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Introduction
The work item proposal for NR-based Access to Unlicensed Spectrum was approved in RAN-82 in December, 2018 [1]. For DL signals and channels for NR-U operation, the work item objectives have also been identified [1]:
· For DL data channel, support of multiple PDSCH starting positions.
· [bookmark: _Hlk532422148]Mechanism to detect a gNB’s transmission burst in line with the TR 38.889 [2], Section 7.2.1.2 related to UE power consumption.
· DL control in line with the agreements during the study phase (TR 38.889 [2], 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 this contribution, we will first discuss the impact on PDSCH in order to support flexible transmission starting point due to LBT. We then discuss the impact on PDCCH monitoring, identifying the additional difficulties and challenges introduced by LBT. Finally, we discuss methods for gNB transmission burst detection, and how they could be used to enhance PDCCH monitoring and to achieve UE power saving.
PDSCH Transmission for NR-U Operation
Given the uncertainty created by LBT in shared spectrum where devices are forced to periodically compete for frequency resources with uncertain outcomes resulting in uncertain starting times it would be convenient to remove all uncertainty related to the starting time of any one COT. This was already agreed at least with regards to TBS for PDSCH in [2]. This agreement would need extension to all aspects of starting a new COT, including DMRS and PDCCH positioning and timing.
TB mapping onto PDSCH for the initial transmission within a COT
Based on the agreement in RAN1#96bis found in [3] which agreed to only further discuss/consider Option 3 (PDSCH mapping type B with durations other than 2/4/7 symbols) as potential enhancements to PDSCH transmissions. For this or any proposal to be a viable option there can be no increase to the UE PDSCH capability beyond the PDSCH capability already defined for baseline NR. The gNB has the potential to serve many UEs during the initial partial slot, but we reject any proposal that will involve a gNB serving a single UE beyond its current PDSCH capability. As such we support Option 1 with the above caveat and further propose that this is agreed.
[bookmark: _Ref7687312]Proposal 1: Agree that any selected option to handle the initial partial slot of transmission in NR-U of a PDSCH shall not result in an increase to the UE’s PDSCH capability beyond what is already defined for Rel-15 NR.
[bookmark: _Ref7687314]Proposal 2: Adopt option 1, PDSCH(s) as in Rel-15 NR, for the handling of PDSCH initial partial slot transmission.

Dynamic PDCCH Monitoring for NR-U Operation
During the SI phase of NR-U, it has been identified to be beneficial if the time domain instances in which the UE is expected to receive PDCCH can be dynamically changed, e.g. by implicit determination related to the gNB’s COT, or explicitly signaled by the gNB. In RAN1#96, three PDCCH monitoring phases were proposed and discussed as follows:
· Phase A: Outside of a serving gNB’s COT
· Phase B: Beginning of a serving gNB’s COT
· Phase C: Remainder of a serving gNB’s COT



Figure 1: Examples of dynamic PDCCH monitoring in different phases
In Phase A, in order to support flexible starting positions of a DL transmission burst as described in the previous section, the corresponding PDCCH monitoring should be performed more frequently (e.g., mini-slot based PDCCH monitoring in every two symbols) for detecting the DL transmission burst. However, mini-slot based PDCCH monitoring outside of a gNB’s COT leads to unnecessary high UE power consumption due to more blind decoding attempts. In RAN1#AH1901, it was agreed that DMRS of PDCCH/GC-PDCCH or other NR-based initial signal is used by UE to detect a DL transmission burst from the serving gNB. Therefore, we see that the UE should perform detection of PDCCH DMRS or other NR-based initial signal rather than mini-slot based PDCCH monitoring to detect a DL transmission burst during Phase A, as shown in Figure 1(a) and (b).
In Phase B, in order to support all possible PDSCH allocations depending on LBT outcomes, mini-slot based PDCCH monitoring should be applied. The staring of the PDCCH monitoring in Phase B should depend on whether a DL transmission burst is detected, which is determined at least based on the detection of initial signal. The end of the PDCCH monitoring in Phase B could be determined based on a time window configured/indicated for the PDCCH monitoring. For example, as shown in Figure 1(a) and (b), if the time window with two slots is configured/indicated for mini-slot based monitoring in Phase B, the UE shall perform mini-slot based PDCCH monitoring in the first two slots (including a partial slot due to LBT) of the serving gNB’s COT.
[bookmark: _Ref7687316]In Phase C, after the initial slot(s) of the serving gNB’s COT, UE may perform a PDCCH monitoring with larger periodicity (e.g., slot based PDCCH monitoring) until the serving gNB’s COT finishes. The staring of the PDCCH monitoring in Phase C can also depend on whether a DL transmission burst is detected, and a time offset between the beginnings of the DL transmission burst configured/indicated for the PDCCH monitoring is applied. For example, as shown in Figure 1(a), if the time offset with two slots is configured/indicated for slot based monitoring in Phase C, the UE shall perform slot based PDCCH monitoring after the first two slots (including a partial slot due to LBT) of the serving gNB’s COT. However, if the gNB configures slot based PDCCH monitoring regardless of inside or outside of the serving gNB’s COT, as shown in Figure 1(b), dynamically activating a PDCCH monitoring in Phase C may not be necessary. We see that the configuration shown in Figure 1(b) provides more reliability since the UE would not lose the whole serving gNB’s COT even the DL transmission burst is misdetected.
[bookmark: _Ref7786066]Proposal 3: UE should not be mandated to perform mini-slot based PDCCH monitoring outside of a serving gNB’s COT (Phase A) due to decoding complexity and power consumption.
[bookmark: _Ref7687318][bookmark: _Ref7786068]Proposal 4: If a DL Tx burst is detected, a mini-slot based PDCCH monitoring can be activated immediately within a time window for the beginning of a serving gNB’s COT (Phase B).
[bookmark: _Ref7687320]Proposal 5: If a DL Tx burst is detected, after a time offset, a slot based PDCCH monitoring can be activated within a time window for the remainder of a serving gNB’s COT (Phase C).
In NR, PDCCH monitoring occasions per search space set are semi-statically configured via RRC, such as monitoring periodicity, offset and symbols for PDCCH monitoring in the slots. To realize dynamic PDCCH monitoring in different phases, it would be necessary to introduce a new type of search space set that can be activated/deactivated.
In one of the mechanisms, when a DL transmission burst from the serving gNB is detected, after a time offset, a search space set is activated within a time window, where the time offset and time window are indicated/configured by the gNB. Figure 2 depicts an example of such mechanism. In this example, three search space sets are configured for a UE. These search space sets are activated depending on the detection of PDCCH DMRS of the CORESET associated with search space set #1, where the CORESET can be configured to monitor GC-PDCCH conveying COT information. In this way, the detection occasion of initial signal would be aligned with the PDCCH monitoring occasions for search space set #1. Before a DL transmission burst is detected, PDCCH DMRS detection is performed in every two symbols per slot according to the configuration of search space set #1, and no PDCCH monitoring is performed for the three search space sets. Once a PDCCH DMRS is detected on a symbol in slot n+1:
· For search space set #1, the time offset is set to zero and the time window is set to one symbol. Thus, the UE immediately performs PDCCH monitoring only in that symbol.
· For search space set #2, the time offset is set to zero and the time window is set to two slots (including partial slot due to LBT). Thus, in slots n+1 and n+2, the UE immediately performs PDCCH monitoring in every two symbols per slot according to the configuration of search space set #2.
· For search space set #3, the time offset is set to two slots (including partial slot due to LBT) and the time window is set to four slots. Thus, in slots n+3, n+4, n+5, and n+6, the UE performs PDCCH monitoring in the first symbol per slot according to the configuration of search space set #3.



Figure 2: Examples of activating/deactivating search space sets in different phases
[bookmark: _Ref7786121]Proposal 6: To support dynamic PDCCH monitoring for NR-U operation, it would be necessary to introduce a type of search space set that can be activated/deactivated.
· UE doesn’t perform PDCCH monitoring for a non-activated search space set.
· A search space set can be activated by other signal/channel (e.g. initial signal, GC-PDCCH, etc.) immediately, or after a time offset configured/indicated by gNB or determined based on a pre-defined rule.
· The duration of an activation of a search space set can be indicated/configured by gNB or determined based on a pre-defined rule.
DL Transmission Burst Detection
In order to reduce UE power consumption and PDCCH monitoring complexity (as stated in the previous section), it is necessary to define a signal (i.e., the initial signal) for an UE to identify the starting point of a DL transmission burst (i.e., gNB initiated COT). 
There are several candidates that can be used as an initial signal. Examples include NR PSS like signal and NR PDCCH DMRS. In the case when PDCCH DMRS is present in a gNB initiated COT, we may use it for transmission burst detection. Two types of PDCCH DMRS could be configured in NR release 15: 
· When the higher-layer parameter precoderGranularity equals sameAsREG-bundle, the UE can only assume PDCCH DMRS to be available within the resource element groups constituting the PDCCH the UE attempts to decode. 
· When the higher-layer parameter precoderGranularity equals allContiguousRBs, the UE may assume PDCCH DMRS to be available for all resource-element groups within the set of contiguous resource blocks in the CORESET where the UE attempts to decode the PDCCH.
For the first configuration, an UE will need to do “blind PDCCH DMRS detection” based on all possible PDCCH allocation hypothesis. This implies high UE implementation complexity. Furthermore, in the case when the allocated PDCCH has relatively small aggregation level, the corresponding PDCCH DMRS will not be able to provide reliable detection due to small sequence length. It is therefore reasonable to have the following proposal:
[bookmark: _Ref7786131]Proposal 7: For NR-U DL transmission burst detection, an UE may assume PDCCH DMRS is available for all resource-element groups within the set of contiguous resource blocks in the CORESET where the UE attempts to decode the PDCCH.
Simulation is performed to verify the performance of PDCCH DMRS as an initial signal for COT detection. Specifically, we evaluate the miss detection rate and false alarm rate for the scenarios listed in Table 3. As can be seen from Table 1, we assume that the PDCCH DMRS is configured for 50 PRBs and 25 PRBs, corresponding to 20MHz and 10MHz CORESET configurations respectively. For channel model, we use TDL-C-100ns channel, which reflects the fact that a typical NR-U serving cell has relatively smaller cell size. Coherent, MRC based detector is implemented at the UE side assuming 2 RX antennas. The effect of AGC is also taken into account via normalizing the received signal using RSSI per OFDM symbol. Channel is estimated via PDCCH DMRS, assuming the channel delay profile length is smaller than the length of CP.
In general, when an UE is detecting a DL burst transmission, it could face three different scenarios. The first scenario is when the channel is vacant, i.e., no one is transmitting. In this case, the received signal is just thermal noise, and the false alarm rate is defined as the probability that the receiver declares the presence of PDCCH DMRS. The second scenario is when the channel is occupied (by either the serving cell or other devices), but the symbol under detection does not carry the desired PDCCH DMRS. In this case, the false alarm rate is defined as the probability that the receiver declares the presence of PDCCH DMRS. The third scenario is when the OFDM symbol under detection carries the desired PDCCH DMRS, i.e., this is the first OFDM symbol of a DL transmission burst from the serving cell. In this case, the miss detection rate is defined as the probability that the receiver declares no PDCCH DMRS is detected. 
Note that due to the effect of AGC normalization, the false alarm rate  is roughly independent of the SNR. Furthermore, the false alarm events corresponding to the first two scenarios described above also behaves like white Gaussian process, leading to similar (indistinguishable)  curves. We therefore use a single  curve for both false alarm scenarios, and for all simulated SNRs.
[bookmark: _Ref4765417]Table 1: Simulation parameters for DL transmission burst detection
	Parameter
	Value
	Note

	SCS
	30 KHz
	This models the cases where wideband PDCCH DMRS are used for COT detection in NR-U.

	Number of RBs
	[bookmark: _GoBack]25, 50
	

	Channel Model
	TDL-C-100ns
	A typical channel model for small cell size.

	Number of RX Antennas
	2
	

	Receiver Type
	Coherent detector with MRC combining across 2 RX antennas.
	Channel estimation is performed using PDCCH DMRS, assuming channel delay profile is no longer than the CP length. RSSI based AGC enabled.

	SNR 
	[-13, -8, -3, 2] dB
	: Signal power of the serving cell received by the UE per RX antenna.



Figure 3 shows the trade-offs between miss detection rate  and false alarm rate  for various detection thresholds. In order to achieve an overall PDCCH miss detection rate of , we would require a lower PDCCH DMRS miss detection rate  at e.g., . From the figure, we can see that for a typical operating SNR at -3dB, assuming , the false alarm rate  is roughly 10% for a CORESET configuration of 50 PRBs. However, under the same assumption,  increases to more than 60% if the CORESET is only configured for 25 PRBs. Based on our simulation results, we have the following proposal:
[bookmark: _Ref7786135]Proposal 8: The CORESET carrying PDCCH DMRS for NR-U DL burst detection is configured to occupy the full channel bandwidth of 20MHz.

[image: ][image: ]
[bookmark: _Ref4769577]Figure 3: Miss Detection Rate () and False Alarm Rate () for DL burst detection using PDCCH DMRS
Conclusion
Based on the above discussions and simulations, we have the following proposals:
Proposal 1: Agree that any selected option to handle the initial partial slot of transmission in NR-U of a PDSCH shall not result in an increase to the UE’s PDSCH capability beyond what is already defined for Rel-15 NR.
Proposal 2: Adopt option 1, PDSCH(s) as in Rel-15 NR, for the handling of PDSCH initial partial slot transmission.
Proposal 3: UE should not be mandated to perform mini-slot based PDCCH monitoring outside of a serving gNB’s COT (Phase A) due to decoding complexity and power consumption.
Proposal 4: If a DL Tx burst is detected, a mini-slot based PDCCH monitoring can be activated immediately within a time window for the beginning of a serving gNB’s COT (Phase B).
Proposal 5: If a DL Tx burst is detected, after a time offset, a slot based PDCCH monitoring can be activated within a time window for the remainder of a serving gNB’s COT (Phase C).
Proposal 6: To support dynamic PDCCH monitoring for NR-U operation, it would be necessary to introduce a type of search space set that can be activated/deactivated.
· UE doesn’t perform PDCCH monitoring for a non-activated search space set.
· A search space set can be activated by other signal/channel (e.g. initial signal, GC-PDCCH, etc.) immediately, or after a time offset configured/indicated by gNB or determined based on a pre-defined rule.
· The duration of an activation of a search space set can be indicated/configured by gNB or determined based on a pre-defined rule.
Proposal 7: For NR-U DL transmission burst detection, an UE may assume PDCCH DMRS is available for all resource-element groups within the set of contiguous resource blocks in the CORESET where the UE attempts to decode the PDCCH.
Proposal 8: The CORESET carrying PDCCH DMRS for NR-U DL burst detection is configured to occupy the full channel bandwidth of 20MHz.
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