switching circuit to adjust the phase of the backscattered RF carrier wave [7]. As discussed in [2], BPSK has the advantage of smaller theoretical reflection loss for backscatter modulation, which is beneficial for the link budget optimization of Ambient IoT uplink. 
As a reference, both OOK and BPSK are included in the UHF RFID specification [8]. The RFID tag can decide which modulation to be used for uplink transmission. The RFID reader can then apply the same or very similar receiver processing to the two modulations after removing the direct current (DC) of the received signal. In general, OOK is more promising for device implementation with extreme low power and complexity, while BPSK is more attractive for better link performance. For Ambient IoT, a similar scheme can be considered for uplink transmission, in which the application of OOK or BPSK is determined by the device.
[bookmark: _Ref157973140]Proposal 11: For the uplink transmission of Ambient IoT, both OOK and BPSK are supported, and the selection is up to device implementation.
For Ambient IoT uplink, single-carrier waveform is more suitable than OFDM waveform due to the following aspects.
· As discussed in [3], the sampling frequency offset (SFO) of 105 PPM is assumed for Ambient IoT devices, especially the device with ~1 µW peak power consumption. Such a large SFO can accumulate an additional timing error of 100 us every 1 ms or 1 ms every 10 ms. In this case, the timing advance scheme in conventional 3GPP technologies cannot work well, as the aligned timing will soon get lost. It makes OFDMA impractical not only between the uplink transmissions from different devices, but also between the uplink transmissions of Ambient IoT and NR.
· The complicated OFDM modulation processing is infeasible for the implementation of Ambient IoT devices with ~1 µW peak power consumption. A number of multipliers are needed for DFT and IFFT in digital baseband processing, resulting in the implementation being too heavy for the extreme low power devices, which is also why most existing UHF RFID tags do not use multipliers. The time domain OFDM signal usually consists of multiple phases, while each phase can lead to a switching branch for backscattering. In order to handle this, for the impedance switching circuit, multiple branch circuits with a high phase accuracy are needed to generate the multi-phase OFDM time domain signal, which also consumes high power for Ambient IoT devices.
Based on the above analysis, it is impractical to support OFDM for Ambient IoT uplink transmission. Instead, a single carrier waveform is recommended.
[bookmark: _Ref157973146]Proposal 12: For the uplink transmission of Ambient IoT, single-carrier waveform is supported.

Multiple access
Multiple access for downlink 
As envelope detection is assumed to be used for the receiver of the Ambient IoT device, it cannot extract different downlink signals being simultaneously sent in adjacent channels, considering that narrowband band-pass filtering of the RF signal is too difficult. In other words, both OFDMA and FDMA are unsuitable for Ambient IoT downlink. CDMA is also impractical for Ambient IoT devices with ~1 µW peak power consumption, for which sequence correlation cannot be supported [2]. Consequently, only TDMA can be supported for the downlink of Ambient IoT.
[bookmark: _Ref157262755]Observation 3: OFDMA and FDMA are unsuitable for Ambient IoT downlink, as the envelope detection applied in the receiver of the Ambient IoT device cannot extract different downlink signals being simultaneously sent in adjacent channels.
[bookmark: _Ref157262564]Observation 4: CDMA cannot be supported for Ambient IoT devices with ~1 µW peak power consumption.
[bookmark: _Ref157262570]Proposal 13: For the downlink transmission of Ambient IoT, only TDMA is supported.

Multiple access for uplink 
As discussed in section 4.2, the timing alignment between different Ambient IoT devices cannot be achieved due to the large SFO of 105 PPM. For example, the SFO may produce a timing offset of 10 µs in every 100 µs, which can be even larger than the length of an OOK/BPSK chip. The inconsistent processing times of different Ambient IoT devices, also caused by the inaccurate internal clock, can introduce an additional timing offset between them. The unaligned timing between devices prevents the use of OFDMA for Ambient IoT uplink. 
Regarding CDMA, it is also unsuitable due to the following reasons. 
· Firstly, the code orthogonality usually gets lost in the case of inaccurate time and frequency alignment between devices, especially considering that conventional multi-phase sequences (e.g., Zadoff-Chu sequence) cannot be supported for an extreme low power backscatter modulator. 
· As one bit is mapped to a sequence with multiple chips in CDMA, it is inefficient for normal coverage, in which bit or chip repetitions are not needed. 
From the above, CDMA is also unsuitable for Ambient IoT uplink transmission.
[bookmark: _Ref159150943]Observation 5: Uplink OFDMA and CDMA cannot be supported due to the large clock frequency offset of the Ambient IoT devices.
In section 3.2, it is mentioned that narrowband transmission can be applied for the uplink transmission from devices in bad coverage. In this case, FDMA within an uplink channel can be considered. In section 6.1.2, it is described that line codes shift the backscattered signal away from the carrier-wave. By combining line codes with different codeword lengths and scaled chip durations, the two sidebands of the backscattered signal can be shifted to a different frequency within the channel bandwidth. In other words, FDMA can be achieved without significant impact to the hardware of the Ambient IoT device. Similar to the narrowband transmission in NB-IoT, FDMA between devices in bad coverage scenarios can obviously improve the spectrum efficiency for Ambient IoT uplink.
[bookmark: _Ref159150948]Observation 6: Uplink FDMA can be implemented without impacting the hardware of the Ambient IoT device.
[bookmark: _Ref157973167]Proposal 14: For the uplink transmission of Ambient IoT, TDMA and FDMA are supported, while OFDMA and CDMA not supported.

Coding
Line code
Line code is widely-used in communication systems to provide dedicated characteristics by mapping each original binary data bit to a codeword consisting of a sequence of chips according to some defined transition rules. There exist a number of line codes that performs the mapping of binary bits either to different voltage levels, or to different voltage level transition patterns. 
For Ambient IoT, the following two key aspects of line code plays more important role for optimal link performance.
· Avoid long transmission of constant amplitude or phase caused by consecutive bit “1” or bit “0”.
· Embed clock information for the chip-level timing tracking at the receiver.
Another important aspect is the characteristic of zero direct current for the encoded signal, as non-zero DC may lead to signal distortions at the transmitter and/or receiver.
According to the above aspects, unipolar or polar codes with NRZ schemes can be excluded for Ambient IoT, as they cannot provide embedded clock information. For Ambient IoT, Manchester code, Miller code, FM0 code and PIE code are considered for either downlink or uplink transmissions.
Manchester code
Manchester code is a type of bipolar code, in which each codeword consists of two voltage levels. As shown in Figure 7a, there is always a transition at the middle of each codeword, either from high voltage to low voltage or vice versa. By this means, Manchester codes enjoy the important characteristics of self-clocking. Based on the periodic transition, Manchester codes carries clock information together with data, which benefits the timing tracking at the receiver. Manchester coding is the principal candidate for the line codes in Rel-18/19 LP-WUS.
Miller code
Miller codes shares similar characteristics to Manchester codes in the sense of being a self-clocking signal and zero DC. As shown in Figure 7b, Miller codes apply the following transition mechanism.
· A transition at the beginning of a codeword represents bit “0”.
· No transition at the beginning, but a transition in the middle of a codeword represents bit “1”. 
FM0 code
As shown in Figure 7c, FM0 code applies the following transition mechanism.
· A transition in the middle of a codeword represents bit “0”, while no transition in the middle represents bit “1”.
· For consecutive transmission of bit “1”, a transition occurs at the boundary between two bit “1”s.
· There is always a transition between codewords, i.e., at the boundary of the bit.
The above rules lead to a transition at the boundary of every two consecutive bits.
PIE codes
Pulse interval encoding (PIE) conveys the binary information based on the duration of the intervals between transitions. In PIE, bit “1” can be encoded as a high voltage chip with a longer length followed by a low voltage chip with a shorter length, while bit “0” is encoded with equal length between the high voltage and low voltage chips. For example, in UHF RFID, bit “1” is encoded as “1110”, while bit “0” is encoded as “10”. The duration of the encoded bit “0” is defined as one Tari, as shown in Figure 7d. 
[image: ]
[bookmark: _Ref158218783][bookmark: _Ref158218775]Figure 7. Depiction of different line codes
Downlink 
Line codes are supported in the downlink of UHF RFID [8]. It does not only prevent the consecutive transmission of bit “1” or bit “0”, but also carry embedded clock information by regular voltage transitions. The rising- or falling-edge in each codeword helps the device to track chip-level timing in the case of SFOs as large as 105 PPM. For example, there is a rising-edge at the start of each PIE codeword used in RFID, while a rising- or falling-edge exists at the middle of each Manchester codeword. The details on the tracking of chip-level timing is explained in detail in [5]. From the above analysis, line coding is recommended to be supported for Ambient IoT downlink.
[bookmark: _Ref158219392]Observation 7: For the downlink transmission of Ambient IoT, line codes are essential for the chip-level timing tracking at the receiver of the Ambient IoT device.
In UHF RFID, PIE code is used for downlink, which consists of codewords with different lengths for bit “0” and bit “1”. In PIE codes, the ratio of the high to low voltage is high due to the longer high voltage chip for bit “1”, resulting in the ability to provide stable instantaneous RF energy to the device. It is beneficial for the optimized activation threshold of energy harvesting, in the case of no external energy storage for the UHF RFID tag. For Ambient IoT devices with external energy storage to pre-store energy before data transmission, providing energy charging from the line code is not a critical feature. On the other hand, the unequal length of the two codewords result in the actual size of the data to be transmitted being dependent on the nature of the data itself. This leads to lower efficiency and worse performance as compared to Manchester codes due to the variable codeword length. The two codes can both be further studied for Ambient IoT downlink.
[bookmark: _Ref157262607]Proposal 15: For the downlink transmission of Ambient IoT, Manchester codes and PIE codes are potential candidates of line codes for further study.
[bookmark: _Ref158217880]Uplink
Line codes are also supported in the uplink of UHF RFID [8]. Apart from preventing the consecutive transmission of bit “1” or bit “0”, it also shifts the uplink signal away from the carrier-wave for the backscattered signal. In typical line codes, two chips with different amplitude or phase appears alternately, which is equivalent to the carrier wave with low frequency, enabling it to shift the baseband signal away from the direct current. 
Another advantage of the frequency shift by line codes is its utility in interference suppression. As discussed in [10], high-pass filtering can be applied in uplink receiver for carrier-wave interference suppression. The separation achieved between the uplink signal and the carrier wave by line codes play an important role in the carrier-wave interference suppression. Furthermore, line codes with longer length are similar to a carrier wave with higher frequency. It means that different frequency shifting can be achieved by adjusting the length of the line code, which enables FDMA between narrowband transmissions from different device discussed in section 4.2. From the above analysis, line code is recommended to be supported in Ambient IoT uplink.
[bookmark: _Ref158219407]Observation 8: Line code plays an important role in the carrier-wave interference suppression for Ambient IoT uplink by shifting the uplink signal away from the single-tone carrier-wave.
In UHF RFID, FM0 code and Miller code are used for uplink transmission. Meanwhile, Manchester code can also be considered for Ambient IoT uplink for its simplicity and balanced performance from different technical aspects. All the three codes possess the frequency shift functionality. Thus, FM0 coding, Miller coding and Manchester coding are considered as potential candidates of line coding for uplink transmission.
[bookmark: _Hlk158143476][bookmark: _Ref157262614]Proposal 16: For the uplink transmission of Ambient IoT, Manchester codes, FM0 codes and Miller codes are potential candidates of line codes for further study.

Forward error correction (FEC) code for Ambient IoT 
In conventional 3GPP technologies, FEC code plays an important role to efficiently optimize link performance. For Ambient IoT, the feasibility of introducing FEC needs to be considered under the strict constraints of device power consumption and complexity.
If FEC is found feasible and necessary, it is preferred to reuse or refer to the existing FEC codes in conventional 3GPP technologies, such as convolutional codes.
Downlink
An FEC decoder usually requires complicated arithmetic or logical operations and cache memory of a certain size in order to perform its task efficiently. For an Ambient IoT device with ~1 µW peak power consumption, the decoders of existing 3GPP FEC codes are too complicated for implementation. For example, the de-interleaving operation or route metric caching for convolutional codes, Turbo codes, Polar codes and LDPC usually require volatile memory with a certain reading/writing throughput, which cannot be supported by the ~1 µW power device. Even for the decoder of the Reed-Muller code in LTE, the large number of logical operations needed for the fast Hadamard transformation is also too complicated for the ~1 µW power device. 
For indoor deployments, the received signal power at the Ambient IoT device can be relatively high (e.g., >-60 dBm), considering the typical inter-site distance of a few 10 meters and high transmit power of the base station. Hence, the downlink receiver sensitivity is not expected to be the bottleneck of the link budget for target coverage. Though some FEC decoders may be feasible for the implementation of 100 µW-level power consumption devices, considering the harmonized design between Ambient IoT devices with different peak power consumptions, FEC is not supported for Ambient IoT downlink.
[bookmark: _Ref157262618]Proposal 17: For the downlink transmission of Ambient IoT, FEC is not supported.
Uplink 
For Ambient IoT uplink, channel coding is beneficial to achieve the low receiver sensitivity for proper link performance [1], while at the same time, power consumption of the encoder is a key point to be considered especially for ~1 µW peak power consumption devices. Among the existing FEC codes in 3GPP technologies, the encoder of convolutional codes can be implemented by e.g. a 6-bit shift register and a few XOR gates, which is expected to not exceed the complexity of a PIE decoder in existing UHF RFID tags [8]. In other words, convolutional codes are feasible for Ambient IoT device with ~1 µW peak power consumption. Considering the harmonized design between Ambient IoT devices with ~1 µW and a few 100 µW peak power consumption, convolutional codes can be applied for both of them in uplink. The encoder of other existing FEC codes, such as Turbo codes, Polar codes and LDPC, usually require much more complicated bit-level logical operations and cache memory of a certain size, which cannot be supported by the ~1 µW power device.
[bookmark: _Ref157262622]Proposal 18: For the uplink transmission of Ambient IoT, FEC (e.g., convolutional codes) are supported for more efficient transmissions.
As discussed in [2], buffering or caching a transport block or some intermediate data of a certain size (e.g., 100 bits or more) cannot be supported by an Ambient IoT device with ~1 µW peak power consumption. Consequently, rate-matching or interleaving is assumed to be not supported by Ambient IoT device.
[bookmark: _Ref159150890]Proposal 19: For the uplink transmission of Ambient IoT, rate-matching or interleaving is not supported by Ambient IoT devices.

CRC for Ambient IoT 
Cyclic redundancy code (CRC) is essential for the reliability of wireless transmissions, which can detect errors in transmitted data, ensuring data integrity during transmission. For Ambient IoT, part of the CRCs in NR can be reused, while the CRC length in UHF RFID can be referred.
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	CRCs in ISO 18000-6C (EPC C1G2) UHF RFID
-	gCRC16(D) = [D16 + D12 + D5 + 1] for a CRC length of L = 16.
-	gCRC5(D) = [D5 + D3 + 1] for a CRC length of L = 5.


From the above, 5-bit and 16-bit CRCs have been supported by UHF RFID tags with µW-level power consumption. For the CRC(s) used in Ambient IoT, both error detection performance and transmission efficiency need to be considered.
[bookmark: _Ref159150896]Proposal 20: For the CRC used in Ambient IoT, both error detection performance and transmission efficiency need to be considered.
In TR 38.848 [11], it is defined that the maximum message size does not exceed 1000 bits for both downlink and uplink. As a reference, the typical length of the electronic product code (EPC) used in practical applications is 96 or 128 bits for UHF RFID. In the random-access procedure, the handshaking between the base station and the Ambient IoT device is also expected to be based on short messages of a few tens of bits or less. In this case, the CRC length can largely impact the transmission efficiency. An example of the CRC overhead is given in Table 1. It is seen that the 24 bits CRC may be too heavy for short messages of a few or several tens of bits.
Table 1 Examples of CRC overhead for CRC-6/CRC-16/CRC-24 in Ambient IoT systems
	-
	CRC-6
	CRC-16
	CRC-24

	TBS: 8 bits
	43%
	67%
	75%

	TBS: 16 bits
	27%
	50%
	60%

	TBS: 24 bits
	20%
	40%
	50%

	TBS: 32 bits
	16%
	33%
	43%

	TBS: 40 bits
	13%
	29%
	38%

	TBS: 96 bits
	6%
	14%
	20%

	TBS: 256 bits
	2%
	6%
	9%


[bookmark: _Ref157975209][bookmark: _Ref157262630]Observation 9: The transmission efficiency can be seriously reduced for small TBS with large CRC overhead.  
On the other hand, longer CRCs enjoy better error detection performance. For Ambient IoT, an example for CRC design can be CRC-6 for TBS < 24 bits, while CRC-16 for TBS  24 bits.
[bookmark: _Ref157262643]Proposal 21: The 6-bit and 16-bit CRC in NR can be reused in Ambient IoT, where the corresponding TBS of each can be further studied.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the general aspects of physical layer for Ambient IoT are discussed and following observations and proposals are made accordingly.
Observation 1: The same numerology between the downlink transmission of Ambient IoT and co-band NR can minimize the interference from Ambient IoT to NR.
Observation 2: SCS of 15 kHz is used for most existing NR FDD network deployments.
Observation 3: OFDMA and FDMA are unsuitable for Ambient IoT downlink, as the envelope detection applied in the receiver of the Ambient IoT device cannot extract different downlink signals being simultaneously sent in adjacent channels.
Observation 4: CDMA cannot be supported for Ambient IoT devices with ~1 µW peak power consumption.
Observation 5: Uplink OFDMA and CDMA cannot be supported due to the large clock frequency offset of the Ambient IoT devices.
Observation 6: Uplink FDMA can be implemented without impacting the hardware of the Ambient IoT device.
Observation 7: For the downlink transmission of Ambient IoT, line codes are essential for the chip-level timing tracking at the receiver of the Ambient IoT device.
Observation 8: Line code plays an important role in the carrier-wave interference suppression for Ambient IoT uplink by shifting the uplink signal away from the single-tone carrier-wave.
Observation 9: The transmission efficiency can be seriously reduced for small TBS with large CRC overhead.
Proposal 1：For the downlink transmission of Ambient IoT, the study focuses on 15 kHz SCS in Rel-19.
Proposal 2：For the downlink transmission of Ambient IoT, 1 PRB is the minimum channel bandwidth, while larger bandwidth can also be considered and, if so, FFS what granularity.
Proposal 3: The maximum signal bandwidth can be as large as the channel bandwidth for the downlink transmission of Ambient IoT.
Proposal 4: For the uplink transmission of Ambient IoT, 1 PRB is the minimum channel bandwidth, while larger bandwidth may also be considered. 
Proposal 5: For the uplink transmission of Ambient IoT, smaller signal bandwidth than channel bandwidth is used for the guard interval against the frequency domain signal distortion due to SFO.
Proposal 6: For the channel bandwidth of 1 PRB, the maximum uplink signal bandwidth is 150 kHz, while FFS for larger channel bandwidths, if included in the study.
Proposal 7: For the uplink transmission of Ambient IoT, narrowband transmissions with much smaller signal bandwidth than channel bandwidth can be considered, e.g. 15 kHz minimum signal bandwidth.
Proposal 8: For the downlink transmission of Ambient IoT, only OOK is supported.
Proposal 9: For the downlink transmission of Ambient IoT, one and multiple OOK chips per OFDM symbol are supported.
Proposal 10: For the downlink transmission of Ambient IoT, only DFT-S-OFDM processing is supported for waveform generation.
Proposal 11: For the uplink transmission of Ambient IoT, both OOK and BPSK are supported, and the selection is up to device implementation.
Proposal 12: For the uplink transmission of Ambient IoT, single-carrier waveform is supported.
Proposal 13: For the downlink transmission of Ambient IoT, only TDMA is supported.
Proposal 14: For the uplink transmission of Ambient IoT, TDMA and FDMA are supported, while OFDMA and CDMA not supported.
Proposal 15: For the downlink transmission of Ambient IoT, Manchester codes and PIE codes are potential candidates of line codes for further study.
Proposal 16: For the uplink transmission of Ambient IoT, Manchester codes, FM0 codes and Miller codes are potential candidates of line codes for further study.
Proposal 17: For the downlink transmission of Ambient IoT, FEC is not supported.
Proposal 18: For the uplink transmission of Ambient IoT, FEC (e.g., convolutional codes) are supported for more efficient transmissions.
Proposal 19: For the uplink transmission of Ambient IoT, rate-matching or interleaving is not supported by Ambient IoT devices.
Proposal 20: For the CRC used in Ambient IoT, both error detection performance and transmission efficiency need to be considered.
Proposal 21: The 6-bit and 16-bit CRC in NR can be reused in Ambient IoT, where the corresponding TBS of each can be further studied.
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