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[bookmark: _Ref178064866]1	Introduction
In this paper we discuss various aspects of PDSCH and PDCCH design.
2	PDSCH Design
[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 decision cannot be decided 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 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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Figure 1: Partial-slot PDSCH transmission based on Option 1. Different rows indicate different LBT outcomes. 
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 is assuming 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 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 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 the later are implementation choices.
[bookmark: _Toc535004684]Rel-15 NR already provides enough flexibility to support multiple PDSCH starting positions within a slot. Only Option 1 is supported: PDSCH(s) as in Rel-15 NR.
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.
3.2	Dynamic PDCCH monitoring
In NR, the 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: Symbols for PDCCH monitoring in the slots configured for PDCCH monitoring. The field is a bit map of 14 symbols. The most significant (leftmost) bit represents the first OFDM symbol in a slot. The least significant (rightmost) bit represents the last symbol.
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 on with a fine 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 3: 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 signalling of start and length indication value (SLIV).
[image: ]
[bookmark: _Ref534979699][bookmark: _Toc525720707]Figure 2: Example of NR-U PDSCH and PDCCH transmissions and UE PDCCH monitoring

[bookmark: _Toc535004681]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 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 for URLLC traffic in regular NR but for NR-U UEs this is costly and a waste in terms of complexity and power consumption.
One possible approach to minimize UE power consumption could be as follows: once the gNB initiates the COT, the gNB may indicate to the UEs via dynamic signalling, e.g., in a group common message, that the monitoring occasions should be changed, e.g., become less frequent. This will allow the gNB to dynamically exclude some RRC configured PDCCH occasions in a flexible manner depending on the length of the transmission burst.
[bookmark: _Toc525720714][bookmark: _Toc535004685]Support dynamic indication of a change in the UE configured PDCCH monitoring occasions within a gNB acquired COT. FFS: details of signalling mechanism, e.g., group-common signalling.
[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]3.3	Detection of gNB Transmission Burst
The NR-U TR [2], Section 7.2.1.2 includes the following text:
The detection of a gNB's transmission burst by the UE has been studied, and concerns on the UE power consumption required for Tx burst detection e.g. if the UE needs to frequently detect/monitor the PDCCH have been raised. The proposals that have been made by contributions regarding these topics include existing NR signal(s) with potential enhancement(s), a channel such as PDCCH with potential enhancement(s), and the 802.11a/802.11ax preamble with potential enhancement(s); consensus was not achieved on any of these proposals
Here we discuss that detection of the DMRS of the GC-PDCCH is well-suited for the purposes of gNB DL transmission burst detection, thus providing a mechanism for managing UE power consumption. With this approach, a UE can first detect that there is a gNB DL transmission starting in a particular slot before starting blind PDCCH decoding to determine if it is scheduled. We note that this 2-step approach is an implementation choice for the UE. The baseline PDSCH scheduling mechanism in NR Rel-15 works just fine for a UE to determine if and when it is scheduled based on blind PDCCH decoding.
We note that in LTE-LAA, cell-specific reference signals (CRS) can be used to serve this purpose. While NR doesn’t have a signal such as the CRS, other existing signals can be used. Particularly, each RRC connected UE could be configured with the same Type3-PDCCH common search space set (i.e., be configured to receive GC-PDCCH), where the associated CORESET spans one LBT unit of 20MHz. At the same time, the number of PDCCH candidates could be configured as one in this GC-PDCCH to make the DM-RS position fixed in the frequency domain to minimize blind searching. Under the assumption that a GC-PDCCH is always transmitted in every PDCCH monitoring occasion for a UE, the following behaviour could be adopted by the UE by implementation if such behaviour can lead to power savings given the UE’s implementation: the UE first detects if DM-RS of GC-PDCCH exists in a configured Type3-PDCCH common search space. Second, if the DMRS is detected, the UE performs further PDCCH monitoring. Otherwise it continues to monitor DM-RS only in the next configured occasion. Since DMRS detection is considerably less complex than full blind PDCCH decoding, this can lead to power savings opportunities.
[bookmark: _Toc525720713][bookmark: _Toc535004686]DM-RS of Group-Common PDCCH can used by the UE for the purposes of detection of a gNB DL transmission burst.
During the SI phase, it was argued that reception of an 802.11a/ax preamble at an NR-U UE (transmitted from either a Wi-Fi or an NR-U device) can reduce UE power consumption. The claim is that the UE may be able to defer from control channel (PDCCH) monitoring and/or sensing the medium during the transmission duration indicated by the 802.11a/ax preamble. In the next two sections, we discuss power consumption, first based on pure NR-based signalling using the gNB DL transmission burst detection approach described above. This is the baseline. Second we discuss what potential additional UE power saving opportunities might be possible over and above the baseline if 802.11 a/ax preamble detection is employed. We also illustrate the heavy costs of such an approach.
3.3.1	Baseline UE Power Consumption with Pure NR-based Signalling
Figure 3 illustrates the baseline PDCCH monitoring procedure described in the previous section on gNB DL transmission burst detection. This diagram illustrates power saving opportunities with UE reception of purely NR-based signals/channels. We first point out that PDCCH monitoring occurs only during a connected mode DRX (C-DRX) ON duration. Hence, significant power saving opportunities are already available due to C-DRX. We further point out that power saving opportunities for a UE in a system based on scheduling such as NR (in contrast to a contention based system) should always be under the control of the gNB. In other words, the gNB should always know when it is able to reach the UE. C-DRX fulfils this property as the ON durations are configured by the gNB. Autonomous sleep or micro-sleep decisions made by a UE should not interfere with the time instances in which the gNB expects that the UE is monitoring the downlink control channel(s), i.e. PDCCH/GC-PDCCH. It is important to consider this basic principle for all power saving approaches, for both the baseline PDCCH monitoring procedure and any procedure potentially augmented with 802.11a/ax preamble monitoring.
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[bookmark: _Ref534979344]Figure 3: Baseline PDCCH monitoring procedure illustrating power saving opportunities
For the purposes of this discussion, it is assumed that the UE is configured with a CORESET containing a common search space (CSS) in which a GC-PDCCH may be transmitted in a broadcast manner carrying information on the COT structure (slot format), e.g., based on a potentially enhanced DCI Format 2_0. Within this CORESET, the UE is also configured with a UE specific search space (USS) in which a PDCCH may be transmitted carrying dedicated grants scheduling UL and/or DL transmissions to specific users. Within the CORESET, the UE is configured with a wideband DMRS that is known to all users for the purposes of DL Tx identification and (GC)-PDCCH demodulation/decoding. In general, other configurations supported in Rel-15 NR are possible, e.g., multiple CORESETs, non-wideband DMRS, etc.
Figure 3 illustrates a gNB acquired COT that occurs during the C-DRX ON duration. The ON duration is divided into 2 distinct phases. In Phase 1, the monitoring occasions for both GC-PDCCH and PDCCH are configured on a relatively frequent basis. The example in this diagram shows a monitoring periodicity of 2 OFDM symbols in order to take advantage of a fine granularity of channel access. Other periodicities are of course possible. In this diagram it is shown that once the gNB acquires the COT, it transmits the GC-PDCCH carrying COT structure information and continues to do so during the entire COT, albeit with different periodicity depending on Phase 1 or Phase 2.
At the beginning of Phase 1, the UE correlates against the known wideband DMRS in the configured GC-PDCCH monitoring occasions at the beginning. If no DMRS is detected, the UE waits until the next GC-PDCCH monitoring occasion before attempting to detect wideband DMRS again. No GC-PDCCH or PDCCH decoding is performed until a wideband DMRS is detected. In this way, power consumption is minimized in that only DMRS detection is performed which is considerably less complex than full (GC)-PDCCH decoding.
Once the wideband DMRS is detected it starts decoding GC-PDCCH to obtain COT structure info. At this point, the UE also starts blind decoding of PDCCH to obtain potential DL/UL scheduling grants. This is illustrated by the transition from dashed yellow and blue arrows to solid yellow and blue arrows in the above diagram. In this way, wideband DMRS detection serves as a low complexity method for the UE to identify when a gNB DL transmission burst starts. Frequent monitoring of both GC-PDCCH and PDCCH occurs up until the first slot boundary in the COT (end of Phase 1). During Phase 1, typically Type B PDSCH mapping (mini-slot scheduling) is used to facilitate fine channel access granularity as described in Section 3.2.
In Phase 2, the UE attempts decoding of both GC-PDCCH and PDCCH with reduced frequency, e.g., once per slot, since after the first slot boundary, Type A PDSCH mapping (slot-based) can be used. Such reduced frequency PDCCH monitoring itself offers another power saving opportunity to the UE on top of that offered by C-DRX. Furthermore, depending on whether or not a UE has received an UL/DL scheduling grant within a COT, there may be additional sleep opportunities if the COT structure info obtained from GC-PDCCH explicitly or implicitly indicates that the UE may skip PDCCH monitoring for some number of slots. We emphasize that with the baseline procedure described here, at no point do the UEs sleep decisions interfere with the time instances at which the gNB expects the UE to be monitoring PDCCH. In other words, the UE is always reachable.
3.3.2	Analysis of UE Power Consumption with 802.11a/ax Preamble Reception
It has been suggested that UE power saving may be achieved if the UE additionally monitors for an 802.11a/ax preamble that could be transmitted from either an NR-U node or a Wi-Fi node, and the UE skips PDCCH monitoring based on the successful reception of a preamble. While skipping monitoring can ostensibly save power, it comes at an unacceptable cost as illustrated in Figure 4. The figure shows an example in which the UE monitors for the 802.11a/ax preamble on top of the baseline PDCCH monitoring procedure described in the previous section, where the red arrows indicate the 802.11a/ax preamble monitoring instances. In this example we assume that the preamble is transmitted from a Wi-Fi node or a non-serving gNB or another UE in the 2nd slot of the UE’s ON duration. Further, we assume that the UE detects the preamble, but the serving gNB does not. Consequently, the serving gNB will not defer when it has DL data to transmit (see bottom part of Figure 4). In this example, we show the gNB acquires a COT in the 3rd slot of the UE’s ON duration for transmission of DL data and potentially UL data too.
Even though the UE has detected the 802.11a/ax preamble, there is no way from the preamble alone for it to know whether the DL burst is from its serving gNB or from some other node (NR-U or Wi-Fi). Hence, we assume that the UE further attempts detection of the wideband DMRS for at least one GC-PDCCH monitoring occasion after it detects the 802.11a/ax preamble. If no wideband DMRS is detected, then the UE assumes that a non-serving node (Wi-Fi or NR-U) transmitted the preamble.
[image: ]
[bookmark: _Ref534979571]Figure 4: PDCCH monitoring procedure with addition of 802.11a preamble monitoring. In this example, the .11a preamble is transmitted from a node other than the serving gNB and detected in the 2nd slot.
Compared to the baseline PDCCH monitoring procedure in Figure 3, we note that prior to detection of the 802.11a/ax preamble, the preamble monitoring periodicity is 9 μs, which is quite frequent compared to the exemplary two symbol GC-PDCCH monitoring periodicity in Phase 1 shown in the figure (~70 μs @ 30 kHz SCS). This alone may significantly reduce or eliminate the claimed power saving benefit. Setting this aside for a moment, however, there are two cases to consider in relation to Figure 4:
(1) Preamble from a node other than the serving gNB is detected
· In this case the claimed procedure is that the UE would skip PDCCH monitoring for the time duration indicated by the detected 802.11a/ax preamble. It has been claimed that this would lead to an additional power saving benefit over-and-above the baseline PDCCH monitoring procedure.
· As stated above, it is debatable if any power saving is achieved due to the 9 μs 802.11a/ax monitoring periodicity vs. the 70 μs wideband DMRS monitoring periodicity.  
· Moreover, skipping PDCCH monitoring comes at a severe cost. As shown at the bottom of Figure 4, the UE will miss potential DL scheduling assignments from its serving gNB. If the UE hears the preamble from a non-serving device (Wi-Fi or gNB), it does not mean that the serving gNB can hear the preamble and should defer DL transmissions. The key problem with this behaviour is that the autonomous decisions by the UE to skip PDCCH monitoring is unknown to the serving gNB and violates the fundamental principle described previously that the gNB should always be able to reach the UE. 
(2) Preamble from  a node other than the serving gNB is missed
· In this case, the UE will continue to monitor for the 802.11a/ax preamble on a 9 μs basis.
· In this case no power is saved at all, and in fact the continuous monitoring of the preamble with a 9 μs monitoring periodicity causes additional power consumption over and above that in the baseline procedure.
· Since the UE will not even attempt to monitor GC-PDCCH or PDCCH, the UE will miss potential DL scheduling assignments from its serving gNB as shown in Figure 4, again with a negative impact on system performance. Our evaluations performed during the SI phase have shown that preambles are missed a significant fraction of the time, e.g., more than 60% of the time at high load, when considering the reference Wi-Fi/Wi-Fi scenario documented in [2].
One can also consider the scenario where the 802.11a preamble is transmitted from the serving gNB, in which case the preamble would occur just prior to the gNB acquired COT in the 3rd slot shown in Figure 4. Again there are two cases to consider as above. In the case where the UE detects the preamble, there is no power saving since the UE will determine that the preamble is from its serving gNB when it decodes the subsequent GC-PDCCH and potentially a PDCCH, hence it will not skip PDCCH monitoring. For the case of a missed preamble, again there is no power saving since the UE will continue to monitor continuously for preambles. More importantly, the UE will miss the entire DL burst since it will not begin GC-PDCCH or PDCCH monitoring unless the preamble is detected.
As demonstrated in this discussion, skipping PDCCH monitoring based on 802.11a preamble detection comes at a cost in system performance due to missing DL scheduling assignments from its serving eNB. Consequently, this results in a loss in spatial reuse. The key problem with this behaviour is that the autonomous decisions by the UE to skip PDCCH monitoring is unknown to the serving gNB and violates the fundamental principle described previously that the gNB should always be able to reach the UE.
It should also be noted that different UEs have different locations in which their C-DRX ON durations start. For any given UE, its ON duration can occur within an ongoing transmission burst by the gNB. In this case, such a UE will not be able to receive an 802.11 a/ax preamble prior to potentially receiving a PDCCH or GC-PDCCH unless preambles are inserted even in the middle of a transmission burst. This is inefficient and impractical, and creates even more overhead within an NR-U transmission burst. By counting on the preamble to detect the start of the DL transmission, one sacrifices one of NR-U’s advantages as compared to other technologies.
[bookmark: _Toc528950726][bookmark: _Toc535004682]Use of the 802.11a/ax preamble for DL transmission burst detection is fundamentally incompatible with C-DRX operation.
Based on the above discussion, we observe the following:
[bookmark: _Toc528950724][bookmark: _Toc535004683]Adopting the 802.11a/ax preamble does not guarantee additional power saving opportunities for NR-U over-and-above those achievable through pure NR-based signaling. Continuous usage and coordination of additional hardware contributes to additional power consumption on top of normal NR operations. 
Given what we have discussed, we propose that.
[bookmark: _Toc528950729][bookmark: _Toc535004687]Adopting the 802.11a/ax preamble is not considered for NR-U for the purposes of DL transmission burst detection.
3.4	COT Structure Indication
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 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 0 up 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 correspond 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.
During the SI phase, it was identified as beneficial that DCI format 2_0 is extended to indicate COT structure in the time domain [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.
As discussed above, DMRS of GC-PDCCH can be used for the detection of a gNB DL transmission burst for NR-U. Hence GC-PDCCH is useful for dual purposes: burst detection and 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 Cat2 LBT (within a shared COT) to CAT4 LBT (outside the 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 specification impact, it makes sense to leverage the existing SFI signalling in an efficient manner. For example, SFI values that are “reserved for future” could be used in some manner.
[bookmark: _Toc535004688]NR-U supports indication of end-of-COT and/or COT duration as an extension of SFI signalling in DCI Format 2_0. FFS: signalling details.
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	Use of the 802.11a/ax preamble for DL transmission burst detection is fundamentally incompatible with C-DRX operation.
Observation 3	Adopting the 802.11a/ax preamble does not guarantee additional power saving opportunities for NR-U over-and-above those achievable through pure NR-based signaling. Continuous usage and coordination of additional hardware contributes to additional power consumption on top of normal NR operations.

Based on the discussion in the previous sections we propose the following:
Proposal 1	Rel-15 NR already provides enough flexibility to support multiple PDSCH starting positions within a slot. Only Option 1 is supported: PDSCH(s) as in Rel-15 NR.
Proposal 2	Support dynamic indication of a change in the UE configured PDCCH monitoring occasions within a gNB acquired COT. FFS: details of signalling mechanism, e.g., group-common signalling.
Proposal 3	DM-RS of Group-Common PDCCH can used by the UE for the purposes of detection of a gNB DL transmission burst.
Proposal 4	Adopting the 802.11a/ax preamble is not considered for NR-U for the purposes of DL transmission burst detection.
Proposal 5	NR-U supports indication of end-of-COT and/or COT duration as an extension of SFI signalling in DCI Format 2_0. FFS: signalling details.
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