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1 [bookmark: _Ref178064866]Introduction
In this paper we discuss various aspects of PDSCH and PDCCH design. It was agreed that the RAN1#96 feature lead summary [9] would be the starting point for discussion on DL channels and signals for the next meeting. Hence in the followin we refer to feature lead summary as starting point for discussing each topic.
2	PDSCH Starting Positions
[bookmark: _Hlk534210292]In the NR-U WID [1], the following objective is listed
For DL data channel, support of multiple PDSCH starting positions
and in the NR-U TR [2], Section 7.2.1.2, the following agreements related to PDSCH transmission are listed
The following options have been identified as possible candidates for PDSCH transmission in the partial slot at least for the first PDSCH(s) transmitted in the DL transmission burst. The options are not mutually exclusive.
-	Option 1: PDSCH(s) as in Rel-15 NR
-	Option 2: Punctured PDSCH depending on LBT outcome
-	Option 3: PDSCH mapping type B with durations other than 2/4/7 symbols
-	Option 4: PDSCH across slot boundary
To start with, we point out that scheduling decisions cannot be made instantly based on LBT outcome. Thus, regardless of the LBT outcome, the first one or more PDSCH(s) are scheduled before the channel access procedure is performed or finished. Once the scheduling decision is made, the TBS cannot be changed. This is in line with the agreement from the SI phase: 
It has been identified to be beneficial for the NR-U design to not require the gNB to change a pre-determined TBS for a PDSCH transmission depending on the LBT outcome, at least when the PDSCH is transmitted at the beginning of the gNB's COT.
Before going into the complications of Options 2, 3, and 4, we discuss the potential of Option 1 that is based on NR Rel-15 without any changes. To increase the channel access granularity, mini-slots (Type B PDSCH mapping) may be used at the beginning of the DL burst. Once the gNB has access to the channel and has initiated the COT, it can switch to slot-based scheduling at a later slot-boundary. Figure 1 shows an example where PDCCH monitoring periodicity of 2-symbols is assumed. 2-symbol Type B PDSCH mapping is used within the partial slot before the gNB switches to slot-based scheduling at the next slot boundary. The DMRS overhead imposed in the partial slot at the beginning of the COT is not significant considering that the maximum COT duration consists of multiple full slots. Option 1 thus supports 7 possible starting positions (i.e. every other symbol) within a slot duration without adding any tight requirements on gNB processing capability on top of what is required by NR Rel-15. With this approach, the gNB does not need to do any reprocessing depending on the LBT outcome. 
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[bookmark: _Ref534979737]Figure 1: Partial-slot PDSCH transmission based on Option 1. Different rows indicate different LBT outcomes. PDSCH in the figure represent the whole control and data transmission in each mini-slot. 
We point out that Option 2 and 4 provide additional flexibility on top of Option 1 only if symbol level PDCCH monitoring is assumed. However, this flexibility comes at a cost for both gNB and UE. For example, Option 4 assumes that the start of the transmission (PDCCH+PDSCH) can float within the slot. This requires the gNB to prepare multiple versions of the transmissions for each possible starting position or buffer the IQ symbols at the radio unit until the LBT succeeds. Both of which adds unnecessary requirements on the gNB especially considering both the performance benefit of having more starting positions and the practicality of symbol level PDCCH from UE perspective. It has always been argued that symbol level PDCCH monitoring is problematic for the UE in terms of number of blind detection and power consumption. Besides, [3] shows that the gain becomes marginal when further increasing the number of starting points from every 2 symbols to every symbol.
It is worth noting that if the gNB is capable of preparing multiple versions of the transmissions in parallel, doing L1 reprocessing depending on LBT outcome, or buffer the IQ symbols, access granularity of every symbol can be achieved even using Option 1. Nevertheless, all these are implementation choices.
[bookmark: _Toc4789621]Option 1 PDSCH(s) as in Rel-15 NR already provides enough flexibility to support multiple PDSCH starting positions within a slot. No further changes to the specs are needed for the NR-U WI in support of multiple PDSCH starting positions.
3	PDCCH Design
In the NR-U WID [1], the following objectives are listed
[bookmark: _Hlk532422148]-	Mechanism to detect a gNB’s transmission burst in line with the TR 38.889, Section 7.2.1.2 related to UE power consumption.
-	DL control in line with the agreements during the study phase (TR 38.889, Section 7.2.1.2) including extensions allowing dynamic change of the time domain instances in which the UE is expected to receive PDCCH, modifications enabling DRS transmissions without gaps in the time-domain, and indication of time domain COT structure; 
In the following sections we address the dynamic PDCCH monitoring, gNB transmission burst detection related to UE power consumption, and COT structure indication aspects of these objectives.
3.1	Dynamic PDCCH monitoring
Based on [9] the FL lead summary asked in the email on the RAN1-NR Reflector to prioritizing the discussion on dynamic PDCCH monitoring as follow
	· Dynamic PDCCH monitoring
· For purposes of the discussion, let’s consider the following:
· Phase A: Outside of gNB’s COT
· Phase B: Beginning of gNB’s COT
· Phase C: Remainder of gNB’s COT
· Discussion points:
· Proponents should show how much PDCCH monitoring effort should be carried out in these phases (if any)
· How does the UE determine the transition from Phase A to Phase B, from Phase B to Phase C, and from Phase C to Phase A?




The above three-phase formulation might not capture exactly the difference between gNB and UE point of view regarding dynamic PDCCH processing. A more relevant formulation should consider UE point of view so that it could be captured properly in the specifications. Our formulation of the problems and the solution is as follow:
In NR, PDCCH monitoring information per search space is configured via RRC. For each configured search space, the following parameters are included:
· monitoringSlotPeriodicityAndOffset: Slots for PDCCH Monitoring configured as periodicity and offset
· monitoringSymbolsWithinSlot: The first symbol(s) for PDCCH monitoring in the slots configured for PDCCH monitoring. The most significant (left) bit represents the first OFDM in a slot, and the second most significant (left) bit represents the second OFDM symbol in a slot and so on. The bit(s) set to one identify the first OFDM symbol(s) of the control resource set within a slot.
Type B PDSCH mapping (formerly called mini-slots) can be started in any OFDM symbol in a slot and can have length of 2, 4 or 7 OFDM symbols. This is helpful for NR unlicensed nodes to get access to the channel with finer granularity. In order to save PDCCH and DM-RS overhead, the gNB may schedule Type B PDSCH mapping in the first part of a COT up to a slot boundary, and then switch to scheduling type A PDSCH mapping for the remainder of the COT. An example is shown in Figure 2: the gNB performs LBT and starts data transmission by using Type B PDSCH mapping part way through slot n immediately after LBT succeeds. In succeeding slots (i.e. slot n+1, n+2, n+3) within the TXOP, the gNB switches to Type A PDSCH mapping transmission to save overhead. To match TXOP requirements, the last slot may need to be a partial slot transmission which is already supported by Type A PDSCH mapping in NR Rel-15 through signaling of start and length indication value (SLIV).
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[bookmark: _Ref534979699][bookmark: _Toc525720707]Figure 2: Example of NR-U PDSCH and PDCCH transmissions and UE PDCCH monitoring

[bookmark: _Toc4789616]With NR Rel-15 specifications, NR-U already supports flexible start and end symbol transmission within a slot.
In order to achieve such adaptation of the monitoring occasions, UEs need to first monitor the control region for Type B PDSCH mapping more frequently, e.g. every two symbols as shown in Figure 2. However, according to current NR Rel-15 specifications, UEs that are not scheduled need to perform the same PDCCH monitoring pattern for Type B mapping even if the gNB transmissions switch to type A, e.g. every 2 symbols in slot n+1, n+2 and etc. This is useful only if the traffic needs to be served with very low latency. Otherwise, this is costly and a waste in terms of complexity and power consumption.
One possible approach to reduce UE power consumption could be as follows: once the gNB initiates the COT, the gNB may indicate to the UEs that the monitoring occasions should be changed, e.g., become less frequent. This will allow the gNB to dynamically control UE to switch from mini-slot based to slot-based PDCCH monitoring in most of the COT, by excluding some RRC configured PDCCH occasions in a flexible manner depending on the length of the transmission burst. And after the DL burst, UE is indicated by gNB to switch back to the more frequent monitoring. The indication of the transitions between monitoring occasions can be done explicitly via dynamic signaling, e.g. in a group common message. However, to avoid any overhead signaling the transitions between two phases can be done implicitly. The implicit indication could be the detection of the GC-PDCCH and it is up to gNB scheduling decision at which point within the COT informs this to the UEs by transmitting GC-PDCC. Furthermore, UE can use the information provided in the GC-PDCCH about the length or end of the COT to switch back to more frequent monitoring after the COT. Based on this discussion we have the following proposal.
[bookmark: _Toc525720714][bookmark: _Toc4789622]Support dynamic indication of a change in the UE configured PDCCH monitoring occasions with two different monitoring phases
a. [bookmark: _Toc4789623]More frequent (mini-slot based) monitoring occasions
b. [bookmark: _Toc4789624]Less frequent (slot-based) monitoring occasions
[bookmark: _Toc4789625]FSS: whether switching between each phase is explicit or implicit
Furthermore, as we explain in the next session the DL burst detection for power saving purposes should not be tied to the PDCCH monitoring behavior. It should be always possible to schedule the UE regardless of whether it has detected a DL burst, and regardless of which set of PDCCH monitoring occasion is active. Therefore, it is up to gNB when to indicate to the UE to switch between different monitoring configurations
[bookmark: _Toc4789626]It is up to the gNB scheduling decision to inform the UE when to switch between different monitoring configurations. UE is always schedulable regardless of which set of PDCCH monitoring occasion is active.
[bookmark: _Toc521503146][bookmark: _Toc521660569][bookmark: _Toc521660635][bookmark: _Toc521660672][bookmark: _Toc521660731][bookmark: _Toc521660777][bookmark: _Toc521660889][bookmark: _Toc521660943][bookmark: _Toc521660964][bookmark: _Toc521503028][bookmark: _Toc521503147][bookmark: _Toc521660570][bookmark: _Toc521660636][bookmark: _Toc521660673][bookmark: _Toc521660732][bookmark: _Toc521660778][bookmark: _Toc521660890][bookmark: _Toc521660944][bookmark: _Toc521660965]3.2	Detection of gNB Transmission Burst
The prioritized discussion on detection of gNB transmission burst by feature lead is
	·  DL burst detection for power saving
· What kind of signals etc. can the UE assume to be present (and if there is any condition on the presence) to detect transmission bursts by the serving gNB?
· Example:
· DMRS in GC-PDCCH, UE can assume that at least one GC-PDCCH is transmitted
· CSI-RS if they are present in the slot according to configuration



The following agreement was reached regarding the detection of a gNB transmission burst in RAN1#AH 1901 [5].
Agreement:
· The UE may assume the presence of a signal, such as the DMRS in any [PDCCH or GC-PDCCH] transmission, to detect transmission bursts by the serving gNB, to enable power saving by not necessitating performing blind decodes to detect the transmission burst (Note: The power saving possibility by not necessitating blind decodes assumes performance relaxation for PDCCH decoding is not needed. Also, this does not mandate a two-step PDCCH decoding process for the UE with respect to DMRS detection).
· If a preamble transmitted at the start of a burst is agreed to be specified (this does not preclude usage of preambles by implementation), it may be used in addition to the DMRS of PDCCH/GC-PDCCH or any other signals in the gNB transmission to detect the start of transmission bursts by the serving gNB and potentially for power saving
· Note: Whether a preamble, if defined, can be used for power saving in all cases depends on the details of the design.
· Note: Other signals present in the transmission burst may also be used for the purpose of detection of the transmission burst
· FFS: Potential enhancements to DMRS design to address issues with detection probability
· The payload of a PDCCH and/or GC-PDCCH transmission can contain information regarding COT structure that may be used by the UE for power saving 
As indicated in the above agreement, the detection of the DL Burst and/or any indication of a COT should not relax the requirements of NR PDCCH monitoring detection requirements. If the UE tries any power saving feature, it is up to the UE decision without breaking any performance requirements related to PDCCH detection so that UE can always be scheduled regardless of DL burst detection outcome. 
[bookmark: _Ref4771374][bookmark: _Toc4789627]Detection of the DL Burst and/or of a COT structure should not relax the requirements of NR Rel-15 PDCCH monitoring. 
Regarding choosing of the signal for use of power saving, in the feature lead summary [9], different flavors of following options are listed as possible candidates
· A wideband DMRS 
· DMRS of PDCCH
· Wideband DMRS in GC-PDCCH 
· CSI RS
Here we will discuss benefits and drawbacks of each option and our preferred choice. 
[bookmark: _GoBack]First option is talking about UE only detecting the a wideband DMRS as indication signal without confirming the corresponding PDCCH CRC check. And the idea is to avoid the processing overhead put on the UE by decoding the corresponding PDCCH. However, the PDCCH channel estimator and decoder are very low-level time critical function with tight pipelining (compared to other baseband processing done in the UE) and this does not impose further significant processing overhead on the UE on top of DMRS detection. Furthermore, this option restricts the option of performing UE-specific beamforming on PDCCH to enhanced coverage and reliability as well as reduce interference. It’s questionable whether power saving benefits out-weights the negative impacts to the overall system.
[bookmark: _Toc4789617]Decoding the PDCCH together with DMRS detection does not put significant processing overhead on the UE compared to detecting only DMRS. 
In addition, transmitting GC-PDCCH/PDCCH DMRS can provide better channel estimation for blind detection of the GC-PDCCH/PDCCH, since the available transmit power will be assigned to DMRSs within the bandwidth of GC-PDCCH/PDCCH, and not spread over the whole CORESET as in case of wideband DMRS. We should also notice that, A GC-PDCCH with AL=8 or even 4 is already rather wide (each CCE is 2.16 MHz in 30 kHz SCS) and the accumulated energy of all its DMRS should be reliable enough as the detection signal.
[bookmark: _Toc4789618]DMRS in GC-PDCCH/PDCCH can provide better GC-PDCCH/PDCCH detection performance compared to a wideband DMRS and It has the same level of reliability since it can be configured with quite wide bandwidth.
One possible drawback with DMRS in GC-PDCCH is that the locations of the GC-PDCCH DMRS can change depending on configuration, which requires more blind decoding attempts. This can be more demanding for the UE from processing point of view compared to a wideband DMRS where the location of the DMRS is fixed. However, this variability can be mitigated by gNB configuration, e.g. by configuring a limited number of for GC-PDCCH candidates for specific aggregation level.
[bookmark: _Toc4789619]The blind detection of DMRS in GC-PDCCH can be reduced by proper configuration by gNB.
Another candidate is the CSI-RS which is used for measurement purposes in NR and it has not been designed to be serve as a detection signal and it does not carry enough energy for that matter. Moreover, given that it is a dedicated signal and assigned to a specific UE, it cannot be used to inform a group of UEs. 
[bookmark: _Toc4789620]CSI-RS is not a proper choice for addressing a group of UEs and not reliable to be detected as an indication signal.
Given the above discussion and considering the observations we have the following proposal
[bookmark: _Toc4789628]The UE may assume the presence of GC-PDCCH and its associated DMRS in a subset of configured PDCCH monitoring occasions within the DL transmission burst by the serving gNB for power saving purposes.
[bookmark: _Toc4697229]3.3	COT Structure Indication
In LTE-LAA, indication of cell specific “subframe configuration for LAA” of two consecutive subframes to a group of UEs is specified using DCI with CRC scrambled by CC-RNTI. The advantage of group common signaling, among other things, is for the UE to make decisions on deferring PDCCH monitoring and/or to defer sensing the medium for the purposes of UL transmissions, e.g., transmission of scheduling requests (SR), which results in less power consumption. The LAA group common information DCI carries the following fields [6] that are related to subframe structure and COT sharing:
· Current and next subframe configuration.
· UL duration and offset which provides UEs the possibility of using CAT2 LBT for transmission when DL/UL switching occurs within the shared COT. 
· 1-bit COT sharing indication for AUL which means AUL transmission can be performed according to specifications within the UL part of the COT.
For the same reasons as LAA, it can be foreseen that similar functionality would benefit NR-U. Looking at DCI format 2_0 for group common signaling, we can observe that it can already provide highly flexible dynamic slot formats for combinations of up to 256 slots in NR. Appropriately modified formats can be added using the reserved bit patterns in Rel-15 as explained in more details in the following. Therefore, it was highlighted during the SI phase that DCI 2_0 can be used for COT structure indication [2]:
“In addition to the functionalities provided by DCI format 2_0 in Rel-15 NR, indication of the COT structure in the time domain has been identified as being beneficial.”
In NR Rel-15, GC-PDCCH can be used to indicate to a group of UEs what the instantaneous TDD pattern looks like for the current and potentially for future slots. This is achieved by signaling multiple slot format indicators (SFIs) using DCI Format 2_0 carried by GC-PDCCH. The multiple signaled SFIs correspond to the current slot and for 0 to 256 future slots. The actual DCI Format 2_0 signaling simply points to a row in an RRC configured table of SFI values, where each row contains a so-called slot format combination.
The SFI value for a particular slot indicates which symbols in the corresponding slot are classified as downlink/uplink/flexible (‘D’, ‘U’, or ‘F’). Table 11.1.1-1 in 38.213 (see [4]) contains a list of possible SFI values. An SFI is simply an integer that takes a value from the range [0 ... 55] or the value 255. Values in the range [56 ... 254] are reserved for future use. A particular integer indicates a row in the table, where each row indicates the classification for all 14 OFDM symbols of a slot.
As discussed in previous sections, DMRS of GC-PDCCH can be used for power saving purposes. Hence GC-PDCCH is useful for dual purposes: indication to the UE for dynamic PDCCH switching as well as COT structure indication. One of the more important quantities to indicate is the COT duration and/or the end-of-COT. For example, this information may be used by a UE to control when it switches from performing CAT4 LBT (outside the COT) to Cat2 LBT (within a shared COT). The details of how to signal COT duration and/or end-of-COT require further discussion. However, to avoid additional DCI overhead and also minimize the specification impact, it makes sense to leverage the existing SFI signaling in an efficient manner. For example, SFI values that are “reserved for future” could be used.
[bookmark: _Toc4789629]NR-U supports indication of end-of-COT and/or COT duration as an extension of SFI signaling in DCI Format 2_0. FFS: signaling details.
The SFI information can also include a channel occupancy sharing indication which, along with the above channel occupancy information, can be used by UEs configured with uplink configured grants to determine if they can access the configured resources with a CAT2 LBT. 
As mentioned above, the benefit of the COT structure indication in the time domain was identified. However, it is expected that NR-U will support transmission over a wide bandwidth (> 20 MHz). There are different proposals on how this is achieved. For instance, it can be done by configuration of a single wideband serving cell with bandwidth that is an integer multiple of 20 MHz as explained in [7]. This raises the question on what kind of information, if any, should be indicated about the frequency domain structure of the channel occupancy in common group signaling as part of SFI signaling in DCI format 2_0. Since discussions are still ongoing about this issue and RAN1 is waiting for input from LSs sent to RAN2 and RAN4, it is suggested that the decision about indication of frequency domain information regarding the channel occupancy should wait until there is more clarity on the transmission method over a wide band carrier.
4	CSI-RS for Tracking 
In our companion paper [10], we discuss the benefits of aperiodic reference signal transmissions for unlicensed spectrum and propose improvements to further improve their utility in NR-U, including CSI-RS for tracking.
Generally speaking, the use of periodic reference signals, e.g., CSI-RS for time/frequency tracking, is not well-suited to operation in unlicensed spectrum due to uncertainties in accessing the channel when applying listen-before-talk (LBT). If LBT fails prior to a particular period, then that period must be dropped, thus reducing the utility of such reference signals for their designed purpose. Furthermore, due to the asynchronous nature of channel access, it is fundamentally impossible to pre-configure a periodic CSI-RS transmission such that each period aligns with a gNB acquired COT in order to make use of Cat1 or Cat2 LBT for CSI-RS.
One counter example of an “always-on” periodic signal/channel that cannot be avoided is SS/PBCH blocks, potentially multiplexed with SIB1 in a DRS. Periodic transmission of SS/PBCH blocks are needed for initial access, mobility, synchronization, RLM, etc. To manage the uncertainty of channel access, a DRS transmission window is being defined for NR-U in which each period of the DRS is allowed to shift in time if LBT fails, thus minimizing the possibility of dropping DRS transmissions. 
For periodic CSI-RS for tracking, also known as the tracking reference signal (TRS), the design of such transmission windows is not motivated, as an aperiodic versions of this signal is already supported in NR Rel-15. Aperiodic triggering is much better suited to operation in unlicensed bands, as it is easy to align transmissions within a shared COT acquired by the gNB. CSI-RS can be frequency division multiplexed with an ongoing PDSCH transmission within a shared COT.
In NR Rel-15, the UE expects to be configured with periodic TRS (p-TRS), and may additionally be configured with aperiodic TRS (ap-TRS). Furthermore, the time/frequency mapping of ap-TRS should be identical to that of p-TRS, and the UE shall assume that the ap-TRS is QCL’d with the p-TRS with respect to all QCL parameters. The strict relationship of ap-TRS to p-TRS was introduced in specifications since ap-TRS was agreed very late in NR Rel-15.
As mentioned previously, the use of p-TRS is problematic in unlicensed operation, since if LBT fails prior to a particular period of TRS, then that period must be dropped, thus reducing the utility of p-TRS for their intended purpose of time/frequency tracking. Hence, it is beneficial for operation in unlicensed to relax the strict relationship between aperiodic and periodic TRS so that ap-TRS can be used without requiring that p-TRS be configured. We refer to this as “stand-alone” ap-TRS. With stand-alone ap-TRS, the TRS can be triggered during a gNB acquired COT such that the UE may reliably perform fine time/frequency tracking within a COT to support PDSCH demodulation. This is in contrast to p-TRS for which it is not guaranteed that a period of p-TRS aligns with the COT.
If the strict relationship is relaxed, a stand-alone ap-TRS still needs a source QCL reference to be configured, and it is natural that the same QCL source(s) as supported for p-TRS in NR Rel-15 should be allowed. The most common QCL source for p-TRS is an SS/PBCH block.
Based on the above discussion, we propose the following:
[bookmark: _Toc3828149][bookmark: _Toc4789630]Support a “stand-alone” configuration of a set of aperiodic CSI-RS resources for tracking (ap-TRS) in which co-configuration of a set of periodic CSI-RS resources for tracking (p-TRS) is not required. The UE shall expect to be configured with the same QCL source(s) for ap-TRS as for p-TRS in NR Rel-15.
Conclusion
In the previous sections we made the following observations: 
Observation 1	With NR Rel-15 specifications, NR-U already supports flexible start and end symbol transmission within a slot.
Observation 2	Decoding the PDCCH together with DMRS detection does not put significant processing overhead on the UE compared to detecting only DMRS.
Observation 3	DMRS in GC-PDCCH/PDCCH can provide better GC-PDCCH/PDCCH detection performance compared to a wideband DMRS and It has the same level of reliability since it can be configured with quite wide bandwidth.
Observation 4	The blind detection of DMRS in GC-PDCCH can be reduced by proper configuration by gNB.
Observation 5	CSI-RS is not a proper choice for addressing a group of UEs and not reliable to be detected as an indication signal.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Option 1 PDSCH(s) as in Rel-15 NR already provides enough flexibility to support multiple PDSCH starting positions within a slot. No further changes to the specs are needed for the NR-U WI in support of multiple PDSCH starting positions.
Proposal 2	Support dynamic indication of a change in the UE configured PDCCH monitoring occasions with two different monitoring phases
a.	More frequent (mini-slot based) monitoring occasions
b.	Less frequent (slot-based) monitoring occasions
FSS: whether switching between each phase is explicit or implicit
Proposal 3	It is up to the gNB scheduling decision to inform the UE when to switch between different monitoring configurations. UE is always schedulable regardless of which set of PDCCH monitoring occasion is active.
Proposal 4	Detection of the DL Burst and/or of a COT structure should not relax the requirements of NR Rel-15 PDCCH monitoring.
Proposal 5	The UE may assume the presence of GC-PDCCH and its associated DMRS in a subset of configured PDCCH monitoring occasions within the DL transmission burst by the serving gNB for power saving purposes.
Proposal 6	NR-U supports indication of end-of-COT and/or COT duration as an extension of SFI signaling in DCI Format 2_0. FFS: signaling details.
Proposal 7	Support a “stand-alone” configuration of a set of aperiodic CSI-RS resources for tracking (ap-TRS) in which co-configuration of a set of periodic CSI-RS resources for tracking (p-TRS) is not required. The UE shall expect to be configured with the same QCL source(s) for ap-TRS as for p-TRS in NR Rel-15.
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