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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 this document, we present an overview of our proposed physical layer design of NR sidelink.  
[bookmark: _Ref178064866]2	Sidelink Design Principles
In our contribution [3], we present our view on the objectives of the study item and highlight some important aspects to consider for NR sidelink supporting V2X application. Also, in [4], we discuss the basic physical layer design principles which should be considered for NR sidelink. The summary of the design considerations and the objectives of NR sidelink physical layer is given below:  
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 time and frequency: Avoid mapping control channels and reference signals across full system bandwidth. 
c.    Flexible design: Avoid strict timing relations across slots wherever possible.
2. Minimize changes to the current (i.e. Rel. 15) NR Uu procedures and signalling.
3. 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.
4. Consider both slot and non-slot transmissions in the same resource pool. 
5. Consider coexistence of both periodic and aperiodic traffic in the same resource pool with respective QoS management. 
6. Consider coexistence of unicast, multicast and broadcast communication in the same resource pool.
7. Strive for high spectral usage considering sharing of time/frequency/spatial resources among different UEs, use cases and scenarios.   
8. NR sidelink radio is designed in a forward compatible manner.
[bookmark: _Toc521684841]The described physical layer design considerations and objectives are followed for NR sidelink.
3	Sidelink Waveform 
In NR, 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)



OFDM waveform fulfils all the eV2X requirements. 
Based on the analysis above and to remain consistent with NR design, it is natural that NR sidelink also adopts OFDM as the baseline waveform.
[bookmark: _Toc521684842]OFDM is used as waveform for NR sidelink communication. 
4	Sidelink Numerology and Frame Structure 
As mentioned in [1], the NR sidelink design should consider both lower and higher frequency bands (up to 52.6 GHz). Also, the quality of service (QoS) requirements to support advanced V2X services vary a lot. Therefore, the selection of OFDM numerology (subcarrier spacing) for a particular frequency band and operation of a particular V2X service play a pivotal role in meeting the QoS requirements. The subcarrier spacing should be such that it is robust enough to the phase noise and inter-carrier interference. Furthermore, the cyclic prefix duration should give a good protection against delay spread. Therefore, it should be longer than the maximum possible delay (related to the transmission distance) and maximum time asynchronicity while keeping a reasonable overhead. 
In NR Uu, multiple subcarrier spacing (15kHz, 30kHz, 60kHz, 120kHz, 240kHz) is supported which makes the obvious choice also for NR sidelink. 
[bookmark: _Toc521684843]NR sidelink supports subcarrier spacing of 15kHz, 30kHz, 60kHz, 120kHz, 240kHz.
Currently 5.9GHz band is the only available ITS band and we believe that the 30kHz subcarrier spacing is a suitable candidate for such band which not only reduce the physical layer latency (i.e. 0.5ms slot length) but also improves the channel estimation performance as shown in [10]. 
[bookmark: _Toc521684844]30kHz subcarrier spacing is baseline for 5.9GHz ITS spectrum. 
As mentioned in Section 1, the NR sidelink should reuse the radio design principles for NR Uu. In NR, the downlink and uplink subframes are defined to be 1ms duration. In addition, a slot is defined which consist of 14 OFDM symbols. 1 subframe contains multiple slots and the number of slots in a subframe is dependent on the used numerology. In NR sidelink, we adopt the same definitions and define a sidelink slot. 
[bookmark: _Toc521684845]Sidelink slot is defined and consists of 14 OFDM symbols. 
Furthermore, similar to LTE sidelink, the first and the last symbol of a slot 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: _Toc521684846]NR sidelink support flexible slot design with the possibility of transmission and/or reception within a slot. 
5	Sidelink Physical Channels
In order to facilitate the transmissions of sidelink control information (SCI) and the respective data payload, we envision the following physical channels for NR sidelink. 
1. Physical sidelink control channel (PSCCH): In NR sidelink, different kinds of sidelink control information such as scheduling assignment (SA) and HARQ feedbacks will exist to facilitate unicast, multicast and/or broadcast communication. Therefore, different SCI will be carried over different PSCCH which we term as follow:
a. Physical sidelink control channel type-I (PSCCH-I) carries scheduling control information such as scheduling assignments. 
b. Physical sidelink control channel type-II (PSCCH-II) carries HARQ feedbacks such as ACK/NACK.
2. Physical sidelink shared channel (PSSCH): It carries actual data payload or other control information such as channel state information (CSI) reports for sidelink communication.
3. Physical sidelink broadcast channel (PSBCH): It is used to broadcast basic system information to out-of-coverage UEs for establishing sidelink connectivity and for assisting synchronization between UEs. 
In contrast to LTE sidelink, we propose to have PSCCH and its associated PSSCH multiplexed in time domain. 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
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 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
Based on the discussion above, we propose the following:
[bookmark: _Toc521684847]For NR sidelink, the following SL PHY channels are defined: PSCCH-I, carrying scheduling information, PSSCH, carrying data and other control information, and PSBCH, carrying basic broadcast system information. 
[bookmark: _Toc521684848]A new control channel (PSCCH-II) is introduced in NR sidelink to carry HARQ feedbacks.
[bookmark: _Toc521684849]PSCCH-I, PSCCH-II, PSSCH are time multiplexed in NR sidelink. 
We believe that the abovementioned data and control channels are sufficient to cover all functionalities associated with the V2X use cases. Moreover, we prefer to avoid introducing functionality-specific or use-case specific channels (e.g., PSDCH in Rel-12).
[bookmark: _Toc521684850]NR sidelink does not support use case or functionality specific physical channel(s).
6	Channel Codes for NR V2X
In [6], channel coding schemes are specified for NR for transport channels and control information.
A comprehensive assessment of channel coding techniques for URLLC data provided in [7] 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 [7] for URLLC, the use cases for V2X are also covered implying that the LDPC codes adopted in [6] are also suitable for sidelink and V2X data transmission.
The adopted LDPC codes for eMBB are suitable for sidelink and V2X as well.
[bookmark: _Toc521684851]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 difference between the codes used for NR uplink and downlink, we have summarized some key aspects in Table 1.
[bookmark: _Ref521660945]Table 1. 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. 
It is desirable that UEs can reuse PDCCH decoder also for SCI decoding. 
[bookmark: _Toc521684852]Polar codes used in NR downlink are reused for V2X control information. 
7	Sidelink Reference Signals 
As mentioned above, NR sidelink should support unicast and multicast in addition to the broadcast communication at the physical layer level. 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, according to our view, in addition to DMRS, NR sidelink should also support the Channel state information reference signal (SL-CSI-RS) for channel and interference measurement. In this way, the use of SL-CSI-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 appropriate precoder. 
[bookmark: _Toc521684853]In addition to DMRS, NR sidelink supports SL-CSI-RS transmissions for CSIT acquisition.
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. 
7.1	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 5]. 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  
Also note that in LTE V2X there was a contribution proposing a new DMRS design for V2X [8], in which the DMRS are transmitted in every 6th subcarrier in all OFDM symbols. Although the evaluation results in [9] suggested that such DMRS mapping leads to very good channel estimation performance, the proposed design was not approved due to concerns regarding its impacts on the cubic metric of the DFTS-OFDM waveform. These concerns, however, no longer apply if we assume OFDM waveform, also touched upon in Section 3.
[bookmark: _Toc518050166]For communication at high speeds, four DMRS symbols are used in a sidelink LTE V2X subframe and up to four DMRS symbols is supported in an NR eMBB slot.
[bookmark: _Toc518050167]A dense DMRS mapping in the time direction, once proposed for LTE V2X, can be beneficial for channel estimation under fast changing channels (high UE speeds.)
The above analysis motivates us to consider two options for DMRS for NR V2X. 
1. The first option involves frequency-first mapping of DMRS, similar to that of DMRS for LTE V2X and DMRS for NR eMBB. To support high vehicle speeds, as high as 500 km/h relative speed, we propose to consider up to 4 DMRS symbols for one PSSCH. The baseline for resource mapping in the subcarrier direction is comb-2 (DMRS in every other subcarrier). In order to maintain an acceptable DMRS overhead, we propose to allow frequency-multiplexing of DMRS and data resource elements in the same OFDM symbols. The link-level evaluations of this design option are given in [10].
2. The second option involves time-first mapping of DMRS, similar to the mapping proposed in [8]. For this option we propose 2 subcarriers in every resource blocks in all OFDM symbols of a PSSCH as a baseline. The link-level evaluations of this design option are given in [9].
[bookmark: _Toc521594472][bookmark: _Toc521594524][bookmark: _Toc521594579][bookmark: _Toc521601375][bookmark: _Toc521661655][bookmark: _Toc521661434][bookmark: _Toc521594473][bookmark: _Toc521594525][bookmark: _Toc521594580][bookmark: _Toc521601376][bookmark: _Toc521661656][bookmark: _Toc521661435][bookmark: _Toc521594474][bookmark: _Toc521594526][bookmark: _Toc521594581][bookmark: _Toc521601377][bookmark: _Toc521661657][bookmark: _Toc521661436][bookmark: _Toc521594475][bookmark: _Toc521594527][bookmark: _Toc521594582][bookmark: _Toc521601378][bookmark: _Toc521661658][bookmark: _Toc521661437][bookmark: _Ref518045217][bookmark: _Toc518050243][bookmark: _Toc521684854]RAN1 studies two options for DMRS mapping for PSSCH in NR V2V:
· [bookmark: _Toc518050244][bookmark: _Toc521684855]Option 1: Up to 4 symbols for DMRS of PSSCH. Baseline of frequency mapping is comb-like mapping with DMRS on every other subcarrier, frequency-multiplexed with data on the other subcarriers.
· [bookmark: _Toc518050245][bookmark: _Toc521684856]Option 2: DMRS is mapped in a time-first manner, baseline is DMRS mapped to 2 subcarriers in every resource block in all OFDM symbols of the PSSCH.
7.2	SL-CSI-RS design for V2X
We note that the SL-CSI-RS transmission happens only after establishing a unicast connection between the UE pairs and is not always present in a slot. CSI report corresponding to CSI-RS is used for channel state acquisition at the transmitter side and assists link adaptation, transmit power control, precoder determination and resource selection triggering. Additionally, when channel reciprocity exists, CSIT can be obtained by the transmission of SL-CSI-RS in the reversed link. As in NR Uu, we support both periodic and aperiodic CSI-RS transmissions. However, unlike NR, transmission of SL-CSI-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. 
In our view, the design of SL-CSI-RS should be aligned with SL DMRS in terms of resource mapping, sequence design, etc. Furthermore, SL-CSI-RS may or may not be present in a slot and its presence is indicated using the scheduling control information (SCI) over PSCCH-I. 
[bookmark: _Toc521594479][bookmark: _Toc521594531][bookmark: _Toc521594586][bookmark: _Toc521601382][bookmark: _Toc521661662][bookmark: _Toc521661441][bookmark: _Toc521594480][bookmark: _Toc521594532][bookmark: _Toc521594587][bookmark: _Toc521601383][bookmark: _Toc521661663][bookmark: _Toc521661442][bookmark: _Toc521684857]NR sidelink supports both periodic and aperiodic SL-CSI-RS transmissions for unicast V2X. Moreover, the SL-CSI-RS design should be aligned with SL DMRS design.
8 	Sidelink Multi-Antenna Considerations
Currently, according to TR 37.885 [11], it is assumed that a vehicle can be equipped up to 8 Tx/Rx antenna elements for below 6GHz and can be equipped up to 32 Tx/Rx antenna elements for above 6GHz (e.g., 30GHz and 63GHz). Hence, it is possible for NR sidelink to exploit multi-antenna transmissions. In general, multi-antenna transmission can bring three types of gains: diversity gain, spatial multiplexing gain, and directivity gain, as illustrated in Figure 6. Diversity scheme can be exploited to improve reliability and spatial multiplexing can be exploited to increase data rate. Additionally, directivity transmission can be used to increase communication range, improve receiving power and reduce interference to unwanted directions.
[image: ]
Figure 6. Three types of gains by multi-antenna transmission
In the following, we will discuss whether the three types of gains will be useful for the identified advanced V2X services.
First, in our view, diversity gain is needed for all the use cases since V2X services generally require high reliability. Also, diversity scheme can be used irrespective of the transmission mode (i.e., broadcast, unicast, or groupcast). Second, to support use cases related to sensor sharing and cooperative perception, high data rate is usually indispensable. For instance, the sensor and state map sharing use case identified in [2] requires 25Mbps data rate. In this case, multi-antenna transmission can be beneficial by its spatial multiplexing gain. Last but not the least, when sidelink unicast/groupcast is performed to more efficiently support use cases such as platooning, directivity gain can be useful to not only enhance the desired link but also reduce interference to other transmissions. In this way, spatial reuse is exploited to further improve system spectrum efficiency.    
Multi-antenna transmission can be beneficial for advanced V2X services due to its diversity, spatial multiplexing, and directivity gains.
Based on the analysis, we propose that all the related multi-antenna schemes are considered for NR sidelink transmissions in both low (i.e. below 6GHz) and high (i.e. above 6GHz) frequency bands.
[bookmark: _Toc521684858]RAN1 studies the need and feasibility of multi-antenna transmissions for NR sidelink. 
[bookmark: _Ref189046994]9	Conclusions
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	OFDM is used as waveform for NR sidelink communication.
Proposal 3	NR sidelink supports subcarrier spacing of 15kHz, 30kHz, 60kHz, 120kHz, 240kHz.
Proposal 4	30kHz subcarrier spacing is baseline for 5.9GHz ITS spectrum.
Proposal 5	Sidelink slot is defined and consists of 14 OFDM symbols.
Proposal 6	NR sidelink support flexible slot design with the possibility of transmission and/or reception within a slot.
Proposal 7	For NR sidelink, the following SL PHY channels are defined: PSCCH-I, carrying scheduling information, PSSCH, carrying data and other control information, and PSBCH, carrying basic broadcast system information.
Proposal 8	A new control channel (PSCCH-II) is introduced in NR sidelink to carry HARQ feedbacks.
Proposal 9	PSCCH-I, PSCCH-II, PSSCH are time multiplexed in NR sidelink.
Proposal 10	NR sidelink does not support use case or functionality specific physical channel(s).
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	In addition to DMRS, NR sidelink supports SL-CSI-RS transmissions for CSIT acquisition.
Proposal 14	RAN1 studies two options for DMRS mapping for PSSCH in NR V2V:
	Option 1: Up to 4 symbols for DMRS of PSSCH. Baseline of frequency mapping is comb-like mapping with DMRS on every other subcarrier, frequency-multiplexed with data on the other subcarriers.
	Option 2: DMRS is mapped in a time-first manner, baseline is DMRS mapped to 2 subcarriers in every resource block in all OFDM symbols of the PSSCH.
Proposal 15	NR sidelink supports both periodic and aperiodic SL-CSI-RS transmissions for unicast V2X. Moreover, the SL-CSI-RS design should be aligned with SL DMRS design.
Proposal 16	RAN1 studies the need and feasibility of multi-antenna transmissions for NR sidelink.
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