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1. Introduction
In RAN#67, the study of LTE network latency reduction of LTE was approved [1].  The objective of this study item is: 
· Study enhancements to the E-UTRAN radio system in order to: 
· Significantly reduce the packet data latency over the LTE Uu air interface for an active UE
· Significantly reduce the packet data transport round trip latency for UEs that have been inactive for a longer period (in connected state).  
· The study area includes resource efficiency, including air interface capacity, battery lifetime, control channel resources, specification impact and technical feasibility. Both FDD and TDD duplex modes are considered. 
· As first aspect, potential gains like reduced response time and improved TCP throughput due to latency improvements on typical applications and use cases are identified and documented. In this evaluation RAN2 may assume latency reductions due to protocol enhancements as well as shortened TTIs. In conclusion, this aspect of the study is supposed to show what latency reductions would be desirable [RAN2]. 
· As second aspect,  the following areas should be studied and documented:
· Fast uplink access solutions [RAN2]:
· for active UEs and UEs that have been inactive a longer time, but are kept in RRC Connected, focus should be on reducing user plane latency for the scheduled UL transmission and getting a more resource efficient solution with protocol and signaling enhancements, compared to the pre-scheduling solutions allowed by the standard today, both with and without preserving the current TTI length and processing times;
· From RAN1#83: TTI shortening and reduced processing times [RAN1]:
· Assess specification impact and study feasibility and performance of TTI lengths between 0.5ms and one OFDM symbol, taking into account impact on reference signals and physical layer control signaling 
· backwards compatibility shall be preserved (thus allowing normal operation of pre-Rel 13 UEs on the same carrier);

In RAN1#83, system level simulation assumptions for TTI shortening were agreed in [3].  The system design aspects for TTI shortening were briefly discussed.  This paper analyses the LTE physical layer system design of TTI shortening to reduce the latency and improve the system performance.  

2. Physical Layer Enhancement for Latency Reduction
The delay in LTE network includes the delay in the air interface, signal processing at each node, and transport delay between nodes.   The transport delay had been improved within the range of expectation due to the upgrade of the transport network in wireless RAN and core network.  Signal processing delay is significantly reduced by new semi-conductor with higher processing speed.   The transport delay is also reduced by the upgrade of backhaul transport in the operator’s network.   One area to improve is the air interface delay.   The factors caused air interface delays are the Transmission Time Interval (TTI) length, the feedback delay and the retransmission delay.   The TTI length in LTE is based on one subframe, which is 1 ms.   The roundtrip delay of HARQ retransmission is 8 TTI (8 ms).   A few of HARQ retransmissions would push the latency of single packet through LTE air interface to tens of ms.   Thus, an enhanced LTE air interface would reduce the latency at air interface and end-to-end delay.


The principle of latency reduction in the air interface is to shorten the TTI length from a subframe interval to sub-subframe level, such as a slot or a symbol.  Current LTE subframe contains two slots.  The minimum unit of radio resource is the resource block (RB), which is specified as 12 resource elements in frequency domain over the number of symbols (7 symbols for normal CP and 6 symbols for extended CP) within a slot in time domain.   
1. 
2. 
System Analysis of Slot-based TTI  
The system configuration will be impacted when the physical layer TTI is changed from a subframe to a slot.  The resource structure of frame structures 1 and 2 in LTE are specified based on the slot structure frame with a subframe as a unit of the transmission time interval (TTI).   The slot-based resource structure has good foundation to have a slot as the transmission time interval.   The slot-based TTI for frame structure 1 and 2 are shown in Figure 1 and Figure 2.


[bookmark: _Ref434432440]Figure 1: Frame structure one with slot-based TTI



[bookmark: _Ref434432448]Figure 2: Frame structure 2 with slot-based TTI
TDD configuration, which includes DL subframes, UL subframes, and special subframe, could reuse the same configuration for slot-based TTI as shown in Figure 3.  From Figure 3, additional specification of special subframe type could allow 2nd slot of the special subframe as a complete UL slot-based TTIby extending the UpPTS length to support UL data and control transmisison in UpPTS.  The other backward compatible solution is to replace some SIB-1 UL subframes with special subframe in existing TDD configuration as shown in Figure 4.  The additional special subframe is considered as a UL subframe for the legacy Ues according to SIB-1 UL-DL configuration.  The eNB could avoid scheduling the legacy UEs on the new special subframe.   The addition of special subframes would reduce the interval between DL and UL slot-based TTI and makes the DL and UL resources more evenly distributed in the radio frame.  Thus, the U-plane latency for both DL and UL can   be reduced. 








[bookmark: _Ref434439416]Figure 3: Example of 5 ms (top) and 10 ms (bottom) switching periodicity


[bookmark: _Ref434566556]Figure 4: Additional special subframes for additional DL/UL switching



The LTE UL system design for slot-based TTI includes the enhancement of PUCCH, PUSCH and RACH.  SRS does not need then enhancement for slot-based TTI structure since it is sent at the last symbol of the subframe.   The enhancement of PUSCH and PUCCH 
(1) PUSCH – the main enhancements of PUSCH for slot-based TTI are the UL RS and the RE mapping.    
a. The RE mapping - The PUSCH RE mapping for slot-based TTI would be based on per PRB instead of PRB pair.   
b. UL DM RS - The UL DM RS has OCC across two RS symbols.  The DM RS needs to be enhanced without OCC across the slots for slot-based TTI operation.  Auxiliary DM RS REs at another OFDM symbol within a slot for slot-based TTI as shown in Figure 8 are needed for frequency tracking and Doppler estimation.   

Proposal 1: The enhancement of UL DM RS for slot-based TTI includes removing OCC across two RS symbols over two slots, and auxiliary DM RS REs within a slot.  

(2) PUCCH – all PUCCH formats are based on PRB pairs.   To support slot-based TTI, new PUCCH formats are needed for the transport of HARQ-ACK, P-CSI, and SR information.  New PUCCH formats 4 and 5 are PUSCH-like and can carry HARQ-ACK, P-CSI and SR.   A new PUSCH design for slot-based TTI could be reused for PUSCH-like PUCCH format.

Proposal 2: New PUCCH format for slot-based TTI could be similar to PUSCH-like PUCCH format 4/5 design with REs mapping within the PRB.

(3) PRACH – The preamble sequence for PRACH is also based on a subframe based TTI or 2-subframe TTI.   A shorter RACH preamble sequence similar to PRACH format 4 should be introduced for slot-based TTI.  UE supports slot-based TTI should also support legacy PRACH preamble sequence for initial access.  

Proposal 3: Shorten PRACH format for slot-based TTI would improve the random access delay.  


[bookmark: _Ref434445383]Figure 5:  Auxilliary DM RS symbol for UL slot-based TTI

System Analysis of Symbol-Level TTI
The system configuration will be impacted when the physical layer TTI is changed from a subframe to a symbol.  The resource structure of frame structures 1 and 2 in LTE needs to be re-specified for symbol-based TTI.   TDD DL/UL configuration for symbol-based TTI could be configured within a subframe as shown in Figure 9.  There is a trade off between latency reduction performance and the overhead for DL-UL switchings. The number of symbols for a gap period could also be configured flexibly based on the coverage area in the deployment environment.     Both DL and UL physical channels and reference signals need to be enhanced to support symbol-based TTI.  




 (
Figure 
6
: An example of dynamic TDD DL/UL configuration for symbol-based TTI
)

Both PUSCH and PUCCH need to be enhanced for symbol-based TTI.    SRS is transmitted at the last symbol of the subframe and does not need to be enhanced.   The exist PRACH could be reused for initial access
· PUSCH enhancement – The primary enhancement of PUSCH is the DM RS.   Currently, UL DM RS is allocated at every RE of the OFDM symbol to maintain the single carrier properties.  For symbol-based TTI, the DM RS needs to be in each OFDM symbol.   There for the density of DM RS needs to be reduced and multiplexed with data REs.   The considerations of DM RS design are as follows,
· PAPR – When DM RS is multiplexed with data in the same symbol, the DM RS could be inserted before or after the DFT spread.  If the DM RS is multiplexed with data before the DFT spread, the radio channel effect from data REs will be propagated through IDFT function at the receiver.  The channel estimation performance will be degraded.   If the DM RS is inserted after the DFT spread, the PAPR will increase due to lose of single carrier property.   The maximum transmission power will be reduced.    
· RS overhead and channel estimation -  The new RS pattern should have one DM RS RE every 6 REs to have similar channel estimation for the both low and high speed UEs.  The RS overhead would 16%.  Dynamic RS allocation with multi-symbol scheduling (symbol-bundling) would help to reduce the RS overhead by not allocating RS at each OFDM symbol as shown in Figure 11.  
Proposal 4: UL PUSCH enhancement for symbol-level TTI would focus on UL DM RS design with consideration of RS overhead reduction, PAPR and channel estimation performance.
· PUCCH – new PUCCH formats need to be designed to carry HARQ-ACK, P-CSI, and SR information for symbol-level TTI.  The new PUCCH for carrying HARQ-ACK should be available at each TTI.  The new PUCCH formats should be flexible in resource allocation and adjustable for different payload size.  The new PUSCH-like PUCCH formats 4 and 5 for eCA could be reused for the new PUCCH format for symbol-based TTI.  The symbol-based TTI PUSCH structure could be used directly for new PUCCH format. 

Proposal 5: New PUCCH format for symbol-level TTI would be PUSCH-like format similar to PUCCH formats 4/5.  

[bookmark: _Ref434484963]Figure 7: An example of UL RS design for symbol-based TTI with TTI bundling
3. Conclusion
This paper provides the preliminary system analysis of the enhancements of frame structure and UL control channels and RS in supporting of shorten TTI for latency reduction.  The proposals of UL system design enhancements for slot-based and symbol-based TTI are as follows,
· Proposal 1: The enhancement of UL DM RS for slot-based TTI includes removing OCC across two RS symbols over two slots, and auxiliary DM RS REs within a slot.  
· Proposal 2: New PUCCH format for slot-based TTI could be similar to PUSCH-like PUCCH format 4/5 design with REs mapping within the PRB.
· Proposal 3: Shorten PRACH format for slot-based TTI would improve the random access delay.  
· Proposal 4: UL PUSCH enhancement for symbol-level TTI would focus on UL DM RS design with consideration of RS overhead reduction, PAPR and channel estimation performance.
· Proposal 5: New PUCCH format for symbol-level TTI would be PUSCH-like format similar to PUCCH formats 4/5.  
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