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1
Introduction
In this contribution, we provide some design details for downlink channels for shortened TTI.
2
Discussion
In this contribution, we consider different ways to design the downlink channels for shortened TTI, particularly focusing on the following issues:
· Backward compatibility and Impact on Legacy Operation
· 2-stage DCI design

· TTI length: 1 OFDM symbol, 2 OFDM symbols, and 1 slot

· sPDCCH and sPDSCH channels
· TDD Specific Design

2.1 Backward Compatibility and Impact on Legacy Operation

It is important that the low latency implementation remains backward compatible with the existing LTE structure. The existing numerology such as tone spacing, symbol duration, normal/extended CP durations should all be kept intact in the new design. It is also important to target supporting the new low latency based operation in all possible symbols, including the ones in the legacy control region, and the ones containing CRS.
For the downlink, it is important to accommodate 1-ms TTI based traffic and low latency traffic in a same subframe. Static FDM partitioning between the legacy and low latency traffic is possible. However, this may not result in efficient resource utilization and may not be flexible enough to support cases where high bandwidth and low latency transmissions are required. For dynamic co-existence, care has to be taken to facilitate flexible resource assignments between traffics of different TTIs. Note that there are currently 3 types of downlink resource allocation, 2 of which are resource block group (RBG) based. It is thus desirable to consider managing the blocks for shortened PDSCH starting from the existing resource allocation schemes, e.g., based on the existing RBG concept. 

For low latency operation, the eNB can set aside some resources (RBs or RBGs) for sPDCCH transmission. The configured low latency users will monitor sPDCCH transmission in this region to detect DCI. However, the legacy transmission can reclaim these RBs or RBGs for a more dynamic resource sharing between the two types of traffic.

Proposal 1

 seq: 
proposal 
: Support efficient co-existence in a subframe between legacy and low latency users
For a UE configured to use shortened TTI, it is beneficiary for the UE to be able to handle legacy 1-ms TTI as well. Then for the same low latency user, the normal traffic uses normal TTI and low latency traffic uses shortened TTI. This is helpful when the user has both types of traffic, and the overhead to deliver the low latency traffic is higher. 
Proposal 2: Low latency user supports legacy 1-ms TTI as well 
The sPDCCH/sPDSCH transmission should not affect critical legacy channels, such as CRS, PSS/SSS, PBCH, PDCCH, UERS etc. So the sPDCCH/sPDSCH transmission should rate match around these. In the traffic portion, care needs to be taken at the eNB scheduler to try to use empty RBs not occupied by legacy traffic as much as possible. However, if overlapping with legacy PDSCH cannot be avoided, the sPDCCH/sPDSCH transmission can puncture legacy PDSCH transmission. There will be some performance loss at the legacy UE. The selection of legacy PDSCH to puncture can consider the MCS, whether the punctured portion comprises DM-RS or data REs, etc of the legacy PDSCH transmission to minimize the loss. Additionally, for new UEs, if necessary, some signalling may be considered to inform the presence of transmissions of shortened TTIs for a particular PDSCH transmission. 
Proposal 3: sPDCCH/sPDSCH rate matches around CRS, PSS/SSS, PBCH, PDCCH, but it can puncture PDSCH

2.2 2-Stage DCI Design

Since the TTI is shorter, it is critical to limit the control overhead in the transmission. A 2-stage DCI design might help in this. In particular, a stage 0 DCI can carry slowly varying portion of the grant and a stage 1 DCI can carry fast varying portion of the grant.
As an example, stage 0 DCI may carry the following information fields:

· UL/DL grant identifier,  similar to the 1-bit differentiator for DCI formats 0/1A 

· Base MCS, which indicates a set of MCS values for rate adaptation to a large extent 
· TPC

· Stage 1 DCI scheduling information, e.g., the aggregation level(s) and/or the decoding candidate(s) of a given aggregation level, in order to reduce the number of blind decodes for stage 1 DCI
On the other hand, Stage 1 DCI  may carry the following information fields:

· HARQ process ID
· Resource allocation
· sPDSCH rate matching indication, which can alleviate potential resource fragmentation due to sPDCCH or legacy traffic
· Precoding Info and antenna ports information

· NDI

· Additional MCS information, which can provide updated MCS information with respect to that of stage 0 DCI
· UL RS related information, which can provide indication on UL channel structure particularly for sPUCCH 
The transmission of stage 0 DCI may be on a per need basis, while the transmission of stage 1 DCI may accompany with each sPDSCH. With the 2-stage DCI design, it is expected that DL control overhead savings can be realized. It may help increase the coverage area of shortened TTI transmissions. As a result, we propose:
Proposal 4: Consider supporting a 2-stage DCI design for sPDSCH scheduling
2.3  TTI Length Options and sPDCCH/sPDSCH Design
Obviously, different TTI lengths will offer different amount of over-the-air latency reduction. A 1-symbol based TTI brings 14 times or 12 times latency reduction, depending the CP length. Such amount is reduced by half if a 2-symbol TTI is used. For a one-slot TTI length, the latency due to the HARQ round-trip-time (RTT) can be reduced by a factor of 2 under linear scaling. As shown in [1], one-symbol based TTI results in significant performance benefits compared with the legacy 1-ms based TTI and 1-slot based TTI. 
As the TTI length reduces, there are specific challenges with the data and control channel designs. For the data channel, the design should allow for multiple users to access data in the same TTI simultaneously. One may arrange the TTI bandwidth into blocks of separate data regions wherein 1 or more users can access either 1, multiple, or all of the data blocks. Note that it is desirable to keep the number of blocks reasonably small, taking into account the reduced time duration and the corresponding control channel overhead involved in resource allocation. 
An additional challenge is the design of the control channel. For the very short 1-symbol and 2-symbol TTI configurations, it is not desirable to time division multiplex the downlink control and data regions as is done in legacy, as it will add into the delay. Instead, the shortened PDCCH channel can be embedded into the shortened PDSCH channel such that the control channel is “self-contained”. Frequency interleaving the control channel across the PDSCH allocation in known locations will allow for efficient resource utilization that results in the least control overhead. Separate control channels can be allocated to each data region and a UE can perform blind decodes in each region to determine if a shortened PDSCH channel has been assigned to it. Additionally, for more efficient multiplexing of the control channel and shortened PDSCH data allocation, one may consider allocating some information bits in DCI to indicate the size of the control channel resource region. It will allow the intended PDSCH user to more efficiently rate match around the specific control region size for a particular TTI.

The sPDCCH/sPDSCH design under 1 slot option is very different from the 1 or 2 symbols option. We will discuss them separately below.

2.3.1 1-symbol shortened TTI
If the low latency TTI is within the control region, we should avoid affecting legacy PCFICH/PHICH/PDCCH. Instead, we can rate match around CRS and PCFICH/PHICH/PDCCH.
To be consistent with the construction of legacy PCFICH/PHICH/PDCCH, the resource assignment for sPDCCH and sPDSCH can be in units of REGs and/or CCEs. By doing so, legacy PCFICH/PHICH/PDCCH and sPDCCH/sPDSCH can be naturally integrated together in the legacy control region.
If the low latency TTI is within the data region, the resource allocation can be units of blocks, which comprises a set of RBs.  In particular, the construction of blocks may take into account the existing DL resource allocation schemes, particularly, the RBG based approaches. The sPDCCH and sPDSCH RE should also rate match around signals such as CRS. However, it may become necessary for a transmission with shortened TTI to puncture legacy PDSCH UE especially given that the scheduling decision for legacy traffic and traffic with shortened TTI are made at different times, with the latter being more current.
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Figure 1. Illustration for 1-symbol TTI operation

An illustration for 1-symbol TTI operation is shown in Figure 1. Note that for each sPDSCH, there is an embedded sPDCCH to grant that sPDSCH transmission.
Proposal 5: Consider block-based shortened PDSCH structure with an embedded control channel, where the number of blocks is limited. 
Either UERS or CRS can be used for 1-symbol TTI sPDSCH. However, considering the overhead and the complexity involved, the CRS might be a more efficient choice. In addition, for sPDCCH, it might be good to leverage legacy PDCCH design, e.g., by using CRS based SFBC transmission scheme.
Proposal 6: Consider supporting 1-symbol TTI at least for the case of CRS based sPDCCH/sPDSCH while reusing legacy design as much as possible.
2.3.2 2-symbols shortened TTI

The design of 2-symbol shorteded TTI is very similar to the 1-symbol TTI case, with the following additional considerations:
· In the 2-symbol TTI case, the sPDCCH should appear in the first OFDM symbol in the TTI to allow earlier processing timeline. An example of this is shown in Figure 2
· We may need to restrict the number of control OFDM symbols to be even, to avoid a complex design when one symbol in the 2-symbol TTI is in control region and the other symbol in the data region. Or we can apply the restriction to avoid using sPDCCH/sPDSCH in the boundary TTIs
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Figure 2. Front loading of sPDCCH in sPDSCH for 2-symbol shortened TTI

Proposal 7: Front loading the sPDCCH in a sPDSCH block to allow faster processing. In addition, the possible starting symbols for a 2-symbol TTI should be further discussed.
Either UERS or CRS can be used for 2-symbol TTI sPDSCH. However, for sPDCCH, might be good to leverage legacy PDCCH design to use CRS and transmit diversity.
2.3.3 1-slot TTI option

For 1-slot TTI, the slot 0 and slot 1 in a subframe are natural unit of sPDCCH/sPDSCH operation. The design can be a generalization to 1-symbol/2-symbol shortened TTI design. However, to avoid ending up with a complex design, in slot 0 of a subframe, we may not want the sPDSCH block to include legacy control OFDM symbols. 
Proposal 8: For 1-slot shortened TTI, the slot 0 sPDSCH should not include legacy control OFDM symbols.
Similar to 2-symbol shortened TTI case, for better receiver processing timeline, the sPDCCH can be front loaded in the beginning of the sPDSCH block. An example is shown in Figure 3. In the second slot, the sPDCCH resource may be configured by higher layers, similar to legacy EPDCCH, but may be only present in the first symbol(s) of the second slot in order to facilitate early decoding. In the first slot, the sPDCCH may utilize the legacy REG/CCE units in the legacy control region. Or it may be front loaded in the sPDSCH region as well, as is in the second slot case. It is also possible to have slot-based control channel design, which occupies the entire slot, similar to legacy EPDCCH which occupies the entire subframe duration. However, such a design makes it more challenging to meet the tight HARQ tour-around time for sPDSCH.
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Figure 3. Example for 1-slot TTI sPDCCH and sPDSCH

Either UERS or CRS can be used for 1-slot TTI sPDSCH. For UERS, it might be good to reuse the legacy UERS pattern.
2.4 TDD Specific Design
The channel design in section 2.3 applies to both FDD and TDD frame structures. However, in frame structure type 2, multiple uplink-downlink subframe configurations are supported. To introduce low latency but still remain backward compatible with these existing TDD configurations, new shortened channels can be readily introduced on the uplink subframes as well as on the uplink portions of the special subframes, and with careful design, on downlink subframes, without affecting legacy TDD operation. As an example, for the uplink-downlink configuration 0, where 8 out of every 10 subframes are either configured as uplink or special subframes, a suitable low latency design can be configured where the “A” subframes can contain low latency channels as shown in Figure 4.
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Figure 4: Reconfiguration of TDD subframes to support low latency
Within these “A” subframes, new TDD-specific shortened DL data and control as well as shortened UL data and control can be configured. A guard period can be inserted within the “A” subframes for any configuration where there is a DL to UL switch within the subframe. An example for this structure is shown in [image: image5.emf]D
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Figure 5
, where 1-symbol TTI is used and the transition from DL to UL occurs two times. Note that within DL and UL portion, different UEs can be multiplexed with TDM or FDM.
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Figure 5: Example configuration for a low latency TDD subframe

It is also possible to support shortened UL transmission in a DL subframe. It is understood that such support has much more constraints compared with supporting shortened DL transmission in an UL subframe, such as observing the CRS symbols, the PSS/SSS/PBCH symbols, etc. 
Proposal 9: Support low latency operation in TDD including DL subframes, special subframes, and uplink subframe. 
3
Conclusions 
Based on the discussion presented in the paper, we outlined specific issues that need to be considered for the low latency downlink operation. In particular, we propose:
Proposal 1: Support efficient co-existence in a subframe between legacy and low latency users


 REF prop_b \h 

Proposal 2: Low latency user supports legacy 1-ms TTI as well 



 REF prop_c \h 

Proposal 3: sPDCCH/sPDSCH rate matches around CRS, PSS/SSS, PBCH, PDCCH, but it can puncture PDSCH
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Proposal 4: Consider supporting a 2-stage DCI design for sPDSCH scheduling


Proposal 5: Consider block-based shortened PDSCH structure with an embedded control channel, where the number of blocks is limited. 


 REF prop_i \h 

Proposal 6: Consider supporting 1-symbol TTI at least for the case of CRS based sPDCCH/sPDSCH while reusing legacy design as much as possible.


Proposal 7: Front loading the sPDCCH in a sPDSCH block to allow faster processing. In addition, the possible starting symbols for a 2-symbol TTI should be further discussed.

Proposal 8: For 1-slot shortened TTI, the slot 0 sPDSCH should not include legacy control OFDM symbols.

Proposal 9: Support low latency operation in TDD including DL subframes, special subframes, and uplink subframe. 
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