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1. Introduction
At the RAN1#84 meeting, TTI shortening and reduced processing time for UL transmissions was discussed and some agreements for shortened PUSCH were achieved [1]. In this contribution, we discuss potential PUCCH structure and DMRS design for different TTI lengths. In addition, we provide the link-level performance of intra-TTI frequency hopping. 
2. PUCCH in a short-TTI (sPUCCH)
In this SI, short-TTI between 0.5ms and 1 OFDM symbol is considered. In the case of normal CP, there are 7 OFDM symbols in each slot of a subframe. Therefore, the potential lengths of short-TTI for PUCCH could be 1, 2, 3, 4, and 7. With the smaller number of symbols, for a given received SNR, the sPUCCH results in lower energy per bit-to-noise spectrum density ratio (Eb/N0). As observed from Fig. 2 in appendix, as TTI length becomes shorter, the required received SNR for achieving the target BER/BLER becomes higher. Therefore, it is beneficial to support some mechanisms for SNR improvement for all short-TTI length although different TTI length may have different channel structure and RS structure. In the following, we discuss our views on the sPUCCH design with different length of short-TTI. 
sPUCCH comprising 7 symbols
For sPUCCH comprising 7 symbols, transmission of data symbol and DMRS symbol for coherent detection should be the baseline. If frequency hopping is not applied, it is straightforward to re-use legacy PUCCH structure within one slot. Besides, it enables to multiplex sPUCCH and legacy PUCCH on the same PRB. However, it certainly further degrades the BLER/BER performance since there is no slot based hopping for sPUCCH using 7 symbols. To apply frequency hopping, 7-symbol sPUCCH needs to be divided into two parts. Considering SRS transmission, the first half of sPUCCH can be 3 symbols, and the latter half of sPUCCH can be 4 symbols especially for the second slot. Regarding the number of DMRS symbols, further investigation is needed since it has an impact on the CDM capacity, detection performance and maximum payload. However, at least one DMRS symbol for each part is required. The frequency hopping for 7-symbol sPUCCH improves its link performance while it disables multiplexing 7-symbol sPUCCH with legacy PUCCH on the same PRB.
Observation 1:

· For sPUCCH having 7 symbols, 
· Transmission of data-symbol and DMRS-symbol for coherent detection can be the baseline. 

· There are different benefits with and without intra-TTI frequency hopping.
sPUCCH comprising 4 symbols
For sPUCCH comprising 4 symbols, transmission of data symbol and DMRS symbol for coherent detection should also be the baseline. The simulation results in appendix show that for 4-symbol TTI with intra-TTI frequency hopping, the required SNR for achieving the target error rates can be reduced by roughly about 3dB compared to the case without intra-TTI frequency-hopping. Therefore, applying intra-TTI frequency-hopping to sPUCCH comprising 4 symbols should be the baseline to mitigate the performance degradation due to TTI shortening. Similarly, other means to achieve diversity-gain is useful, e.g., transmit antenna diversity. To apply frequency hopping, two DMRS symbols are required for 4-symbol sPUCCH, resulting large DMRS overhead (50%). Therefore, it is beneficial to apply DMRS sharing to 4-symbol sPUCCH. Compared to DMRS sharing for sPUSCH [2], it would be easier to multiplex DMRS by the cyclic shift between/among UEs whose sPUCCHs are time-domain continuous since the number of PRBs is fixed for PUCCH (except for PUCCH format 4). Figure 2 illustrates an example where sPUCCH comprising 4 symbols are transmitted on different short-TTIs within the same subframe, and time-domain continuous sPUCCHs share the same DMRS symbol. Through DMRS sharing, up to 4 short-TTIs with each having 4 symbols can be included in a subframe.

[image: image1.emf]PRB

Symbol

Subframe

Short-TTI w/ 4 symbols

System bandwidth

…

Short-TTI w/ 4 symbols

Short-TTI w/ 4 symbols

Short-TTI w/ 4 symbols

DMRS


Fig. 5
Example of DMRS sharing design for PUCCH having 4 symbols.
Observation 2:

· For sPUCCH having 4 symbols, 

· Transmission of data-symbol and DMRS-symbol for coherent detection can be the baseline. 

· Applying intra-TTI frequency-hopping can be the baseline for SINR improvement.
sPUCCH comprising 3/2 symbols
For s PUCCH comprising 3 or 2 symbols, if transmission of data symbol and DMRS symbol for coherent detection without frequency hopping is adopted, the single carrier property can be preserved. However, if the intra-TTI frequency hopping is not applied, other means to improve SINR like power boost, transmit antenna diversity should be investigated. Alternatively, it is also possible to realize coherent detection with frequency hopping as proposed in [3], e.g. the sPUCCH is comprised of a sum of a base sequence and a modulated and cyclically shifted version of the same base sequence. However, the combined sPUCCH signal is no longer SC-FDMA, PAPR may become a concern. If non-coherent detection as proposed in [4] e.g. information is carried by DMRS using multiple cyclic shifts, is applied, intra-TTI frequency hopping can be performed and single carrier can be maintained. However, multiplexing capacity may be reduced. Therefore further study is needed to compare performances of coherent detection with/without frequency hopping and non-coherent detection with frequency hopping for sPUCCH having 3 or 2 symbols.
Observation 3:

· For sPUCCH having 3/2 symbols, 

· Further study is needed to compare performances of coherent detection with/without frequency hopping and non-coherent detection with frequency hopping. 
sPUCCH comprising 1 symbol
For sPUCCH comprising 1 symbol, depending on whether single carrier property needs to be preserved, the feasible structures could be different. If single carrier property is maintained, non-coherent detection without frequency hopping would be the only way; the information bit(s) is implicitly conveyed by transmitting a DMRS symbol with different cyclic shifts. However, it is questionable for such very short TTI to have enough coverage since the energy per bit-to-noise spectrum density ratio (Eb/N0) will be reduced drastically compared with other short-TTIs. If multi carrier property is allowed, coherent detection can be realized. 
Observation 4:

· For sPUCCH having 1 symbols, if supported
· If single carrier property needs to be preserved, non-coherent transmission of data-symbol and DMRS-symbol without frequency hopping can be the baseline.
· It is necessary to apply other means to improve the SINR.

3. Conclusion
In this contribution we discussed UL aspects of TTI shortening and reached following observations.
Observation 1:

· For sPUCCH having 7 symbols, 

· Transmission of data-symbol and DMRS-symbol for coherent detection can be the baseline. 

· There are different benefits with and without intra-TTI frequency hopping.
Observation 2:

· For sPUCCH having 4 symbols, 

· Transmission of data-symbol and DMRS-symbol for coherent detection can be the baseline. 

· Applying intra-TTI frequency-hopping can be the baseline for SINR improvement.
Observation 3:

· For sPUCCH having 3/2 symbols, 

· Further study is needed to compare performances of coherent detection with/without frequency hopping and non-coherent detection with frequency hopping. 

Observation 4:

· For sPUCCH having 1 symbols, if supported
· If single carrier property needs to be preserved, non-coherent transmission of data-symbol and DMRS-symbol without frequency hopping can be the baseline.

· It is necessary to apply other means to improve the SINR.
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Appendix
Table 1. Link-level simulation assumptions for sPUCCH
	Parameter
	Value

	Carrier frequency
	2 GHz

	System bandwidth
	10 MHz

	PUCCH baseline design
	PUCCH format 1b for 14 symbols, see Fig. 1 (a)

	Shortened TTI length
	Without frequency hopping
	· 7 symbols, see Fig. 1 (b)
· 4 symbols, see Fig. 1 (c)

	
	With frequency hopping
	· 7 symbols, see Fig. 3 (a)
· 4 symbols, see Fig. 3 (b)

	Allocated bandwidth
	1 PRB

	Frequency hopping
	Enabled for 14 symbols;

Enabled/Disabled for 7 symbols;

Enabled/Disabled for 4 symbols.

	Channel model 
	EPA, ETU

	UE speed 
	3km/h, 60km/h

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

	CP length
	Normal

	Receiver type
	Maximum likelihood (ML) detection

	DTX detection threshold
	DTX-to-ACK error probability < 1%

	Channel estimation
	Practical

	Performance metrics
	BLER


Simulation results for ACK-to-NACK and NACK-to-ACK error rate of sPUCCH having 7 and 4 symbols without frequency hopping compared with existing PUCCH format 1b having 14 symbols.
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(a) 1ms (existing PUCCH format 1b as a reference)
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(b) 7 symbols (slot-level short-TTI)



(c) 4 symbols



Fig. 1
PUCCH structures for 1ms and short TTIs having 7 and 4 symbols.
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Fig. 2
ACK-to-NACK and NACK-to-ACK error rates as a function of SNR per Rx antenna.
From Fig. 2, it is clearly observed that PUCCH on a shorter-TTI requires higher SNR to achieve the target error rates. In addition, with the short-TTIs, loss of frequency-diversity gain further degrades the performance. The required SNR difference between sPUCCH having 4 and 7 symbols is around 2.5dB, which is almost exactly same as the Eb/N0 loss: 10log10(4/7) = 2.4dB. However, the difference between 4/7 and 14 symbols is much more significant because of the loss of frequency-diversity gain.
Simulation results for ACK-to-NACK and NACK-to-ACK error rate of sPUCCH having 7 and 4 symbols with intra-TTI frequency hopping compared with existing PUCCH format 1b having 14 symbols.
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Fig. 3
PUCCH structures for short TTIs having 7 and 4 symbols with intra-TTI frequency-hopping.
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Fig. 4
ACK-to-NACK and NACK-to-ACK error rates as a function of SNR per Rx antenna.
From Fig. 4, it is observed that the same diversity-order as with legacy PUCCH format 1b (i.e., 1ms TTI) is achieved for sPUCCH having 7 and 4 symbols. Compared to the case without intra-TTI frequency-hopping plotted in Fig. 2, the required SNR for achieving the target error rates can be reduced by roughly about 3dB for the same number of symbols per short-TTI. Even though higher SNR is still necessary for sPUCCH compared to 1ms TTI PUCCH, it is important to apply intra-TTI frequency-hopping so that the performance degradation is mitigated. 
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