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1	Introduction
In this paper, we discuss the details related to physical layer structure for NR sidelink (SL). In particular, the main topics includes:
· Bandwidth part and resource pool
· Physical channels design (PSCCH, PSSCH, PSFCH)
· Reference signals (DMRS, SL CSI-RS).
We discuss the S-SSB design in a companion contribution [2].
2	Bandwidth part and resource pool
During the SI, it was agreed that sidelink bandwidth part (SL-BWP) is supported for NR and is defined separately from the Uu BWPs in the specifications [3]. In NR, Uu BWP(s) are configured in a UE specific manner, meaning that different UEs may operate on different BWPs depending on their capability and the use case. However, due to inherent broadcast nature of sidelink communication, it is not possible that different UEs operate on different BWPs, especially when the frequency locations and used numerology of the BWPs are different. Therefore, it is necessary that all the UEs are configured to operate on the same BWP. Based on this, we propose the following:
[bookmark: _Toc5126026][bookmark: _Toc7792938]Due to broadcast nature of V2X communication, UEs should operate on common SL- BWP. 
[bookmark: _Toc5126037][bookmark: _Toc7792912]SL-BWP is (pre-)configured in a cell-specific manner.
[bookmark: _Toc525927447][bookmark: _Toc528755029][bookmark: _Toc528869376][bookmark: _Toc528869412][bookmark: _Toc528916057][bookmark: _Toc528945291][bookmark: _Toc528947529][bookmark: _Toc528954032][bookmark: _Toc531776806]Furthermore, in LTE, both FDD and TDD frame structure types are supported for sidelink transmissions both in licensed and unlicensed frequency bands. In all cases, the specification allows sidelink transmissions to happen in uplink resources only. That is, sidelink transmissions take place only in the UL carrier in case of FDD, and in UL subframes in case of TDD. This limitation is of particular importance for licensed frequency bands shared with cellular transmissions. The motivation is to avoid interference to the DL transmissions. Although many companies aim to inherit the LTE principle of using UL resources for NR SL, no agreement was made during the SI. In our view, it is desirable to make such an agreement to focus the design of NR SL during the limited time of WI. Therefore, similar to LTE, NR sidelink should be designed under the assumption that resources may be shared by SL and UL transmissions but not by SL and DL transmissions in case of licensed carrier. We discussed the related configuration signaling details and short-slot format in our companion contribution [6]. 
[bookmark: _Toc534897271][bookmark: _Toc770499][bookmark: _Toc1150906][bookmark: _Toc4452195][bookmark: _Toc5119930][bookmark: _Toc7792913]NR sidelink is designed under the assumption that SL transmissions may only share resources with UL transmissions. In other words, SL BWP and resource pools are defined on UL resources. 
Furthermore, during the SI phase, there were lots of discussions on whether SL-BWP in a shared carrier uses the same frequency location and/or bandwidth as that of Uu-BWP (i.e. UL BWP or DL BWP). In our view, such restriction would affect the coexistence of SL and UL. For Uu, the BWP can be dynamically switched and there is no restriction on the frequency location and/or bandwidth alignment of different BWPs, at least for a paired spectrum. In contrast, the SL BWP must be statically defined as discussed above.”. Therefore, SL-BWP configuration cannot be aligned with Uu-BWP. 
[bookmark: _Toc5126027][bookmark: _Toc7792939]It cannot be assumed that SL-BWP uses the same frequency allocation and/or bandwidth as that of Uu-BWP. 
In addition to SL-BWP, NR sidelink supports resource pools like in LTE. From configuration perspective, RAN2 has already agreed to (pre-)configure resource pools in a UE-dedicated manner. We believe that the time resource granularity of a resource pool is a matter of (pre-)configuration. For example, it may be possible to have alternating resource pools in time domain, in particular for low latency use cases, i.e. pool A consists of even-numbered slots whereas pool B consists of odd-numbered slots.
[bookmark: _Toc5126038][bookmark: _Toc7792914]Time resource granularity of a resource pool is up to (pre-)configuration with minimum scale of slot-level. 
On the other hand, resource pools should be confined within SL BWP. Moreover, the use of pools that are non-contiguous in frequency will require additional signalling. Given that the benefits of non-contiguous frequency allocation of resource pools are not clear, we propose to restrict pool definitions to be contiguous in frequency.  
[bookmark: _Toc5126028][bookmark: _Toc7792940]Resource pools that are non-contiguous in frequency domain require more complex specifications without clear advantages.
[bookmark: _Toc5126039][bookmark: _Toc7792915]A resource pool is always contiguous in frequency domain.
In RAN1#96bis, there has been discussions to (pre-)configure SL resource pools based on transmission type i.e. broadcast, groupcast and unicast. We believe that such restriction is not necessary and will lead to resource wastage. Dimensioning of resource pools specific for a particular transmission type will not be possible due to varying traffic load. 
[bookmark: _Toc7792941]Dedicated resource pool for a unicast/groupcast/broadcast leads to resource wastage. 
[bookmark: _Toc7792916]NR supports resource pool configuration that allows coexistence of unicast, groupcast and broadcast transmissions. 
Please note that a resource pool can be dedicated to a particular UE for its own transmissions according to RAN2 agreements. 
In LTE V2X, mode 3 and mode 4 can coexist in a resource pool. Therefore, NR should also support such a coexistence to allow the desired flexibility in resource utilization. 
[bookmark: _Toc7792917]NR supports coexistence of Mode 1 and Mode 2 in a resource pool.  
3	Physical sidelink channels 
As agreed during the SI [3], NR sidelink supports the following physical channels:
· Physical sidelink control channel (PSCCH)
· Physical sidelink shared channel (PSSCH)
· Physical sidelink feedback channel (PSFCH)
· Physical sidelink broadcast channel (PSBCH)
In the following, we discuss the multiplexing of these channels in a slot and their respective design. Details on PSBCH can be found in our companion contribution [2].
3.1	Multiplexing of PSSCH/PSCCH/PSFCH in a slot
3.1.1 	Multiplexing of PSCCH and PSSCH
When it comes to multiplexing of PSCCH and the corresponding PSSCH, four options were studied during the SI phase, namely Option 1A, 1B, 2, and 3 [3]. However, RAN1 only reached a working assumption to support at least Option 3, which is as follows: 
	Working assumption (RAN1# 95):
· Regarding PSCCH / PSSCH multiplexing, at least option 3 is supported for CP-OFDM.
· RAN1 assumes that transient period is not needed between symbols containing PSCCH and symbols not containing PSCCH in the supported design of option 3.
· FFS how to determine the starting symbol of PSCCH and the associated PSSCH
· FFS for other options. e.g. whether some of them are supported to increase PSCCH coverage.


Despite many discussions, there has been no further agreement on which option is to be used. In our view, it is important that RAN1 agrees upon a single option for PSCCH and PSSCH multiplexing in this meeting. This is because this topic has high impacts on other aspects of the PHY design, such as the resource mapping for the PHY channels, and the design and evaluation of reference signals, while the time budget for the work item is limited. 
[bookmark: _Toc5126033][bookmark: _Toc7792942]It is important that RAN1 agrees on a single solution for PSCCH/PSSCH multiplexing.  
Our view on the different options is the following:
· Option 2 has been proposed by multiple companies with the justification that some V2X use cases require higher coverage. In our view, high coverage requirements can be fulfilled using the 2-stage SCI design as described in Section 3.2, instead of defining the new control region for SCI which not only increases the specification effort but also increases the blind decoding complexity at the UE side if such transmissions happen in the same resource pool or carrier. 
· Option 1B has the drawback of underutilizing the available resources, which is highly undesirable in the SL, where the overhead due to AGC settling and GP is already high. Furthermore, based on the LS from RAN4 [5], option 1B will require a transition period between the PSCCH and PSSCH. Hence, Option 1B should not be supported. 
· Option 1A, while not requiring a transient period, might not be efficient in terms of resource utilization, since the available subcarriers can be too big for the PSCCH. 
· Option 3 does not have the limitations of the other options and is flexible enough to accommodate the needs of PSCCH, especially when combined with the 2-stage SCI design. Furthermore, we envision that each transmission in NR SL will occupy an integer number of subchannels in the same manner as LTE SL V2X does. As such, we believe that it is most efficient to specify that in Option 3 the first stage of the PSCCH is mapped to the resource blocks with lowest indices in a subchannel. This way, the blind decoding complexity of the PSCCH is minimized.
For these reasons, we believe that only option 3 should be supported.
[bookmark: _Toc7792918]NR SL supports only option 3 of multiplexing PSCCH and the corresponding PSSCH. The first stage of a 2-stage PSCCH is mapped to the resource blocks with lowest indices in a subchannel.
3.1.2	Multiplexing of PSFCH with PSCCH/PSSCH
In RAN1#96bis, the following agreement was reached
	Agreements:
· At least for transmission perspective of a UE in a carrier, at least TDM between PSCCH/PSSCH and PSFCH is allowed for a PSFCH format for sidelink in a slot.
· FFS the details of the corresponding PSFCH format
· FFS whether it is also applicable from system/resource pool perspective or not
· i.e., in this case, there is no simultaneous transmission of PSCCH and PSFCH and there is no simultaneous transmission of PSSCH and PSFCH.
· FFS FDM between PSCCH/PSSCH and a PSFCH format which uses last symbol(s) available for sidelink in a slot 
· FFS TDM/FDM between PSCCH/PSSCH and other PSFCH format(s), if supported, which is/are different from the PSFCH format which uses last symbol(s) available for sidelink in a slot


As presented in Section 3.4, we propose to reuse NR Rel-15 PUCCH format 0 for PSFCH. Specifically, in our view, the PSFCH will occupy one or two OFDM symbols at the end of a slot. We do not see the need of FDM between PSCCH/PSSCH and a PSFCH which uses last symbols in a slot. 
[bookmark: _Toc7792919]Do not support FDM between PSCCH/PSSCH and a PSFCH format which uses last symbol(s) available for sidelink in a slot. 
Furthermore, in RAN1#96bis, there has been discussions whether TDM between PSCCH/PSSCH and PSFCH is done from a UE perspective or system perspective. In our view, the agreement must be extended to system perspective too. So far, the only PSFCH format agreed uses the last symbol(s) available for sidelink in a slot. Consequently, the UE must do TDM between transmitting PSCCH/PSSCH in that slot and transmitting PSFCH. Given the RAN response on transition periods, there is no reasonable alternative to this. What is important is that the above agreement is taken from system perspective. That is, the first part of a slot may contain PSCCH/PSSCH transmission from one user whereas the last part of the slot may contain PSFCH transmission from a different user.
[bookmark: _Toc7792920]TDM between PSCCH/PSSCH and PSFCH is done from system perspective. 
3.2	Physical sidelink control channel (PSCCH) 
During the SI, it was already agreed that PSCCH carries an SCI format that includes the information necessary to decode the corresponding PSSCH. In our companion contribution [4], we discuss different SCI fields which are necessary to decode the corresponding PSSCH in case of unicast, groupcast and broadcast transmissions. From the analysis done in [4], it is clear that not all SCI fields are relevant for all the casting modes. However, there is a common set of SCI fields which are necessary to be received by all the UEs in order to perform sensing-based resource allocation (i.e. Mode 2). 
[bookmark: _Toc5126029][bookmark: _Toc7792943]There is a common set of SCI fields which are necessary to be received by all the UEs to perform sensing-based resource allocation (i.e. Mode 2). 
Our analysis from [4] show that there is a difference of around 30 bits for the SCI fields relevant for broadcast from that of unicast/groupcast. In other words, there are SCI fields (e.g. HARQ information, layer 1 IDs etc.) which are needed for only unicast or groupcast communication, but they may not be required for broadcast transmissions. Therefore, if a single-stage SCI is used, it will result in lower robustness for broadcast communication since the unrequired SCI fields will have to be zero-padded (which could otherwise be used to lower the code-rate). In Figure 1, we show the difference in performance between 60-bit (blue curve) and 90-bit (red curve) SCI, including 24 bits CRC as agreed in RAN1#96bis. This is a performance loss which broadcast transmissions will suffer if single SCI is used. It is clear that using a single SCI for all types of transmission is not an efficient design as it will result in up to 2dB of performance degradation for broadcast communication. The details on evaluation assumptions and more results could be found in an appendix of this paper. 
[image: ][image: ]
(a) Highway NLOS, 2-symbol PSCCH, AL = 8                           (b) Urban NLOS, 2-symbol PSCCH, AL = 8
[bookmark: _Ref7689321]Figure 1: Performance comparison of different single-state SCI sizes

[bookmark: _Toc7792944]Single SCI design for broadcast and unicast/groupcast results in up to 2dB of performance loss for broadcast.
Furthermore, using a single SCI for all transmission types, i.e., unicast, groupcast and broadcast, hinders the forward-compatibility, which is one of the most important design assumptions for NR. The reason is that additional enhancements of future NR releases will be limited by the maximum number of bits an SCI in Rel-16 can carry. In LTE V2X, reserved bits were added for such enhancements at the cost of PSCCH performance. We believe that NR SL design should take a different approach, enabling more efficient introduction of new features in future releases such as MIMO support etc. 
[bookmark: _Toc7792945]Single SCI design restricts future SL enhancements and is not forward compatible. 
An alternative to single SCI design is to specify multiple SCI formats for NR SL. However, this results in an increase in blind decoding complexity at the receiver UE. It is to be kept in mind that blind decoding capability of a UE is a major limiting factor. Furthermore, it has been agreed that sensing is based on decoding SCI information, i.e., at least the resource allocation related information needs to be decoded by all the UEs operating in a resource pool or carrier, even if the data is not intended for them. In addition, at least for unicast communication, different aggregation levels (ALs) might be needed for a given SCI format to adapt to different channel conditions. Hence, all possible SCI formats with all possible aggregation levels in the sidelink control resources need to be decoded by the UEs. This will lead to a high complexity at the UE for blind decoding of the SL control channel. 
[bookmark: _Toc7792946]Designing multiple SCI formats for unicast, groupcast and broadcast transmissions will significantly increase the blind decoding complexity of the UE. In a simple example, blind decoding complexity will be doubled if 2 SCI formats are specified. 
To overcome the drawbacks and restrictions of the above-mentioned SCI design approaches, 2-stage SCI design is being extensively discussed in RAN1. One of the main motivations to consider the 2-stage design is to reduce the blind decoding complexity at the UE. Meaning that a UE will only try to decode the second stage based on the information it received from the first stage (e.g. AL used for second stage). Furthermore, we believe that the 2-stage SCI design provides future compatibility. For instance, if a new SCI format is to be introduced in a future release, it can easily be supported without increasing UE decoding complexity. In addition, it is intended that the PSCCH is confined within the allocated RBs/subchannels of the PSSCH, i.e., there is always one-to-one mapping between a PSCCH and its corresponding PSSCH. Therefore, reducing the size of the 1st-stage of SCI is beneficial to provide the necessary reliability for sensing related information without over-dimensioning the design as discussed above. 
[bookmark: _Toc525923746][bookmark: _Toc528951882][bookmark: _Toc534811017][bookmark: _Toc1119098][bookmark: _Toc5126030][bookmark: _Toc7792947]2-stage SCI provides the required flexibility and future-proofness in the design, with similar blind-decoding complexity as single-stage SCI design.
[bookmark: _Toc1119099]A 2-stage SCI design follows the principle of keeping the 1st stage SCI as small as possible with fixed pre-defined search space (i.e. single SCI format with fixed and most robust/highest aggregation level). This enables the desired flexibility of NR V2X when different use cases and scenarios need to be considered in a distributed manner. The main purpose of the 1st stage SCI is to carry the scheduling information which is necessary for sensing-based resource allocation (i.e. mode-2) and to point to the exact time/frequency resources and aggregation level (or format) of the 2nd stage SCI. In contrast, the 2nd stage SCI can be flexible in terms of time/frequency locations as well as SCI formats and/or aggregation levels. Despite the flexible allocation for the 2nd stage, we still envision it to be within the allocated resources for transmission. The 2nd stage SCI carries all the remaining information which is necessary for PSSCH decoding and may not be relevant for all the UEs. Such design allows efficient coexistence of different V2X traffic (i.e. unicast, groupcast, broadcast) without compromising the performance of PSCCH. 
[bookmark: _Toc5126031][bookmark: _Toc7792948]2-stage SCI design allows coexistence of unicast, groupcast and broadcast transmissions using different SCI formats and aggregation levels in the same resource pool or carrier without compromising the performance. 
To summarize, 2-stage SCI provides following benefits: 
(1) Flexible design allowing link adaptation for 2nd stage, 
(2) Forward compatible allowing efficient introduction of new features in later releases, 
(3) Reasonable blind decoding complexity of the UE, 
(4) More robust transmission of sensing related information due to smaller 1st stage payload size,
(5) Allow efficient coexistence of unicast, groupcast and broadcast transmissions in same resource pool/carrier. 
In Figure 2, we analyse the link-level performance of the 2-stage SCI design. The evaluation assumptions and detailed results are given in the appendix. It can be observed that there is no error propagation effect for 2-stage SCI as questioned by some companies in RAN1#96bis. The 2-stage SCI performance is only limited by the performance of the weakest stage, i.e., the 2nd stage in the current setting, since we are considering higher payload for 2nd stage (60 bits) as compared to 1st stage (40 bits). However, since the 2nd stage SCI is flexible in terms of resource allocation, the performance of 2-stage SCI can in general be made on par to the 1st stage, at the cost of an increased resource utilization. Also note that the smaller payload of the 1st stage (as compared to single SCI) is beneficial in terms of performance for a given AL (i.e. lower code-rate can be achieved for a given AL) and results in more robust transmission of sensing-related information. 
[bookmark: _Toc7792949]There is no error propagation effect for 2-stage SCI design and 2-stage SCI can be made more reliable given its flexible design. 
[image: ][image: ]
(a) Highway NLOS, AL = 8 for each stage 	            (b) Urban NLOS, AL = 8 for each stage
[bookmark: _Ref7689382]Figure 2: Performance evaluation of 2-stage SCI design, one OFDM symbol per stage, payload (including CRC): 1st stage = 40 bits, 2nd stage: 60 bits. Blue curve: stage 1 only, Red curve: Stage 2 only, Black curve: 2-stage combined performance, Pink curve: combined performance considering uncorrelated stages
Furthermore, we believe that the 2nd stage SCI can be precoded in a similar way as the PSSCH since it is not required to be decoded by all the UEs. Therefore, DMRS between the 2nd-stage of SCI and data can be shared, which reduces overhead, and compensates for the extra overhead due to the additional CRC for the 2-stage SCI design.
[bookmark: _Toc7792950]The 2nd stage of SCI can share DMRS, i.e., precoded in the same way, with the associated data, which neutralizes the impact of extra overhead due to CRC for both stages. 
It is quite clear that the advantages of flexibility and forward compatibility of the 2-stage design come at a little bit of an extra overhead due to an additional CRC overhead and extra SCI fields related to 2nd-stage. However, as mentioned above, in our view, this overhead can be compensated by sharing the DMRS of 2nd stage with data and if required increasing the aggregation level of 2nd stage which is only possible due to its flexible design. In Figure 3, we compare the performance of single-stage SCI and 2-stage SCI. For the evaluation purposes, we compare the SCI size of 76 bits (including CRC) i.e. 52 bits payload size and 84 bits (including CRC) i.e. 60 bits payload size. It can be observed that the performance degradation of 2-stage SCI design is in order of 0.5-1dB, which can then be compensated by using higher aggregation level for 2nd stage. Also, it can be observed in the Figure 3 that 1st stage performs better than single stage design due to lower payload size which makes more robust transmission of sensing related information. 
[bookmark: _Toc7792951]Performance loss of 2-stage SCI due to extra overhead is negligible.
[image: ][image: ]
(a) Highway NLOS							(b) Urban NLOS
Figure 3: Performance comparison of single-stage SCI using two symbols and AL=16, and 2-stage SCI using one symbol per stage and AL=8, with payload (excluding CRC): 1st stage = 16 bits, 2nd stage = 36 bits. Blue curve: stage 1 only, Red curve: Stage 2 only, Black curve: 2-stage combined performance, Green curve: Single-stage 60 bits, Cyan curve: Single-stage 52 bits
Based on the above discussion and evaluations, it is clear that 2-stage SCI is a better design choice for NR SL as compared to single-stage SCI. Therefore, we propose the following:
[bookmark: _Toc525923771][bookmark: _Toc528951901][bookmark: _Toc534811034][bookmark: _Toc1119111][bookmark: _Toc5126040][bookmark: _Toc7792921]2-stage SCI design is supported for NR SL. 
3.3	Physical sidelink shared channel (PSSCH) 
We discuss the design of the AGC settling and Guard Period symbols in this section and present our view on reference signals design in Section 3.5. Based on the working assumption achieved in RAN1#95, we consider one OFDM symbol for AGC settling and one OFDM symbol for the TX/RX switching (guard period).
It was agreed in the SI that partial-slot resources are supported for SL. In a companion contribution [6] we discuss the impacts of this aspect on the SL. It is clear that a SL transmission in a short-slot should also contains resources for AGC and GP as in a slot.
[bookmark: _Toc5126034][bookmark: _Toc7792952]AGC settling time and GP are needed for both slot and short-slot transmissions.  
There has been a proposal in RAN1 to define a dedicated AGC training signal for the SL. However, in our view, this is not necessary. This is particularly because in the SL the amount of resources used for non-data contents, i.e., the overhead, is higher than in the UL/DL. Besides the guard period, this overhead includes reference signals such as DMRS and SL CSI-RS (agreed in RAN1#96b). Note that typically high density of DMRS is necessary to keep track of the fast-changing V2X channels. Therefore, if a dedicated training signal is defined for the AGC then the amount of overhead will be even higher, leaving little resources for data. The issue can be even more severe for short-slot transmissions, which also requires resources for AGC settling and GP as mentioned in the preceding observation. Therefore, we do not see the need of having a dedicated AGC training signal for NR SL. Furthermore, we have evaluated the influence of different slot configurations on AGC operation and settling-time with link-level simulations. A summary of results is shown in Figure  and further details can be found in [8]. The simulation results and the observations made in [8] indicate that dedicated reference symbols are not necessary for the AGC operation. In particular, as can be seen in Figure , IFDM configurations (either of data or RS) have better BLER performance compared to punctured AGC symbol and dedicated AGC preamble due to lower code rate and no puncturing. 
[image: ]
[bookmark: _Ref7689475]Figure 4: BLER vs SNR for 1000-byte packet. Configurations in the AGC symbol: A - genie-aided PSSCH, B - punctured PSSCH, C - dedicated AGC preamble, D - IFDM PSSCH. Details can be found in [8].
Therefore, we propose the following:
[bookmark: _Toc5126043][bookmark: _Toc7792922]Dedicated reference symbols for AGC training are not supported in NR SL.
[bookmark: _Toc5126044][bookmark: _Toc7792923]On the first OFDM symbol, every other subcarrier is used, the remaining subcarriers are set to zero.
It is also worth noting that RAN4’s view on AGC settling time is not completely settled yet [13] and that RAN1’s decision on which options of multiplexing PSSCH and PSCCH to be supported may have some impacts on the AGC design. Hence, besides the above proposal, we also believe it is beneficial to have some further evaluations.
[bookmark: _Toc7792953]Further evaluations are beneficial for optimization of AGC design.  
Regarding the Guard period (GP), it is also important not to allocate too much resources for it. According to the current working assumption, the GP consists of 1 OFDM symbol. For some subcarrier spacings, this might be more than necessary for the TX/RX switching as indicated by RAN4 LS [12]. In such case, some optimization can be done, e.g., apply a comb-like resource mapping as proposed in [10]. Another aspect of GP is whether to use puncturing or rate matching. This aspect was discussed in Rel-15 LTE V2X and rate-matching was chosen. We believe the same approach can be used for NR V2X.
[bookmark: _Toc5126045][bookmark: _Toc7792924]Comb-like subcarrier mapping can be used for GP. Use rate-matching for the GP.  
Regarding channel codes, it was agreed in RAN1#96bis that
	Agreements:
· Polar code adopted for Rel-15 NR DCI is applied to PSCCH.
· LDPC codes used for Rel-15 NR DL-SCH is applied to a transport block delivered by PSSCH.


Note that in NR Rel-15 the CSI report when sent as uplink control information (in PUCCH or UCI on PUSCH) is coded using either Reed-Muller code (for UCI up to 11 bits) or UL polar code (for UCI larger than 11 bits). Given that and the above agreement on channel codes, we observe that piggybacking the CSI report in the PSSCH will complicate the SL design and increase the UE complexity because the SL UE needs to implement Reed-Muller or uplink Polar decoder. We discuss the details on carrying CSI report in our companion contribution [7].
[bookmark: _Toc7792954]Piggybacking the CSI report in PSSCH is not desirable from channel coding perspective.  
3.4 	Physical sidelink feedback channel (PSFCH)
In RAN1#95, a dedicated PHY channel for feedback transmission was agreed to be supported:
	Agreements:
· Physical sidelink feedback channel (PSFCH) is defined and it is supported to convey SFCI for unicast and groupcast via PSFCH.


Note that although some companies proposed to also transmit CSI reports in the PSFCH, that possibility was excluded from the WID [1].  
When it comes to the format used for the PSFCH, we propose that RAN1 support sequence-based HARQ feedback since it can provide the desired signaling without additional overhead for CRC, channel coding, and reference signals. 
[bookmark: _Toc5126035][bookmark: _Toc7792955]Sequence-based HARQ feedback is beneficial due to reduced overhead and complexity.
Furthermore, in contribution [7] we propose supporting CBG-based HARQ for NR SL and that the support is configurable. Regarding the PHY format of the CBG-based HARQ feedback, we believe that the same sequence-based approach as in the case of TB-based HARQ feedback, described above, can be applied. In fact, for CBG-based HARQ, the reduced overhead of sequence-based feedback compared to channel-based feedback can be more significant. Supporting sequence-based feedback for the CBG-based HARQ also simplifies the SL design since a single method of sending feedback is applied to both TB-based and CBG-based cases.
[bookmark: _Toc5126047][bookmark: _Toc7792925]NR SL supports sequence-based HARQ feedback, for both TB-based and CBG-based cases. 
[bookmark: _Toc7792926]Long PSFCH format is not supported for NR SL. 
Regarding the sequence design, our view is that using low PAPR sequences is necessary to guarantee good coverage. As such, the design of PUCCH format in NR Rel-15 can be a good reference.
[bookmark: _Toc5126048][bookmark: _Toc7792927]Use low-PAPR sequences for HARQ feedback. NR Rel-15 PUCCH format 0 is reused for PSFCH. 
In RAN1#96, it was agreed that
	Agreements:
At least for sidelink HARQ feedback, NR sidelink supports at least a PSFCH format which uses last symbol(s) available for sidelink in a slot.


This agreement implies that the PSFCH can follow a PSSCH in a slot. As a result, it is important to design the feedback sequences so that they can efficiently accommodate the Rx-to-Tx transition time and the AGC settling. As such, a comb-like subcarrier mapping can be used.
[bookmark: _Toc5126049][bookmark: _Toc7792928]  Use a comb-like subcarrier mapping for PSFCH. 
[bookmark: _Ref7007074]4		Reference signals
In this section, we present our view on the design of the DMRS and the SL CSI-RS. The latter was agreed to be supported in RAN1 #96bis.
4.1 	DMRS design
It was agreed in RAN1 during the SI phase that DMRS is supported, but many aspects are left open, as in the following agreement made in RAN1#ah-1901.
	Agreements:
· Multiple DMRS patterns in time domain are supported for PSSCH
· FFS: Whether a DMRS pattern is selected based on the subcarrier spacing
· FFS: Single or multiple DMRS pattern(s) per a resource pool
· FFS: How TX UE and RX UE can be aligned in terms of the DMRS pattern used for PSSCH
· FFS: RE mapping, sequence generation
· Continue to study DMRS pattern in frequency domain for PSSCH
· E.g. Whether multiple patterns are supported, whether PDSCH/PUSCH DMRS configuration 1 or 2 is reused.
Agreements:
· Support PT-RS for PSSCH for FR2



In this sub-section, we present our views on the FFS points. 
First, we think that it is beneficial to select DMRS pattern based on subcarrier spacing (SCS). As described in [8], different SCSs may have different preferred DMRS densities in time domain. More specifically, for a scenario with a given speed, a larger SCS may prefer a lower DMRS density in time domain to leave more resources for data transmission; while a smaller SCS may prefer a higher DMRS density for keeping accurate channel estimation. Hence, to achieve a good tradeoff between channel estimation performance and resource utilization, the DMRS pattern selection based on SCS should be supported.
[bookmark: _Toc1119121][bookmark: _Toc5126050][bookmark: _Toc7792929]The used DMRS pattern in time domain is selected based on subcarrier spacing.
Regarding the support of single or multiple DMRS pattern(s) per resource pool or per carrier (i.e. per subcarrier spacing) in time domain, we see both pros and cons. On one hand, a flexible DMRS pattern in time domain can enable more efficient resource utilization. Clearly, a high-speed scenario requires higher DMRS density, which however is not needed for low-speed scenarios. On the other hand, the support of multiple DMRS patterns in a resource pool may incur the problem of DMRS misalignment. More specifically, if a UE’s DMRS transmission overlaps with another UE’s data transmission, the interference from data to DMRS may degrade the channel estimation accuracy of the first UE. In a companion contribution [11] we show some initial evaluations of the impact of data-to-DMRS interference for PSSCH. There we do not see severe performance degradation due to this type of interference. Therefore, it is agreeable to us for support multiple DMRS patterns in the time domain in the same resource pool. We also believe that this is applicable to all casting types (broadcast/groupcast/unicast).
[bookmark: _Toc5126051][bookmark: _Toc7792930]Support multiple PSSCH DMRS patterns in time domain per resource pool, regardless of the casting type. 
When it comes to the signaling aspects of the DMRS pattern, we believe that it is most efficient to indicate the DMRS pattern being used for a PSCCH in the associated SCI. Furthermore, as proposed in [4], this information can be put in the second-stage of the two-stage SCI. 
[bookmark: _Toc7792931]Index of the DMRS pattern being used for a PSSCH is signaled in SCI.
In contrast to the time domain, in our view, only a single type of DMRS pattern in the frequency domain should be supported. Specifically, we don’t see the need of supporting both NR Rel-15 PDSCH/PUSCH DMRS type 1 and type 2. This is because the major use case of DMRS type 2 in Uu is to maximize the number of orthogonal DMRS ports so that MU-MIMO can be efficiently supported, but such a goal is not in NR SL focus. Second, by restricting to a single type, particularly type 1, we can not only reduce the signaling overhead but also minimize the DMRS alignment issue.
[bookmark: _Toc1119123][bookmark: _Toc5126052][bookmark: _Toc7792932]Support a single DMRS pattern in frequency domain for PSSCH, where the PDSCH/PUSCH single-symbol DMRS type 1 configuration is reused.
As for DMRS sequences, we propose to reuse the pseudo-random sequences of NR PDSCH/PUSCH DMRS for the PSSCH. More details on sequence generation can be left for further study.
[bookmark: _Toc5126053][bookmark: _Toc7792933]Pseudo-random sequences of NR PDSCH/PUSCH DMRS is used for PSSCH DMRS. Further details FFS.
The next question is whether the SL supports both single-symbol and double-symbol types of DMRS as in NR Rel-15. As can be seen in our companion contribution [8], the single-symbol type with a reasonable density can support channel estimation at very high speeds. Therefore, our view is that only single-symbol type should be supported. 
[bookmark: _Toc7792934]NR SL supports only single-symbol type of DMRS.
Regarding DMRS mapping, in NR Rel-15 there are two types of DMRS mapping for PDSCH/PUSCH: 
· Mapping type A: the first DM-RS is located in symbol 2 or 3 of the slot and the DM-RS is mapped relative to the start of the slot boundary, regardless of where in the slot the actual data transmission starts. 
· Mapping type B: the first DM-RS is located in the first symbol of the PDSCH/PUSCH, i.e., the DM-RS is located relative to the where the data is located.

As agreed by RAN1#96, short-slot transmission (i.e. when a subset of consecutive symbols in a slot is available for sidelink) is allowed in NR SL, particularly for licensed carrier. Due to this reason we believe that it is more efficient to apply a type-B-like mapping for the PSSCH DMRS, i.e., the first DMRS symbol is specified relative to where the data is located. More detailed discussions on resource configuration for short-slots can be found in our companion paper [6].
[bookmark: _Toc5126054][bookmark: _Toc7792935]NR SL uses a DMRS mapping where the location of the first DMRS symbol is specified relative to where the data is located. FFS patterns design.
4.2 	Sidelink CSI-RS design
In RAN1#96bis, SL CSI-RS was agreed to be supported:
	Agreements:
· Support at least Sidelink CSI-RS for CQI/RI measurement
· Sidelink CSI-RS is confined within the PSSCH transmission


In NR Rel-15 a CSI-RS can be associated with multiple antenna ports (the so-called multi-port CSI-RS) and be used for sounding of the channels corresponding to those antenna ports. In our view this concept can be directly reused for NR SL. Moreover, we believe that there should be a single CSI-RS configuration for NR SL, i.e., a single time-frequency pattern of CSI-RS. There is no clear motivation of having more than one configuration while having a single configuration reduces the complexity of SL design in terms of UE behavior and signaling (less bits required in the SCI).
[bookmark: _Toc7792936]NR SL supports a single SL CSI-RS configuration and supports multi-port SL CSI-RS, i.e., a SL CSI-RS associated with multiple antenna ports. 
Regarding the detailed design of the SL CSI-RS configuration, we believe that to achieve good resource efficiency, the SL CSI-RS should not use the whole OFDM symbol but is transmitted in a comb-like manner with data or DMRS. Furthermore, in our view, the design of SL CSI-RS should be aligned with SL DMRS in terms of resource mapping, sequence design, etc. In particular, it is important to keep the total overhead of DMRS and SL CSI-RS minimal. 
[bookmark: _Toc5126056][bookmark: _Toc7792937]SCSI-RS is transmitted in a comb manner with data and/or DMRS. SCSI-RS design is aligned with DMRS design, e.g., in terms of resource mapping and sequence design.
5	Conclusion
In the previous sections we made the following observations: 
Observation 1	Due to broadcast nature of V2X communication, UEs should operate on common SL- BWP.
Observation 2	It cannot be assumed that SL-BWP uses the same frequency allocation and/or bandwidth as that of Uu-BWP.
Observation 3	Resource pools that are non-contiguous in frequency domain require more complex specifications without clear advantages.
Observation 4	Dedicated resource pool for a unicast/groupcast/broadcast leads to resource wastage.
Observation 5	It is important that RAN1 agrees on a single solution for PSCCH/PSSCH multiplexing.
Observation 6	There is a common set of SCI fields which are necessary to be received by all the UEs to perform sensing-based resource allocation (i.e. Mode 2).
Observation 7	Single SCI design for broadcast and unicast/groupcast results in up to 2dB of performance loss for broadcast.
Observation 8	Single SCI design restricts future SL enhancements and is not forward compatible.
Observation 9	Designing multiple SCI formats for unicast, groupcast and broadcast transmissions will significantly increase the blind decoding complexity of the UE. In a simple example, blind decoding complexity will be doubled if 2 SCI formats are specified.
Observation 10	2-stage SCI provides the required flexibility and future-proofness in the design, with similar blind-decoding complexity as single-stage SCI design.
Observation 11	2-stage SCI design allows coexistence of unicast, groupcast and broadcast transmissions using different SCI formats and aggregation levels in the same resource pool or carrier without compromising the performance.
Observation 12	There is no error propagation effect for 2-stage SCI design and 2-stage SCI can be made more reliable given its flexible design.
Observation 13	The 2nd stage of SCI can share DMRS, i.e., precoded in the same way, with the associated data, which neutralizes the impact of extra overhead due to CRC for both stages.
Observation 14	Performance loss of 2-stage SCI due to extra overhead is negligible.
Observation 15	AGC settling time and GP are needed for both slot and short-slot transmissions.
Observation 16	Further evaluations are beneficial for optimization of AGC design.
Observation 17	Piggybacking the CSI report in PSSCH is not desirable from channel coding perspective.
Observation 18	Sequence-based HARQ feedback is beneficial due to reduced overhead and complexity.
Based on the discussion in the previous sections we propose the following:
Proposal 1	SL-BWP is (pre-)configured in a cell-specific manner.
Proposal 2	NR sidelink is designed under the assumption that SL transmissions may only share resources with UL transmissions. In other words, SL BWP and resource pools are defined on UL resources.
Proposal 3	Time resource granularity of a resource pool is up to (pre-)configuration with minimum scale of slot-level.
Proposal 4	A resource pool is always contiguous in frequency domain.
Proposal 5	NR supports resource pool configuration that allows coexistence of unicast, groupcast and broadcast transmissions.
Proposal 6	NR supports coexistence of Mode 1 and Mode 2 in a resource pool.
Proposal 7	NR SL supports only option 3 of multiplexing PSCCH and the corresponding PSSCH. The first stage of a 2-stage PSCCH is mapped to the resource blocks with lowest indices in a subchannel.
Proposal 8	Do not support FDM between PSCCH/PSSCH and a PSFCH format which uses last symbol(s) available for sidelink in a slot.
Proposal 9	TDM between PSCCH/PSSCH and PSFCH is done from system perspective.
Proposal 10	2-stage SCI design is supported for NR SL.
Proposal 11	Dedicated reference symbols for AGC training are not supported in NR SL.
Proposal 12	On the first OFDM symbol, every other subcarrier is used, the remaining subcarriers are set to zero.
Proposal 13	Comb-like subcarrier mapping can be used for GP. Use rate-matching for the GP.
Proposal 14	NR SL supports sequence-based HARQ feedback, for both TB-based and CBG-based cases.
Proposal 15	Long PSFCH format is not supported for NR SL.
Proposal 16	Use low-PAPR sequences for HARQ feedback. NR Rel-15 PUCCH format 0 is reused for PSFCH.
Proposal 17	Use a comb-like subcarrier mapping for PSFCH.
Proposal 18	The used DMRS pattern in time domain is selected based on subcarrier spacing.
Proposal 19	Support multiple PSSCH DMRS patterns in time domain per resource pool, regardless of the casting type.
Proposal 20	Index of the DMRS pattern being used for a PSSCH is signaled in SCI.
Proposal 21	Support a single DMRS pattern in frequency domain for PSSCH, where the PDSCH/PUSCH single-symbol DMRS type 1 configuration is reused.
Proposal 22	Pseudo-random sequences of NR PDSCH/PUSCH DMRS is used for PSSCH DMRS. Further details FFS.
Proposal 23	NR SL supports only single-symbol type of DMRS.
Proposal 24	NR SL uses a DMRS mapping where the location of the first DMRS symbol is specified relative to where the data is located. FFS patterns design.
Proposal 25	NR SL supports a single SL CSI-RS configuration and supports multi-port SL CSI-RS, i.e., a SL CSI-RS associated with multiple antenna ports.
Proposal 26	SCSI-RS is transmitted in a comb manner with data and/or DMRS. SCSI-RS design is aligned with DMRS design, e.g., in terms of resource mapping and sequence design.
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7	Appendix 
In this appendix, we summarize our results obtained through link level simulations. First, we compare the block error rate (BLER) performance of 60 and 90 bits of SCI payload (including 24 bits CRC), highlighting the losses due to over-dimensioning of the SCI fields. We then look at the performance of a 2-stage design, observing that error propagation between stages is generally small. The configurations used are tabulated in Table 1, at the end of the appendix. 
7.1	60bits vs 90bits SCI performance comparison
Figure A1 shows BLER performance of 36-bit and 66-bit payloads (excl. CRC), in Highway LOS and NLOS scenarios. The left column shows performance for single-symbol PSCCH, while the right column show performance for two-symbol PSCCH. Similarly, the result for an Urban scenario is shown in Figure A2.
As can be seen from the figures, the difference in payload, resulting in different effective code rates, has a large impact on the performance. Depending on scenario and SNR, losses of 1-2 dB are observed. We can also see that the single-symbol PSCCH has a better performance than the two-symbol, indicating that the available frequency diversity is larger than the available time diversity. 
The results point to an important design criterion; to make sure that the PSCCH can be reliably decoded, the code rate needs to be kept low. This can, e.g., be achieved by minimizing the number of SCI bits. With a single SCI format, the size of the SCI would be dictated by the use case with the largest requirement, i.e., uni-/groupcast transmission. If we let the 66-bit payload (red curves) represent the SCI size needed for unicast, and the 36-bit payload (blue curves) represent SCI size needed for broadcast, it is clear that a more flexible PSCCH design allowing for multiple SCI formats would be beneficial from a performance point of view.    
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(a) Highway NLOS: One symbol PSCCH, AL = 8, allocation of 8 subchannels and 1 symbol 
	[image: ]
(b) Highway NLOS: Two symbol PSCCH, AL=8, allocation of 4 subchannels and 2 symbols
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(c) Highway LOS: One symbol PSCCH, AL = 8, allocation of 8 subchannels and 1 symbol
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(d) Highway LOS: Two symbol PSCCH, AL=8, allocation of 4 subchannels and 2 symbols


Figure A1: Performance of 60 and 90 bit payloads, in Highway LOS and NLOS scenarios. Both single symbol per stage, as well as double symbol per stage is considered.
 
	[image: ]
(a)  Urban NLOS: One symbol PSCCH, AL = 8, allocation of 8 subchannels and 1 symbol
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(b)  Urban NLOS: Two symbol PSCCH, AL = 8, allocation of 4 subchannels and 2 symbols
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(c)  Urban NLOS Vehicle blocking: One symbol PSCCH, AL = 8, allocation of 8 subchannels and 1 symbol
	[image: ]
(d) Urban NLOS Vehicle blocking: Two symbol PSCCH, AL = 8, allocation of 4 subchannels and 2 symbols
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(e) Urban LOS: One symbol PSCCH, AL = 8, allocation of 8 subchannels and 1 symbol
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(f) Urban LOS: Two symbol PSCCH, AL = 8, allocation of 4 subchannels and 2 symbols


Figure A2: Performance of 60 and 90 bit payloads, in Urban LOS and NLOS scenarios. Both single symbol per stage, as well as double symbol per stage is considered.
7.2	2-stage SCI performance
In Figure A3, BLER performance is shown for a 2-stage design with 16-bit and 36-bit payloads (excl. CRC) in the first and second stage, respectively. Results are shown for Highway LOS and NLOS scenarios, where the left column shows the performance for a single symbol per stage (2-symbol PSCCH), while the right column show performance for two symbols per stage (4-symbol PSCCH). Similarly, the result for the Urban scenario is shown in Figure A4. In the figures, the PSCCH BLER is shown (black), along with the BLER for the first and second stage separately (blue and red, resp.). The BLER in case of independent fading channels on the two stages are also shown for comparison (magenta).
As can be seen, for the given 2-stage design, the first stage has the best BLER performance due to the lower code rate, being a result of the smaller payload. Due to this, the performance is essentially dictated by that of the second stage. In these set of simulations, a difference in the order of 1-2 dB can be seen between the two stages, depending on scenario. It can be noted that with the flexibility of the 2-stage design, the second stage can be made more robust by increasing the aggregation level, e.g., running with AL = 16.
Furthermore, in previous RAN1 meetings concerns were raised that error propagation between the two stages could limit performance. As it turns out, the errors of the two stages are highly correlated, meaning that an error in the first stage in general coincide with an error in the second stage. This is representing itself in the gap between the PSCCH BLER for a continuous channel in black, and that of independent channel realizations for the two stages shown in magenta, where the latter case provides the worst performance. Error propagation is therefore in general not a point for concern. 
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(a) Highway NLOS Vehicle blocking 100km/h: One symbol per stage, AL = 8
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Highway NLOS Vehicle blocking 100km/h: Two symbols per stage, AL=8
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(c) Highway LOS 100km/h: One symbol per stage, AL = 8
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Highway LOS 100km/h: Two symbols per stage, AL=8


Figure A3: Performance of a 2-stage design, in Highway LOS and NLOS scenarios. Both single symbol per stage, as well as double symbol per stage is considered.
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(a) Urban NLOS 30 km/h:  One symbol per stage, AL = 8
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(b) Urban NLOS 30 km/h: Two symbols per stage, AL = 8
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(c) Urban NLOS Vehicle blocking 30 km/h:  One symbol per stage, AL = 8
	[image: ]
(d) Urban NLOS Vehicle blocking 30 km/h: Two symbols per stage, AL = 8
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(e) Urban LOS 30 km/h:  One symbol per stage, AL = 8
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(f) Urban LOS 30 km/h: Two symbols per stage, AL = 8


Figure A4: Performance of a 2-stage design, in Urban LOS and NLOS scenarios. Both single symbol per stage, as well as double symbol per stage is considered.
7.3	Simulation parameters
[bookmark: _Ref528937019]Table 1: Parameters for PSCCH simulations
	[bookmark: _GoBack]Parameter
	Value

	Carrier frequency
	6 GHz

	Sub-carrier spacing
	30 kHz

	System bandwidth
	40 MHz (106 PRBs)

	Channel model
	TR 37.885 V2V CDL:
Highway LOS, Highway NLOS V, Urban LOS, Urban NLOS, Urban NLOS V

	Vehicle speed
	Highway [100, -100] km/h, and Urban [30, -30] km/h

	Antenna configuration
	1 dual-polarized antenna (fixed precoder)

	Modulation order
	QPSK

	Codec
	Polar encoder, CRC aided, with 24 CRC bits (per stage)

	Payload bits
	Single stage: 60,90,120 (incl. 24 bit CRC)
Two stages: 40 in first, 60 in second (incl. 24 bit CRC)

	Aggregation length
	8

	PSCCH symbols
	1,2

	Control Channel Element (CCE)
	6 RBs

	DMRS 
	4-comb, present in all PSCCH symbols, but only in RBs allocated for PSCCH 

	Channel estimation
	Practical MMSE

	Receiver type
	MMSE

	Length of simulation
	30k slots
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