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Introduction
In RAN1# 90 [1], the following decisions were taken regarding long PUCCH with user multiplexing:
Agreements:
· For the format of long PUCCH supporting multiplexing of users, target to select one from:
· Alt.1: User multiplexing is realized by time-domain OCC.
· Alt.2: User multiplexing is realized by pre-DFT-OCC.
· Alt.3: User multiplexing is realized by FDM within the PRB.
· Alt.4: User multiplexing is realized by pure TDM in the slot.
· Note: Other alternatives are not precluded.
· Note: The following Simulation assumptions are recommended:
· System bandwidth = 20Mhz
· Subcarrier spacing = {15kHz, 30 kHz}
· TDL-C channel with delay spread = {300nS, 1000nS}
· # UE Tx =1, # gNB Rx =2 (Optional: # gNB Rx = 4 and 32)
· Payload sizes without CRC: 4bits, 10bits, 20bits, 40bits
· Number of RB = {1} 
· Carrier frequency = 4Ghz
· Number of UEs = {at least 2}
· UE speed: 3km/h, 120km/h, 500 km/h 
· Reed-Muller for 4 and 10 bits
· Polar code with 8+3 CRC and/or TBCC with 8 CRC bits
· Practical channel estimation and ideal noise estimation
· Note: Study of the effect of impairments such as power imbalance, time/frequency errors are not precluded.

In this contribution, we present link level simulation results to compare the performance of Alt.-1 and Alt.-2 and discuss the system impacts of these alternatives.
Long PUCCH User Multiplexing Schemes
Time Domain Orthogonal Cover Code (TD-OCC)
The TD-OCC scheme is based on LTE PUCCH Format 3. In this scheme, the encoded and QPSK modulated symbols are precoded with a DFT and mapped to the allocated subcarriers, which is assumed to be one resource block in this contribution. The same data symbols are repeated over the OFDM symbols during a slot duration. User multiplexing is achieved by applying an orthogonal cover code to the OFDM symbols of a slot.
The structure of TD-OCC is shown Figure 1. The 24 QPSK symbols are divided into two data blocks and each data block is transmitted over a slot. The data blocks are multiplied with a spreading sequence where the sequences used by different UEs are orthogonal. The spreading sequences could be selected from the columns of the DFT matrix. Intra-subframe frequency hopping is enabled over the slots to achieve frequency diversity. The 2nd and 6th OFDM symbols of each slot are reserved for reference signal (RS) transmission where a Zadoff-Chu (ZC) sequence is used as the RS. RS multiplexing of the scheduled UEs is achieved by assigning different cyclic shifts to the UEs.
This configuration can support multiplexing of up to 5 UEs as the length of the spreading sequence is equal to the number of the data-OFDM symbols. To support 6 UEs, a subframe configuration with one RS-OFDM symbol per slot can be used (The 4th OFDM symbol in each slot is reserved for RS transmission similar to PUSCH in LTE).
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[bookmark: _Ref492537896]Figure 1 TD-OCC scheme
Pre-DFT Orthogonal Cover Code
The pre-DFT OCC method is based on the LTE PUCCH Format 5. In this scheme, user multiplexing is achieved by applying an orthogonal cover code to the QPSK symbols before the DFT precoding. An example for processing of one OFDM symbol that can support multiplexing of 4 UEs is shown in Figure 2. In this scheme, multiple QPSK symbols are transmitted on each OFDM symbol which are different for each OFDM symbol.

Performance Evaluation 
This section presents the link level simulation comparison of the TD-OCC and pre-DFT OCC schemes. The simulation assumptions are given in the Appendix. 
Figure 3 shows the BLER for 2, 4, and 6 UEs with a channel delay spread of 300 ns. From the figure, it can be seen that the pre-DFT OCC scheme has about 3 dB gain at 1% BLER for 2 multiplexed UEs. This gain is mainly due to the lower channel coding rate of the pre-DFT OCC: In TD-OCC, the total number of QPSK symbols transmitted is 24 regardless of the number of UEs, resulting in a coding rate of (20 information bits + 8 CRC bits)/ (24 QPSK symbols × 2 bits) = 28/48 = 0.58. In pre-DFT OCC, however, distinct QPSK symbols are transmitted on each OFDM symbol. With 2 UEs, each UE can transmit 6 QPSK symbols. So, the coding rate becomes (20 information bits + 8 CRC bits)/ (6 QPSK symbols x 10 data-OFDM symbols x 2 bits) = 28/120 = 0.23.
For larger number of UEs, however, the difference between the two schemes reduces. With 4 UEs, the pre-DFT OCC performance at 1% BLER is approximately 1.5 dB better than the TD-OCC; however, with 6 UEs we can see that the TD-OCC outperforms the pre-DFT OCC by 1.5 dB. One reason could be attributed to the fact that the coding rate of the pre-DFT OCC scheme increases as the number of UEs increases: With 4 UEs, it becomes 28/60 = 0.57 and with 6 UEs it becomes 28/40 = 0.7. Besides, for larger number of UEs, the pre-DFT OCC starts showing an error floor earlier than the TD-OCC.
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[bookmark: _Ref492538862]Figure 2 pre-DFT OCC scheme
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[bookmark: _Ref492549692]Figure 3 BLER comparison for 300 ns channel

Figure 4 shows the BLER for 2, 4, and 6 UEs with a channel delay spread of 1000 ns. From the figure, it can be seen that the pre-DFT OCC scheme has about 3 dB gain over the TD-OCC scheme at 1% BLER for 2 UEs, however this gain reduces significantly for 4 UEs. For 6 UEs, both schemes suffer from a significant error floor. This error floor is due to the limitation of the channel estimator in high delay spread channels with large number of UEs as explained next.
At the receiver, after the IDFT, the channel consists of 12 paths of which many with little power so they can be ignored. In our simulations, we track three of the 12 paths by correlating the received RS by the ZC RS sequence s(n), and its cyclic shifts of +1 and -1, i.e., s(n+1) and s(n-1). After the paths are found, the frequency response of the channel can be computed and used by the equalizer. The UEs are assigned cyclic shifts of the same RS sequence with the maximal distance. As an example, with 4 UEs, the cyclic shifts assigned to the UEs are 0, 3, 6, and 9. In this case, since s(n), s(n-1) and s(n-2) would carry the signatures of only one UE’s channel, reliable channel estimation can be done. With 6 UEs, however, the cyclic shifts assigned to the UEs are 0, 2, 4, 6, 8, and 10. In this case, s(n-1) and s(n+1) would carry the signatures of two UE’s channel, so the accuracy of the channel estimate decreases. 
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[bookmark: _Ref492550362]Figure 4 BLER comparison for 1000 ns channel
Discussion 
The TD-OCC and pre-DFT OCC schemes have different implications on the system design as discussed below:
Scheduling Flexibility
In the pre-DFT OCC scheme, the length of the spreading sequence changes with the number of UEs scheduled to be multiplexed on the same PRB. Specifically, the length of the sequence is equal to the number of UEs.  This creates a significant limitation on the scheduling flexibility because UEs should be informed of the OCC sequence every time they intend to transmit the PUCCH. The two methods to achieve this could be:
· Dynamically signal the number of UEs (or the spreading sequence to be used) for every PUCCH transmission, or
· Semi-statically configure dedicated resources for each possible user multiplexing scenario by restricting the number of multiplexed UEs to a fixed value for each RB

Dynamic signalling will clearly result in an excessive signalling overhead and is not practical. On the other side, semi-statically resource configuration would result in an inefficient use of resources.
In the TD-OCC scheme, however, the spreading sequence of a given UE depends only on the subframe configuration since spreading is done over the data-OFDM symbols. UEs do not need to know how many more UEs are being multiplexed on the same PRB(s). Since the subframe configuration is not expected to be changed over short durations of time, this scheme would result in a more efficient system operation. 
Inter-cell Interference
The inter-cell interference may limit the performance of PUCCH. When LTE PUCCH Format 3 was introduced, there was long discussion on its impact and a method to randomize the interference was added to LTE PUCCH Format 3 design. The same method can be re-used for the TD-OCC scheme, reducing the specification effort needed to finalize the PUCCH design. It is not clear, however, how the pre-DFT OCC scheme can handle inter-cell interference.
We think that the marginal link level gains of the pre-DFT OCC scheme for more than 2 UEs would disappear if a system level evaluation is performed. Since LTE PUCCH Format 3 was heavily discussed and evaluated during the LTE specification work, it is desirable to use the TD-OCC scheme for PUCCH with user multiplexing to reduce the specification effort.
Summary
In this contribution, we compared the TD-OCC and pre-DFT schemes for long PUCCH with user multiplexing. Although pre-DFT OCC has some link level gain over the TD-OCC scheme, it suffers from the scheduling inflexibility and inter-cell interference. Therefore, the small link-level gain does not justify introducing a new PUCCH format without a full-blown system level evaluations. We propose the following:
Proposal 1: TD-OCC is adopted for the long PUCCH for moderate UCI payload with multiplexing capacity.
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Appendix – Simulation Assumptions
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	Parameter
	Value

	Number of users
	2, 4, and 6

	Number of UCI bits
	20 bits

	User multiplexing
	TD-OCC or pre-DFT OCC

	Subframe configuration
	14 OFDM symbols
i. For 2 and 4 UEs:
5 data-OFDM symbols per slot
2 RS OFDM symbols per slot
ii. For 6 UEs:
6 data-OFDM symbols per slot
1 RS OFDM symbol per slot

	Channel coding
	CC encoder with 8 bits CRC

	Channel model
	TDL-C 300 ns and 1000 ns

	Channel estimation
	Realistic 

	Frequency hopping
	Intra-subframe

	User speed
	3 km/h

	Operating Bandwidth
	20 MHz

	Number of PRBs
	1

	Carrier frequency
	4 GHz

	Subcarrier spacing
	15 kHz

	BS antenna configuration
	2 RX, uncorrelated

	UE antenna configuration
	1 TX

	Disturbance
	AWGN (no inter-cell interference)

	Channel estimation
	Realistic

	Noise estimation
	Ideal
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