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1.	Introduction
Rel-14 NR study item [1] has been closed and a new Rel-15 WI dealing with New Radio Access Technology [2] has been approved. The work item targets to specify the NR functionalities for enhanced mobile broadband (eMBB) and ultra-reliable low-latency-communication (URLLC) as defined in [3]. The NR under this work item considers frequency ranges up to 52.6 GHz.
This contribution relates to short PUCCH design in NR. In the previous RAN1 meetings, the following agreements related to short PUCCH were made [4][5]: 
Agreements: [4]
· For 2-symbol PUCCH, consider following options:
· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.
· Option 2: RS and UCI are multiplexed by TDM manner.
· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case
· Option 5: Sequence based design with RS only for small payload size case
· Option 6: Pre-DFT multiplexing in one or both symbol(s)
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting

· For 1-symbol PUCCH, consider following options:
· Option 1: RS and UCI of one UE are multiplexed by FDM manner in each symbol (already agreed)
· Option 4: Sequence based design without RS only for small (1~2) payload size case
· Information is delivered by which sequence/code is transmitted
· Sequence is mapped over contiguous or non-contiguous REs
· UCI sequence can be CDMed with DMRS sequence of other UEs
· Option 5: Sequence based design with RS only for small (1~2) payload size case
· Information is delivered by which/what sequence/code is transmitted
· RS and UCI are multiplexed by CDM manner
· Option 6: Pre-DFT multiplexing of RS and UCI
· Consider for both small and large UCI payload size cases
· Possibility 1: {CP + Pilot} + {CP + Data} to avoid MPI b/w pilot and data
· Possibility 2: CP + {Pilot + Data} as current DFT-s-OFDM
· Other possibilities are not precluded
· Combination of above options are not precluded
· RAN1 will definitely down select above options in the next meeting
Agreements: [5]
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.
· RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.
· FFS: Details on RS
· FFS: whether to support option 6 (pre-DFT)
· FFS: for 1 and 2 bits
· 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
· For 1-symbol short PUCCH with > 2 UCI bits, the following is supported for the agreed Option 1:
· QPSK for UCI
· X1 to X2 PRBs can be configured to support various UCI payload sizes
· Both localized (contiguous) and distributed (non-contiguous) allocations are supported 
· FFS: detailed PRB allocations and signaling of the configuration
· FFS: values of X1, X2
· DMRS overhead: down-select among the following options:
· Option 1: one value (e.g., 1/2, 1/3, 1/4, 1/5, …)
In this contribution, we focus on the generic short PUCCH design aspects. We provide details related to short PUCCH format for small and large payloads in companion contributions [6] and [7].
2.	Design principles for short PUCCH
2.1. 	Frequency diversity options for short PUCCH
Based on the agreements made in RAN1#86bis, mechanism(s) enabling frequency diversity needs to be supported for PUCCH in NR. Two main options for achieving frequency diversity with short PUCCH are clustered or distributed transmission and frequency hopping. In RAN1#88bis, it was agreed to support both localized (contiguous) and distributed (non-contiguous) allocations for 1-symbol short PUCCH. 
For the case of 2-symbol short PUCCH, we see that both localized and distributed allocations should be supported together with frequency hopping: 
· Frequency hopping: The main benefit of this approach is that frequency diversity does not create additional RAN4 impacts in the form of increased intermodulation distortion (IMD).
· Clustered (or distributed) transmission: As shown in Section 3, clustered transmission can reach best performance in the 2-symbol short PUCCH case. However, clustered transmission may suffer from IMD, which may have negative impact to the PUCCH coverage. On the other hand, NR will support clustered transmission for UCI in any case based on agreement made in RAN1 #87: “Support simultaneous PUSCH and PUCCH at least for the long PUCCH format”. The IMD impact of clustered transmission for short PUCCH (and UCI in general) should be investigated by RAN4. 
· Localized transmission of short PUCCH enables frequency domain scheduling gains for PUCCH when gNB has UL channel state information available when allocating resources for short PUCCH. This can provide considerable link budget improvement for short PUCCH. 
Proposal #1: For 2-symbol short PUCCH, frequency hopping as well as both localized and distributed allocations are supported.
2.2. 	Pre-DFT multiplexing of RS and UCI
One of the remaining open issues is the support of low PAPR design for short PUCCH. On this aspect, the following notes can be made: 
· In the case of short PUCCH, low PAPR design can be seen to be relevant mainly for UCI payloads of 1 or 2 bits. In those cases, the design can be based on sequence modulation or sequence selection. Low PAPR design, if seen necessary, can be achieved both with sequence selection as well as with sequence modulation and FDM multiplexed RS. 
· For larger payloads, long PUCCH provides efficient signaling option. In addition to supporting low PAPR via DFT-S-OFDM waveform, it also offers longer transmission time improving PUCCH coverage further. 
In RAN1#88bis it was agreed that FDM of RS and UCI by mapping them on different subcarriers is supported at least for 1-symbol short-PUCCH with more than 2 bits. This means that there is a short PUCCH design for more than 2 bit UCI payloads that does not have particularly low PAPR properties. The question remains whether there is need to introduce another short PUCCH design providing low PAPR for larger UCI payloads, while low PAPR transmission is already supported via long PUCCH for such payloads. 
The benefit of low PAPR design is reduced power back-off when PA is not dimensioned for CP-OFDM waveform. Low PAPR design may offer e.g. 2 dB larger maximum Tx power. On the other hand, low PAPR design cannot support clustered or distributed resource allocation without losing the attractive PAPR properties and, hence, suffers from limited frequency diversity. The issue is especially severe in case of 1-symbol short PUCCH, because in case of 2-symbol PUCCH, low PAPR design can still perform frequency hopping to achieve some frequency diversity.
To quantify the loss from limited frequency diversity, we show BLER results in Figure 5 in Section 3 for both clustered and localized 1-symbol short PUCCH transmission. It can be noted that quite similar BLER performance can be assumed for CP-OFDM and DFT-S-OFDM with pre-DFT multiplexed RS and UCI when RS overhead and frequency diversity are the same. In the case of 1-symbol short PUCCH, it can be seen that the clustered CP-OFDM transmission provides roughly 2 dB gain in SNR (2.2 dB and 1.7 dB gains for 8 bit and 12 bit UCI payloads, respectively) over the localized CP-OFDM transmission due to better frequency diversity. The performance differences for 2-symbol PUCCH can be seen from Figure 4 in Section 3. Clustered CP-OFDM offers 3.3 dB and 1.3 dB better BLER performance than frequency hopping CP-OFDM with 4 PRB and 8 PRB resource allocations, respectively. 
It can be concluded that the larger maximum Tx power of low PAPR design and better frequency diversity of CP-OFDM can roughly compensate each other. Better frequency diversity benefits system and UE in terms of reduced Tx power (to reach certain BLER target) also when UE is not transmitting at maximum power. Hence the benefits from low PAPR short PUCCH design for larger (than 2-bit) UCI payloads remain unclear. Correspondingly, we do not see need to support Pre-DFT multiplexing of RS and UCI for short PUCCH.  
Observation #1 Benefits from low PAPR/CM approach are unclear for short PUCCH with larger UCI payloads. 
Proposal #2: Pre-DFT multiplexing of RS and UCI is not supported.
2.3. 	Multiplexing between PUCCH data and PUCCH DMRS in 2-symbol short PUCCH
One of the open items with short PUCCH is the multiplexing between DMRS and UCI in the case of 2-symbol scenario. Six different options have been listed in [4] although not all of them are applicable to the scenario with more than two UCI bits. We think that FDM (i.e. Option 1) should be used as the multiplexing scheme not only in 1-symbol scenario (agreed already) but also in 2-symbol scenario (and possibly in other scenarios involving more than one symbols). The performance comparison between Option 1 and Option 2 is given in Section 3.
Option 1 is preferred not only from performance point of view. First of all, it results in a modular design which scales to any number of symbols allocated to short PUCCH. This is inline with agreement made in RAN1#88: For more than 2 UCI bits, strive for scalable design with short-PUCCH. Furthermore, FDM between PUCCH DMRS and UCI can be seen as the most promising option for CP-OFDM since it allows optimization of pilot/data -ratio in both the subcarrier and power domains. This is beneficial e.g. when considering different UCI payloads, as well as scenarios with different number of Rx antennas at gNB. Furthermore, FDM is robust against high Doppler since it supports continuous reference signal in time. FDM approach can be seen also as a way to maximize the commonality between DL and UL control channels. For example, it could enable straightforward extension of the UL control channel structures into different D2D/relay scenarios. Finally, it allows straightforward multiplexing between SRS and short PUCCH within the same symbol. 
Proposal #3: Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH when RS is multiplexed
FDM can be used as a method to multiplex SRS and PUCCH (of different UEs) within the same RB. The principle is shown in Figure 1. In the considered example, every 6th subcarrier is used for SRS. It is also noted that there is no need to multiplex SRS and PUCCH for the same UE within the same PRB. The reason behind is that PUCCH DMRS can be used also for sounding purposes, at least in the case without precoding. 
Proposal #4: Consider FDM between short PUCCH and SRS.  
[image: ]     
Figure 1 FDM multiplexing between PUCCH and SRS.
2.4. 	Interference randomization for short PUCCH
Efficient inter-cell randomization is an important aspect of control channel design. Control channel should provide robust performance under varying interference conditions, as the control channel payload (HARQ ACK, scheduling request, CSI) is latency critical and hence cannot benefit from e.g. HARQ. Correspondingly, it was agreed in RAN1#88 that “for a given UCI payload, short-PUCCH is designed such that […] interference randomization should be enabled […]”.
[bookmark: _GoBack]LTE supports several, randomization mechanisms that can also be used to randomize inter-cell interference. Randomization solutions defined in LTE include data scrambling, sequence hopping, and hopping of the cyclic shift of spreading sequence or data sequence. These are reasonable options also for NR short-PUCCH scenarios. On the other hand, it may be only few of the UEs on neighbouring cells that cause significant interference to the detection of UL control channel. The drawback of the mentioned approaches is that an UE causing significant interference keeps interfering the transmission from the same victim UE throughout the transmission, and frequently also in the following transmissions. Although the gNB has some flexibility to select short PUCCH resource via ARI-based mechanism, there seems to be a need also for randomization between short PUCCH resources among neighbouring cells. This can be based e.g. on the cell-specific hopping between the short PUCCH resource units.
As discussed in Section 2.1, frequency hopping within a slot is a key diversity mechanism for short PUCCH. For that, symbol-wise frequency hopping pattern needs to be composed of two elements: 1) non-random hopping that ensures proper frequency diversity within slot via wide enough hops 2) pseudo-random hopping that randomizes interference between cells.  
Proposal #5: Consider cell specific hopping between PUCCH resource units. 
Proposal #6: In the scenario with multiple sPUCCH symbols per slot, the cell specific hopping should provide both frequency diversty and interference randomization within a slot.  
3.	Performance evaluation
Figure 3 shows four approaches for short PUCCH design assuming one OFDM symbol duration corresponding to 15 kHz subcarrier spacing in the case of symbol splitting. 
a) Option 2: DFT-S-OFDM, 30 kHz SCS, localized transmission
b) Option 1: CP-OFDM, 30 kHz SCS, localized transmission. From performance point of view, this is comparable to the scenario with CP-OFDM using 15 kHz SCS (as long as the CP length with 30 kHz SCS is sufficient).
c) Option 1: CP-OFDM, 30 kHz SCS, frequency hopping. 
d) Option 1: CP-OFDM, 30 kHz SCS, clustered transmission. The number of clusters equals to the number of RBs available.
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Figure 3. Four approaches for short PUCCH transmission

We investigated the performance of these methods by means of link simulations in EPA channel, v=3 km/h. DMRS construction for CP-OFDM and DFT-S-OFDM is shown in Table 1, and simulation parameters are given in Table 2. The simulated payload corresponds to 8 UCI bits + 8 CRC bits. It should be noted that frequency-selective scheduling for short PUCCH was not considered in this simulation. In other words, frequency allocation for short PUCCH (including also localized transmission) is semi-statically configured in all simulation cases.   
Simulation results shown in Figure 4 indicate that CP-OFDM outperforms DFT-S-OFDM especially with the smallest bandwidth allocations. The reason behind is that DFT-S-OFDM is limited by the symbol rate (DMRS overhead with DFT-S-OFDM, which is 50%, is considerable), which will reduce the amount of coding gain with smallest banwidth allocations. 
Another observation is that frequency hopping on top of CP-OFDM is much better usage for symbol splitting compared to DFT-S-OFDM where two symbols are used for time multiplexing between DMRS and UCI. 
It is also noted that additional frequency diversity provided by clustered transmission is considerable especially with four PRBs (clusters).
Based on the simulation results, it can be noted that CP-OFDM outperforms DFT-S-OFDM in the considered scenario. In other words, for 2-symbol scenario, Option 1 (SR and UCI are multiplexed by FDM in each symbol) outperforms Option 2 (RS and UCI are multiplexed by TDM manner). This holds not only for UL link performance but also for UL coverage, even if the cubic metric difference between CP-OFDM and DFT-S-OFDM is taken into account (and assuming that maximum regulated PA output power is dimensioned according to DFT-S-OFDM). Based on the results, we make the following observation and a proposal.
Observation #2: CP-OFDM provides better link performance and UL coverage compared to DFT-S-OFDM for short PUCCH
Proposal #7: Short PUCCH for large payloads is designed based on CP-OFDM waveform
In Figure 5, simulated BLER results are shown for 1-symbol short PUCCH for clustered and localized CP-OFDM. Clustered CP-OFDM can be seen to reach 1% BLER at roughly 2 dB lower SNR than localized CP-OFDM.  
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Figure 4. Link performance of different 2-symbol short PUCCH formats.
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Figure 4. Link performance for 1-symbol short PUCCH with localized and clustered CP-OFDM
Table 1. DMRS construction per PRB
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Table 2. Simulation parameters
	Parameter
	Value

	Number of Tx antennas
	1

	Number of Rx antennas
	2

	Modulation
	QPSK

	Channel
	EPA, 3 km/h

	Carrier bandwidth
	20 MHz

	Carrier frequency
	4 GHz

	Channel estimation method
	MMSE

	Channel coding
	TBCC

	Number of coded Bits
	8, 12 bits + 8 CRC bits

	Subcarrier spacing
	30 kHz

	Number of short PUCCH symbols
	1, 2

	Cyclic Prefix length
	2.4 us


4.	Conclusions
In this contribution we have investigated short PUCCH design aspects for new radio. Based on the discussion and simulation results, we make the following observations and proposals:
Proposal #1: For 2-symbol short PUCCH, frequency hopping as well as both localized and distributed allocations are supported.
Proposal #2: Pre-DFT multiplexing of RS and UCI is not supported.
Proposal #3: Support FDM between RS and UCI (i.e Option 1) also in the case of 2-symbol short PUCCH when RS is multiplexed.
Proposal #4: Consider FDM between short PUCCH and SRS.  
Proposal #5: Consider cell specific hopping between PUCCH resource units. 
Proposal #6: In the scenario with multiple sPUCCH symbols per slot, the cell specific hopping should provide both frequency diversty and interference randomization within a slot.  
Proposal #7: Short PUCCH for large payloads is designed based on CP-OFDM waveform.
Observation #1 Benefits from low PAPR/CM approach are unclear for short PUCCH with larger UCI payloads. 
Observation #2: CP-OFDM provides better link performance and UL coverage compared to DFT-S-OFDM for short PUCCH
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