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1
Introduction
In this contribution, we provide some design details for uplink channels for shortened TTI.
2
Discussion
In this contribution, we consider some uplink design details for TTI shortening and reduced processing time particularly focusing on the following issues:
· Backward compatibility and Impact to Legacy Operation
· Different shortened TTI design: 1-symbol TTI, 2-symbol TTI, and 1-slot TTI

· Shortened PUSCH Channel Design
· Shortened PUCCH Channel Design

· Uplink Waveform PAPR considerations
2.1
Backward Compatibility and Impact to Legacy Operation

It is important that the low latency uplink operation remains backward compatible with the existing uplink LTE structure. The existing numerology such as tone spacing, symbol duration, normal/extended CP durations should all be kept intact in the new design.

When possible, eNB can implement operational changes that ensure that legacy and low latency uplink channels are not interfering each other, thereby allowing for joint and seamless operation. For example, using resource assignments that are non-colliding for legacy and low latency users can guarantee compatibility, albeit at the expense of some scheduling flexibility and efficiency of resource usage.

In certain situations, collisions may not be completely avoidable, especially for cases where a legacy 1ms channel has already been assigned to a UE and a low latency PUSCH assignment is required to be transmitted from the same UE mid-subframe. In these circumstances, specific transmission rules can be employed that alleviate the effects of the resource collision. For example, giving priority to the low latency channel and puncturing the legacy transmission can be one suitable solution. Additional requirements may be imposed to ensure that certain resource elements such as the DMRS and UCI of the legacy channel, are not punctured by the low latency channel to ensure acceptable legacy demodulation performance. 
Additionally, power allocations of the legacy and low latency channels needs to be considered under simultaneous operation by a UE. For cases where the UE is operating in a power limited scenario, the abrupt inclusion of a low latency channel in parallel with a legacy channel may potentially negatively affect the demodulation of the uplink legacy channel. 

Yet another potential collision case is a new low latency UE sPUSCH transmission colliding with a legacy UE PUSCH transmission. This may happen when the legacy UE PUSCH transmission was already granted, but there is a need to grant a low latency UE for sPUSCH transmission while there is no extra resource left. In this case, the legacy UE cannot puncture the REs to avoid interfering with the low latency UE sPUSCH transmission. This collision can still be handled if the eNB takes into account the cross interference. The eNB also needs to control the location of sPUSCH to avoid interfering with the legacy UEs DMRS and UCI. The eNB can also control the transmit power and MCS of sPUSCH to handle the interference from legacy PUSCH.
Proposal 1: Support efficient co-existence in a subframe between legacy and low latency users.
2.2
Shortened TTI Designs 

For legacy 1-ms TTI, there are 2 DMRS placed at symbols 3 in each slot, with each surrounded on each side by 3 data symbols. 
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Figure 1: Configuration of 1 subframe legacy PUSCH
For the shortened PUSCH in the low latency LTE design, we consider multiple TTI duration options of 1 symbol, 2 symbols, and 1 slot. 

Similarly, for the shortened PUCCH in the low latency LTE design, we consider multiple TTI lengths of 1 symbol, 2 symbols, and 1 slot. The objective is to design a shortened PUCCH which benefits from channel frequency diversity to the extent possible, does not violate single-carrier property, is flexing in supporting different UCI payloads, is capable of multiplexing UEs, and also allows for DMRS overhead reduction via sharing DMRS symbol(s) across multiple shortened TTIs. 

2.2.1  1-symbol TTI Design
2.2.1.1  sPUSCH channel design

For 1-symbol TTI design, we may use one sPUSCH symbol and one DMRS symbol for one uplink transmission. However, this implies 50% DMRS overhead and is not efficient in resource utilization. In order to improve the efficiency, we need to consider a more flexible design such that

· If the same UE transmits the sPUSCH continuously or at least frequently, we shall be able to reuse DMRS to save overhead.

· If multiple UEs transmit the sPUSCH, we shall be able to have overlapped DMRS, but distinguished with different cyclic shifts, to save the total number of DMRS symbols used. 

One possible design is as shown in Figure 2. In general, it is desirable to place the DMRS transmission before the sPUSCH symbol transmission, in order to relax the decoding timeline. Further, one may consider introducing a configurable delay of D1 symbols between the DRMS symbol transmission and the sPUSCH symbol transmission. 
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Figure 2: Configuration of 1-symbol shortened PUSCH

When the same UE is granted to transmit sPUSCH continuously, the DMRS for the previous transmission is good enough for the demodulation of the later sPUSCH transmission. In this case, the later sPUSCH transmission does not need a companion DMRS. An example is shown in Figure 3. Note that the different sPUSCH transmissions are individually granted. This can be achieved either by an explicit DMRS trigger bit in the UL grant, or by an RRC level configuration such that if a DMRS is transmitted (over the same frequency resource) within a certain time period, a new DMRS transmission is not needed.
Including a DMRS trigger in the UL grant enables flexible placement of DM-RS to suit the actual need. The dynamic nature of the DMRS allows the eNB to amortize the RS overhead on the uplink channel over more than the TTI duration. Additionally, it can flexibly adjust the RS to traffic density ratio depending on multiple parameters such as traffic load, channel conditions, configured MCS, etc. This will allow for additional scheduling flexibility of the DMRS signal by the eNB.

Proposal 2: For 1-symbol shortened TTI sPUSCH, consider introducing a DMRS triggering bit in the UL grant.
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Figure 3: Example with repeated 1-symbol sPUSCH transmission

When multiple UEs are transmitting sPUSCH, the configurable delay between DMRS and sPUSCH can be used to make the DMRS overlap while the sPUSCH transmissions are separated. An example is shown in Figure 4. In this example, there are two UEs transmitting sPUSCH. The DMRS symbol is shared between the two UEs. UE0 is granted with D1=0, so the sPUSCH is transmitted in the next symbol after DMRS. UE1 is granted with D1=1, so the sPUSCH is transmitted in the 2nd symbol after DMRS.
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Figure 4: Example with multiple UEs transmitting sPUSCH 

Proposal 3: For 1-symbol shortened TTI sPUSCH, consider supporting DMRS for sPUSCH of two or more UEs sharing a same symbol.

2.2.1.2  sPUCCH channel design

For the 1-symbol TTI, we consider a 1 RB transmission consisting of a sum of a base sequence rx and a modulated and cyclically shifted version of the same base sequence rx. The base sequence rx can be used as a pilot that can be used to coherently demodulate the modulated data. As an example of a 2 bit payload shortened PUCCH, consider the composition of the signal transmitted on a particular RB x:

S(n) = rx(n)ej2(1)n/12 + d(m)∙rx(n) ej2(2)n/12 

-Where rx is a length 12 base sequence with a QPSK signal set for n={0..11}, similar in nature to CGS sequences
-Where 1,2 are chosen from 12 phases, where abs(1-2) is nonzero 

-Where d(m) is the transmitted QPSK data for OFDM symbol m

If two or more modulated and cyclically shifted versions of the same base sequence are used, more information bits may be conveyed.

With the addition of multiple base sequence signals within a RB, the overall signal S(n) is no longer SC-FDMA, and therefore, PAPR becomes a concern. In order to optimize the PAPR of the signal, signal parameter sets {rx, 1x, 2x} can be chosen via simulation to obtain a suitable PAPR distribution in a similar manner as the CGS reference signals defined in 36.211. The PAPR of the signal S(n) needs to additionally account for all possible modulated PUCCH data d(m). A comparison is made between a 2 bit payload shortened PUCCH transmission against 3 other waveforms – a 1 RB computer generated sequence (CGS) as defined in 36.211, a 1 RB QPSK SC-FDMA transmission, and a 1 RB QPSK OFDM transmission. For the case of the shortened PUCCH, 30 best sequences were chosen for comparison. A CDF of the PAPR is shown in Figure 5.
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Figure 5: 1 RB shortened PUCCH PAPR comparison

The figure shows that a suitable set of 30 base sequences rx, and cyclic shifts 1 and 2, can be formulated that have reasonably low PAPR.
Observation 1: A 1-symbol shortened PUCCH assignment carrying 2 bits can be made to have a reasonably low PAPR 
2.2.2  2-symbol TTI Design

2.2.2.1  sPUSCH channel design

For 2-symbol TTI design, we can consider using two sPUSCH symbols and one DMRS symbol for one uplink transmission. However, this has the similar issue as the 1 symbol shortened TTI design and implies 33% DMRS overhead, thus inefficient in resource utilization. In order to improve the efficiency, we need to consider a more flexible design such that

· If the same UE transmits the sPUSCH continuously or at least frequently, we shall be able to reuse DMRS to save overhead.

· If multiple UEs transmit the sPUSCH, we shall be able to have overlapped DMRS, but distinguished with different cyclic shifts, to save the total number of DMRS symbols used. 

The proposed design is as shown in Figure 6. In general, it is desirable to put the DMRS transmission before the sPUSCH symbol transmission, in order to relax the decoding timeline. However, one may introduce a configurable delay D2 symbols between the DRMS transmission and sPUSCH transmission. D2 has the extra functionality to put the DMRS symbol in the even or odd symbol in a 2-symbol TTI, so we can not only separate the DMRS of two UEs with cyclic shifts, but also with TDM.
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Figure 6: Configuration of 2-symbol shortened PUSCH

Similar to the 1-symbol TTI case, we can use a DMRS trigger to suppress the DRMS transmission when the UE has repeated sPUSCH transmissions., The example is shown in Figure 7. In this example, the UE is scheduled to transmit sPUSCH in two continuous 2-symbol TTIs. For the first TTI transmission, a DMRS is transmitted. For the second 2-symbol TTI transmission, since there is a DMRS earlier already, the DRMS is not triggered so not transmitted. For this example, the DMRS overhead reduces from 33% to 20%.
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Figure 7: Example with repeated 2-symbol sPUSCH transmission

Proposal 4: For 2-symbol shortened TTI sPUSCH, include a DMRS triggering bit in the UL grant.

When multiple UEs are using sPUSCH, the configurable delay between DMRS and sPUSCH can be used to make the DMRS overlap and sPUSCH separated. An example is shown in Figure 8. In this example, there are two UEs transmitting sPUSCH. The DMRS symbol is shared between the two UEs. UE0 is granted with D1=0, so the sPUSCH is transmitted in the next two symbols after DMRS. UE1 is granted with D1=2 symbols, so the sPUSCH is transmitted in the 3rd and 4th symbols after DMRS.
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Figure 8: Example with multiple UEs transmitting sPUSCH
Proposal 5: For 2-symbol shortened TTI sPUSCH, consider supporting DMRS for sPUSCH of two or more UEs sharing a same symbol.
In the above 2-symbol TTI design, the DMRS is not included in the TTI. This has the potential problem that the eNB cannot schedule sPUSCH continuously, as a gap is needed to insert the DMRS transmission. An alternative design is to put the DMRS inside the TTI. In other words, the TTI becomes self-containing. A self-containing 2-symbol TTI design is shown in Figure 9.
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Figure 9: Alternative configuration of 2-symbol shortened PUSCH (self-containing TTI)
If the UL grant triggers the DMRS, the UE can transmit DMRS in the first symbol of the TTI and transmit sPUSCH in the second symbol. If the UL grant does not trigger DMRS, the UE can use both symbols in the TTI to transmit sPUSCH. Note in these two cases, the payload size will be different. An example is shown in Figure 10.
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Figure 10: Example with repeated 2-symbol sPUSCH transmission using self-containing DMRS

The UL grant can further introduce the D2 field to delay the sPUSCH transmission with respect to DMRS. For example, when D2 is one TTI, the UE will transmit DMRS in the first symbol in the first TTI, then transmit two sPUSCH symbols in the next TTI, while leaving the second symbol in the first TTI empty (for another UE). An example is shown in Figure 11
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Figure 11: Example with multiple UEs transmitting sPUSCH using self-containing DMRS

Proposal 6: For 2-symbol shortened TTI sPUSCH, consider supporting self-contained DMRS.

2.2.2.2  sPUCCH channel design

For the two symbol TTI case, we can simply extend the 1 symbol design such that the signal S(n) is split across two symbols. Sx(n) is transmitted on symbol m and Sy(n) is transmitted on symbol m+1 with a RB offset from the first symbol. Figure 12 shows the resource placement for the 2 symbol shortened PUCCH channel.

As this method uses the same physical channel structure as the 1 symbol TTI, the PAPR will be the same and the same set of signal parameters  {rx, 1x, 2x} can be chosen. 
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Figure 12: Resource Placement of 2 Symbol Shortened PUCCH

An alternative approach for designing a 2-symbol PUCCH can be envisioned without frequency hopping. In particular, we can consider a 2-symbol TTI spanned over possibly one or multiple PRBs. The 1st symbol is used for DMRS transmission, while the 2nd symbol is used for UCI transmission. In order to multiplex UEs on the same PUCCH resource, while also allow for gaining from channel frequency diversity, a comb-like structure can be considered within each of the two symbols. In particular, each user is indicated the starting subcarrier and the decimation factor. Depending on the UCI payload of the user, the total number of subcarriers is determined. Each user then transmits its data in an IFDMA fashion. Hence, the single-carrier property is not violated. The same comb index can be assigned to the same user over the 1st symbol for DMRS transmission. In order to reduce DMRS overhead, the DMRS symbol of the 1st shortened TTI can be shared across multiple upcoming shortened TTIs. An example of this shortened PUCCH format is shown in Figure 13.
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                      Figure 13: Configuration of a 2-symbol PUCCH with a comb structure to accommodate four users.
Alternatively, it is also possible to assign each PRB to one user over the data symbol, while DMRS of multiple users are transmitted over the reference symbol using the comb structure.
Proposal 7: For a shortened 2-symbol PUCCH, consider overlapping DMRS and data sequence or comb-like structure with details for further study.
2.2.3  1-Slot TTI Design

2.2.3.1  sPUSCH channel design

For the slot-TTI, one can simply take the one slot of the legacy design and use that as the shortened PUSCH design as shown in Figure 14. 
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Figure 14: Configuration of 1-slot shortened PUSCH

2.2.3.2  sPUCCH channel design

For the 1-slot TTI, the sPUCCH channel can simply take the form of one slot of the legacy PUCCH design. That is, no frequency hopping is applied across symbols. The payload size of the sPUCCH can be a proper scaled down of the legacy PUCCH payload size. We can have multiple payload configurations similar to the legacy PUCCH Formats 1, 2, 3, and 4. 

3
Conclusions 
Based on the discussion presented in the paper, we outlined some specific issues that need to be considered for the low latency uplink 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: For 1-symbol shortened TTI sPUSCH, consider introducing a DMRS triggering bit in the UL grant.



 REF prop_c \h 

Proposal 3: For 1-symbol shortened TTI sPUSCH, consider supporting DMRS for sPUSCH of two or more UEs sharing a same symbol.



 REF prop_d \h 

Proposal 4: For 2-symbol shortened TTI sPUSCH, include a DMRS triggering bit in the UL grant.



 REF prop_e \h 

Proposal 5: For 2-symbol shortened TTI sPUSCH, consider supporting DMRS for sPUSCH of two or more UEs sharing a same symbol.



 REF prop_f \h 

Proposal 6: For 2-symbol shortened TTI sPUSCH, consider supporting self-contained DMRS.



 REF prop_h \h 

Proposal 7: For a shortened 2-symbol PUCCH, consider overlapping DMRS and data sequence or comb-like structure with details for further study.

In addition, we have one observation:

Observation 1: A 1-symbol shortened PUCCH assignment carrying 2 bits can be made to have a reasonably low PAPR 
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