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Introduction
In RAN1 NR Ad-Hoc Meeting [1], a number of agreements were made related to ‘Short PUCCH’ structure:
· For PUCCH in short-duration,
· At least following is supported for PUCCH in 1-symbol duration:
· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.
· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.
· FFS actual structure and waveform.
· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

In this contribution, we provide our views on the actual structure and waveform for ‘Short PUCCH’. We also discuss how the UCI and RS can be multiplexed in the given OFDM symbol.
Short PUCCH Waveform 
Based on the previous agreements, for PUCCH in long-duration, DFT-s-OFDM waveform is supported. This agreement guarantees the low PAPR property for ‘Long PUCCH’. From system perspective, the low PAPR/CM design could potentially enhance system efficiency for ‘Short PUCCH’ as well given that only 1 or 2 OFDM symbols are utilized in each slot. 
Supporting DFT-s-OFDM waveform for PUCCH in short-duration has the following advantages:
· More users can be scheduled to transmit their UCI over the same time-frequency-code resources. This advantage is a byproduct of PUCCH in short-duration which only spans 1-2 symbols in a given slot. From scheduler perspective, having a larger pool of resources enables the network to assign PUCCH resources to more users in the system in a given slot irrespective of their coverage. In other words, both cell-edge UEs and cell-center UEs in particular deployment scenarios could potentially be multiplexed on ‘Short PUCCH’.
· ‘Short PUCCH’ is much more flexible than ‘Long PUCCH’ given that it allows the UCI feedback overhead in a slot to be adjusted according to the traffic scenario. In fact, it has already been agreed that ‘Short-PUCCH’s of different UEs to be TDM’ed within the given duration in a slot. This implies that depending on the traffic, the number of ‘Short PUCCHs’ in a slot can be adjusted with a much lower granularity, which in turn, increases the efficiency.
· In general, PUCCH in short-duration is greatly power limited given that even by transmitting at the maximum power the UE can only transmit two times more energy for a PUCCH in short-duration spanning 2-symbol duration. This observation implies that the low PAPR/CM design principles would be even more relevant to ‘Short PUCCH’.
· By supporting DFT-s-OFDM waveform for PUCCH with short duration, a unified design can be followed for both ‘Short PUCCH’ and ‘Long PUCCH’.

· It was agreed in the previous meeting that NR supports 0.5*pi BPSK modulation for DFT-s-OFDM. The combination of BPSK modulation together with DFT-s-OFDM could potentially provide a larger power headroom for the UE transmissions in UL compared to OFDM.


Proposal 1: For PUCCH in short-duration, DFT-s-OFDM waveform is supported.

UCI and RS multiplexing
One of the main design considerations for DFT-s-OFDM as the waveform for ‘Short PUCCH’ is multiplexing RS and UCI in a given OFDM symbol while retaining the single carrier property, which in turn, allows one to maintain low PAPR/CM. One of the concerns associated with data and UCI multiplexing for DFT-s-OFDM raised during the LTE standardization was that data may use higher-order modulations such as 16-QAM or 64-QAM while UCI is limited to QPSK modulation. A drawback of this approach was the increase in the PAPR/CM of the time-domain signal at the output of IDFT. However, when RS and UCI are multiplexed, the PUCCH design may limit the modulation order for UCI to BPSK or QPSK which together with a robust constant-modulus sequence for RS could maintain single-carrier property of the signal. 
An example of pre-DFT UCI and RS multiplexing approach is shown in Figure 1. In this example, UCI modulated symbols are first spread using an orthogonal cover code (OCC) and then multiplexed with the DMRS at the input of the DFT. The length of the OCC depends on the theoretical maximum number of UEs that need to be multiplexed within the same time-frequency PUCCH resources. In appendix we have shown an example which demonstrates how the maximum number of UEs can be determined for Short PUCCH.
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[bookmark: _Ref473810586]Figure 1 Pre-DFT UCI and RS multiplexing for ‘Short PUCCH’

Simulations 
In this section, we compare two schemes for ‘Short PUCCH’ using simulation studies. In the first scheme, as shown in Figure 2, the RS and UCI are interleaved and mapped to the inputs of IDFT at the transmitter which implies channel estimation in frequency domain at the receiver side. Therefore, the baseline waveform for the first scheme is OFDM.
For ‘Short PUCCH’ based on OFDM, we simulate the following three configurations:
· OFDM - Partial RB: This approach considers only 2 subcarriers per UE. While one of the subcarriers carries UCI and the other carries DMRS. 
· OFDM - Two RBs: This approach considers two RBs, i.e., 24 subcarriers. While 12 subcarriers carry one cyclically padded Zadoff–Chu (ZC) sequence of length of 11 as DMRS, the other 12 subcarriers carry the same sequence modulated by UCI. The DMRS and UCI sequences are interleaved at the input of IDFT, as shown in Figure 2. The UEs that use the same RBs are separated by using the different ZC sequences.
· OFDM - Eight RBs: This approach considers eight RBs, i.e., 96 subcarriers per UE. While half of the available subcarriers carry a cyclically padded ZC of length of 43 sequence as DMRS, the other half of the subcarriers carry the same sequence modulated by UCI. The DMRS and ZC sequences are interleaved at input of IDFT, as shown in Figure 2.
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[bookmark: _Ref473924134]Figure 2. ‘Short PUCCH’ design with OFDM
In the second scheme, UCI and RS are multiplexed and mapped to the inputs of DFT-s-OFDM waveform at the transmitter as shown in Figure 3. As both RS and UCI are multiplexed in time, this scheme offers significantly lower PAPR as compared to OFDM.
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[bookmark: _Ref473925439]Figure 3. ‘Short PUCCH’ design with DFT-s-OFDM

For ‘Short PUCCH’ based on DFT-s-OFDM , we simulate the following three configurations :
· DFT-s-OFDM – Partial RB: This approach considers only 2 subcarriers per UE. The DMRS and UCI is precoded with the 2x2 DFT matrix before mapped to the subcarriers.
· DFT-s-OFDM – Two RBs: This approach uses two RBs per UE. While 12 inputs of DFT-s-OFDM carry the elements of a cyclically padded ZC sequence of length of 11 as DMRS, the other 12 inputs carry the same sequence modulated by UCI. The UCI and DMRS are mapped to inputs of DFT-s-OFDM in a localized manner as illustrated in Figure 3.
· DFT-s-OFDM – Eight RBs: This approach is similar to case of DFT-s-OFDM – Two RBs. It spreads over 96 subcarriers, instead of 24. While half of the available inputs of DFT-s-OFDM carry a cyclically padded ZC of length of 43 sequence as DMRS, the other half of the inputs of DFT-s-OFDM carry the same sequence modulated by UCI. The UCI and DMRS are mapped to inputs of DFT-s-OFDM in a localized manner as illustrated in Figure 3.

In this study, we consider 8 RBs in total, i.e., 96 subcarriers, for ‘Short PUCCH’. Other simulation assumptions are provided in Appendix.
PAPR
In Figure 4, we compare the PAPR of the aforementioned schemes. Since we consider only 1 data symbol as UCI and the modulation is 4QAM in this analysis, there are only 4 possible sPUCCH signals per UE, which leads to the complementary cumulative distribution functions (CCDFs) given in Figure 4. As clearly shown, the PAPR performance with DFT-s-OFDM is superior to that of OFDM in all cases. In Table 2, the 99% percentile PAPR is provided for DFT-s-OFDM and OFDM. The SNR gain of DFT-s-OFDM (as compared to OFDM) are quantified as 0.6 dB, 1.2 dB, and 1.5 dB for partial RB, two RB, and eight RB approaches, respectively.
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[bookmark: _Ref473982782][bookmark: _Ref473982775]Figure 4. PAPR performance for ‘Short PUCCH’ design with DFT-s-OFDM and OFDM
[bookmark: _Ref473927361]Table 2: 99% Percentile PAPR results
	Approach
	DFT-s-OFDM
	OFDM
	SNR gain with DFT-s-OFDM 
(as compared to OFDM)

	Partial RB
	2.3 dB
	2.9 dB
	0.6 dB

	2 RBs
	5.6 dB
	7.1 dB 
	1.5 dB

	8 RBs
	5.6 dB
	6.8 dB
	1.2 dB



Observation 1: DFT-s-OFDM based ‘Short PUCCH’ outperforms the OFDM-based ‘Short PUCCH’ in terms of PAPR.
BER
In order to investigate the BER performance of DFT-spread OFDM and OFDM based Short PUCCH for the approaches described earlier, we consider three scenarios that includes different number of FDM’ed and CDM’ed UEs. The scenarios are described as follows:
· Scenario 1: In this scenario, we allow only FDM’ed UEs. Hence, partial RB, two RBs, and eight RBs approaches for both DFT-spread OFDM and OFDM supports 48 UEs, 4 UEs, and 1 UE, respectively. In this scenario, there is no MUI as the orthogonal frequency domain resources are employed for the UEs. This scenario serves as a baseline for Scenario 2 and Scenario 3 where MUI exists.
· Scenario 2: In this scenario, we consider 4 CDM’ed UEs for the approaches with two RBs and eight RBs along with FDM’ed UEs. The number of UEs for two RBs approach and eight RBs approach are 16 UEs and 4 UEs, respectively. 
· Scenario 3: In this scenario, we increase the number of CDM’ed UEs to 6. As a result, the number of UEs for two RBs approach and eight RBs approach increases to 24 UEs and 6 UEs, respectively.

The number of UEs considered in Scenario1, Scenario 2, and Scenario 3 are summarized in Table 3.

[bookmark: _Ref473991828]Table 3. The number of UEs in Scenario 1, Scenario 2, and Scenario 3
	
	Partial RB 
	2 RBs
	8 RBs

	Scenario 1
	48 UEs
(48 FDM’ed UEs)
	4 UEs
(4 FDM’ed  1 CDM’ed UEs)
	1 UEs
(1 CDM’ed UEs)

	Scenario 2
	48 UEs
(48 FDM’ed UEs)
	16 UEs
(4FDM’ed  4 CDM’ed UEs)
	4 UEs
(4 CDM’ed UEs)

	Scenario 3
	48 UEs
(48 FDM’ed UEs)
	24 UEs
(4FDM’ed  6 CDM’ed UEs)
	6 UEs
(6 CDM’ed UEs)



In Figure 5, we provide the BER curves of the schemes for Scenario 1 under different channel conditions, i.e, TDL50A and TDL300A, and equalizer structure. As shown in Figure 5a and Figure 5b, the partial RB and Two RBs approaches yield the best BER performance for both DFT-s-OFDM and OFDM as compared to the scheme where a ZC sequence is spread over eight RBs. This is due to fact that the matched filter receiver (corresponds to single-tap equalization) neglects the symbol energy distributed to the multipath channel. When the selectivity is high, the BER performance of the matched filter degrades further as shown in Figure 5b. However, if the receiver consider more single tap for the equalization, it is possible to increase the BER performance as shown in Figure 5c. However, as discussed earlier, the number of CDM’ed UEs may need to be limited in this case since three-tap equalizer exploits three orthogonal codes at the receiver side. Overall, DFT-spread OFDM and OFDM provide similar BER performance in this scenario.
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a) TDL50A (single-tap EQ)
	[image: ]
b) TDL300A (single-tap EQ)
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c) TDL300A (three-tap EQ for 8 RBs, two-tap EQ for 2 RBs)


[bookmark: _Ref473927585]Figure 5. BER results for Scenario 1
Observation 2: In the absence of multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance.
Observation 3: Wide bandwidth ‘Short PUCCH’ provides more frequency selectivity gain compared to the narrow bandwidth ‘Short PUCCH’ for both OFDM and DFT-s-OFDM. 

In Figure 6, we introduce MUI by considering 4 CDM’ed UEs along with the FDM’ed UEs. If the delay spread of the channel is mild (e.g., TDL50A in Figure 6a), we don’t observe significant degradation due to multi-user interference as compared to case without CDM’ed users, i.e., Figure 5a. On the other hand, as shown in Figure 6b, increasing the delay spread of the channel increases the multi-user interference, and leads to slight degradation as compared to the results provided in Figure 5b. On the other hand, if the receiver considers more complexity for the equalization, the performance of the schemes improves, especially for the approach with 8 RBs. However, it does not help the approach with 2RBs. We observe that DFT-s-OFDM and OFDM give approximately the same BER performance in this scenario.
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d) TDL50A (single-tap EQ)
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e) TDL300A (single-tap EQ)

	[image: ]
f) TDL300A (three-tap EQ for 8 RBs, two-tap EQ for 2 RBs)


[bookmark: _Ref473927589]Figure 6. BER results for Scenario 2
Observation 4: In the presence of multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance for a lightly loaded system.
In Figure 7, the amount of the MUI is increased by setting the number of CDM’ed UEs to 6. While the schemes that spread the UCI and DMRS to 2RBs and 8RBs perform well in TDL50A (as showing in Figure 7a), their performance degrades in TDL300A due to higher frequency selectivity and MUI (as shown in Figure 7b). Due to the multi-user interference, using two-tap equalizer does not help two RBs approach. On the other hand, three-tap equalizer improves the BER performance for the eight RBs approach as a larger ZC sequence (length of 43) is considered in this approach. 
Observation 5: In the presence of severe multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance.
Based on the above observations, we have the following proposal:
Proposal 2: Pre-DFT multiplexing of UCI and RS is supported.
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a) TDL50A (single-tap EQ)
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b) TDL300A (single-tap EQ)
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c) TDL300A (three-tap EQ for 8 RBs, two-tap EQ for 2 RBs)


[bookmark: _Ref473927590]Figure 7. BER results for Scenario 3
[bookmark: _GoBack]Summary
This contribution discusses our views on the waveform structure of ‘Short PUCCH’. We have the following observations and proposals:
Observation 1: DFT-s-OFDM based ‘Short PUCCH’ outperforms the OFDM-based ‘Short PUCCH’ in terms of PAPR.
Observation 2: In the absence of multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance.
Observation 3: Wide bandwidth ‘Short PUCCH’ provides more frequency selectivity gain compared to the narrow bandwidth ‘Short PUCCH’ for both OFDM and DFT-s-OFDM. 
Observation 4: In the presence of multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance for a lightly loaded system.
Observation 5: In the presence of sever multi-user interference, both OFDM and DFT-s-OFDM based ‘Short PUCCH’ provide similar BER performance for narrow bandwidths.
Proposal 1: For PUCCH in short-duration, DFT-s-OFDM waveform is supported.
Proposal 2: Pre-DFT multiplexing of UCI and RS is supported.
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Appendix 
Maximum Number of UEs Supported in Short PUCCH
The number of UEs supported in ‘Short PUCCH’ is a function of the receiver complexity, the selectivity of the uplink channel, and the design of ‘Short PUCCH’. If we assume that the selectivity of the UL channel within 8 RBs is not significant, it is possible to maximize the number of UEs in Short PUCCH by using all possible orthogonal codes (e.g., all cyclically shifted versions of a ZC sequence). However, the assumption of low channel selectivity within 8 RBs may still be optimistic. One way of circumventing this issue is to use some of the orthogonal codes (e.g., every other cyclically shifted version of a ZC sequence or every other 2 cyclically shifted version of a ZC sequence) to avoid the multi-user interference (MUI) due to the frequency selectivity with 8RBs. Although this approach reduces the amount of MUI, it decreases the number of UEs supported in Short PUCCH.
Note that a ZC sequence is orthogonal to its cyclic shifted versions, which facilitates the channel estimation. After a cyclically padded ZC sequence  passes through the multipath channel, the impact of the multipath channel on the ZC sequence can be express as

where  is the received ZC sequence, is the set of taps where its cardinality is  (i.e, -tap channel),  is the channel coefficient on the th tap, and  is the operator which returns the value of the n element of the  times cyclically shifted the sequence. One can then estimate the channel coefficient on the  tap by correlating the received signal with the sequence of  as

where  is the Kronecker delta function. In multi-user case, by assigning different cyclically shifted version of ZC sequences to UEs, it is possible to estimate the channel of each UE. However, the minimum cyclic distance between the assigned ZC sequences is less than , the cyclic-shifted versions of ZC sequence collide and cause MUI. For example, if there are two UEs, the received signal at eNB can be expressed as

where  is the cyclic distance between the assigned ZC sequences. The channel coefficient of th tap of the first UE can then be expressed as 

In order to avoid MUI, the second term, i.e.,  should be zero within the range of . Hence,  should be greater than  to avoid collusion due to the multipath. Considering this result, if we model the UL channel within 8 RBs [2RBs] as a 3-tap channel, the number of supported UEs would be 16 UEs with the approaches described for both DFT-s-OFDM and OFDM. 
In Table 1, the numbers of UEs multiplexed with CDM and FDM in ‘Short PUCCH’ are given for OFDM and DFT-s-OFDM with the aforementioned approaches. Note that since the channel coefficients between two adjacent subcarriers are strongly correlated, the partial RB approach supports 48 FDM’ed UEs for both OFDM and DFT-s-OFDM. 

Table 1 Maximum number of UEs supported by ‘Short PUCCH’ with OFDM (8 RBs)
	Approaches
	Single-tap channel model within 8 RBs
	Three-tap channel model within 8 RBs

	OFDM/DFT-s-OFDM - Partial RB
	48 FDM’ed UEs
	-

	OFDM/DFT-s-OFDM - 2 RBs
	4 FDM’ed 12 CDM’ed UEs
	4 FDM’ed  4 CDM’ed UEs

	OFDM/DFT-s-OFDM - 8 RBs
	48 CDM’ed UEs
	16 CDM’ed UEs

	Maximum # of UEs supported
	48
	16



– Simulation Assumptions
	Channel Estimation
	Matched filter 

	Equalization
	MMSE

	Modulation
	4QAM

	Sequence
	Zadoff-Chu 
· Length of 43 for 8 RBs (cyclically padded to 48) 
· Length of 11 for 2 RBs (cyclically padded to 12))
· The energy of the padded sequence is normalized to 1.
· The same ZC sequence is used for DMRS and UCI.


	Number of antennas at the UEs
	1

	Number of antennas at the eNB
	1

	Number of realizations
	6000

	Number of OFDM/DFT-s-OFDM symbols for ‘Short PUCCH’
	1

	Channel bandwidth
	10 MHz

	Subcarrier spacing
	15 kHz

	Number of data symbols for UCI
	1
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