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1	Introduction
RAN plenary #80 approved a study item on NR V2X [1]. This study item targets, among other objectives, identifying technical solutions for a NR sidelink design to meet the requirements of advanced V2X services as identified in [2]. In RAN1#94, a few high-level agreements were made related to PHY channels and their multiplexing, and some candidates of waveforms, numerologies and reference signals were also identified [3]. 
Based on the recent agreements, in this document, we present an overview of our proposed physical layer structure for NR sidelink.  
[bookmark: _Ref178064866]2	Sidelink Design Principles
Before going into the details of sidelink (SL) physical layer structures, it is extremely important to set the design principles to be considered. In the following, we enumerate the design considerations and the objectives of NR sidelink physical layer: 
1. Reuse NR cellular (Uu) radio design principles whenever possible. This includes: 
a.    Self-contained transmissions: Include reference signals required for demodulation within the transmission slot.
b.    Confined transmissions in frequency: Avoid mapping control channels and reference signals across full system bandwidth. 
c.    Flexible design: Layer 1 sidelink signalling is designed to accommodate flexibility.
d.    Forward compatibility: NR sidelink radio is designed in a forward compatible manner.
2. LTE sidelink design should be considered as a starting point. The intention is not to preclude big changes between LTE and NR sidelink but rather to insist on justification.
3. Consider coexistence of both periodic and aperiodic traffic in the same resource pool with respective QoS management. 
4. Consider coexistence of unicast, multicast and broadcast communication in the same resource pool or carrier.
5. Strive for high spectral usage considering sharing of time/frequency/spatial resources among different UEs, use cases and scenarios.   

[bookmark: _Toc525923750]The described physical layer design considerations and objectives are followed for NR sidelink.
3	Waveform for NR V2X
In RAN1#94, the following agreement was made with respect to sidelink (SL) waveforms:
	Agreements:
· Waveform
· Candidates: CP-OFDM, DFT-s-OFDM
· Proposals from companies:
· CP-OFDM only
· Support both
· Consideration points:
· Different channel can have different waveform?
· Benefit and impact of supporting only one waveform and supporting both waveform


In NR cellular, OFDM is used for both downlink and uplink (at least up to 52.6GHz). Table 1 shows the OFDM assessment for different performance indicators and the corresponding requirements for V2X communications. 
Table 1: Performance indicators and V2X requirements [5].
	Performance indicators
	eV2X Requirements
	OFDM assessment

	Spectral efficiency
	Very high
	High

	MIMO compatibility
	High
	High

	Time localization
	Very high
	High

	Transceiver baseband complexity
	Low
	Low

	Flexibility/Scalability
	High
	High

	Robustness to frequency selective channel
	High
	High

	Robustness to time selective channel
	Very high
	Medium

	Robustness to phase noise
	High
	Medium

	Robustness to synchronization errors
	High
	High

	PAPR/CM
	Low
	High (can be reduced)

	Frequency localization
	Medium
	Low (can be improved)



[bookmark: _Toc525923738]OFDM waveform fulfils all the advanced V2X requirements. 
In RAN1#94, some companies proposed the option of configurable sidelink waveform as adopted for NR uplink. The main advantage of supporting DFT-s-OFDM over CP-OFDM is better coverage due to lower PAPR/CM and hence, the power back-off. However, our view is that the CP-OFDM with suitable transparent PAPR/CM reduction schemes can provide similar coverage as DFT-s-OFDM [6] and there is no motivation to support DFT-s-OFDM for NR SL. Furthermore, due to broadcast nature of V2X applications, it is desirable to have a unique waveform (i.e. CP-OFDM) for sidelink to avoid additional signalling overhead, configuration complexity. Additionally, the use of CP-OFDM allows for more flexible design of reference signals and transmission schemes, for example multiplexing of data and RS resource elements in the same symbol or transmission in non-contiguous resource blocks in frequency domain, which are restricted in DFT-s-OFDM. Another important aspect of supporting only CP-OFDM is that it does not require the implementation of DFT-s-OFDM receiver in the UE. Note that in NR cellular, the DFT-s-OFDM is supported only in the uplink, hence there is no DFT-s-OFDM receiver in the NR UE.
[bookmark: _Toc525923739]Advantages of supporting DFT-s-OFDM for NR SL are either unclear or do not outweigh the disadvantages.
[bookmark: _Toc525923751]CP-OFDM is the unique waveform for NR SL.  
4	On the need of bandwidth parts for NR V2X
In RAN1#94, the following agreement was made with respect to the need of bandwidth part (BWP) in NR sidelink. 
	Agreements:
· RAN1 continues study on the necessity, benefits and relationship between bandwidth part and resource pool.


NR is expected to operate on wide range of frequency bands i.e. from sub-1GHz to mmW (e.g. up to 52.6GHz in Rel. 15). Furthermore, at higher frequency bands, available bandwidths can be larger, i.e., up to 1GHz. To allow operation of UEs on such large bandwidth, the concept of BWP was introduced in NR. BWP were mainly motivated by three reasons: (1) to allow UE power saving by confining a UE to narrow bandwidth operation, (2) to enable the operation of narrowband UE on wideband carrier, and (3) to allow multiplexing of different numerologies on a carrier. According to our view, the energy consumption in NR V2X is not a critical problem as V2X UEs are supposed to be high-end UEs. Furthermore, as discussed below in Section 5, the benefit of supporting multiple numerologies within a carrier in sidelink are not clear; while multiplexing numerologies in one carrier brings drawbacks in terms of inter-numerology interference. Additionally, the use of BWPs relies heavily on centralized scheduling and configuration at the gNB side. However, proper use of BWP for sidelink may not be possible given the distributed nature of sidelink where the UEs select resources autonomously. Also, due to broadcast nature of sidelink transmissions, a UE must be able to operate on more than one BWPs which requires high UE capability, something that is not possible in NR Rel. 15. Nevertheless, since BWP is part of NR structure, a similar notion in SL may be useful for compatibility sakes, especially when SL and UL/DL share the same carrier. Based on the analysis above, we observe and propose the following. 
[bookmark: _Toc525923740]Technical benefits of introducing BWPs for NR sidelink are not clear. 
Moreover, introducing BWPs or BWP switching for SL will bring some drawbacks as well. First, the interruption time of BWP switching will affect the sensing process of SL resource selection. Second, if multiple BWPs are configured within a carrier to support different numerologies, it may happen that two SL transmissions, belonging to different BWPs and using different numerologies, are adjacent in frequency. In this case, inter-numerology interference can be problematic.
[bookmark: _Toc525651903][bookmark: _Toc525923741]Introducing BWPs to NR sidelink can bring drawbacks. 
Nevertheless, since BWP is part of NR structure, a similar notion in SL may be useful for compatibility sakes, especially when SL and UL/DL share the same carrier. Given the above analysis, we believe that even if BWPs are introduced for SL, they are not supposed to perform the full functionalities as UL/DL BWPs. Instead, only the concept of ‘light’ SL BWP could be supported. In particularly, if there are simultaneously active SL BWPs with different numerologies within one SL carrier, inter-numerology interference will be hard to avoid. Here the inter-numerology interference can be caused by two reasons. First, if SL BWPs with different numerologies overlap, the SL transmissions with different numerologies may overlap as well, which is clearly not acceptable. Second, even if two SL BWPs with different numerologies don’t overlap, they can still be frequency adjacent. Note that currently there is no specified guard band between two BWPs. In this case, the interference from the SL transmission with higher subcarrier spacing to the transmission with lower subcarrier spacing can still be problematic. Hence, in our view, within one SL carrier, there cannot be simultaneously active SL BWPs with different numerologies.  
[bookmark: _Toc525923752][bookmark: _Toc525651914]If SL BWP is introduced, it should be a light version of the UL/DL BWP concept. Specifically, 
a. [bookmark: _Toc525651915][bookmark: _Toc525923753]within one SL carrier, there should be a restriction on the number simultaneously active BWPs.
b. [bookmark: _Toc525923754]within one SL carrier, BWPs with different numerologies are not active simultaneously.
c. [bookmark: _Toc525651917][bookmark: _Toc525923755]dynamic SL BWP switching is not allowed using SCI and/or MAC CE.
In LTE sidelink, the concept of resource pool was introduced. In a way the notion of resource pool is more general than that of BWP since pools can be defined in time and frequency domain whereas BWPs only refer to the frequency domain. Also, as described in [4], it may happen that dedicated resource pools are configured by gNB to certain UEs. Therefore, it will be beneficial to reuse the concept of resource pool within the SL-BWP. Moreover, since a UE needs to monitor the (pre-)configured resource pools to decode SCI, it is natural that resource pool is ‘narrower’ in frequency compared to BWP. Note that in NR Rel-15, a UE is not required to monitor/receive/transmit anything outside an active BWP.
[bookmark: _Toc525923756]Resource pools are (pre-)configured for NR sidelink operation both in licensed and unlicensed spectrum. 
[bookmark: _Toc525923757]Resource pools shall be (pre-)configured within the SL BWP (if defined).
5	Subcarrier spacings, CP lengths, and multiple numerologies
In RAN1#94, the following agreement was made with respect to sidelink (SL) waveforms:
	Agreements:
RAN1 to continue study on the physical channel considering at least the following aspects:
· Subcarrier spacing
· Candidates for further study are: 
· FR1: 15 kHz, 30 kHz, 60 kHz, 120 kHz 
· FR2: 30 kHz, 60 kHz, 120 kHz, 240 kHz
· Companies are encouraged to consider the potential issues and benefit of introducing new subcarrier spacing.
· CP length


As mentioned in [1], the NR sidelink design should consider both lower (FR1) and higher frequency bands (FR2). Therefore, the selection of OFDM numerology (subcarrier spacing) for a particular frequency band plays a pivotal role in the performance of the system. The selection of subcarrier spacing should consider two aspects. On one hand, the subcarrier spacing should large enough so that phase noise and inter-carrier interference can be well handled, which usually increases at higher carrier frequencies. On the other hand, a small subcarrier spacing has the benefit of providing a relatively long cyclic prefix (CP) in absolute time at a fixed overhead. Note that the cyclic prefix duration should give a good protection against delay spread, propagation time, and synchronization misalignments. Therefore, it should be longer than the maximum possible delay spread (related to the transmission distance) and maximum time asynchronicity. In Table 2, we have summarized the maximum communication range between two UEs for typical configurations (subcarrier spacing and cyclic prefix) for the agreed synchronization error assumptions. Note that this range is ideal in the sense that it uses the entire CP length for synchronization. In practice, part of the CP is used to absorb multipath reflections, etc.
[bookmark: _Ref525565546]Table 2. CP overhead and maximum (ideal) range for different SCS and CP configurations.
	Configuration
	CP length
	CP overhead
	Maximum range (ideal)

	15 kHz + NCP
	4.7 µs
	7%
	1170 m

	30 kHz + NCP
	2.3 µs
	7%
	450 m

	60 kHz + NCP
	1.2 µs
	7%
	120 m

	60 kHz + ECP
	4.2 µs
	25%
	1020 m

	120 kHz + NCP
	0.6 µs
	7%
	0 m (CP too short for assumed sync errors).



Like for Uu, sidelink should support multiple numerologies. Moreover, we propose to consider the same mandatory/optional subcarrier spacings as for Uu. This simplifies the coexistence between Uu and PC5 in licensed carriers and simplifies the UE complexity and cost.
[bookmark: _Toc525923758]From a specification point of view, flexible numerology is supported. For PC5 FR1 (FR2), consider the same mandatory and optional support for subcarrier spacings as for Uu FR1 (FR2).
[bookmark: _Toc525039716]Currently 5.9GHz band is the only available ITS band available in FR1 and we believe that the 30kHz subcarrier spacing is a suitable candidate for such band, with low physical layer latency (i.e. 0.5ms slot length) and good channel estimation performance, as shown in [12]. 
[bookmark: _Toc525923759]30kHz subcarrier spacing is used as baseline for NR SL operation in FR1. 
Moreover, note that in NR Uu, normal CP is common for all subcarrier spacings, whereas extended CP is only supported for 60 kHz as an optional capability. Given the figures in Table 2, we propose to down-prioritize the support for extended CP. 
[bookmark: _Toc525677040][bookmark: _Toc525716104][bookmark: _Toc525729833][bookmark: _Toc525923760]Supporting extended CP is not a priority.
In NR Rel. 15, multiplexing of numerologies is supported from system perspective. This is enabled by introducing the concept of BWP. Meaning that, BWP is configured with a specific numerology and a UE can be configured with multiple BWPs. However, in Rel. 15 UE operation is limited to only one active BWP, i.e., a UE can operate with a single numerology at a given time. Given the broadcast nature of V2X applications, it is not recommended to allow multiplexing of numerologies at least within a carrier. Moreover, if multiple BWPs are configured within a carrier to support different numerologies, it may happen that two SL transmissions, belonging to different BWPs and using different numerologies, overlap or are adjacent in frequency. In this case, inter-numerology interference can be problematic. Therefore, in our view, different numerologies, if supported, should only be supported using different carriers. 
[bookmark: _Toc525923761]Multiplexing of different numerologies is not allowed within a carrier. 
[bookmark: _Toc525923762]Different carriers can be (pre-)configured with different numerologies. 
6	Channel codes
In RAN1#94, following agreements were made with respect to channel codes for NR V2X.
	Agreements:
· Channel coding
· For data, channel coding defined for data in Rel-15 NR Uu is the starting point.
· For control, channel coding defined for control in Rel-15 NR Uu is the starting point.


In [7], channel coding schemes are specified for NR for data channels and control information.
A comprehensive assessment of channel coding techniques for URLLC data provided in [8] concluded that the LDPC codes adopted for NR eMBB service works well for URLLC with its stringent requirement on low BLER of 10-5. With the adopted codes for NR eMBB and the assessment in [8] for URLLC, the use cases for V2X are also covered implying that the LDPC codes adopted in [7] are also suitable for sidelink and V2X data transmission.
[bookmark: _Toc525923742]The adopted LDPC codes for eMBB are suitable for sidelink and V2X as well.
[bookmark: _Toc525923763]NR V2X transmissions, both on sidelink and Uu, adopt the LDPC codes as specified for eMBB.
For the channel codes for SCI, we believe that polar codes as in NR control channel can be reused. Since there are differences between the codes used for NR uplink and downlink, we have summarized some key aspects in Table 3.
Table 3. Summary of relevant features of the polar codes used in NR UL and DL.
	
	NR UL polar code
	NR DL polar code

	Frequency diversity
	Through code-bit interleaving 
	Only through CORESET definition

	CRC length (*)
	24 bits
	6 or 11bits

	Maximum payload
	140 bits, limited by info-bit interleaver
	Limited by mother code size 


(*) CRC length determines the false-alarm rate. Note that 3 bits are used for list decoding.
From a UE design point of view, it is desirable to reutilize DL polar codes. UEs will very likely support not only NR PC5 but also NR Uu, meaning that they will already implement the decoder for DL polar codes as well as the encoder for UL polar codes. The cost and complexity of adding the encoder for DL polar codes is much smaller than that of adding the decoder for UL polar codes. 
[bookmark: _Toc525923743]It is desirable that UEs can reuse PDCCH decoder also for SCI decoding. 
[bookmark: _Toc525923764]Polar codes used in NR downlink are reused for V2X control information. 
7	Frame structure design 
Similar to LTE sidelink, the first and the last symbol of a slot in NR may be used by automatic gain control (AGC) at the receiver and the guard period (GP), respectively. AGC is used for receiving UEs to adjust their receiving gain to enable proper data decoding and GP is required to allow RF switching between reception and transmission. In contrast to LTE sidelink, NR sidelink will support unicast transmissions at the physical layer, meaning that NR sidelink frame structure should allow the possibility of transmitting and receiving the HARQ ACK/NACK. Therefore, NR sidelink should support a flexible slot design with the possibility of transmission and/or reception within a slot. From a UE perspective, the slot structure can be visualized as the following two types.
· Uni-directional slot with all symbols used for either transmission or reception. 
· Bi-directional slot containing both transmission and reception. 
It is to be noted that the transmission or reception in a slot is determined as a part of scheduling procedure. This implies that a UE will monitor sidelink control signalling for scheduling decision except for the slot(s) where it has to transmit. As an example, Figure 1 shows the sidelink slot structure for a single UE perspective. 
[image: ]
Figure 1: Sidelink slot structure
[bookmark: _Toc525923765]NR sidelink supports flexible slot design with the possibility of transmission and/or reception within a slot. 
In RAN1#94, the use of mini-slot for NR V2X was discussed. Mini-slot is defined in NR Uu to achieve ultra-low latency on the radio layers. Some companies argued that the use of mini-slot may not provide significant latency advantages in case of sensing-based scheduling where major latency contribution is from sensing procedure. We believe the use of mini-slot can provide some advantages especially in the following scenarios: (1) In case of HARQ feedbacks in unicast, it allows lower RTT (2) When all of the booked resources are not utilized, the use of mini-slot increases spectral efficiency by using resource allocation procedure as described in [9]. Additionally, mini-slot transmissions can be useful in the mm-wave domain where the available bandwidth is often very large and even a few OFDM symbols can be sufficient to carry the available payload. This can be particularly beneficial in conjunction with analog beamforming.
[bookmark: _Toc525923744]Use of mini-slot can be advantageous in case of HARQ feedback and resource unbooking. 
[bookmark: _Toc525923766]NR SL supports the use of mini-slot transmissions in addition to slot transmissions. 
[bookmark: _Toc525039700]However, to lower the UE complexity the use of mini-slot for NR SL may not be as flexible as for NR Uu. Meaning, the starting positions of NR mini-slot and the length can be restricted. 
8	PHY channels and resource mapping
In RAN1#94, following decisions were made with respect to PHY channels:
	Agreements:
· At least PSCCH and PSSCH are defined for NR V2X. PSCCH at least carries information necessary to decode PSSCH.
· Note: PSBCH will be discussed in the synchronization agenda.
· RAN1 continues study on the necessity of other channels. 
· Further study on
· Whether/which sidelink feedback information is carried by PSCCH or by another channel/signal.
· Whether/which information to assist resource allocation and/or schedule UE’s transmission resource(s) is carried by PSCCH or by another channel/signal.
· PSCCH format(s) and content(s) for unicast, groupcast, and broadcast
Agreements:
RAN1 to continue study on multiplexing physical channels considering at least the above aspects:
· Multiplexing of PSCCH and the associated PSSCH (here, the “associated” means that the PSCCH at least carries information necessary to decode the PSSCH).
· Study further the following options: 
· Option 1: PSCCH and the associated PSSCH are transmitted using non-overlapping time resources.
· Option 1A: The frequency resources used by the two channels are the same.
· Option 1B: The frequency resources used by the two channels can be different.
· Option 2: PSCCH and the associated PSSCH are transmitted using non-overlapping frequency resources in the all the time resources used for transmission. The time resources used by the two channels are the same.
· Option 3: A part of PSCCH and the associated PSSCH are transmitted using overlapping time resources in non-overlapping frequency resources, but another part of the associated PSSCH and/or another part of the PSCCH are transmitted using non-overlapping time resources.
Illustration of the above options:
[image: ]


Based on the above agreements, NR sidelink must support at least the PHY channels to carry the data payload and the associated control information necessary for data decoding. Similar to LTE, we define physical sidelink shared channel (PSSCH) that carries the actual data payload and physical sidelink control channel (PSCCH) carrying the control information for the associated data decoding, also known as scheduling assignment (SA). However, in contrast to LTE, in NR sidelink, different kinds of sidelink control information such as SA and HARQ feedbacks (i.e. ACK/NACK) will exist to facilitate unicast, multicast and/or broadcast communication. Since the timing relations between the SA and associated data can be different than that of data transmissions and its associated HARQ feedback, it is beneficial to define a new PHY channel to carry HARQ feedbacks. This not only reduce the blind decoding complexity of the UEs in case of distributed resource allocation but also decrease the complex timing dependencies across slots. Therefore, we envision that the different SCIs will be carried over different PSCCH which we term as PSCCH type-I (PSCCH-I) and PSCCH type-II (PSCCH-II). 
[bookmark: _Toc521684848][bookmark: _Toc525923767]A new control channel (PSCCH-II) is introduced in NR sidelink to carry HARQ feedback.
Furthermore, in RAN1#94 it was discussed to define a new channel to carry the sidelink control information (SCI) to assist resource allocation procedures. In our view, such control information may be beneficial especially considering the co-existence of unicast, multi-cast and broadcast traffic. Furthermore, control information such as pre-emption indication and resource unbooking allow achieving the required QoS for advanced V2X applications. 
[bookmark: _Toc525923745]SCI assisting resource allocation procedures allows coexistence of mixed traffic types and fulfil the QoS requirements for advanced V2X applications. 
[bookmark: _Toc525039722]However, since such control information is very similar to the SA required to decode the associated channel, we believe that it can be carried over PSCCH-I and there is no need to define a new dedicated physical channel. 
[bookmark: _Toc525923768]PSCCH-I also carries SCI assisting resource allocation procedures. Different SCI formats may be carried by PSCCH-I, if necessary. 
[bookmark: _Toc525039703]In NR unicast, the availability of channel state information (CSI) at the transmitter can be helpful in terms of link adaptation and directional transmissions. CSIT acquisition requires transmission of CSI-reports from the receiver UE. As described in [11], in order to have a simplified design and reduce blind decoding complexity, CSI-reports are carried over PSSCH along with its associated SA. 
[bookmark: _Toc525923769]CSI reports are transmitted using PSSCH along with its associated PSCCH-I. 
[bookmark: _Toc525039705]Below, we provide the summary of the envisioned PHY channels for NR SL along with the type of carried information. 
1. Physical sidelink shared channel (PSSCH): It carries actual data payload, channel state information (CSI) reports and/or discovery messages for sidelink communication.
2. Physical sidelink control channel type-I (PSCCH-I) carries scheduling control information such as scheduling assignments and/or control information for assisting resource allocation procedures such as pre-emption indication or resource unbooking. 
3. Physical sidelink control channel type-II (PSCCH-II) carries HARQ feedbacks such as ACK/NACK.
4. Physical sidelink broadcast channel (PSBCH): Similar to LTE, it is used to broadcast basic system information to out-of-coverage UEs for establishing sidelink connectivity and for assisting synchronization between UEs. The details of which are discussed in [10] according to RAN1#94 agreement.
In contrast to LTE sidelink, we propose to have PSCCH-I and its associated PSSCH multiplexed in time domain and PSCCH-I maps to the first few symbols of the slot. This not only allows early decoding of the data but also enables higher flexibility which is one of the fundamental features of NR system. As shown in Figure 2, the control information carried by PSCCH-I can be transmitted at the beginning of the slot, occupying an integer number of OFDM symbols. By doing so, the intended receiving UE can start processing the data before the end of the slot, thereby reducing the latency for V2X communications. Moreover, early decoding of the control information allows for the UEs that are not scheduled in the slot to power down for the rest time within the slot, resulting in reduced energy consumption at the UEs. 
[image: ]
Figure 2: PSCCH-I and PSSCH multiplexing
For simplicity of the design and reduce signalling overhead, PSCCH-I should be confined in the allocated frequency resources to its associated PSSCH. In other words, we define a certain degree of restriction in terms of frequency multiplexing of PSCCH-I and PSSCH. Also, search space in the control region is (pre-)configured. Moreover, to have better resource utilization it is beneficial to allow the sharing of the control resources with the data (i.e. option 3 according to RAN1#94 agreements). 
[bookmark: _Toc525923770]Adopt option-3 for time/frequency multiplexing of PSCCH-I and its associated PSSCH.
To support different V2X use cases, different transmission schemes (e.g., different multi-antenna schemes such as diversity and special multiplexing etc.) and/or different transmission modes (e.g., unicast, multicast and broadcast), different SCI formats may be needed. Furthermore, for unicast communication, different aggregation levels might be needed for a given SCI format to adapt to different channel conditions. Also, different use cases with different coverage and reliability requirements may also require the use of different aggregation levels even in broadcast scenarios. In a distributed system, to be able to decode the SL data, a UE needs to monitor the search space and blindly decode (that is without having a-priori information on the used coding or aggregation level) all possible SCI formats with all possible aggregation levels in the sidelink control resources. However, this will lead to a high complexity at the UE for blind decoding of the SL control channel. To reduce the blind decoding effort of the UE, we believe that 2-stage design of PSCCH-I can be beneficial and should be considered. Furthermore, the PSCCH-I should be designed such that it gives at least similar coverage as that of LTE PSCCH. Confining PSCCH-I in a few symbols may lead to coverage loss which can also be compensated using 2-stage design. The details on 2-stage design of PSCCH-I is given in our contribution [14].
[bookmark: _Toc525923746]2-stage PSCCH-I can reduce blind decoding complexity of the UE and may also compensate for the coverage loss. 
[bookmark: _Toc525923771]Study the 2-stage design for PSCCH-I. 
As mentioned above, to support reliable unicast V2X communication in NR, a new control channel is needed which we name PSCCH-II. PSCCH-II is mapped to one or two symbols at the end of slot (i.e. time multiplexed) and is used to carry HARQ feedback for either the transmission in the same slot or different slot. Figure 3 below shows one example when HARQ feedback is transmitted by a UE in the subsequent slot. 
[image: ]
Figure 3: HARQ feedback signalling over PSCCH-II
[bookmark: _Toc525923772]PSCCI-II is time-multiplexed with its associated PSSCH and can be in same or different slot. 
9	RS design	
In RAN1#94, following agreements were made on the reference signals to be considered for NR V2X:
	Agreements:
· RS design
· Candidates are:
· DM-RS
· DM-RS defined in Rel-15 NR Uu is the starting point.
· PT-RS
· CSI-RS
· SRS
· AGC training signal


In NR Rel. 15 for MBB, phase tracking RS (PTRS) are introduced for phase noise effects compensation. However, we believe that if DMRS density is defined/configured properly, both Doppler effect and phase errors can be compensated. Also due to the high required density of DMRS, and presence of AGC and guard period, requires that the need of a new RS should be carefully studied. Similarly, we do not see the need of defining AGC training signal and AGC can be trained using first symbol of the slot as in LTE. 
[bookmark: _Toc525923747]Need of a new RS should be carefully studied due to high control overhead in V2X. 
[bookmark: _Toc525923773]PT-RS and AGC training signal are not defined for NR V2X. 
At PHY level, NR sidelink should support unicast and multicast in addition to broadcast. The support of unicast communication is motivated by some of the V2X use cases targeting communication between UE pairs. Unlike broadcast transmissions, one benefit of unicast communication is that the channel between the paired UEs can be estimated enabling spectrally efficient transmissions.  Therefore, in our view, in addition to DMRS, NR sidelink must include reference signals for channel state information and interference measurements. We refer to these RS as SCSI-RS. The use of SCSI-RS and the corresponding CSI reports can enable the acquisition of CSI at the transmitter (CSIT), which can be exploited to further improve the transmission efficiency. Such information will also be particularly beneficial in case of multiple antenna transmissions to select an appropriate precoder and in case of link adaptation to select a proper MCS. However, it is to be noted that to minimize the overhead, CSI-RS transmissions may or may not be present in the slot and its presence is indicated using PSCCH-I as described in [10]. 
[bookmark: _Toc525923748]The use of SCSI-RS is justified for the case of unicast transmissions. 
[bookmark: _Toc525923774]In addition to DMRS, study SCSI-RS design for unicast scenarios. 
In general, the RS design for NR V2X needs to fulfil at least the following requirements:
1. Efficiently mitigating adverse propagation conditions, namely the severe Doppler and delay spreads as well as frequency and phase error, especially at high vehicle speeds and high carrier frequencies.
2. Minimizing the overhead of reference signals. This is because the PHY format for sidelink V2X needs resources to account for the automatic control gain (AGC) settling and the guard period (GP). 
Below, we briefly discuss the two types of sidelink RS and the basic principles to be followed for their design. 
9.1	DMRS design for NR V2X
We note that the DMRS design might be different for control channel and data channel, due to different characteristics of these channels [cf. Section 8]. Also, the DMRS design for sidelink NR V2X should consider lessons learned from DMRS design for sidelink LTE V2X and DMRS design for NR eMBB. Recall that in sidelink LTE V2V each subframe has 4 symbols for DMRS (Figure 4). Similarly, NR eMBB allows for up to 4 DMRS symbols for the data channel, as illustrated in Figure 5. 
 [image: ]            
[bookmark: _Ref518033721]Figure 4: Location of DMRS symbols for PSCCH and PSSCH of LTE V2X
[image: ]
Figure 5: Location of DMRS symbols for PDSCH and PUSCH of NR eMBB 
Based on this, we propose to consider 4 symbols configuration for NR V2X. In [12], we provide the simulation results with comb-like mapping of DMRS on every other subcarrier and frequency multiplexed with data on the other subcarrier. It is shown that this configuration of DMRS provides reasonable channel estimation performance with 30kHz numerology. 
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[bookmark: _Toc525923775][bookmark: _Toc518050244][bookmark: _Toc521684855]RAN1 studies up to 4 symbols DMRS configuration for NR V2X. Baseline of frequency mapping is comb-like mapping with DMRS on every other subcarrier, frequency-multiplexed with data on the other subcarriers.
7.2	SCSI-RS design for V2X
We note that the SCSI-RS transmission happens only after establishing a unicast session between the UE pairs and is not always present in a slot. Sidelink CSI report corresponding to SCSI-RS is used for channel state acquisition at the transmitter side and assists link adaptation, precoder determination and resource selection triggering. Additionally, when channel reciprocity exists, CSIT can be obtained by the transmission of SCSI-RS in the reversed link. As in NR Uu, we support both periodic and aperiodic SCSI-RS transmissions. However, unlike in NR Uu, transmission of SCSI-RS is always confined within the allocated bandwidth for sidelink transmission. This allows efficient coexistence of different types of communication, i.e., unicast, multicast and broadcast. As proposed in [11], we do not see the need of defining different RS for sidelink CSIT acquisition in the sidelink. More specifically, in Uu both CSI-RS and SRS are used for measuring channel and/or interference. Although CSI-RS and SRS have very different characteristics including frequency density, time location, sequence design, multiplexing with data, etc., their purposes are basically the same. The differences of CSI-RS and SRS are due to the different capabilities of gNB and UE, potentially different waveforms of UL and DL, and some historical reasons. Hence, we believe that for SL only one type of reference signal is needed for CSIT acquisition, i.e., SCSI-RS. Furthermore, in our view, the design of SCSI-RS should be aligned with SL DMRS in terms of resource mapping, sequence design, etc. 
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10	Conclusion
In the previous sections, we made the following observations: 
Observation 1	OFDM waveform fulfils all the advanced V2X requirements.
Observation 2	Advantages of supporting DFT-s-OFDM for NR SL are either unclear or do not outweigh the disadvantages.
Observation 3	Technical benefits of introducing BWPs for NR sidelink are not clear.
Observation 4	Introducing BWPs to NR sidelink can bring drawbacks.
Observation 5	The adopted LDPC codes for eMBB are suitable for sidelink and V2X as well.
Observation 6	It is desirable that UEs can reuse PDCCH decoder also for SCI decoding.
Observation 7	Use of mini-slot can be advantageous in case of HARQ feedback and resource unbooking.
Observation 8	SCI assisting resource allocation procedures allows coexistence of mixed traffic types and fulfil the QoS requirements for advanced V2X applications.
Observation 9	2-stage PSCCH-I can reduce blind decoding complexity of the UE and may also compensate for the coverage loss.
Observation 10	Need of a new RS should be carefully studied due to high control overhead in V2X.
Observation 11	The use of SCSI-RS is justified for the case of unicast transmissions.
Observation 12	4 symbols configuration of DMRS provides reasonable performance for V2X scenarios.
Based on the discussion in the previous sections, we propose the following:
Proposal 1	The described physical layer design considerations and objectives are followed for NR sidelink.
Proposal 2	CP-OFDM is the unique waveform for NR SL.
Proposal 3	If SL BWP is introduced, it should be a light version of the UL/DL BWP concept. Specifically,
a.	within one SL carrier, there should be a restriction on the number simultaneously active BWPs.
b.	within one SL carrier, BWPs with different numerologies are not active simultaneously.
c.	dynamic SL BWP switching is not allowed using SCI and/or MAC CE.
Proposal 4	Resource pools are (pre-)configured for NR sidelink operation both in licensed and unlicensed spectrum.
Proposal 5	Resource pools shall be (pre-)configured within the SL BWP (if defined).
Proposal 6	From a specification point of view, flexible numerology is supported. For PC5 FR1 (FR2), consider the same mandatory and optional support for subcarrier spacings as for Uu FR1 (FR2).
Proposal 7	30kHz subcarrier spacing is used as baseline for NR SL operation in FR1.
Proposal 8	Supporting extended CP is not a priority.
Proposal 9	Multiplexing of different numerologies is not allowed within a carrier.
Proposal 10	Different carriers can be (pre-)configured with different numerologies.
Proposal 11	NR V2X transmissions, both on sidelink and Uu, adopt the LDPC codes as specified for eMBB.
Proposal 12	Polar codes used in NR downlink are reused for V2X control information.
Proposal 13	NR sidelink supports flexible slot design with the possibility of transmission and/or reception within a slot.
Proposal 14	NR SL supports the use of mini-slot transmissions in addition to slot transmissions.
Proposal 15	A new control channel (PSCCH-II) is introduced in NR sidelink to carry HARQ feedback.
Proposal 16	PSCCH-I also carries SCI assisting resource allocation procedures. Different SCI formats may be carried by PSCCH-I, if necessary.
Proposal 17	CSI reports are transmitted using PSSCH along with its associated PSCCH-I.
Proposal 18	Adopt option-3 for time/frequency multiplexing of PSCCH-I and its associated PSSCH.
Proposal 19	Study the 2-stage design for PSCCH-I.
Proposal 20	PSCCI-II is time-multiplexed with its associated PSSCH and can be in same or different slot.
Proposal 21	PT-RS and AGC training signal are not defined for NR V2X.
Proposal 22	In addition to DMRS, study SCSI-RS design for unicast scenarios.
Proposal 23	RAN1 studies up to 4 symbols DMRS configuration for NR V2X. Baseline of frequency mapping is comb-like mapping with DMRS on every other subcarrier, frequency-multiplexed with data on the other subcarriers.
Proposal 24	NR sidelink supports both periodic and aperiodic SCSI-RS transmissions for unicast V2X. Moreover, the SCSI-RS design should be aligned with SL DMRS design.
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