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1
Introduction
At RAN#72 the SI on Latency reduction techniques for LTE [1] has been closed and based on the outcome documented in the TR [2], a follow-up WI has been approved in [3]. The main objective of the WI in [3] are given by: 
The objective of this work item is to specify shortened TTI operation and shortened processing time for both legacy (1ms) TTI and shortened TTI. The specified solution should cover the case of carrier aggregation and non-carrier aggregation. Aim for a similar design as possible independent of frame structure.

In our generic contribution on shortening of processing time [4], it is suggested to separately investigate the shortening of processing time for the UL and DL cases and potentially specify a different processing time reduction for the two cases. Based on this suggestion, we focus in this contribution on processing time reduction between DL data transmission and DL HARQ feedback by discussing the needed UE processing steps as well as potential restrictions or design changes in order to enable a reduction in the maximum allowed processing time for the DL data case. 
Similar discussions for the UL data case (processing time between UL grant reception and (s)PUSCH transmission) are the topic of our companion contribution [5]. 
2
Required UE processing steps from (s)PDSCH reception to DL HARQ feedback
In this section, we discuss the needed processing steps in the UE from the time when PDSCH data is transmitted to the time of HARQ-Ack feedback by the UE. Based on the discussion in this section we focus on possible ways to reduce the processing time of the different steps in the next section. 
From DL data reception to DL HARQ-Ack feedback, the following steps are needed:

2.1. Downlink signal sampling including FFT

The first step is clearly the needed data sampling at the UE in order to create BB samples of the DL TTI under consideration. The UE will also need to apply the FFT in order to enable any type of LTE OFDM RE based post-processing. This first needed processing step is independent of any further design considerations including shortening the TTI length, as this is a continuous process needed in the UE. Therefore, we do not consider this step in the rest of this document any further. 
2.2. Channel estimation for DL grant decoding

Before being able to start the (E)PDCCH blind decoding and search for DL assignments the UE needs to create the channel estimates used for the DL control channel decoding. 
For legacy PDCCH, CRS based DL control demodulation is utilized and the UE may use the CRS in the previous DL subframe(s) in order to improve the channel estimation accuracy together with the CRS REs contained in the DL control region. Therefore, the UE can start to create the final channel estimate for DL control decoding after the first OFDM symbol (in case of 2 CRS ports) or second OFDM symbol (in case of 4 CRS ports). For CRS based demodulation of the DL control of shortened TTI operation (i.e. sPDCCH), similar operation is possible and the channel estimation creation can start as soon as the last OFDM symbol containing CRS REs preceding the sPDCCH region ( performing time domain extrapolation) or within the sPDCCH region has been received. 

For DM-RS based DL control decoding, the needed processing steps for the UE are slightly different. First, as the DM-RS sequence itself (as being UE-specifically configurable) and the precoding of the DM-RS for DL control might be changing on a TTI to TTI basis, using DM-RS information from preceding TTIs will not be possible. Therefore, the UE should only create the channel estimate from DM-RS of the current TTI and PRBs where it may expect DL control information. Comparing the two cases for legacy 1ms operation, for PDCCH/CRS based operation the UE is able to start creating the required channel estimates at the latest after the 2nd OFDM symbol. In contrast for EPDCCH/DMRS, the UE will need to wait for creation of a reliable channel estimate till the last symbol of the subframe has been received (i.e. more than 0.7ms later). Therefore, it seems clear that, at least for 1ms TTI based operation, CRS based PDCCH allows shorter processing time in the UE compared to DM-RS based EPDCCH. 
As already noted in the discussions during the SI phase, for shortened TTI operation also DM-RS based DL control decoding is required to be able to operate in MBSFN subframes. Thus, in the design of sPDCCH the early availability of channel estimates for DL control decoding needs to be considered.
2.3. DL grant (blind) decoding 

After having the channel estimate available and knowing the DL control region, the UE is able to start DL control blind decoding on (E)PDCCH/sPDCCH. The UE may be aware of the DL control region in different ways. In case of legacy PDCCH, the UE is required to identify the PDCCH length through decoding PCFICH. For legacy EPDCCH, the EPDCCH set(s) is/are higher layer configured and therefore, the DL control region is already known before receiving the DL subframe. The situation for sPDCCH is still open and may vary depending on the final design. The discussions during the SI phase included a range of options from higher layer configured DL control region to the two-stage grants (slow grant/fast grant), where the first/slow grant may instruct the UE from where the UE should look for DL control information within the sTTI. 
As the CCEs are interleaved in time/frequency over the full DL control region, the UE cannot start the DCI blind decoding before having received the last OFDM symbol containing DL control. As the legacy PDCCH is time-domain multiplexed with the PDSCH region, this enables the UE to start searching for DCIs way before the end of the DL subframe. In contrast, for legacy EPDCCH the UE needs to wait with the blind decoding at least till the end of the subframe, i.e. the UE will be able to start the DL control decoding more than 0.7ms later compared to the PDCCH case. Also in the discussions on sPDCCH design for shortened TTI operation during the SI phase, it was noted that placing the DL control information as early as possible in a TDM manner within the sTTI may provide processing time benefits. 

The DCI blind decoding has been lately extensively discussed in connection of Rel-13 CA enhancements beyond 32 CCs. The total number of required blind decodes is given by the number of (E)PDCCH/sPDCCH candidates and the number of different DCI formats the UE is requested to search for. In order to reduce the required processing time for DL control decoding, the required number of blind decodes may need to be reduced by reducing the number of DCI formats to monitor and/or reducing the number of (E)PDCCH/sPDCCH candidates. 
2.4. Preparing DL data for Turbo decoder
The next logical step for the UE will be to create the input data for the turbo decoder. This includes several processing steps for the UE:

· antenna port specific channel estimation

· linear UE receiver filter calculation (e.g. MMSE-IRC) 
· linear PDSCH prefiltering including creation of the channel & interference estimation for the turbo decoder 
· demodulation including computation of log-likelihood ratio for each bit, de-scrambling and de-interleaving of Turbo code blocks. 

For the antenna port specific channel estimation, again we can separately look at CRS based demodulation (DL TM1-6) and DM-RS based demodulation (DL TM7-10). For CRS based TMs, the UE can start creating channel estimates for the known present antenna CRS ports and some baseline interference estimates from the CRS REs independently of knowing the details of its own DL assignment. Thus, the UE may be able to still perform DL control decoding while already creating basic raw channel & interference estimates. In contrast, for DM-RS based TMs the UE can only start this logical step after having decoded a valid DL grant and knowing its allocated resources as well as the applicable DM-RS ports (incl. number of MIMO layers).

Knowing the assigned (s)PDSCH resources as well as having antenna port specific channel and interference estimates available, the UE will calculate some multi-antenna (e.g. MMSE-IRC) receiver prefilter used to create a single input stream for the (s)PDSCH turbo decoding. The complexity and required processing time depends on several aspects. First of all, any advanced UE receiver such as RML or SLIC is of higher computational complexity compared to normal MMSE or even MRC multi-antenna receiver combining, in addition NAICS advanced receivers needs to perform blind detection of interfering signal parameters. The interference covariance matrix estimation, required by MMSE-IRC, adds complexity and also a larger number of supported DL SU-MIMO streams will complicate the calculation of the (s)PDSCH prefilter. 
Having calculated the prefilter coefficients, the UE will then create a single input stream per transport block and the corresponding channel & interference estimate for the Turbo decoding process. This involves transport block specific demodulation as well as subframe-dependent descrambling and de-interleaving of the turbo-coded data. The soft-demodulation includes computation of log-likelihood ratio for each received bit.
2.5. (s)PDSCH Turbo decoding
The step of the turbo decoding is generally seen as the most computationally complex and time-consuming part of the PDSCH operation for the UE. 
The LTE Turbo decoder operates independently for each Turbo codeblock having a maximum codeblock size of 6144bits. Therefore, the required decoding time is given by the number of Turbo code blocks (i.e. number of data bits/TTI). The number of codeblocks per TTI is a function of the number of scheduled carriers, used MCS, allocated bandwidth and higher-order SU-MIMO utilization. Several Turbo decoding iterations for a single codeblock are required in order to fulfil the PDSCH decoding performance requirements. As already explicitly mentioned in the WID [3], reducing the maximum number of bits / TTI could be one method of enabling a reduction in the processing time. 
In case of advanced, non-linear Turbo receiver operation using some iterative decoding of different codeblocks (such as SIC/PIC/Joint decoding), the complexity and processing time in general is dramatically increased and will be strongly dependent on the parallel transmitted data streams (due to SU-MIMO or MUST/NOMA operation). For UEs capable of such advanced nonlinear PDSCH decoding, falling back to normal turbo decoding operation could be a way to enable reduced processing time operation. 
2.6. DL HARQ-Ack creation and multiplexing on (s)PUCCH/(s)PUSCH in BB

Next, the UE needs to create according to the (s)PDSCH decoding result the related HARQ-Ack information to be sent back to the eNB. This information is to be multiplexed together with other uplink channel information (such as HARQ-ACK for other carriers, SR and/or CSI, etc.) and encoded in order to create the coded UCI information of particular format. 
The UCI is then modulated and placed on (s)PUCCH or punctured into the (s)PUSCH for transmission in digital baseband in order to create the UL baseband signal for transmission. 
2.7. Preparing sPUSCH/(s)PUCCH transmission incl. the DL HARQ-Ack information

Finally, yet importantly, the UL data is modulated on an LTE UL carrier and transmitted in a specific UL subframe/TTI.
Having now discussed the different processing steps in this section, we focus in the next section on possible restrictions or changes that could enable reduced processing time operation. 

3
Possible ways to reduce the required UE processing time
In this section, we discuss a few options that may be consider in order to reduce the absolute DL data to HARQ-Ack feedback delay for 1ms subframe operation as well as shortened TTI operation. 
Besides the methods discussed below, the technological advances in the modem chip design since the LTE introduction should not be forgotten either, meaning that not all the required processing time reduction will need to be enabled by design changes or restrictions! This point is especially important, as all LTE Rel-8 UEs need to fulfil the legacy processing times whereas only reduced processing time capable UEs need to comply with the specified reduced processing times. Therefore, a (much) stricter processing time could be specified even without too many restrictions.
Observation 1: Technological advances in the modem chipset design occurred since the introduction of LTE in Rel-8, which should enable reduced processing time without too many restrictions/design changes. Moreover, as reduced processing time operation is to be a UE capability not all (future) UEs will need to support it giving the possibility to assume faster processing capabilities in such top-of-the-line UEs. 
3.1. Reducing the maximum timing advance (TA)

The Rel. 8 LTE design enables through the available timing advance (corresponding to roundtrip propagation) with a range of [0…667us] to operate with cell radiuses up to 100km. It has been recognized during the SI phase and noted in the TR [2] that a restriction of the maximum TA will be needed in order to efficiently operate with reduced latency, specifically when considering shorter TTI operation of a TTI length of e.g. 2 OFDM symbols. This is rather obvious when looking at the relation between currently available maximum TA value and the TTI length in Table 1, where for the shortest TTI length of 2 symbols the maximum TA alone would lower-bound the minimum processing time to more than 4 TTIs.
	TTI length
	Max. TA / TTI length

	1ms
	0.67

	0.5ms / slot-level
	1.33

	2 symbols
	4.67


Table 1: Relation of TTI length and Rel. 8 maximum TA value

Therefore, it is rather clear that very short TTI operation (having only very short time for creating HARQ-Ack feedback) will not be possible with very large cells, having e.g. 5-10 km radius or more. On the other hand, due to inherent coverage limitations with shorter TTIs (e.g. HARQ-ACK coverage), such cell sizes would hardly be feasible anyway. As the effect of TA is smaller for longer TTI lengths, potentially a larger cell radius for the reduced processing time operation is possible for slot-level and 1ms TTI. 

As an example, restricting the reduced processing time operation for legacy 1ms TTI to 25km cell radius will already save almost half a subframe for the UE (i.e. 450us) which is about half of what is needed in order to reduce the HARQ-Ack timing from legacy N+4 to N+3 operation without any additional changes/restrictions. Therefore, restricting maximum allowed timing advance is clearly one of the key components in the reduced processing time operation. Note, that this is not changing the possible LTE deployments for LTE – a UE in a very large cell at the cell border might just not be operated with reduced processing time (but using legacy 1ms TTI with N+4 assumption as in the past, or even with TTI bundling). 

Observation 2: Larger cell size operation for shorter TTI operation will not be possible due to timing advance limitations. For 1ms TTI, reducing the maximum operation range of reduced processing time to just 25km will already provide a reduction of about half a TTI. 

3.2. Reducing the time for DL control decoding

As discussed in the Sec. 2.2 and 2.3, the DL control decoding time depends on the used reference signals (DM-RS vs. CRS), the structure of the DL control region (TDM with PDCCH/sPDCCH, FDM with EPDCCH), and the number of blind decoding candidates (DCI formats and number of USS candidates).
The time needed in the UE of a certain processor/modem speed to perform a single DL control blind decoding itself is independent of the TTI length. The ratio of the required DL blind decoding time and the TTI length is of course much larger for shorter TTI lengths. Consequently, the importance of reducing the number of blind decodes is dramatically increasing with shortening the TTI length. 

Observation 3: As the required time in the UE to perform a single DL control blind decode is independent of the TTI length, minimizing blind decoding is specifically important for (very) short TTI lengths. 

A. Structure of DL control region and used reference signals:

As discussed above, using legacy PDCCH for 1ms TTI allows to start the DL control decoding at least 0.7ms earlier compared to using EPDCCH for 1ms TTI. Therefore, the following steps of PDSCH channel estimation, prefilter calculation and PDSCH prefiltering can be performed earlier due to the TDM multiplexing of the DL control and DL data region. 

In the design for shortened TTI DL control, clearly placing the DL control as early as possible in the TTI is of advantage and therefore, some TDM type of sPDCCH/sPDSCH multiplexing should be utilized. Clearly, from overhead as well as processing time point of view CRS based sPDCCH demodulation would be preferable, but this would restrict the sTTI operation to non-MBSFN subframes. Thus, as also noted in the SI outcome [3], also DM-RS based sPDCCH operation should be supported to also enable shorter TTI operation in MBSFN subframes. 

Observation 4: TDM multiplexing of DL control and DL data leads to processing time advantages compared to FDM.
Proposal 1: RAN1 should consider limiting the support for 1-ms TTI with reduced processing time to PDCCH based operation. With EPDCCH based operation the n+4 timing could be retained.

B. Restricting the number of DCI formats to be monitored:

As discussed, especially for shorter TTI lengths blind decoding restrictions need to be considered. This includes restricting the number of DCI formats to be monitored for shortened TTI operation. The discussions in the SI phase also mentioned the case of having only a single, unified fast DCI format for sPDSCH and sPUSCH grants reducing the blind decodes by 50% (or 75% for UL TM2 operation). 

For reduced processing time operation with legacy 1ms TTI, restrictions to PDCCH DL control might be considered as well. This may include restricting the reduced processing time for PDSCH operation to the TM specific DCI format only. As the PDSCH decoding cannot be started before the end of the subframe due to the LTE PDSCH interleaving over the entire subframe, the restriction to PDCCH DL control only (i.e. not enabling EPDCCH) might be considered sufficient already and no further DL control restrictions should be required for the 1ms TTI operation. 
C. Restrict the number of USS candidates for shortened TTI operation 
The number of USS candidates can be restricted as well as has been specified in the context of Rel.13 CA beyond 5CCs as well as lately discussed in the Rel. 14 eLAA WI. Again, as the DL control decoding is having the more effect the shorter the TTI length, especially for very short TTI lengths a very small and compact USS for a UE will be required. 
The already existing mechanisms of the pdcch-candidateAdjustment could be used for this purpose.

Observation 5: As the PDSCH decoding cannot be started before the end of the subframe due to the LTE PDSCH interleaving over the entire subframe/TTI, restricting to PDCCH DL control only (i.e. not enabling EPDCCH) for 1ms TTI with reduced processing time might be considered sufficient already and no further DL control restrictions should be required for the subframe TTI. In contrast, restrictions to the number of DCI formats and/or the number of USS candidates will be required for shorter TTI operation.
3.3. Possible restriction to CRS based TMs (at least for 1ms TTI)

As discussed in Sec. 2.4, for CRS based PDSCH the antenna port specific channel estimates can be created already before the UE has finished searching for possible DL grants. Having decoded the DL grant, the UE would be able to already start with pre-filter calculation, PDSCH prefiltering and demodulation already before the end of the TTI (especially for the 1ms TTI using PDCCH control). In contrast, for legacy DM-RS based PDSCH TMs some DM-RS REs are located in the last two OFDM symbols which very much limits PDSCH pre-processing within the TTI especially for 5-8 layer MIMO operation.
A restriction to CRS based TMs would limit the reduced processing time operation for 1ms to non-MBSFN subframes only, which clearly is not the design goal. Therefore, such restriction might not be feasible. Nevertheless, less other restrictions might be required for CRS based TMs for 1ms TTI operation compared to DM-RS based TMs. 
3.4. Place the DM-RS not at the end of the TTI (at least for shortened TTI)

The same considerations as in the previous section for 1ms TTI can be also be applied to shortened TTI operation. As the DM-RS structure for shortened TTIs is not specified yet there is the possibility for new DM-RS designs reducing the processing time by placing the DM-RS REs in the beginning of the TTI/slot (or at least not at the end as in case of legacy DM-RS). This would however, complicate the MU-MIMO between legacy UEs and new UEs supporting reduced processing time. In addition, DM-RS could cause collision with the existing CSI-RS ports.
3.5. Restricting the nominal peak data rate for reduced processing time operation
As discussed in Sec. 2.5, the time needed for turbo decoding of the PDSCH is given by the number of Turbo codeblocks the UE needs to decode. Therefore, limiting the nominal peak data rate for reduced processing time operation for 1ms TTI and/or shortened TTI operation may be required in order to keep the HARQ-Ack feedback delay sufficiently low. RAN1 is to investigate for each combination of TTI length and processing time assumption if a restriction will be needed (and if so by how much). 
Observation 6: Limitations applied on the peak data rate with respect to the UE capabilities may be required for reduced processing time for 1ms as well as shorter TTI. 

Several different ways of restricting the nominal peak data rate can be envisioned:

A. Reducing the maximum TBS size:

This specific example is mentioned in the WID [3], which means either limiting the maximum used MCS for (s)PDSCH modulation and/or the (s)PDSCH bandwidth that can be allocated for a UE on a carrier.
Looking at the case for the 1ms TTI, in case e.g. 2ms would be currently required in the UE for Turbo decoding only at the peak data rate, restricting the max. TBS to 75% would save 0.5ms from the Turbo decoding time, which together with the reduced TA savings alone would be sufficient to operate at N+3 timing without any additional restrictions in the number of carriers and/or maximum number of supported MIMO layers. Such restriction at first might look rather detrimental, but looking a bit further in detail, this is not that big of an issue.  Many operators need to deploy smaller carrier bandwidths than 20MHz due to regulation and licensing limitations. For such carriers, the maximum peak data rate is lower than the UE capabilities meaning for up to 15MHz carrier bandwidths no carrier specific MCS/PRB restrictions would be required. Moreover, the share of UEs which are in such favourable conditions is rather limited and would only apply right in the cell center.  

For shortened TTI operation, as less PDSCH symbols are available the maximum TBS size will be automatically smaller already without limiting the usage of higher MCS. However, the automatically reduced maximum TBS size due to the shorter TTI operation may not be sufficient and further TBS restrictions might be required also for shorter TTI as the processing time required for other steps are not dependent on the TTI length. 
B. Reduce the number of MIMO layers:

Another way of reducing the peak data rate enabling faster processing in the UE would be to limit the number of SU-MIMO layers. Restricting the number of MIMO layers will on the one hand reduce the turbo decoding as less turbo codeblocks will be available and on the other hand require slightly less UE processing for e.g. MMSE-IRC prefiltering, where complexity of inverse grows  n2.373, where n is number of layers.

In contrast to reducing the maximum used MCS/TBS, the granularity in the restriction is much more coarse as lately only 2-stream MIMO UEs have been available in the field, leading to a granularity of 50% reduction (i.e. basically not enabling SU-MIMO for reduced processing time operation at all).
A possibly needed reduction in the number of supported MIMO layers for shorter TTI has been discussed during the SI phase especially for DM-RS based PDSCH operation. The reason behind (in addition to reducing the peak data rate) is the DM-RS overhead for a very large number of supported MIMO layers for e.g. 2-symbol TTI. 
C.  Reduce the schedulable component carriers for CA capable UEs:

Other method to reduce the number of turbo codeblocks is to reduce the number of carriers that can be scheduled each achieving peak data rate. In case a UE would not be configured with the maximum number of supported CCs, for the configured CCs there might be actually no need to restrict neither the MCS, resource allocation nor the SU-MIMO capabilities for the UE, i.e. no data rate loss would be present. 

Overall, it might not be good to define a certain limitation in terms of fixing one of the three options discussed above. The most flexible scheme would be to limit the maximum instantaneous peak data rate for reduced processing time operation by eNB scheduling to a certain target reduction. In almost all the cases, the UE will not be at the same time in very high SINR regime, being configured with the maximum number of supported carriers each having 20MHz bandwidth, the propagation channel supporting the maximum number of MIMO layers and the eNB trying to schedule the UE on all the carriers full-band simultaneously. Moreover, it is not seen as needed to achieve the UE peak data rate during the TCP slow-start phase. In short, defining some limitation in the maximum overall schedulable peak rate might be required, but this should be left to eNB scheduler implementation. 

Observation 7: A possible moderate limitation in the instantaneous peak data rate should not affect the user perceived throughput much, as especially in the TCP slow-start phase a UE could only be scheduled in a very small share of its maximum UE capabilities. 

Proposal 2: RAN1 to only define the needed share of reduced instantaneous peak data rate reduction to enable processing time reduction separately for 1ms TTI as well as shorter TTI. The reduction itself in terms of maximum TBS, number of MIMO layers or number of scheduled carriers should be up to the eNB scheduler. 

3.6. Restrict the support for iterative turbo receiver operation for reduced processing time

Advanced iterative Turbo receive architectures (as such PIC/SIC/Joint decoding) are more computationally complex compared to processing each Turbo codeblock independently.  A terminal supporting such advanced operation should clearly be able to reduce the required processing time assuming normal, linear receiver processing. Therefore, such UEs may use the advanced receiver operation only for legacy processing but for reduced processing time operation of 1ms TTI or shortened TTI might simply not support it. For such a UE, having advance processing capability that is not used for reduced processing time operation, a reduction in the supported peak-data rate might not be required at all (at least for 1ms and slot-level TTI) or the restriction might be much smaller compared to a UE having the more traditional linear receiver processing capabilities only. Therefore, the needed reduction in the peak data rate could be also a UE capability. 

Observation 8:  For a UE having advance receiver processing capabilities not being used for reduced processing time, the needed peak data rate reduction may be smaller compared to UEs not having such capabilities in the first place. Therefore, the required peak data rate reduction to enable processing time reduction may be a UE capability and depending on the TTI length. 
3.7. Remove interleaving of Turbo codeblocks over the entire TTI

The current LTE design is interleaving all the Turbo codeblocks over the available number of PDSCH symbols. Therefore, the de-interleaving and Turbo decoding of the PDSCH can only be started after all the PDSCH symbols have been received.
In case of enabling earlier de-interleaving and Turbo decoding, changing the LTE interleaver operation could be envisioned. This could especially help in case of larger TTI lengths (such as 1ms or slot-level TTI) and CRS based TMs but would bring no/very limited benefits for very short TTI lengths such as 2-symbol TTI. 

Observation 9: Changing the LTE PDSCH inter-leaver could enable (s)PDSCH processing time reductions especially for longer TTI lengths.

4
Conclusions 
In this contribution, we discussed the required UE processing steps from DL grant reception to (s)PDSCH HARQ-Ack feedback as well as possible restrictions to decrease the required processing time. Based on the discussions in this document, the following observations and proposals are made:

· Observation 1: Technological advances in the modem chipset design occurred since the introduction of LTE in Rel-8, which should enable reduced processing time without too many restrictions/design changes. Moreover, as reduced processing time operation is to be a UE capability not all (future) UEs will need to support it giving the possibility to assume faster processing capabilities in such top-of-the-line UEs.

· Observation 2: Larger cell size operation for shorter TTI operation will not be possible due to timing advance limitations. For 1ms TTI, reducing the maximum operation range of reduced processing time to just 25km will already provide a reduction of about half a TTI. 

· Observation 3: As the required time in the UE to perform a single DL control blind decode is independent of the TTI length, minimizing blind decoding is specifically important for (very) short TTI lengths. 

· Observation 4: TDM multiplexing of DL control and DL data leads to processing time advantages compared to FDM.
· Proposal 1: RAN1 should consider limiting the support for 1-ms TTI with reduced processing time to PDCCH based operation. With EPDCCH based operation the n+4 timing could be retained.
· Observation 5: As the PDSCH decoding cannot be started before the end of the subframe due to the LTE PDSCH interleaving over the entire subframe/TTI, restricting to PDCCH DL control only (i.e. not enabling EPDCCH) for 1ms TTI with reduced processing time might be considered sufficient already and no further DL control restrictions should be required for the subframe TTI. In contrast, restrictions to the number of DCI formats and/or the number of USS candidates will be required for shorter TTI operation.

· Observation 6: Limitations applied on the peak data rate with respect to the UE capabilities may be required for reduced processing time for 1ms as well as shorter TTI. 

· Observation 7: A possible moderate limitation in the instantaneous peak data rate should not affect the user perceived throughput much, as especially in the TCP slow-start phase a UE could only be scheduled in a very small share of its maximum UE capabilities. 

· Proposal 2: RAN1 to only define the needed share of reduced instantaneous peak data rate reduction to enable processing time reduction separately for 1ms TTI as well as shorter TTI. The reduction itself in terms of maximum TBS, number of MIMO layers or number of scheduled carriers should be up to the eNB scheduler.

· Observation 8:  For a UE having advance receiver processing capabilities not being used for reduced processing time, the needed peak data rate reduction may be smaller compared to UEs not having such capabilities in the first place. Therefore, the required peak data rate reduction to enable processing time reduction may be a UE capability and depending on the TTI length.
· Observation 9: Changing the LTE PDSCH inter-leaver could enable (s)PDSCH processing time reductions especially for longer TTI lengths.
Similar discussions on the UE processing between UL grant reception to PUSCH transmission can be found in our companion contribution [5]
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