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Introduction
In RAN1#88 the following agreement was made for DMRS pattern for short TTI.
Agreements:
· For up to 2 layers sPDSCH in one sTTI, each layer maps to one different DL DMRS port, and each DMRS port has OCC-2 in time domain to support code division multiplexing.
· FFS on whether DL DMRS can be shared among multiple sTTIs for the same UE for 2/3-symbol sTTI.
· DL DMRS pattern for 2-layer 2/3-symbol sTTI occupies 2 symbols per sTTI, X subcarriers per N RB(s)
· Option 1: X = 3, N = 1
· Option 2: X = 2, N = 1
· Option 3: N > 1, with a fixed value of N and X, the specific values are FFS 
· Option 4: N and X are configurable, including the possibility that N = 1

In this contribution, we provide our views on the DMRS design for shortened TTI for downlink transmissions. 
[bookmark: _Ref178064866]Discussion
A new DMRS design needs to be specified for short TTI operation, to provide each short TTI with its own DMRS set. 
DMRS pattern for 2-symbol TTI
A new DMRS design needs to be specified for 2-symbol TTI operation, to provide each 2-symbol short TTI with its own DMRS set. In the RAN1#88 meeting, CDM pairs in time was agreed and 4 options for the short TTI DMRS pattern are considered. Option 2 and option 1 with two and three DMRS pairs respectively are shown in Figure 1. This figure also shows the split between the short TTIs in case of 2os long PDCCH. The scheme with 3 DMRS pairs has the same frequency location as in [1] and [4]. The 2 DMRS pairs pattern is here selected by removing the middle DMRS pair.
[bookmark: _Ref458089645]
[bookmark: _Ref458514415]Figure 1. DMRS patterns for 2 symbol TTI, with two DMRS pairs (left picture, denoted option 2) or three pairs (right picture, denoted option 1). Color code: grey: PDCCH, orange: DMRS, blue: CRS
Simulations of options 1 and 2 for the DMRS pattern are shown in the following figures. Simulation assumptions are listed in the appendix. All of the simulations use PRB bundling of 3 PRB, which as pointed out in [4] and below in Section 2.4.2 gives an increased performance.
In Figure 2, BLER curves are shown for rank-2 transmission with the two schemes using an EPA 3km/h propagation channel. For this low-dispersive channel, it is enough to have two DMRS pairs.
Figure 3 shows rank-1 demodulation performance for the more time-dispersive ETU channels (here shown at 60 km/h). Here it is clear that three DMRS pairs are beneficial.
[bookmark: _Toc458689691][bookmark: _Toc463010311][bookmark: _Toc463010326][bookmark: _Toc464209523][bookmark: _Toc465261701][bookmark: _Toc465261856][bookmark: _Toc465262550][bookmark: _Toc465266783][bookmark: _Toc465266989][bookmark: _Toc465348249][bookmark: _Toc466028270][bookmark: _Toc472086399][bookmark: _Toc472086513][bookmark: _Toc472611091][bookmark: _Toc472611876][bookmark: _Toc473186067][bookmark: _Toc474175320][bookmark: _Toc474175444][bookmark: _Toc477866985][bookmark: _Toc477867005][bookmark: _Toc477867014][bookmark: _Toc477867070][bookmark: _Toc477867390][bookmark: _Toc477867466][bookmark: _Toc477891136][bookmark: _Toc477898876][bookmark: _Toc477898973][bookmark: _Toc477899113][bookmark: _Toc477936927][bookmark: _Toc477937840][bookmark: _Toc477938174][bookmark: _Toc477938370][bookmark: _Toc477943227][bookmark: _Toc477943245][bookmark: _Toc477943280][bookmark: _Toc477943459][bookmark: _Toc478054508][bookmark: _Toc478117700][bookmark: _Toc478120765][bookmark: _Toc478120831][bookmark: _Toc478140083][bookmark: _Toc478147369][bookmark: _Toc481101252][bookmark: _Toc481149122][bookmark: _Toc481149477][bookmark: _Toc481154675][bookmark: _Toc481500698][bookmark: _Toc481762805]Demodulation performance of 2-symbol TTI in ETU channels is not sufficient with a reduced DMRS frequency density compared to the density used with 1ms TTI operation.
Similarly, while three DMRS pairs gives the best results, with a short TTI length of 2 symbols this will generate quite high overhead, as three subcarriers will continuously have DMRS. Hence, it may be beneficial to only have two DMRS pairs for channels with less time-dispersion. An indication could be sent whether two or three DMRS pairs are sent in a short TTI PRB.
[bookmark: _Toc465347317][bookmark: _Toc465348247][bookmark: _Toc465670336][bookmark: _Toc465943306][bookmark: _Toc465974960][bookmark: _Toc465975010][bookmark: _Toc465975041][bookmark: _Toc466028268][bookmark: _Toc472086408][bookmark: _Toc472086524][bookmark: _Toc472611102][bookmark: _Toc473186080][bookmark: _Toc474175332][bookmark: _Toc474175456][bookmark: _Toc477866997][bookmark: _Toc477867382][bookmark: _Toc477867458][bookmark: _Toc477891144][bookmark: _Toc477898884][bookmark: _Toc477898981][bookmark: _Toc477899121][bookmark: _Toc477943237][bookmark: _Toc477943255][bookmark: _Toc477943376][bookmark: _Toc477943469][bookmark: _Toc478054518][bookmark: _Toc478117710][bookmark: _Toc478120775][bookmark: _Toc478120841][bookmark: _Toc478140094][bookmark: _Toc478147379][bookmark: _Toc478147438][bookmark: _Toc481101265][bookmark: _Toc481149134][bookmark: _Toc481149490][bookmark: _Toc481154688][bookmark: _Toc481500710][bookmark: _Toc481762817]The number of subcarriers with DMRS pairs per PRB is either two or three. The exact number is indicated to the UE either in sPDCCH or with RRC configuration.

		
[bookmark: _Ref458089905]Figure 2. 2-symbol TTI. Evaluation of DMRS placements with CDM-T pairs on two or three subcarriers. EPA 3 km/h rank 2. MCS: QPSK 1/3, 16QAM 3/4, 64QAM 5/6.

[bookmark: _Ref465266325]Figure 3. 2-symbol TTI. Evaluation of DMRS placements with CDM-T pairs on two or three subcarriers. ETU 60 km/h rank 1. MCS: QPSK 1/3, 16QAM 3/4, 64QAM 5/6.

As seen in the simulations above, fixing the DMRS pattern to option 1 or 2 (always 3 or always 2 pairs) will either give unnecessarily high overhead, or inferior performance. Using a pattern with N>1, this value of N should be limited to the size of the PRB bundling. However, as discussed further below, the bundling sizes used by legacy LTE (2-3 PRB) seem to be suitable also for short TTI. The PRB at the edges of the bundling set will need to have DMRS close their outer border, so reduction can in practice only be done on the center region. Thereby, for option 4, e.g. using N=3, instead of 3*3=9 subcarriers, we would for approximately the same spacing between the subcarriers use 8 subcarriers, thus the overhead reduction would be limited, see Figure 4.
[bookmark: _Toc478117701][bookmark: _Toc478120766][bookmark: _Toc478120832][bookmark: _Toc478140084][bookmark: _Toc478147370][bookmark: _Toc481101253][bookmark: _Toc481149123][bookmark: _Toc481149478][bookmark: _Toc481154676][bookmark: _Toc481500699][bookmark: _Toc481762806]The increased complexity of using DMRS positions varying between PRBs used in option 4 may not be justified by the small overhead decrease.

[bookmark: _Ref478120761]Figure 4. DMRS positions in frequency marked for three PRB.
DMRS option 1 (top) using 9 subcarriers, and option 4 (bottom) using 8 subcarriers.
DMRS sharing between TTIs
Looking to the DMRS patterns in Figure 1, one can observe that there is a high signaling overhead when there are 2 DMRS pairs or 3 DMRS pairs in each 2-symbol TTI. To reduce the overhead, one solution might be to share the DMRS pairs between consecutive 2-symbol TTIs. In this subsection, we study the benefits and drawbacks of DMRS sharing in different channel environments.  
For the study, we consider the following three patterns: (1) no DMRS sharing; (2) DMRS sharing between two consecutive 2-symbol TTI (denoted as DMRS sharing 1/2); (3) DMRS sharing between three consecutive 2-symbol TTIs (denoted as DMRS sharing 1/3). Two patterns in the top of Figure 5 are with DMRS sharing 1/2. Patterns with DMRS sharing 1/3 are shown in the bottom. 

[bookmark: _Ref477939671]Figure 5. DMRS patterns for 2 symbol TTI, with two DMRS pairs in frequency (left) or three DMRS pairs in frequency (right), and with DMRS sharing between two consecutive sTTIs (top) or DMRS sharing between three consecutive sTTIs (bottom). Color code: grey: PDCCH, orange: DMRS, blue: CRS
We evaluate the performance of the downlink LTE systems using different MCS schemes and for UE in different channel models with different UE speeds. The channel estimator uses DMRS in the current TTI, or if no DMRS exists there, it uses DMRS from the most recent TTI having DMRS. All of the simulations use PRB bundling of 3 PRBs. More details about simulation parameters are given in the appendix. The block error rate (BLER) and throughput for the 3 km/h EPA channel are shown in Figure 6, using two DMRS pairs. Here, we observe a considerable throughput gain in using DMRS sharing. That is, there is little degradation in the block error rate (BLER), while the throughput increased considerably. This gain results from having higher peak throughput due to less DMRS overhead.

[bookmark: _Ref481149600]Figure 6. DMRS sharing performance. 2 DMRS pairs. EPA LOW, 3 km/h rank 2. MCS: QPSK 1/3, 16QAM 3/4, 64QAM 5/6.

Next, BLER and throughput results for a 60 km/h EPA channel are shown for the case that two DMRS pairs are used. From Figure 7 we observe that the BLER in high MCS schemes is degraded by DMRS sharing. This is because when UE operates in a high speed channel, it needs more reference signals in the time domain to perform an accurate channel estimation. As expected, the need for an accurate channel estimation intensifies for high MCS schemes. The results show that DMRS sharing does not perform well for high MCS schemes at a high speed.

[bookmark: _Ref481149665]Figure 7. DMRS sharing performance. 2 DMRS pairs. EPA LOW, 60 km/h, rank 2. MCS: QPSK 1/3, 16QAM 3/4, 64QAM 5/6.
Later, we evaluate the performance of DMRS sharing for a 60 km/h ETU channel model. The simulation results are shown in Figure 8. In ETU, due to several multipath signals, the system needs more reference signals in the frequency domain, to perform an accurate channel estimation. Thus, 3 DMRS pairs are used for a proper performance. From this figure, we get the same results as Figure 7, that DMRS sharing is not recommended for a UE operating with high MCS in a high-speed channel. 

 
[bookmark: _Ref481149691]Figure 8. DMRS sharing performance. 3 DMRS pairs. ETU 60 km/h rank 1. MCS: QPSK 1/3, 16QAM 3/4, 64QAM 5/6.
Summarizing the results, we see that for a UE in a low speed, DMRS sharing is always beneficial. For a high-speed UE, DMRS sharing could be recommended depending on MCS scheme. As we observed, in low MCS schemes DMRS sharing might still be beneficial. 
[bookmark: _Toc478140085][bookmark: _Toc477943228][bookmark: _Toc477943246][bookmark: _Toc477943281][bookmark: _Toc477943460][bookmark: _Toc478054509][bookmark: _Toc478117702][bookmark: _Toc478120767][bookmark: _Toc478120833][bookmark: _Toc478140086][bookmark: _Toc478147371][bookmark: _Toc481101254][bookmark: _Toc481149124][bookmark: _Toc481149479][bookmark: _Toc481154677][bookmark: _Toc481500700][bookmark: _Toc481762807]In a low-speed channel, or with low MCS, DMRS sharing results in higher throughput in LTE downlink transmissions.
[bookmark: _Toc477943229][bookmark: _Toc477943247][bookmark: _Toc477943282][bookmark: _Toc477943461][bookmark: _Toc478054510][bookmark: _Toc478117703][bookmark: _Toc478120768][bookmark: _Toc478120834][bookmark: _Toc478140087][bookmark: _Toc478147372][bookmark: _Toc481101255][bookmark: _Toc481149125][bookmark: _Toc481149480][bookmark: _Toc481154678][bookmark: _Toc481500701][bookmark: _Toc481762808]In a high-speed channel with a high MCS scheme, DMRS sharing does not perform well.
To reduce DMRS overhead for 2-symbol TTI it may be beneficial to dynamically insert the DMRS, e.g. by a flag in sPDCCH. If a certain UE is scheduled in two adjacent TTIs on the same frequency resources, then it might be preferable to not send DMRS in the second short TTI. 
[bookmark: _Toc465348246][bookmark: _Toc465670335][bookmark: _Toc465943305][bookmark: _Toc465974959][bookmark: _Toc465975009][bookmark: _Toc465975040][bookmark: _Toc466028267][bookmark: _Toc472086407][bookmark: _Toc472086523][bookmark: _Toc472611101][bookmark: _Toc473186079][bookmark: _Toc474175331][bookmark: _Toc474175455][bookmark: _Toc477866999][bookmark: _Toc477867384][bookmark: _Toc477867460][bookmark: _Toc477891146][bookmark: _Toc477898886][bookmark: _Toc477898983][bookmark: _Toc477899123][bookmark: _Toc477943239][bookmark: _Toc477943257][bookmark: _Toc477943378][bookmark: _Toc477943471][bookmark: _Toc478054520][bookmark: _Toc478117712][bookmark: _Toc478120777][bookmark: _Toc478120843][bookmark: _Toc478140096][bookmark: _Toc478147381][bookmark: _Toc478147440][bookmark: _Toc481101266][bookmark: _Toc481149135][bookmark: _Toc481149492][bookmark: _Toc481154690][bookmark: _Toc481500711][bookmark: _Toc481762818]The presence of DMRS in a 2 symbols TTI is signaled in the DL assignment.
Number of layers for 2-symbols TTI
As 4 layers is supported for 2-symbols CRS-based transmission, it can be studied whether this also should be supported for 2 symbols TTI with DMRS. The DMRS scheme with CDM pairs in time supports for a single pair only 1 or 2 layers. More than two layers will increase the overhead for 2 symbols TTI, since then an additional DMRS pair would need to be inserted in frequency. In this subsection, we evaluate the link-level performance for a 2-symbol DMRS-based transmission that supports four-layer transmission.
We examine the BLER and throughput of the system for different DMRS patterns. With these patterns, we compare the performance between two and four-layer transmissions. The DMRS patterns for two-layer transmissions with 2 or 3 DMRS pairs, were shown in the previous subsection (see Figure 1). For four-layer transmission, we introduce three new patterns, as shown in  Figure 9. The left and center patterns are based on the 2-layer pattern from Figure 1, but with double set of DMRS pairs (each of the two sets used by two layers). The pattern to the right use a very light-weight scheme with only 4 RE used for all of the four pairs.


[bookmark: _Ref481154695][bookmark: _Ref481496174]Figure 9. Simulated DMRS patterns for four-layer transmission. Each of the three patterns is evaluated with and without DMRS sharing. 

In Figure 10, simulation results are shown for a 3 km/h EPA channel. All simulations use 2-symbol TTI with PRB bundling 3. For this channel with low frequency dispersion, only few DMRS RE are needed, and the best results are achieved with the scheme with minimal overhead (that is the scheme mentioned as Rank 4, 4RE, sharing 1/2).
Looking at the scheme with double three-DMRS pairs, we see that the pattern has a very high overhead, making the peak throughput not improve much compared to 2-layer transmission. With 12 RE reserved for DMRS each sTTI (when having no DMRS sharing), only 8-12 RE are left for sPDSCH, depending on presence of CRS.
[bookmark: _Toc481101257][bookmark: _Toc481149127][bookmark: _Toc481149482][bookmark: _Toc481154680][bookmark: _Toc481500702][bookmark: _Toc481762809]Doubling up 3 DMRS pairs (2*3 pairs) will give too much overhead, and 4-layer gain is lost



[bookmark: _Ref481154110]Figure 10. BLER and Throughput for 2-symbol sTTI with 2- and 4-layer transmission, for different DMRS schemes. 16QAM r3/4 EPA 3 km/h 
In Figure 11, throughput for a 3 km/h EVA channel is shown. We see that the very lightweight scheme with only 4 RE is not enough for channel estimation in this channel.
[bookmark: _Toc481101256][bookmark: _Toc481149126][bookmark: _Toc481149481][bookmark: _Toc481154679][bookmark: _Toc481500703][bookmark: _Toc481762810]Very light-weight DMRS schemes (e.g. with only 4 RE for 4 layers) is not suitable since it is not robust for dispersive channels.

However, the scheme with 2 DMRS pairs, doubled up in frequency, performs quite well here. There is no reason to use three DMRS pairs, due to the high overhead for this scheme.


[bookmark: _Ref481155054]Figure 11. BLER and Throughput for 2-symbol sTTI with 2 and 4 layer transmission, for different DMRS schemes. 16QAM r3/4 EVA 3 km/h 
In Figure 12, throughput for a 3 km/h ETU channel is shown. Here, we see that the two-DMRS pair scheme performs very bad, but even the three-DMRS pair scheme does not show acceptable BLER. So in the ETU channel, more than two-layer transmission is not possible with any of the DMRS patterns.

[bookmark: _Toc481101258][bookmark: _Toc481149128][bookmark: _Toc481149483][bookmark: _Toc481154681][bookmark: _Toc481500704][bookmark: _Toc481762811]If 4-layer DMRS should be supported for 2-symbol TTI, a scheme with 2*2 pairs for 4 layers could be an option. This compromise solution will keep the DMRS overhead reasonable, while still providing adequate performance for low or moderately dispersive channels. ETU and similar high-dispersive channels will use one or two layers.


[bookmark: _Ref481155270]Figure 12. BLER and Throughput for 2-symbol sTTI with 2 and 4 layer transmission, for different DMRS schemes. 16QAM r3/4. ETU 3 km/h. 


DMRS pattern for slot TTI
As discussed in [1], the legacy DMRS structure with the pilots placed in the end of each TTI is not suitable for high-Doppler environments. As noted in that paper, moving the DMRS RE to the middle of the TTI will improve the results, but not enough to facilitate reception with 64-QAM transmission. See Figure 14 for evaluation in a 60 km/h channel, which is too fast for only one DMRS pair per slot. Simulation assumptions are given in the appendix. The two DMRS placements investigated are shown in Figure 13.

[bookmark: _Ref473747829]Figure 13: Legacy DMRS placement for TTI of length 7 symbols (left). Modified pattern (right).



[bookmark: _Ref447020128]Figure 14. DMRS demodulation performance for QPSK, 16QAM and 64QAM. Comparison of legacy DMRS pattern for slot-length TTI and modified pattern according to middle part of Figure 15. EPA LOW, 60 km/h, 50 PRB, rank 1.
[bookmark: _Toc478140088][bookmark: _Toc478147373][bookmark: _Toc481101259][bookmark: _Toc481149129][bookmark: _Toc481149484][bookmark: _Toc481154682][bookmark: _Toc481500705][bookmark: _Toc481762812]Using the 1 ms DMRS placement per slot for slot sTTI does not provide satisfactory performance for all modulations, and UE speeds, even if the DMRS symbols are moved to the middle of the slot.
Increase of DMRS density in time
To be able to handle high-Doppler channels, it is preferable to define a new DMRS pattern for 1-slot TTI that will contain two DMRS pairs in time domain within the slot. With two DMRS pairs in time domain within the slot long sTTI, interpolation is possible. 
Designing a new DMRS pattern, while achieving as much distance as possible between the two DMRS pairs in time domain to allow interpolation, the new placement must still ensure no overlap with CRS, as well as to as large extent as possible avoid overlap with CSI-RS configurations. As discussed in [4], the DRMS pattern defined for DwPTS is not suitable for 1-slot TTI since it is only supported with up to 2 PDCCH symbols, and is potentially colliding with CSI-RS.
Another possibility is to use a completely new pattern such as the one depicted to the right in Figure 15. This pattern allows a PDCCH of 3 OFDM symbols and does not collide with CSI-RS candidate positions. To reduce the DMRS overhead, a pattern with 2 DMRS frequency positions instead of 3 will be evaluated as well.

[bookmark: _Ref454383026]Figure 15. DMRS schemes for slot-length TTI. Left: legacy. Middle: middle symbols, simulated in [1]. Right: Double number of pilots in time (two pairs per slot)
In Figure 16, the rightmost DMRS pattern in Figure 15 is used for slot-length TTI, with double number of DMRS RE in time. The results in Figure 16 show that the EPA demodulation performance is now performing well at the high Doppler speed. Figure 17 shows results for an ETU channel with the same Doppler, which is also properly handled with the DMRS pattern.
[bookmark: _Toc458689686][bookmark: _Toc463010306][bookmark: _Toc463010321][bookmark: _Toc472086394][bookmark: _Toc472086516][bookmark: _Toc472611094][bookmark: _Toc472611879][bookmark: _Toc473186070][bookmark: _Toc474175324][bookmark: _Toc474175448][bookmark: _Toc477866989][bookmark: _Toc477867009][bookmark: _Toc477867018][bookmark: _Toc477867074][bookmark: _Toc477867394][bookmark: _Toc477867470][bookmark: _Toc477891138][bookmark: _Toc477898878][bookmark: _Toc477898975][bookmark: _Toc477899115][bookmark: _Toc477936933][bookmark: _Toc477937844][bookmark: _Toc477938178][bookmark: _Toc477938374][bookmark: _Toc477943231][bookmark: _Toc477943249][bookmark: _Toc477943284][bookmark: _Toc477943463][bookmark: _Toc478054512][bookmark: _Toc478117705][bookmark: _Toc478120770][bookmark: _Toc478120836][bookmark: _Toc478140089][bookmark: _Toc478147374][bookmark: _Toc481101260][bookmark: _Toc481149130][bookmark: _Toc481149485][bookmark: _Toc481154683][bookmark: _Toc481500706][bookmark: _Toc481762813]Doubling the number of DMRS improves significantly the demodulation performance with slot-length TTI in case of high Doppler conditions
To avoid increasing overhead for short TTI UEs that experience low Doppler, a configurable DMRS placement could be considered for slot-based TTI. For UEs with high speed, a pattern with two DMRS pairs in time domain would be configured, while for UEs with low speed a pattern with a single DMRS pair would be used. This can be controlled either with the fast DCI, or with RRC configuration.
[bookmark: _Toc481149136][bookmark: _Toc481500712][bookmark: _Toc474175334][bookmark: _Toc474175458][bookmark: _Toc477867000][bookmark: _Toc477867385][bookmark: _Toc477867461][bookmark: _Toc477891147][bookmark: _Toc477898887][bookmark: _Toc477898984][bookmark: _Toc477899124][bookmark: _Toc477943240][bookmark: _Toc477943258][bookmark: _Toc477943379][bookmark: _Toc477943472][bookmark: _Toc478054521][bookmark: _Toc478117713][bookmark: _Toc478120778][bookmark: _Toc478120844][bookmark: _Toc478140097][bookmark: _Toc478147382][bookmark: _Toc478147441][bookmark: _Toc481101267][bookmark: _Toc481149137][bookmark: _Toc481149493][bookmark: _Toc481154691][bookmark: _Toc481500713][bookmark: _Toc481762819]Define DMRS pattern of 1-slot TTI with one or two DMRS pairs in time domain.
[bookmark: _Toc462385650][bookmark: _Toc463010427][bookmark: _Toc463010454][bookmark: _Toc463010755][bookmark: _Toc463010775][bookmark: _Toc472086403][bookmark: _Toc472086527][bookmark: _Toc472611105][bookmark: _Toc473186083][bookmark: _Toc474175335][bookmark: _Toc474175459][bookmark: _Toc477867001][bookmark: _Toc477867386][bookmark: _Toc477867462][bookmark: _Toc477891148][bookmark: _Toc477898888][bookmark: _Toc477898985][bookmark: _Toc477899125][bookmark: _Toc477943241][bookmark: _Toc477943259][bookmark: _Toc477943380][bookmark: _Toc477943473][bookmark: _Toc478054522][bookmark: _Toc478117714][bookmark: _Toc478120779][bookmark: _Toc478120845][bookmark: _Toc478140098][bookmark: _Toc478147383][bookmark: _Toc478147442][bookmark: _Toc481101268][bookmark: _Toc481149138][bookmark: _Toc481149494][bookmark: _Toc481154692][bookmark: _Toc481500714][bookmark: _Toc481762820]Indicate whether one or two DMRS pairs in time domain per slot is used, either in sPDCCH or with RRC configuration.


[bookmark: _Ref454382976]Figure 16. Double number of DMRS in time. EPA 60 km/h rank 1.

[bookmark: _Ref454382966]Figure 17. Double number of DMRS in time. ETU 60 km/h rank 1.
[bookmark: _Ref472612053]PRB bundling 
In order to improve the channel estimates, PRB bundling can be employed. Figure 16 and Figure 17 above included simulations for different number of bundled PRBs. It can be seen that for the EPA channel with low dispersion in Figure 16, the gain somewhat increases with increased bundling, although most of the gain is achieved with a bundling of 3 PRB. Also for the ETU channel with high dispersion in Figure 17, there is a bundling gain. For this channel, the coherence bandwidth is smaller and not as wide filters in frequency can be used, and in Figure 17, there even seems to be decreased performance by high bundling levels, likely caused by modelling errors in the filter calculations. In total, we see that the numbers used by legacy LTE, i.e. up to 3 PRB bundling, also seem suitable to use for short latency.
[bookmark: _Toc458090361][bookmark: _Toc458091466][bookmark: _Toc458180025][bookmark: _Toc458180038][bookmark: _Toc458513857][bookmark: _Toc458514392][bookmark: _Toc458515099][bookmark: _Toc458591072][bookmark: _Toc458596646][bookmark: _Toc458596690][bookmark: _Toc458604137][bookmark: _Toc458689688][bookmark: _Toc463010308][bookmark: _Toc463010323][bookmark: _Toc472086396][bookmark: _Toc472086518][bookmark: _Toc472611096][bookmark: _Toc472611881][bookmark: _Toc473186072][bookmark: _Toc474175326][bookmark: _Toc474175450][bookmark: _Toc477866991][bookmark: _Toc477867011][bookmark: _Toc477867020][bookmark: _Toc477867076][bookmark: _Toc477867396][bookmark: _Toc477867472][bookmark: _Toc477891140][bookmark: _Toc477898880][bookmark: _Toc477898977][bookmark: _Toc477899117][bookmark: _Toc477936935][bookmark: _Toc477937846][bookmark: _Toc477938180][bookmark: _Toc477938376][bookmark: _Toc477943233][bookmark: _Toc477943251][bookmark: _Toc477943286][bookmark: _Toc477943465][bookmark: _Toc478054514][bookmark: _Toc478117707][bookmark: _Toc478120772][bookmark: _Toc478120838][bookmark: _Toc478140091][bookmark: _Toc478147376][bookmark: _Toc481101262][bookmark: _Toc481149131][bookmark: _Toc481149487][bookmark: _Toc481154685][bookmark: _Toc481500707][bookmark: _Toc481762814]A bundling size up to 3, similar to legacy LTE, is suitable if the DMRS frequency density is kept. 
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Reduced DMRS density in frequency
The introduction of an additional DMRS pair in every slot will increase the DMRS overhead. An option to limit that overhead is to reduce the frequency density, e.g. to have 2 instead of 3 subcarriers with DMRS per PRB, see Figure 18.

[bookmark: _Ref458591066]Figure 18. Reduction from 3 to 2 DMRS subcarriers per PRB.
The results in Figure 19 shows the EPA channel from Figure 16 (with two DMRS pairs per slot) both with 2 and 3 DMRS RE subcarriers. For this non-dispersive channel, demodulation performance is good.
However, Figure 20 shows a simulation of the ETU channel from Figure 17, and here the time dispersive channel is not properly handled with 2 DMRS RE subcarriers with high modulation. For the 64QAM modulation, the BLER does not reach down to 10%, and for the 16QAM modulation, an SNR loss of 1-1.5 dB is visible.

[bookmark: _Ref458088910]Figure 19. Slot-length TTI, with double number of DMRS in time. Evaluation of reduction of DMRS in frequency. EPA 60 km/h rank 1.

[bookmark: _Ref458089045]Figure 20. Slot-length TTI, with double number of DMRS in time. Evaluation of reduction of DMRS in frequency. ETU 60 km/h rank 1.

We see that in order to perform well for the high-Doppler channels, the DMRS need to cover a wider range in time. If ETU demodulation performance is prioritized for 64-QAM modulation, reduction in DMRS frequency density may not be straight-forward.
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Conclusion
In section 2 we made the following observations:
Observation 1	Demodulation performance of 2-symbol TTI in ETU channels is not sufficient with a reduced DMRS frequency density compared to the density used with 1ms TTI operation.
Observation 2	The increased complexity of using DMRS positions varying between PRBs used in option 4 may not be justified by the small overhead decrease.
Observation 3	In a low-speed channel, or with low MCS, DMRS sharing results in higher throughput in LTE downlink transmissions.
Observation 4	In a high-speed channel with a high MCS scheme, DMRS sharing does not perform well.
Observation 5	Doubling up 3 DMRS pairs (2*3 pairs) will give too much overhead, and 4-layer gain is lost
Observation 6	Very light-weight DMRS schemes (e.g. with only 4 RE for 4 layers) is not suitable since it is not robust for dispersive channels.
Observation 7	If 4-layer DMRS should be supported for 2-symbol TTI, a scheme with 2*2 pairs for 4 layers could be an option. This compromise solution will keep the DMRS overhead reasonable, while still providing adequate performance for low or moderately dispersive channels. ETU and similar high-dispersive channels will use one or two layers.
Observation 8	Using the 1 ms DMRS placement per slot for slot sTTI does not provide satisfactory performance for all modulations, and UE speeds, even if the DMRS symbols are moved to the middle of the slot.
Observation 9	Doubling the number of DMRS improves significantly the demodulation performance with slot-length TTI in case of high Doppler conditions
Observation 10	A bundling size up to 3, similar to legacy LTE, is suitable if the DMRS frequency density is kept.
Observation 11	DMRS pattern for slot-length TTI needs to have a wide span in both time and frequency.
Observation 12	The DMRS frequency density should not be reduced in order to achieve good demodulation performance of slot-length TTI in ETU channels.

Based on the discussion in section 2 we propose the following:
Proposal 1	The number of subcarriers with DMRS pairs per PRB is either two or three. The exact number is indicated to the UE either in sPDCCH or with RRC configuration.
Proposal 2	The presence of DMRS in a 2 symbols TTI is signaled in the DL assignment.
Proposal 3	Define DMRS pattern of 1-slot TTI with one or two DMRS pairs in time domain.
Proposal 4	Indicate whether one or two DMRS pairs in time domain per slot is used, either in sPDCCH or with RRC configuration.
Proposal 5	Use PRB bundling with a similar bundling size as legacy LTE.
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Appendix: Simulation assumptions
Table 1 specifies the settings used in the link level evaluations, based on the WF on evaluation methodology [2], [3].
[bookmark: _Ref458596432]Table 1. Simulation parameters
	Parameter
	Value

	Carrier frequency
	2 GHz

	TTI length
	2/7/14 symbols

	Allocated bandwidth
	50 PRBs (10 MHz)

	Channel model 
	EPA, ETU

	UE speed
	3km/h (5.56 Hz), 60km/h (111 Hz)

	Antenna configuration
	2Tx (eNB), 2Rx (UE)  

	Antenna correlation
	Uncorrelated

	Legacy PDCCH region
	2 OFDM symbols

	CP length
	Normal

	Transmission mode
	TM9 

	RS configuration
	2 CRS ports for rank 1 and 2

	Receiver type
	MMSE-IRC

	Channel estimation
	Practical

	Rank adaptation
	Rank 1, Rank2

	Link adaptation
	Disabled

	Modulation and code rate
	64QAM 5/6, 16QAM 3/4, QPSK 1/3

	Precoding codebook
	Fixed

	TBS determination
	Calculated from modulation and code rate

	HARQ retransmission
	Disabled

	Imperfections
	RX imperfections and 6% TX EVM, (standard value in RAN4)
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