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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.

We focus in this contribution on processing time reduction between UL grant reception and UL data transmission by discussing the needed UE processing steps as well as discuss 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 DL data case (processing time between DL data reception and DL HARQ-Ack feedback) are the topic of our companion contribution [4]. 
2
Required UE processing steps between UL grant reception and (s)PUSCH transmission
In this section, we discuss the needed processing steps in the UE from the time the UL grant/resource allocation is received to the (s)PUSCH transmission by the UE. Based on the discussions in this section we focus on possible ways to reduce the processing time of the different steps in the next section. 
From UL grant reception to (s)PUSCH transmission, the following steps are needed:

2.1. Downlink signal sampling including FFT

As for DL processing case, the UE first needs to create BB samples of the DL TTI under consideration and apply the FFT. This step is independent of any design considerations for shortening the processing time or TTI length. Therefore, we do not consider this step in the rest of this document. 
2.2. Channel estimation for DL control/UL grant decoding

The process of channel estimation and DCI/grant decoding is the same as for the UE DL processing discussed in detail in [4]. We therefore just recap the most important parts here - more detailed discussions are contained in [4]. 

The processing time can be limited by placing the RS for DL control modulation as early as possible within the TTI. For 1ms TTI operation, CRS based PDCCH is having an advantages in this respect compared to DM-RS based EPDCCH. For shortened TTI operation, the design target should be to include the RS in the first (few) OFDM symbol(s) of the TTI. 
2.3. UL grant (blind) decoding 

The blind decoding for the UL grant follows the same process as the related DL grant decoding. We therefore only summarize the main points here and refer the interested reader to our companion contribution discussing the DL data to HARQ-Ack processing in [4].

The placement of the DL control within the TTI has a large impact on the earliest time the DL grant can be decoded. Time-domain multiplexing of DL control with (s)PDSCH provides advantages here as the blind decoding can be started earlier (as soon as all the DL control symbols have been received). Therefore, using legacy PDCCH instead of EPDCCH for 1ms TTI provides processing time advantages of >0.7ms and similarly placing the sPDCCH in the beginning of the sTTI should be the basic design rule. 

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. Creating the (s)PUSCH codewords
Having successfully decoded an UL grant (or decoded the PHICH in case of legacy PUSCH operation), the UE is aware of the requested UL resource allocation as well as the applicable MCS for a new transmission or a retransmission.
A different number of steps are needed for a new UL data transmission and a re-transmission. Clearly, the creation of TBs for transmission for new transmission requires additional processing in the UE compared to re-transmissions. For a re-transmission, the UE will still have the earlier processed Turbo coded codewords in its transmission buffer and therefore will just need to read the codewords from its transmission buffer and select the correct bits based on the applicable redundancy version for the following processing steps for retransmission. 

Observation 1: For a (s)PUSCH re-transmission, the (s)PUSCH codeword generation steps are limited to selecting the correct bits from the initially created turbo coded data based on the applicable RV. Therefore, much less processing is required for a retransmission compared to a new (s)PUSCH transmission.
In contrast to re-transmission, two additional steps 2.4.1 and 2.4.2 are needed for the UE to create PUSCH codewords for new (s)PUSCH transmission:
2.4.1. Request MAC PDUs & TB creation (only for new transmissions)
After knowing the number of transport blocks and their TBSs, the physical layer will request from higher layers data for transmission, receive from higher layers the related data (MAC PDUs) and create the respective transport blocks.
2.4.2. (s)PUSCH (turbo) channel encoding (only for new transmissions)
As also outline in Sec. 5.2.2 of 36.212, the UE will next need to perform codeblock segmentation, add CRC and perform turbo encoding for the (s)PUSCH. Compared with Turbo decoding of (s)PDSCH data, the encoding process is much simpler, as only a single iteration is required in contrast to the several Turbo iterations needed for Turbo decoding. 
The UE, moreover, will store the turbo-coded bits in its buffer for possible HARQ re-transmissions.
2.4.3. Prepare the (s)PUSCH codeword(s) from the turbo coded data
The (s)PUSCH codeword preparation further includes (s)PUSCH rate matching, multiplexing with UL control information and channel interleaving. This step is the only common step for initial and retransmission processing in the overall process of creating the (s)PUSCH codewords for transmission. 
2.5. Create antenna port specific (s)PUSCH signals
Next, the UE applies scrambling, modulation, layer-mapping, precoding, resource mapping as well as SC-FDMA modulation for the (s)PUSCH data, as described in Sec. 5.3 of 36.211. 
2.6. Prepare (s)PUSCH transmission
The SC-FDMA UL (s)PUSCH data is finally modulated on the LTE UL carrier and transmitted in a specific UL subframe/TTI.
3
Possible ways to reduce the required UE processing 
In this section, we discuss a few options that the group may consider in order to reduce the absolute time needed between UL grant reception and UL data transmission 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 redesign or restrictions! This point is especially important, as all LTE UEs need to fulfil the legacy processing times whereas only reduced processing time capable UEs need to comply with the reduced specified processing time. Therefore, a (much) stricter processing time could be specified even without too many related restrictions.

Observation 2: 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)
As discussed in detail in our companion contribution on PDSCH in [5], a restriction in the maximum applicable timing advance will lead to a direct processing time reduction in the (s)PUSCH operation. 

Restricting the supported maximum distance between UE and eNB to as an example 25km (instead of 100km) will reduce the time by about 450us. For reduced processing time with 1ms TTI, this corresponds already to about half a TTI length whereas for shorter TTI lengths, the maximum allowed timing advance/distance will need to be limited even more to create a reasonable timing relation in terms of N+X TTIs. 

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

As discussed in detail in our companion contribution on PDSCH operation [5], restricting the DL control to using legacy PDCCH for the 1ms will enable the UE to have the UL resource allocation at least 10 symbols earlier compared to using  EPDCCH. This means, that the UE can start the needed PUSCH processing steps >0.7ms earlier compared to the EPDCCH case. This restriction alone (combined with some maximum TA restriction) will enable direct reduction of the processing time at least to an N+3 relation for EPDCCH capable UEs. Considering further PUSCH HARQ-Ack retransmissions (not requiring steps 2.4.1 and 2.4.2, i.e. higher layer interactions and PUSCH channel coding), even N+2 should be possible with current UE processing capabilities and without/avoiding any further restrictions. 
Observation 3: Restricting reduced latency PUSCH operation with 1ms TTI to using PDCCH will give a processing time advantage of more than 0.7ms for EPDCCH capable UEs. 
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. 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 and therefore, as also noted in the SI outcome [3] also DM-RS based sPDCCH operation will be needed. 

Observation 4: Placing sPDCCH in the beginning of the sTTI by TDM multiplexing with sPDSCH decreases the DL control decoding latency.

B. Restricting the number of DCI formats 

In addition, the time required for DL control decoding can be further reduced by restricting the number of DCI formats to be monitored. 
For 1ms TTI operation, there could be a restriction that only one DCI format scheduling PUSCH is to be monitored for reduced processing time operation. For a UL TM2 capable terminal, e.g. reduced processing time would only be scheduled through DCI Format 3 (and not using DCI Format 1A) leading to a reduction in the blind decodes for UL grants with reduced processing time of 50% for TM2 capable UEs. However, as we discussed above, restricting scheduling to PDCCH only and reduced maximum TA should already provide sufficient processing time reduction without any additional DL control restrictions.
The discussions in the SI phase also mentioned the case of having only a single, unified fast DCI format for sPDSCH assignments and sPUSCH grants, reducing the blind decodes by 50% (or 75% for UL TM2 operation). 
C. Restricting the number of USS candidates 
The number of USS candidates can be restricted as specified in Rel.13 CA beyond 5CCs. Again, as the required DL control decoding time relative to the TTI length is larger the shorter the TTI length, especially for very short TTI lengths a very small USS for a UE will be required. This can reduce the DL control processing time even further. 
As the time required for a single blind decode of a certain DCI size is independent of the TTI length, the decoding time relative to the TTI length is the longer the shorter the TTI is. Thus, the reduction in the number of blind decodes has increased importance the shorter the TTI length and is of essential importance for very short TTI lengths. 

Observation 5: As the required time in the UE to perform a single DL control blind decoding is independent of the TTI length, blind decoding reductions are specifically important for (very) short TTI lengths. The options include reducing the number of DCI formats to be monitored as well as reducing the number of DL control candidates.
3.3. Restrictions on maximum TBS, allocated bandwidth and UL-MIMO
Reducing the maximum TBS size has been explicitly mentioned in the WID [3] as a way to enable reduced processing time operation for legacy 1ms TTI. As noted earlier, already restricting to PDCCH scheduling and reduced maximum TA enables N+3 assumption for 1ms TTI without further changes. Therefore, we focus our investigations here on shorter TTI operation.
For (s)PUSCH data generation the physical layer will first need to request some data from higher layers (i.e. MAC PDU) before being able to start the further physical layer UL data processing. 
RAN1 has not yet discussed, how much the number of bits per TTI will affect the time needed from requesting to receiving the data from higher layer. As this involves higher-layer processing, we suggest requesting feedback from RAN2 on the dependency of the number of bits / TTI on the needed time in the UE to perform this step. We see that this information will be needed at least for shorter TTI operation, as assuming a linear scaling for this step seems to be not applicable. Having such information available will enable RAN1 to further investigate potential needed TBS restrictions as well as the timing relations especially for shorter TTI operation.
As noted in Sec. 2.5, for (s)PDSCH reception, the Turbo decoding is the most demanding step in the UE (s)PDSCH processing but for (s)PUSCH the Turbo encoding is not as complex. First, the turbo encoding is performed in a single iteration taking much less time compared to PDSCH decoding requiring several Turbo iterations in order to achieve the LTE performance requirements. 

Nevertheless, the time required for the turbo encoding depends on the number of Turbo codeblocks. Some further processing steps are also dependent on the UL peak data rate, such as channel interleaving, scrambling and (higher-order) modulation. The complexity of these steps depend as well on the number of (s)PUSCH MIMO layers to be transmitted, which can be seen from PHY processing steps of Figure 5.1-1 of TS 36.211 illustrated below:
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Figure 5.3-1: Overview of uplink physical channel processing

For some other steps, the amount of required processing will depend on the allocated (s)PUSCH bandwidth in a TTI (or considering the different TTI lengths – the number of (s)PUSCH REs / TTI) but not depend on the actual UL data rate (i.e. TBS). These steps include the layer mapping, transform precoding and UL-MIMO precoding and the resource mapping. 

However, there are also processing steps, which are neither dependent on the maximum TBS size and/or number of MIMO layers nor the PUSCH allocation - such as the DM-RS insertion, SC-FDMA signal generation as well as modulation on the LTE UL carrier frequency. These steps are only dependent on the number of UE transmission antennas (i.e. UL transmission mode) as shown in Fig. 5.3-1 above. For such steps, it will be not possible to reduce the required processing time by any design means or restriction neither for 1ms TTI and shorter TTI operation. 

Observation 6: For the complexity of certain processing steps, the maximum (s)PUSCH TBS size and the number of MIMO layers play a key role in the required processing time. For certain other steps, the processing time depends mainly on the allocated (s)PUSCH bandwidth and the number of MIMO layers. Finally, for the remaining steps the required processing only depends on the number of UL antenna ports (i.e. UL transmission mode). 
One additional thing to consider is that any processing steps after the transform precoder are performed on a SC-FDMA symbol per symbol basis. Therefore, for these steps the required processing time is independent of the TTI length. Thus, restrictions are required especially for very short TTI lengths in order to achieve a reasonable timing relation (in multiples of the TTI length). 
Observation 7: Processing steps done on SC-FDMA symbol per symbol basis require the same processing time independently of the TTI length. Therefore, more extensive restrictions in terms of maximum MCS, allocated bandwidth and/or the maximum number of SU-MIMO layers are required for very short TTI lengths. 

Based on the discussion overall the flowing observation can be made: 

Observation 8: RAN1 will need to investigate what sPUSCH restrictions in terms of number of UL MIMO-layers, maximum TBS and maximum allocated bandwidth may be required in order to provide a reasonable processing time reduction for shorter TTI lengths. 

3.4. Removing the UL-SCH interleaving over the PUSCH SC-FDMA symbols
As noted in [5], for PUSCH operation LTE has the interleaver in Sec. 5.2.2.8 of TS 36.212 defined which interleaves a single Turbo codeblock over the available SC-FMDA symbols. As also noted in the NR discussions, interleaving coded data in time will limit the achievable latency. The interleaving of PUSCH over the available PUSCH SC-FDMA symbols has implications for the UE as well as the eNB side in terms of possible latency reduction.

From UE perspective, the UE will need to have all the turbo coded & rate-matched UL-SCH data available before being able to create the first SC-FDMA symbol for transmission, as all the turbo codeblocks will be partially transmitted on each of the SC-FMDA PUSCH symbols. In case the interleaving of UL-SCH over the SC-FDMA would be removed (and just a frequency first mapping/interleaving would be utilized), the UE could start transmission of the first PUSCH codeblocks already while still performing turbo encoding and rate-matching of UL-SCH data for codeblock to be transmitted in the later symbols. This could be used as one way to reduce the minimum timing between UL grant and PUSCH transmission. 

On the other end of the communication link the eNB would be possible to start the turbo decoding process of already received SC-FDMA symbols already before having received the last SC-FDMA PUSCH symbol within a TTI. In case of e.g. 1ms TTI, the eNB could start the decoding already after having received the first DM-RS symbol (symbol #3) in contrast to starting after the end of the subframe (after symbol#13). This can give the eNB the possibility to decrease the UL PUSCH decoding latency by up to 0.7ms. 
The effect of the interleaving on the supported n+x timing is more pronounced the longer the TTI length. For 1ms TTI, the advantage could be in the order of (10/14)th of a TTI at the eNB side, whereas for 2 symbol TTI assuming DM-RS followed by 2 PUSCH symbols the advantage is decreased to 1/3rd of the sTTI. 

Independently of the TTI length, keeping the legacy PUSCH interleaver will limit the possible processing time reduction at eNB and UE side for 1-ms TTI as well as shorter TTI. 

Observation 9: The legacy LTE UL-SCH interleaving over all the (s)PUSCH SC-FDMA symbols is limiting the possible processing time reductions at UE for UL grant to (s)PUSCH transmission as well as at the eNB for (s)PUSCH reception to UL grant transmission. 
4
Summary 
In this contribution, we discussed the required UE processing steps from UL grant reception to PUSCH data transmission 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: For a (s)PUSCH re-transmission, the (s)PUSCH codeword generation steps are limited to selecting the correct bits from the initially created turbo coded data based on the applicable RV. Therefore, much less processing is required for a retransmission compared to a new (s)PUSCH transmission.

· Observation 2: 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 3: Restricting reduced latency PUSCH operation with 1ms TTI to using PDCCH will give a processing time advantage of more than 0.7ms for EPDCCH capable UEs. 

· Observation 4: Placing sPDCCH in the beginning of the sTTI by TDM multiplexing with sPDSCH decreases the DL control decoding latency.

· Observation 5: As the required time in the UE to perform a single DL control blind decoding is independent of the TTI length, blind decoding reductions are specifically important for (very) short TTI lengths. The options include reducing the number of DCI formats to be monitored as well as reducing the number of DL control candidates.
· Observation 6: For the complexity of certain processing steps, the maximum (s)PUSCH TBS size and the number of MIMO layers play a key role in the required processing time. For certain other steps, the processing time depends mainly on the allocated (s)PUSCH bandwidth and the number of MIMO layers. Finally, for the remaining steps the required processing only depends on the number of UL antenna ports (i.e. UL transmission mode). 

· Observation 7: Processing steps done on SC-FDMA symbol per symbol basis require the same processing time independently of the TTI length. Therefore, more extensive restrictions in terms of maximum MCS, allocated bandwidth and/or the maximum number of SU-MIMO layers are required for very short TTI lengths. 

· Observation 8: RAN1 will need to investigate what sPUSCH restrictions in terms of number of UL MIMO-layers, maximum TBS and maximum allocated bandwidth may be required in order to provide a reasonable processing time reduction for shorter TTI lengths. 
· Observation 9: The legacy LTE UL-SCH interleaving over all the (s)PUSCH SC-FDMA symbols is limiting the possible processing time reductions at UE for UL grant to (s)PUSCH transmission as well as at the eNB for (s)PUSCH reception to UL grant transmission.
Similar discussions on the UE DL data processing can be be found in our companion contribution [4]
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