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A study item was agreed at RAN #67 to investigate the latency reduction techniques for LTE [1]. One candidate technique for latency reduction is TTI shortening and reduction of processing time. In this contribution we provide our views on the physical layer design for shortened TTI in LTE downlink.
Discussion
The packet latency can be reduced with a reduction of transport time of data and control by addressing the length of a TTI. The length of TTI has an impact on both the time for transmitting over the air and the processing time at the transmitter and the receiver. The length of a downlink TTI can be reduced, as compared to the 1ms subframe in LTE pre-Release 14, by defining the TTI to be constructed of less than 14 OFDM symbols. In downlink, the shortened TTI spans from 0.5ms down to 1 OFDM symbol.
Downlink shared channel
Reduced processing and feedback timing
At least for the DL shared channel, the amount of data within a shortened TTI which needs to be processed for transmission and reception can be reduced compared to legacy. The required time for Turbo encoding and decoding can be assumed to scale with the TTI length. This can also be assumed to hold for the mapping and de-mapping of REs, and more straightforwardly the physical transmission/reception time of a TTI. 
Given that the UE could decode the data much faster than the legacy PDSCH, the HARQ feedback delay as well as the timing between HARQ feedback and retransmission should be reconsidered such that the HARQ RTT can be reduced. Note that this has a direct impact on the maximum number of supported DL HARQ processes. Currently, the downlink scheduling is based on asynchronous HARQ operation. We envision that this can still be used for the shortened TTI and the reduced processing and feedback timing will in the end be exploited by the eNB, resulting in reduced retransmission delay. 
Proposal:
· Study the reduced processing and HARQ feedback timing for DL shared channel with shortened TTI.
· Asynchronous HARQ can be reused for DL shared channel with shortened TTI.
Transmission modes
Another aspect is what transmission mode can be supported for the DL shared channel with shortened TTI. The transmission modes currently defined for PDSCH can be categorized as CRS based TMs and DMRS based TMs depending on which reference signals are used for PDSCH demodulation. TMs 1-6 use CRS for PDSCH demodulation and TMs 7-10 use DMRS for demodulation. In general, the selection of transmission modes depends on many factors such as antenna configuration, channel environment, UE mobility etc and is hence rather independent of UE application requirements such as latency. Therefore, it is preferred that all transmission modes can be supported with shortened TTI.
Proposal:
· Shortened TTI should be considered for all DL transmission modes 
· Demodulation of data channel with shortened TTI can use either CRS or DMRS.
As a baseline, the existing CRS can be considered to be used also for shortened TTIs. As CRS is not precoded, a UE may average the channel estimate also over legacy subframe borders, leading to channel estimation performance that is comparable with the legacy 1ms TTI. Channel estimation filtering typically includes buffering and filtering a certain amount forward in time. However, having tighter timing constraints, it can be expected that there is some performance degradation when limiting channel filtering. 
Observation:
· Tighter timing budget may limit CRS-based channel estimation performance, since not as much buffering and filtering can be done.
DMRS based transmission modes (TM7 and TM8) were introduced already in Release 8 and Release 9 to support single-layer and dual-layer beamforming. In later releases, new enhanced DMRS based transmission modes (TM9 and TM10) have been introduced, and DMRS based transmission will be used for elevation beamforming/FD-MIMO, which is currently being defined in Rel-13. DMRS based transmission does not only allow for downlink beamforming, its flexibility allows implementation of a large number of downlink transmission schemes, such as multi-user MIMO (MU-MIMO) and coordinated multipoint (CoMP) transmission in addition to shared cell (where e.g. a macro cell and multiple remote radio heads share a common cell identity). In light of these features, DMRS based transmission modes should also be considered for shortened TTI. Furthermore, the benefit of the features enabled needs to be considered as well as the additional DMRS overhead.
Observation:
· For DMRS based transmission, the benefits of features enabled by such transmission needs to be considered.
The current DMRS density for the case of one or two reference signals supporting up to two layer transmission is 6 REs per resource block. These DMRS symbols are placed on 3 subcarriers in frequency and on the last 2 symbols of each time slot in time (for normal cyclic prefix). The DMRS overhead is therefore 7% of the radio resources. With release 10, support of up to 8 layers there is 12 DMRS REs per resource block which results in 14% overhead.
Although it can be discussed how many layers the specification for short TTI transmission should support the baseline assumption is likely one or two. For up to two layer transmission in current LTE there are DMRS resource elements in the last two symbols in each slot. Hence, it is in principle possible to reduce the TTI to a single slot and re-use existing DMRS resource elements. A slot based shortened TTI supporting up to two layer transmission would therefore have less overhead than legacy TTI supporting 8 layer transmission. However, if the TTI length is reduced further, below one slot, then there will not be any legacy DMRS REs available in all shorter TTIs. 
However, since DMRS resources are taken from resource elements that would otherwise be used for PDSCH transmission to a certain UE, the DMRS positions and density may be changed without impact on backward compatibility. 
Observation:
· When the TTI length is reduced below one slot, the DL DMRS positions need to be redesigned.
To design a pattern for short TTIs, the same CDM-based DMRS scheme as in TM8 and TM9 in LTE can be reused. The DMRS spans two symbols and will thus work for TTIs of two symbol length or more. For single-symbol TTI, a different scheme needs to be designed, only covering one symbol in time.
Channel estimation performance is expected to depend on the number of resource elements per minimum scheduling unit, the transmit power, as well as the coherence bandwidth and time. Current CRS have a frequency domain density of one RE per six subcarriers and furthermore assuming that physical resource block bundling is applied, the terminal can employ averaging in the frequency domain beyond a single resource block. In addition, power boosting may be applied. 
Observation:
· The number of DL DMRS resource elements per minimum scheduling unit and the RS power impacts channel estimation performance.
If the same amount of samples, 6 REs, per minimum scheduling unit is kept as for slot based TTI, a two symbol TTI will have 25% overhead for support of up to two layer transmission. To reduce this overhead without reducing the number of DMRS samples, the minimum scheduling unit may be increased in frequency to e.g. 24 subcarriers. This would lead to 12.5% overhead. 
If it is found that we may have even less DMRS samples per minimum scheduling unit, for example 4 REs, these could be placed as two pairs per 6 subcarriers. The resulting overhead assumptions for a two symbol TTI with legacy scheduling is then 16.7%.
Finally, if the same UE is scheduled on the same frequency resource, the same precoding can be used more than once in a slot, thus there is no need to transmit DMRS in every short TTI.
Observation:
· The DMRS DL overhead can be mitigated by not transmitting DMRS in every short TTI when one UE is scheduled multiple times within a legacy subframe.
Proposal: 
· Study further DMRS design options for shortened PDSCH considering both overhead, impact on channel estimation and benefit of features enabled by DMRS. 
Downlink control channel
To be able to schedule UL and DL in the short TTI scale, new control channels may need to be defined [1]. A new short PDCCH can be introduced to be transmitted in the beginning of each short TTI.
Similarly to the PDCCH and ePDCCH, the shortened PDCCH can be built up with a number of CCEs, each consisting of 36 QPSK-modulated REs. The different shortened PDCCH then carry DL and UL grants, see also discussions for the UL in [2].
Observation:
· Due to the frequent transmission of control information in every shortened TTI, it is important to limit the amount of control overhead.
In order to reduce the overall control signaling overhead, one possible way to split the scheduling information into two parts: not all control information needs to be transmitted for every shortened TTI, some can instead be transmitted once per subframe or configured by higher layers.
Proposal:
· The control information is divided into slow DCI (at most once per subframe) and fast DCI (once per short TTI).
· The fast DCI for DL can be transmitted in the first symbol of each short TTI.
Within a frequency band configured for short subframes, there could be a limitation of only one simultaneous DL user. This will then give smaller size of fast DL DCI, where frequency allocation does not need to be specified. Different DL users could of course still be scheduled in different short TTIs in the same frequency band in the same subframe.
Observation:
· To limit control overhead, DL could be limited to schedule a single user at the time.
To be able to schedule more simultaneous DL users, several DL shortened TTI bands could be configured.
In addition to limiting the number of transmitted DCIs, the size of the fast DCI should be limited. This can be achieved for example by carrying as much information as possible in the slow DCI, and to infer the location of DL data from the fast DCI location. Also, the effect of a reduced CRC overhead could be studied.
Observation:
· To limit control overhead, the number and payload of the fast DCI could be limited.
Uplink control channel
As noted in [1], fast HARQ feedback is important to fully realize the potential benefits of shorter TTIs. Shorter TTIs could also allow the eNB to better utilize CSI reports before they become stale. We therefore propose to study ways of shortening the legacy PUCCH design down to 1 – 7 OFDM symbols.
The simplest solution is to shorten the current PUCCH designs. A shortened PUCCH based on PUCCH format 1/1a/1b would then consist of cyclically shifted length 12 sequences, some of which are multiplied by a QPSK modulated symbol to carry HARQ feedback and/or a SR. Multiplexing of this format in the legacy format 1 and 2 region should be considered. In order to optimize for coverage, the TTI as well as the number of PRBs used for this design can be varied.
For higher UCI payloads this format is not satisfactory since it can only carry 2 information bits per OFDM symbol used for data. Therefore a PUSCH-like structure using SC-FDMA can be used for higher payloads, reusing the legacy channel codes used in PUCCH format 2 and 3.
Especially for shorter TTIs, these solutions can lead to a large overhead of OFDM symbols used for RS. One way of reducing this overhead is to transmit the shortened PUCCH in the same frequency allocation as previous shortened PUSCH transmissions from the UE. This would allow the UE to skip the RS transmission which reduces the overhead. Another solution could be RS-multiplexing as mentioned in [2] for the PUSCH. This allows for short PUCCH transmissions with and without RS while removing the risk of collision between RS from one UE with UCI from another UE.
Proposal: 
· Study design options for shortened PUCCH considering both coverage as well as multiplexing capacity.
Conclusion
The above discussion is summarized with the following observations and proposals:
Observations:
· Tighter timing budget may limit CRS-based channel estimation performance, since not as much buffering and filtering can be done.
· For DMRS based transmission, the benefits of features enabled by such transmission needs to be considered.
· When the TTI length is reduced below one slot, the DL DMRS positions need to be redesigned. 
· The number of DL DMRS resource elements per minimum scheduling unit and the RS power impacts channel estimation performance.
· The DMRS DL overhead can be mitigated by not transmitting DMRS in every short TTI when one UE is scheduled multiple times within a legacy subframe.
· Due to the frequent transmission of control information in every shortened TTI, it is important to limit the amount of control overhead.
· To limit control overhead, DL could be limited to schedule a single user at the time.
· To limit control overhead, the number and payload of the fast DCI could be limited.

Proposals:
· Study the reduced processing and HARQ feedback timing for DL shared channel with shortened TTI.
· Asynchronous HARQ can be reused for DL shared channel with shortened TTI.
· Shortened TTI should be considered for all DL transmission modes 
· Demodulation of data channel with shortened TTI can use either CRS or DMRS.
· Study further DMRS design options for shortened PDSCH considering both overhead, impact on channel estimation and benefit of features enabled by DMRS. 
· The control information is divided into slow DCI (at most once per subframe) and fast DCI (once per short TTI).
· The fast DCI for DL can be transmitted in the first symbol of each short TTI.
· Study design options for shortened PUCCH considering both coverage as well as multiplexing capacity.


References
R1-157146, Overview of TTI shortening. Ericsson, November 2015.
R1-157149, Physical layer aspects of TTI shortening for uplink transmissions. Ericsson, November 2015.
