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1
Introduction
The transmission time interval (TTI) in LTE has since the first release of the specifications been 1 ms for the transport channels associated with PDSCH, PDCCH, PUSCH and PUCCH.
Also, the minimum timing from DL assignment to HARQ feedback and UL grant to UL transmission has been fixed occurring three subframes later than where the control information was sent in the DL.

These are the two main aspects that have been improved by this work item, i.e.:

-
A reduced processing time for 1 ms TTI operation

-
A shortening of the 1 ms TTI operation combined with a reduced processing time
2
Description
2.1
Short processing time for 1 ms TTI
With a reduced processing time for 1 ms TTI, the processing time from DL assignment to HARQ feedback and UL grant to UL transmission is reduced from the currently assumed n+4 timing (meaning three subframe processing time) to n+3. 

The reduction in the specifications are referred to short processing time and applies to all frame structure types, i.e. FS1, FS2 and FS3.
The short processing time is illustrated in Figure 1 for FS1.

[image: image1.emf]Subframe N Subframe N+1 Subframe N+2 Subframe N+3 Subframe N+4

DL:

UL:

DL:

UL:

UL DCI (PDCCH)

DL DCI (PDCCH)

DL data (PDSCH)

UL data (PUSCH) or UCI (PUCCH), n+3

UL data (PUSCH) or UCI (PUCCH), n+4


Figure 1: Short processing time for FS1
Also for FS2, the minimum processing time is reduced, although restrictions on the DL/UL configuration limits the processing time reduction achievable.

A fallback operation to the legacy timing of n+4 is still supported by scheduling from the common search space (CSS), while the short processing time is applicable when scheduling from the user-specific search space (USS). The fallback results in possible collision between n+4 and n+3 timing in different/same DL subframe and/or same/different UL subframe. For example, the use of fallback results in possible uplink collision in the PUCCH format 1/1a/1b resource usage for the same UE when the two DL subframes have been scheduled targeting HARQ feedback in the same UL subframe. Collision handling has been specified to ensure a consistent UE behaviour.
Short processing time is configured per component carrier (CC) by RRC and applies to both DL assignment to HARQ feedback and UL grant to UL transmission.
Short processing time is associated with asynchronous HARQ operation on the UL, and hence PHICH is no longer considered. HARQ processes on DL are shared between n+4 and n+3 based scheduling, while there is no sharing of HARQ processes between synchronous (n+4) and asynchronous (n+3) HARQ on the UL.
When the processing time is shortened, the timing advance takes up a proportionally larger part of the overall processing time available to the UE. A consequence of this is that the maximum timing advance for a CC configured with short processing time is reduced from 667 us to 200 us.
2.2
Short TTI

In addition to reducing the processing time, the WI also included the work to reduce the TTI from 1 ms to what is referred to as either a subslot, or slot transmission, also referred to as short TTI, sTTI. A slot transmission is simply a shortening of the current subframe transmission in half, while a subslot transmission consist of either a 2-symbol or a 3-symbol transmission duration.
The subslot division in a subframe is fixed in the UL while it varies depending on the first potential symbol for PDSCH in the DL, as shown in Figure 2. Each subframe is divided into up to 6 subslots. Subslot operation is not defined for lDataStart=4.
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Figure 2: DL and UL subslot subframe division (subslot number 0,..,5)
The slot operation is defined for both FS1 and FS2, while subslot operation is only defined for FS1.

The combinations of slot and subslot operation on DL and UL are shown in Table 1.

Table 1: DL/UL combinations of subslot/slot operation

	FS
	DL
	UL

	1 or 2
	Slot
	Slot

	1
	Subslot
	Subslot

	1
	Subslot
	Slot


The asymmetric operation of subslot in DL and slot in UL is primarily allowed to improve coverage for the UL control channel.

The physical channels for subslot and slot operation are given in Table 2. 

Table 2: Physical channels for slot and subslot operation

	SPDCCH

	PDSCH

	SPUCCH

	PUSCH


As can be seen, although the transmission duration of the data channels (PDSCH/PUSCH) also follows the slot and subslot transmission duration, they are not defined as new physical channels. Except for some changes on the transport block size (TBS), resource allocation scheme and DL/UL UE-specific reference signal pattern, the main characteristics of the 1 ms data channels have been maintained. Both UL and DL control channels, on the other hand, have been significantly re-designed motivating to treat them as separate physical channels in the specification. SPUCCH follows subslot and slot duration (including also SR with a periodicity down to 1 subslot), while SPDCCH has either 1 os, 2 os or 3 os duration, transmitted at the start of each subslot/slot, and may span only configured frequency resources as illustrated in Figure 3. 
A fallback mode to 1 ms transmission is also supported for subslot and slot operation, the fallback is dynamic and can occur on a subframe to subframe basis. The UE needs to monitor both 1 ms and subslot/slot based control. Collision handling in case of simultaneous subslot/slot and subframe transmission in UL on the same CC has been specified to ensure a consistent UE behaviour.
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Figure 3: 1 os SPDCCH illustration for subslot operation

Both CRS-based and DMRS-based demodulation is supported for SPDCCH and in case of CRS-based SPDCCH, the mapping of the SPDCCH can be configured to be either over 1 or 2 symbols in time (1 symbol illustrated above in Figure 3). In case of DMRS-based SPDCCH, the control is always mapped over 2 symbols for slot-based SPDCCH, while for subslot it aligns with the subslot duration (2 or 3 symbols).
To efficiently make use of the control resources not used in a subslot/slot, a re-use mechanism is specified to re-use the control region for data, illustrated in Figure 4. Both a semi-static and dynamic mechanism is specified. The efficiency of the re-use depends on the configuration (ideal re-use assumed in Figure 4).
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Figure 4: SPDCCH re-use for PDSCH

To further minimize overhead, the DL DMRS can be shared between two consecutive subslots within a slot . The presence of the DL DMRS for PDSCH in subslot operation is indicated in the DL DCI (present or not). In UL the DMRS can be shared between all three subslots of a slot. The UL DMRS presence and position is indicated in the UL DCI. A possible configuration of the UL DMRS in a subframe that minimizes DMRS overhead is illustrated in Figure 5.
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Figure 5: UL sharing of DMRS

The specification also allows for DMRSs symbols to be shared between UEs in the UL, also referred to as DMRS multiplexing. In this case, an IFDMA based DMRS is typically used which allows users of different resource allocation to share the DMRS symbol by the use of different IFDMA combs, maintaining orthogonality between UEs.
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Figure 6: UL multiplexing of DMRS

As with short processing time for 1 ms, subslot/slot transmissions are associated with asynchronous HARQ operation on the UL. The processing time compared to regular 1 ms operation and the maximum timing advance are also reduced for both slot and subslot operation. In case of subslot operation, the UE can in its capability indicate the support of different processing timeline sets with associated maximum timing advance depending on the DL control channel configuration (DMRS-based SPDCCH, 1os CRS-based SPDCCH or 2os CRS-based SPDCCH). The processing timelines and associated maximum timing advance is summarized in Table 3. As can be seen, for each processing timeline set, there are two possible processing timelines (for example n+4 and n+6 for Set 1). Which one to use is under network control and configured by RRC (depending on the timing advance assigned to the UE).
Table 3: Processing timelines for slot and subslot operation with associated maximum timing advance

	(s)TTI length
	Max TA
	Processing time line [(s)TTI lengths]
	Comment

	Slot
	310 us
	N+4
	

	Subslot
	67 us (1)
67 us + 4os (2)
	N+4
N+6
	Set 11

	
	167 us (1)
167 us + 4os (2)
	N+6
N+8
	Set 21

	NOTE 1:
If Set 1 or Set 2 is supported is a UE capability. The processing timeline between (1) and (2) is configured by RRC. Capability can be indicated separately for 1os and 2os CRS based control, and DMRS based control.


The number of HARQ processes has been increased to 16 for slot/subslot operation and the HARQ processes can be shared between subslot/slot and 1 ms operation (with the restriction that the TBS and number of codewords limitations of subslot/slot need to be respected in case of initial transmission on 1 ms with a later retransmission on subslot/slot). 

Additional functionality also specified in the feature is sTTI specific CSI reporting which includes measuring on a slot/subslot CSI reference resource as well as faster triggering and faster processing time for the CSI to be reported.
Also, semi-persistent scheduling is specified for sTTI with similar functionality as in legacy operation. A contention based SPS operation is allowed where different UEs can be assigned different cyclic shifts and IFDMA combs for the DMRS, but fully/partially overlapping resource allocation.
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In sTTI#0, the DCI is carried in PDCCH, not SPDCCH
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