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1 Introduction

In the new WI on Short TTI and reduced processing [1] the (selected) objectives are set to be:

For Frame structure type 1: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 2-symbol sTTI, 4-symbol sTTI, and 1-slot sTTI for sPUCCH/sPUSCH 

· Down-selection is not precluded

For Frame structure type 2: [RAN1, RAN2, RAN4]

· Specify support for a transmission duration based on 1-slot sTTI for sPDSCH/sPDCCH/sPUSCH/sPUCCH

In [2], the following principles on sPUSCH are recommended to be supported:

UCI transmission on sPUSCH is supported

· Note: The UCI herein refers to at least the ones for sTTI operations

In this contribution, we present proposals on how to transmit UCI on sPUSCH.
2 Discussion

2.1 UCI on PUSCH
In LTE, three different methods are supported for transmitting UCI. If the UE does not have a valid scheduling grant, the PUCCH is used for transmitting UCI, while if the UE has a valid scheduling grant, the UCI is instead time multiplexed with the coded UL-SCH, or PUCCH and PUSCH are simultaneously transmitted, if the UE is capable of it. The reason to time multiplex the UCI with the data is to preserve the low cubic metric single-carrier property. 

When UCI is transmitted on PUSCH, there is no need to transmit scheduling request since the UE is already scheduled. Instead the buffer status reports are sent in-band as part of the MAC headers. Therefore, only HARQ ACK/NACK and CSI reports are transmitted on PUSCH.

The HARQ ACK/NACK is important for proper operation of the downlink. Thus, the HARQ ACK/NACK symbols are placed close to DMRS in order to achieve good channel estimation. There is a certain probability that the UE misses some downlink assignment on the PDCCH. In such cases, the actual HARQ feedback payload from the UE is different from the one expected by the eNodeB. To avoid that the reception of the UL-SCH is dependent on the PDCCH reception, the coded HARQ ACK/NACK symbols are punctured into the coded data on PUSCH.

The coded RI symbols are placed close to HARQ ACK/NACK symbol positions, so that they are also close to DMRS to be able to achieve good channel estimation. This is motivated by the fact that the decoding of CQI/PMI relies on the correct decoding of RI. The CQI/PMI is mapped across the full subframe duration. The special mapping of CQI/PMI is less pronounced, since CSI reports are mainly useful for low-to-medium Doppler frequencies. The UL-SCH rate matching takes the presence of the CQI/PMI and RI into account.

2.2 UCI on sPUSCH

2.2.1 Discussion of UCI mapping on sPUSCH

In RAN1 #88, the following agreements has been made in case of channel collisions between sTTI and TTI:

Agreements:
· In case of collision between sPUSCH and sPUCCH in the same sTTI on a given carrier for a UE

· The UE transmits both sPUSCH and sPUCCH if the UE is indicating the capability of and is configured with simultaneous transmission of sPUSCH and sPUCCH

· Otherwise, the UE transmits only sPUSCH including UCI of sPUCCH
· FFS whether some priority rule applies for inclusion of UCI from sPUCCH
· FFS between 
· If UE is indicating the capability of and is configured with simultaneous transmission, it applies to both sPUSCH/sPUCCH and PUSCH/PUCCH
· Separate capability signaling and configuration of simultaneous transmission for sPUSCH/sPUCCH and PUSCH/PUCCH are defined
According to the agreements, when UE is not configured with simultaneous transmission of sPUSCH and sPUCCH, UCI should be piggybacked on sPUSCH. In section 2.2.1.1., we will discuss the mapping of sTTI UCI on sPUSCH.

Since a short TTI UE can be dynamically (with a subframe to subframe granularity) scheduled with 1ms TTI and/or sTTI, collision between sPUSCH and legacy PUSCH/PUCCH could happen. How to handle the collisions between sTTI and 1ms TTI is discussed in [5]. If legacy PUSCH/PUCCH carries HARQ-ACK, one proposal is to map legacy TTI PDSCH HARQ-ACK on sPUSCH. In section 2.2.1.2, mapping 1ms TTI UCI on sPUSCH is discussed.   

2.2.1.1 sTTI UCI mapping on sPUSCH
This section focuses on the general mapping rule for UCI on sPUSCH. That is for the case when there is no other uplink channels scheduled in the same subframe as sPUSCH, i.e., no channel collision in the uplink.

The legacy mapping rules described above can be used as a guideline for the design of multiplexing UCI on sPUSCH. For 7-symbol sPUSCH, since the legacy DMRS configuration has been agreed, a straightforward solution for multiplexing UCI on sPUSCH is to reuse the mapping rule for PUSCH. 

Proposal 1 For 7-symbol sTTI, reuse the legacy mapping rule for UCI mapping on sPUSCH 

However, for a 2-symbol sTTI, since the multiple SC-FDMA symbols that are used for UCI mapping in a 1 ms TTI are not available, the legacy mapping rule cannot be reused. Thus, for 2-symbol sTTI, a new mapping rule for UCI transmitted on sPUSCH needs to be defined.

Proposal 2 For 2-symbol sTTI, define a new mapping rule for UCI mapping on sPUSCH.

When defining the new mapping rule for UCI multiplexing on sPUSCH for 2-symbol sTTI, the impact of the transient period related to the ON/OFF mask from RF implementation needs to be considered. As shown in Figure 1, in the legacy LTE specification, the OFF region is defined in order avoid harmful interference from transmitter to the network when the transmitter has no useful signal for the receiver. Between the ON and the OFF region, a transient period is allowed where the transmitted signal is undefined.  
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Figure 1 General ON/OFF time mask (Source: 3GPP TS 36.101, v14.1.0, Figure 6.3.4.1-1)

In [4], RAN4 has defined ON/OFF masks for 2-OS sTTI. The general mask in case of single sTTI scheduling is defined such that the transient period is located outside the sTTI, and for the cases when UE is scheduled across consecutive sTTIs and power change occurs between the sTTIs, or when SRS transmission is preceding or succeeding the sTTI, the transient period will be located inside the sTTI. In [4], choosing transient region dynamically according to the use cases (e.g., SRS+sTTI, sTTI, consecutive sTTI with DMRS reused, …) has also been proposed by a joint contribution from several companies. Considering the different use cases and varying sTTI patterns, data symbol being affected by the transient period will be unavoidable. If multiplexing UCI in the resource elements which either being interfered by other UE’s transient period or being part of its own power transient period, eNodeB may not be able to detect the control information correctly. In order to protect the transmitted control information, when mapping UCI on sPUSCH for 2-OS sTTI, the power ON/OFF mask shall be considered. Hence, the new mapping rule for UCI on sPUSCH for 2-OS sTTI need consider to use the knowledge of the known transient period. As an example, if the methodology of mapping UCI on sPUSCH is to puncture HARQ ACK/NACK on one side of the data symbol, while mapping RI/CRI and CQI/PMI on the other side of the symbol, by leaving room for transient period, Figure 2 depicts two of the possible mapping patterns for UCI on sPUSCH when taking the known transient period into account.  
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Figure 2 UCI mapping example for 2-OS sTTI

Proposal 3 Consider to define UCI mapping rules for 2-symbol sTTI together with the knowledge of the known transient period. 

Proposal 4 For 2os sTTI UCI is mapped onto one SC-FDMA symbols with HARQ mapped from one end of the symbol, and, RI and CQI is mapped, in order, from the other end 

Proposal 5 HARQ is punctured, and RI and CQI is rate matched onto the sPUSCH REs

2.2.1.2 1ms TTI UCI mapping on sPUSCH
When mapping PDSCH HARQ-ACK on sPUSCH, the following two cases might happen:

1) There is no HARQ-ACK for sPDSCH that needs to be transmitted on sPUSCH. 

For this case, the PDSCH HARQ-ACK could be mapped on sPUSCH by applying the same rule as defined for sPDSCH HARQ-ACK.
2) There is HARQ-ACK for sPDSCH that needs to be transmitted on sPUSCH.

For this case, since there will be two HARQ-ACK payloads, one for PDSCH and one for sPDSCH, to be mapped on sPUSCH, the following two approaches could be considered:
a)  Independent encoding and decoding the two HARQ-ACK payloads, and puncturing them in the different region of sPUSCH. 
b) Encode the two HARQ payloads jointly, then map it using the same mapping rule as for sTTI UCI on sPUSCH. 

Approach a) is straight forward, and one advantage of handling two HARQ feedbacks independently is that one HARQ-ACK misdetection would not affect another one. However, it is less efficient considering two independent HARQ encoding/decoding. In addition, it complicates the mapping rules for UCI on sPUSCH since one needs to design a special mapping rule for this case. 
Approach b) is more efficient in terms of coding/decoding processes, and the mapping rule designed for sTTI UCI on sPUSCH can be reused. One problem with this approach is that UE must know the exact number of HARQ-ACK bits that are expected by eNB before joint encoding the two HARQ payloads. Because one mismatch between the expected HARQ bits and the effectively transmitted HARQ bits at eNB will cause detection error of both HARQ feedback. But this can be solved with a DAI-like functionality for sTTI UEs such that the UE could have a good knowledge on the number of expected HARQ-ACK bits even if some DL assignments are missed. Therefore, approach b is the most attractive approach. 

Proposal 6 Consider to map both PDSCH and sPDSCH HARQ-ACK on sPUSCH jointly when channel collision between sPUSCH and PUCCH/PUSCH happens. 

Proposal 7 Use a DAI-like approach to avoid a mismatch between the UE and eNB on the HARQ bits expected

For 2-OS sPUSCH with only one data symbol in the sTTI, there is one potential risk when mapping both PDSCH and sPDSCH HARQ-ACK on sPUSCH. That is if the sum of two HARQ payloads are large, punctured it on sPUSCH may have impact on data performance. If this is the case, one could consider to use HARQ bundling before mapping them on sPUSCH.  
Observation 1 HARQ bundling can be considered for further study to reduce HARQ feedback payload on sPUSCH.

2.2.2 MCS offset for UCI on sPUSCH

2.2.2.1 MCS offset values for UCI
In legacy LTE, the UCI MCS offset is used to control the additional coding gain (i.e., lower coding rate) for the UCI over data. This MCS offset parameter is user-specific and is semi-statically configured by the eNB by a high-layer signalling index for each type of UCI, i.e., for HARQ-ACK, RI or CRI, and CQI/PMI. Different signalling indexes are used for single and multi-codeword PUSCH transmissions. For HARQ-ACK, the offset value also depends on the payload size, where a different signalling index is used if the UE transmits more than 22 HARQ-ACK bits. 

For each type of UCI, there is a pre-defined table for mapping the high-layer signalling index to the corresponding MCS offset value. The MCS offset value is selected by the eNB based on the target BLER of the data, the operating point of the UCI and the UCI payload size. The existing pre-defined beta offset tables for different type of UCI transmitted on PUSCH were designed for 1ms PUSCH, in which 11 or 12 data symbols are transmitted. However, for a shortened TTI, especially for a 2-symbol TTI, there can be only one data symbols transmitted in one sTTI. If multiplexing UCI on such sPUSCH, considering the trade-off between UCI transmission reliability (i.e. lower coding rate for UCI, less resources left for UL-SCH data) and the system throughput (i.e. higher coding rate for UCI, more resources left for UL-SCH data), some of the existing beta offset values may not be applicable. For example, some very large HARQ-ACK beta offset values in the current existing table, which are originally designed for transmitting HARQ-ACK on PUSCH under the subframe bundling mode cannot be used for transmitting HARQ-ACK on a 2-OS sPUSCH, since it can result in a large performance degradation for the data transmission.  

Since the existing very large beta offset set values will not be used for transmitting HARQ-ACK on sPUSCH, the MCS offset table can be further optimized for HARQ-ACK on sPUSCH. For example, a sub-set of the values in the current HARQ-ACK MCS offset table, i.e., discarding those large beta values, can be used for signalling the MCS offset for HARQ-ACK on sPUSCH to reduce the signalling overhead. Another solution is to keep the same table size as the legacy table, but re-design the offset values so that all values in the table are applicable. With this solution, the granularity of the offset values is increased. 

Proposal 8 Consider designing new beta offset tables for UCI transmitted on sPUSCH.

2.2.2.2 MCS offset configurations

As stated above, the beta offset for different type of UCI is configured semi-statically through an index signalled from high layer. Comparing to the legacy 1-ms TTI transmission, for shortened TTI, especially for 2-os sTTI when DMRS is scheduled in the sTTI, there can be only one symbol (comparing to 11 or 12 symbols in the legacy case) that can be used for sPUSCH transmission. In the case when UCI is mapped on sPUSCH, the sPUSCH performance might become more sensitive to the change of the data MCS and/or UCI payloads. 

In order to evaluate if the legacy way of configuring beta offset for UCI on sPUSCH is still good enough, in this section, performance for 2-os sTTI with UCI on sPUSCH has been studied. In the studied case, one DMRS symbol and one data symbol are scheduled in a 2-os sPUSCH, and only HARQ-ACK control information is considered in the simulations. The other simulation assumptions can be found in the appendix. 

In the study, BLER performance of the data as well as the HARQ detection probabilities are plotted. The false alarm probability of NACK->ACK for the HARQ detection is the focus because it has a higher requirement than ACK misdetection probability.  In Figure 3 and Figure 4, we show the simulation results for cases with varying data MCS, e.g. QPSK R=1/3 and 64QAM R=5/6, and varying HARQ-ACK payload, e.g. 2-bit and 10-bit HARQ-ACK payload. As shown in the figures, when comparing different data MCS carrying the same number of HARQ bits, for example the left plots in Figure 3 and Figure 4, if targeting at 10% BLER and a NACK->ACK detection probability of 0.001, a beta offset value of 2 is sufficient for 64QAM r5/6, while for QPSK r1/3, it requires a beta offset value of 3.125 in order to obtain a NACK->ACK probability below 0.001. From the simulations, we have also observed that for the cases of small HARQ payload, e.g. 2 bits, the BLER performance of data is not sensitive to the beta offset values. In other words, using a higher value of beta offset which is required by low data MCS into a high data MCS, no sPUSCH impact have been observed. In the case of large HARQ payload size, such as 10 bits, if using a larger beta offset value than needed, for example using a beta offset value of 3.125, which is required in the QPSK MCS, to a 64QAM MCS in which a beta offset value of 1 is sufficient, then we see a very small (~0.2dB) sPUSCH performance degradation. Hence, a common beta offset value seems sufficient to different data MCS cases, and this common beta offset value can be selected to be the one which meets both the data and the HARQ performance requirements under the low MCS.
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Figure 3 BLER and HARQ performance for QPSK with 2-bit (left) and 10-bit (right) HARQ-ACK, channel EPA 3km/h.
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Figure 4 BLER and HARQ performance for 64QAM with 2-bit (left) and 10-bit (right) HARQ-ACK, channel EPA 3km/h.

From above simulations and observations, we propose to consider reuse the legacy way of configuring MCS offset for UCI on sTTI, that is to configure the beta offset from high layer, i.e., RRC configure MCS offset.

Proposal 9 For shortened TTI, consider to configure MCS offset through RRC when mapping UCI on sPUSCH.

3 Conclusion
Based on the discussion in section 2, we have this observation:

Observation 1
HARQ bundling can be considered for further study to reduce HARQ feedback payload on sPUSCH.

And propose the following:
Proposal 1
For 7-symbol sTTI, reuse the legacy mapping rule for UCI mapping on sPUSCH
Proposal 2
For 2-symbol sTTI, define a new mapping rule for UCI mapping on sPUSCH.
Proposal 3
Consider to define UCI mapping rules for 2-symbol sTTI together with the knowledge of the known transient period.
Proposal 4
For 2os sTTI UCI is mapped onto one SC-FDMA symbols with HARQ mapped from one end of the symbol, and, RI and CQI is mapped, in order, from the other end 
Proposal 5
HARQ is punctured, and RI and CQI is rate matched onto the sPUSCH REs
Proposal 6
Consider to map both PDSCH and sPDSCH HARQ-ACK on sPUSCH jointly when channel collision between sPUSCH and PUCCH/PUSCH happens.
Proposal 7
Use a DAI-like approach to avoid a mismatch between the UE and eNB on the HARQ bits expected
Proposal 8
Consider designing new beta offset tables for UCI transmitted on sPUSCH.
Proposal 9
For shortened TTI, consider to configure MCS offset through RRC when mapping UCI on sPUSCH.
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5  Appendix

Table 1: Simulation assumptions for shortened PUSCH

	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	5MHz

	TTI length
	2 symbols (1 data, 1 DMRS)

	Allocated bandwidth
	25 PRBs

	Channel model 
	EPA 3km/h

	Antenna configuration
	1Tx (UE), 2Rx (eNB)

	CP length
	Normal

	Transmission mode
	TM1 

	Receiver type
	MMSE

	Channel estimation
	Practical

	Link adaptation
	Disabled

	Modulation scheme
	QPSK, 64QAM

	HARQ retransmission
	Disabled

	Performance metrics
	BLER


Table 2: TBS for 2-OS sPUSCH (One symbol for DMRS, one symbol for data)

	
	Coding rate
	MCS payloads

	QPSK 
	1/3
	200

	64QAM 
	5/6
	1496



4/8


