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Introduction
In RAN1#88bis meeting, the following agreements regarding the structure of 1-symbol short-PUCCH with 1 or 2 bit(s) were achieved [1]:
Agreements:
· For 1-symbol PUCCH without SR with 1 or 2 bit(s) UCI payload size, RAN1 will select one from the following options.
· Option 1: RS and UCI are multiplexed by FDM manner in the OFDM symbol
· UCI can be sequence
· FFS: low PAPR design is applied
· Option 4: Sequence selection with low PAPR

In this contribution, we present and evaluate multiple PUCCH structures when RS & UCI are multiplexed by FDM manner (i.e., Option 1) for UCI payload up to 2 bits. In our companion contribution, we provide our views regarding 1-symbol short-PUCCH for more than 2 bits [2].
Short PUCCH Structures
In this section, we provide a comparison on 1-symbol PUCCH with 1 or 2 bit(s) UCI payload size where RS and UCI are multiplexed by FDM manner in the OFDM symbol. We investigate the following methods which can all be categorized under Option 1:
· Method 1: FDMed RS and UCI
· Method 2: Method 1 with frequency diversity
· Method 3: Low PAPR Design for FDMed RS and UCI
· Method 4: Method 3 with frequency diversity
· Method 5: Low PAPR Design for FDMed RS and UCI with Frequency diversity

Method 1: FDMed RS and UCI
In this scheme, the UCI and RS sequences are interleaved in frequency domain. Due to the interleaved UCI and RS sequences, one can represent interleaved UCI and RS sequences separately by repeating some base sequences before DFT operation as illustrated in Figure 1. For example, the UCI sequence can be generated by replicating the base sequence  by two times, calculating DFT of the repeated sequence. RS sequence can also be generated similarly, but with an additional shift of 1 to achieve FDMed RS and UCI. Although this approach achieves FDMed RS and UCI, without loss of generality, it does not achieve low PAPR as the corresponding time domain signals of UCI and RS signals overlap in time domain, which means larger variation. Therefore, even if the sequences are special sequences such as ZC sequences, the PAPR of this scheme are still high. In one example, the time and frequency domain signals are shown in Figure 1 when the DFT size  is equal to 16. Since the FDMed UCI and RS can be generated by repeating the base sequence before DFT operations twice, the length of this base sequence (i.e., ) corresponds to . As a result, this scheme can support at most  users, which is equal to 8 in this example. Since the base sequences are repeated two times, the time domain signal for UCI and RS also repeat itself.
[image: ]
[bookmark: _Ref481770818]Figure 1 FDMed RS and UCI (Method 1) 
Method 2: FDMed RS and UCI with Frequency Diversity
This scheme is an extension of Method 1 to exploit multipath channel. As shown in Figure 2, in this scheme, PUCCH is mapped on two sets of subcarriers (with the size of  for each set) which are sufficiently separated in the frequency domain to achieve frequency diversity gain. The size of the base sequences is reduced to  when compared to Method 1 (i.e.,  is shown in Figure 2). Therefore, the maximum number of UEs that can theoretically be supported is . Another disadvantage of this scheme is that the PAPR is significantly higher than Method 1 since the time-domain samples of two sequences overlaps post IDFT which in turn increases the variation of the samples.
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[bookmark: _Ref481772470]Figure 2 FDMed RS and UCI with frequency diversity (Method 2) 
Method 3: Low PAPR Design for FDMed RS and UCI
This method achieves FDMed RS and UCI while maintaining the PAPR of the transmitted signal equal to the case with DFT-spread OFDM. The basic principle of this scheme is illustrated in Figure 3. In this method, the base sequences for UCI and RS are first repeated and upsampled twice before the DFT operation. While the repeating operation ensures that the sequences are upsampled in the frequency domain, the upsampling operation in time generates gaps in the time domain signals. Furthermore, in order to avoid the UCI and RS signals to overlap both in time and frequency, both time and frequency domain RS signal are shifted by 1. 
If we consider the DFT size of , then the size of the base sequence  would be . This means that this scheme theoretically can support up to  UEs (e.g., time and frequency domain signals with  are illustrated in Figure 3). Accordingly, compared to Method 1 and 2, this scheme has lower user multiplexing capacity but has superior performance in terms of PAPR.
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[bookmark: _Ref481773314]Figure 3 Low PAPR Design for FDMed RS and UCI (Method 3) 

Method 4: Method 3 with Frequency Diversity
Another way of achieving frequency diversity is to consider Method 3 for different subcarrier groups. As shown in Figure 4, two sets of subcarriers where the size of each group is  are allocated for PUCCH transmission. Since the set of subcarriers can be apart from each other in frequency, this method can exploit channel selectivity and achieve frequency diversity gain. As each subcarrier group utilizes  subcarriers, the size of the base sequence, i.e., , is equal to , which means that this scheme can accommodate up to  UEs. For example, in the example shown in Figure 4,  is set to 32. Therefore, up to 4 UEs can be supported. 
This scheme suffers from PAPR as the corresponding time domain signals of UCIs and RS overlaps in the time domain (i.e., post IDFT), as illustrated in Figure 4.
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[bookmark: _Ref481774536]Figure 4 Extension of Method 3 for Frequency Diversity (Method 4) 
Method 5: Low PAPR Design for FDMed RS and UCI with Frequency diversity
This scheme addresses the PAPR problem of Method 4 by utilizing upsampling factor of 4, instead of 2, and shifting the UCI and RS sequences more in time domain in order not to overlap. As a result of this operation, the scheme achieves the following properties:
· FDMed RS and UCI
· Low PAPR
· Frequency diversity

On the other hand, due to the upsampling factor of 4 and repeating factor by 2, the base sequence length  for this scheme is reduced to  as compared to Method 4, where  is the number of total subcarriers for this scheme. In other words, in the example shown in Figure 5, with , this scheme can support up to 2 UEs while achieving the conditions aforementioned. 
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[bookmark: _Ref481775582]Figure 5 Low PAPR Design for FDMed RS and UCI with Frequency diversity (Method 5) 

Link level evaluation
In this section, we illustrate the BLER and PAPR performance of the discussed schemes for short PUCCH. The simulation parameters used for the evaluation are enlisted in Table 2 in the Appendix.
In Figure 6a, we show the BLER performance of the aforementioned schemes for a TDL-A channel (500ns RMS). As expected the schemes which exploit frequency diversity (i.e. Method 2, Method 4, and Method 5) exhibit better BLER performance among all. At 1e-3 BLER, the gain due to the frequency diversity is around 5 dB for the evaluated channel model. The trade-off for achieving frequency diversity gain is either the loss in the maximum number of UEs which can be multiplexed on the same time-frequency resources allocated for PUCCH transmission (as listed in Table 1) or the increase in the PAPR (as given in Figure 6b). 
Among the methods which achieve frequency diversity, Method 2, which is the direct extension of Method 1, i.e., FDMed UCI and RS, allows more number of UEs when compared to Method 4 and Method 5. However, it exhibits the worst PAPR performance. On the other hand, Method 5 achieves the best PAPR performance while achieving frequency diversity at the expense of less number of maximum number of supported UEs, i.e. 6 UEs.  
[image: ] [image: ]
a) BLER (TDL-A 500ns RMS)                        b) PAPR
[bookmark: _Ref481776658]Figure 6 BLER and PAPR performance for the Short PUCCH methods 
[bookmark: _Ref473991828]Table 1. A comparison on the Short PUCCH methods
	 subcarriers
	Maximum number of UE 
	FDMed RS and UCI
	Low PAPR
	Frequency Diversity

	Method 1
	48 UEs
	· 
	· 
	

	Method 2
	24 UEs
	· 
	
	· 

	Method 3
	24 UEs
	· 
	· 
	

	Method 4
	12 UEs
	· 
	
	· 

	Method 5
	6 UEs
	· 
	· 
	· 



[bookmark: _GoBack]Based on the above observations we make the following proposal:
Proposal 1: Schemes which could potentially provide both frequency diversity gain and low PAPR should be considered for 1-symbol PUCCH with 1 or 2 bit(s) UCI payload size

Conclusions
In this contribution, we presented multiple PUCCH structures when RS & UCI are multiplexed by FDM manner (i.e., Option 1) for UCI payload up to 2 bits. Based on our link-level analysis, we made the following proposal:
Proposal 1: Schemes which could potentially provide both frequency diversity gain and low PAPR should be considered for 1-symbol PUCCH with 1 or 2 bit(s) UCI payload size
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Appendix
[bookmark: _Ref481776077]Table 2: Simulation parameters
	Channel Estimation
	Matched filter 

	Equalization
	MMSE

	Modulation
	QPSK

	Sequence
	Based on Zadoff-Chu sequence
Method 1: , , , , 
Method 2: , , , , 
Method 3: , , , , 
Method 4: , , , , 
Method 5: , , , , 
: CP size for the ZC sequence
: Cyclic prefix size for the ZC sequence
: Cyclic suffix size for the ZC sequence

	Number of antennas at the UEs
	1

	Number of antennas at the eNB
	1

	Number of 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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