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1	Introduction
In RAN1_88 [1], the following has been agreed for UL short PUCCH
· For a given UCI payload, short-PUCCH is designed such that:
· UE multiplexing capacity can be less than that of long-PUCCH
· Performance including at least the following:
· Frequency-diversity
· Interference-diversity
· PAPR/CM and emission
· RS overhead
· Interference randomization should be enabled
· For more than 2 UCI bits, strive for scalable design with short-PUCCH 

For the channel structure for 2-symbol PUCCH, the following is agreed
· 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 the channel structure for 1-symbol PUCCH, the following is agreed
· 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

In RAN1_88bis [2], the following has been agreed for UL short PUCCH with more than 2 bits.
· 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

In this contribution, we propose a pre DFT-spread virtual TDM of reference signal and data. In Section 2, we provide description of the proposed scheme and the corresponding receiver design. In Section 3, we provide link level simulation results of the proposed scheme and compare with that of OFDM with FDM of reference signal and data. Section 4 concludes the contribution.

2	Virtual TDM of Reference Signal and Data
For 1-symbol PUCCH, we believe option 6, i.e., pre-DFT TDM of RS and UCI, is a good choice, because of the following advantages over other options. 
1. With DMRS and UCI multiplexed before DFT, DFT-S-OFDM waveform can be applied for PUCCH, which improves the PUCCH coverage for link budget limited UEs, as shown in the link budget analysis table in [4].  
1. Contiguous PRB allocation with option 6 (pre-DFT TDM RS/UCI) can have small MPR, better channel estimation quality, better frequency selective scheduling gain over option 1 (FDM RS/UCI) with non-contiguous PRB allocation. 

The proposed scheme multiplexes data and reference signal within one symbol duration by virtual TDM. The time domain signal before DFT-spread and the transmitter block diagram is shown in Figure 1.
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[bookmark: _Ref478050957]Figure 1. Transmitter for Virtual TDM of Reference Signal and Data
The first part of the pre DFT-spread time-domain signal is the reference signal. It is preferable for the reference signal to have low PAPR property on both time and frequency domain to keep the PAPR of the final DFT-s-OFDM waveform low and at the same time make the frequency domain channel estimation efficient. 
To reduce the inter-symbol interference, an additional virtual CP for reference signal can be optionally added at the beginning of the pre DFT-spread time-domain signal by copying the last symbols of the reference signal. 
The reference signal symbols are followed by data symbols to form the pre DFT-spread time domain sequence. The pre DFT-s sequence  goes through the conventional DFT-s-OFDM waveform synthesis to generate the final time domain waveform.
Denote the signals in Figure 1 as follows:
 : pre DFT-s Reference signal with length 
 : pre DFT-s Data signal with length 
 : pre DFT-s Virtual Cyclic Prefix for Reference Signal with length 
 : pre DFT-s Time-domain signal with length 
From the above discussion, we can see that  should be , and  should be
.
[image: ][bookmark: _Ref478050810]Figure 2. Receiver for Virtual TDM of Reference Signal and Data


Figure 2 shows the receiver block diagram for the virtual TDM shown in Figure 1. Except the channel estimation block, the receiver is essentially equivalent to the conventional DFT-s-OFDM receiver. After FFT and tone demapper, the extracted tones are equalized and go through IDFT to obtain M time domain symbols. Then,  data symbols are extracted for the decoding.
[image: ][bookmark: _Ref478107237]Figure 3. Channel Estimator for Virtual TDM of Reference Signal and Data – Option A.



There can be multiple options for the channel estimator. Figure 3 shows a channel estimator for the virtual TDM of reference signal and data. After FFT and tone demapper, the extracted tones go through IDFT to obtain M time domain symbols. Denote the discrete-time equivalent channel between the Tx antenna and Rx antenna for the M time domain symbols as . When the CP length for Reference signal  is chosen longer than the propagation delay of , the reference signal is protected from inter-symbol interference and circular convolution is preserved. Therefore, the extracted RS symbols in Figure 3 can be represented as  where  denotes the -point circular convolution. The channel  can be by converting the extracted reference signal symbols to frequency domain by -point DFT. Finally, the estimated channel for  tones can be  times upsampled to obtain the channel estimation for  tones, which can be used for the channel equalization in the receiver of Figure 2.
[image: ][bookmark: _Ref478109111]Figure 4. Channel Estimator for Virtual TDM of Reference Signal and Data – Option B.


Alternatively, the upsampling block can be further removed by using -point DFT. Figure 4 shows an alternative option for the channel estimator. The extracted tones go through -point IDFT to obtain  time domain symbols. Then, the data symbols are replaced by zeros, and the modified  time domain symbols converted to the frequency domain by -point DFT. Finally, the  channel tones can be estimated in the frequency domain.
Clearly, this proposed transmission scheme can provide the multiplexing of reference signal and data with arbitrary pilot ratio while keeping the low PAPR property of DFT-s-OFDM waveform. 
3	Simulation Results 
In this section, we simulate and compare the link performances of the proposed virtual TDM scheme and compare with that of OFDM where the reference signal and data is FDMed.
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[bookmark: _Ref478118730]Figure 5. BLER Performance of Proposed Pre DFT-s Virtual TDM and OFDM with FDM
(for TDL-C with 30 ns, 300 ns delay spread)
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[bookmark: _Ref481848373]Figure 6. PAPR for CP-OFDM and DFT-s-OFDM waveforms
Figure 5 shows the link level simulation results of pre DFT-s virtual TDM and OFDM with FDM for different delay spread. The additional virtual CP length for RS is set to be zero, and the pilot ratio is chosen as 50% for both cases. Therefore, both pre DFT-s and OFDM waveforms contains the same number of data symbols and the comparison is fair. The details of the simulation parameters are summarized in the appendix.
In Figure 5, we can notice that the link level performances of both waveforms are essentially equivalent. Figure 6 shows that DFT-s-OFDM waveform has at least 2.5 dB PAPR gain over CP-OFDM. Therefore, taking into account of the PAPR gain of the pre DFT-s virtual TDM waveform, we can conclude that the proposed scheme has 2 dB gain over OFDM waveform with FDM. 
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[bookmark: _Ref481751348]Figure 7. BLER Performance of Proposed Pre DFT-s Virtual TDM and OFDM with FDM for Small Payload Size (3 bit) with 30 ns, 300 ns delay spread and 2, 4 gNB antennas
Figure 7 shows the link level simulation results of pre DFT-s virtual TDM and OFDM with FDM for small payload size. Three bit payload is coded by Reed-Muller code, and transmitted over 2 RB. The additional virtual CP length for RS is set to be zero, and the pilot ratio is chosen as 50% for both cases.
In Figure 7, we can notice that the link level performances of both waveforms are essentially equivalent, and the gap is less than 1 dB even for the worst case. Therefore, taking into account of the PAPR gain of the pre DFT-s virtual TDM waveform, we can conclude that the proposed scheme has more than 1.5 dB gain over OFDM waveform with FDM for small payload size. 
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[bookmark: _Ref481751363]Figure 8. BLER Performance of Proposed Pre DFT-s Virtual TDM and OFDM with FDM for High SNR regime (Large Coding Rate, small number of gNB antennas, low Pilot Ratio) with 30ns, 300 ns, 1000ns delay spread and 2 gNB antennas
Figure 8 shows the link level simulation results of pre DFT-s virtual TDM and OFDM with FDM when the coding rate is large and the number of gNB ant is only 2. Since the coding rate is higher and the number of gNB antennas are smaller than the scenario of Figure 5, we can notice that the required SNR is much higher than that of Figure 5. Different pilot ratios of 25%, 33%, 50% are simulated. Different delay spread cases of 30ns, 300ns, 1000ns are also simulated.
In Figure 8, we can notice that since the required SNR is high, the link level performance improves as the pilot decreases, but the link level performance gap between the proposed virtual TDM and OFDM remains within 1 dB even for the worst case. Therefore, taking into account of the PAPR gain of the pre DFT-s virtual TDM waveform, we can conclude that the proposed scheme has at least 1.5dB gain over OFDM waveform with FDM for small payload size. 
For CP-OFDM waveform, multi-cluster non-contiguous PRB allocation can be also considered, which could provide some frequency diversity gain over contiguous PRB allocation. However, this frequency diversity gain can be offset by channel estimation loss, due the fact that non-contiguous PRB can not apply joint channel estimation cross all assigned PRBs. As shown in [5], after offset by channel estimation loss, the gain of diversity is just 0.5dB – 1.5dB. Furthermore, one should notice that frequency selective scheduling can be applied to contiguous PRB allocation to explore frequency selectivity of channel as well. As shown in [5], frequency selective scheduling can provide 0-2.5dB gain over static scheduling. By applying frequency selective scheduling, contiguous PRB allocation can be 1dB better than non-contiguous PRB allocation, in terms of link level performance. 
Furthermore, non-contiguous PRB allocation may suffer from very large MPR, in order to satisfy RAN4 emission requirements. The MPR loss can be up to 8dB as shown in [5]. 
Overall, the following table summarize the performance gain of the proposed Pre DFT-s Virtual TDM (Option 6) compared to CP-OFDM with FDM (Option 1).
Table 1. Summary of the Gains of Proposed Pre DFT-s Virtual TDM over OFDM
	Gain of Option 6 over Option 1 
	Overall Gain
	Link Level Performance
	PAPR gain
	MPR

	Frequency diversity gain

	Frequency selective scheduling gain

	Contiguous PRB allocation for both options
	[bookmark: _GoBack]At least 1.5dB
	-1 ~ 0dB
	at least 2.5dB
	-
	-
	-

	Non-contiguous PRBs for option 6
	Up to 11.5dB
	-1 ~ 0dB
	at least 2.5dB
	up to 8dB
	-0.5 ~ -1.5 dB
	0-2.5dB



Observation 1: The proposed scheme of pre-DFT-spread TDM of RS and UCI (option 6) has at least 1.5dB gain over the scheme of FDM RS and UCI (option 1). In some scenarios, the gain can be up to 11.5dB.
Therefore, the proposed virtual TDM scheme should be considered as a multiplexing scheme for UL [3] especially for short UL burst where the number of OFDM symbols are limited to 1 or 2. 
Proposal 1: For 1-symbol PUCCH with more than 2 bits UCI, support pre-DFT-spread TDM of RS and UCI.
4	Conclusion
In this contribution, we proposed pre DFT-spread virtual TDM as a multiplexing scheme of reference signal and data for UL transmission. 
Observation 1: The proposed scheme of pre-DFT-spread TDM of RS and UCI (option 6) has at least 1.5dB gain over the scheme of FDM RS and UCI (option 1). In some scenarios, the gain can be up to 11.5dB.
Proposal 1: For 1-symbol PUCCH with more than 2 bits UCI, support pre-DFT-spread TDM of RS and UCI.
5	Appendix: Simulation Parameters
The link level simulation parameters are listed as below:
Table 1: Simulation Parameters
	System bandwidth
	30MHz

	Subcarrier Spacing
	15kHz

	CP Length
	4.67 us

	Channel model
	TDL-C (30ns, 300ns delay spread)

	Antenna configuration
	1 UE Ant, {2,4} gNB ant

	Channel coding
	{TBCC, rate=1/3} for Figure 5
{RM code, payload size=3bit} for Figure 7
{Turbo, rate=1/2} for Figure 8

	Modulation
	QPSK

	Receiver
	Linear MMSE

	Channel estimation
	Realistic



The following table lists the parameters of each scheme shown in Figure 5, Figure 7, Figure 8.
Table 2: Parameters for pre DFT-s Virtual TDM
	
	Figure 5
	Figure 7
	Figure 8

	Virtual Cyclic Prefix Length for RS
	0
	0
	0

	RS Length
	48
	12
	{120, 80, 60}

	Data Length
	48
	12
	{120, 160, 180}

	Total pre DFT-spread Length
	96
	24
	240



Table 3: Parameters for OFDM with FDM
	
	Figure 5
	Figure 7
	Figure 8

	Number of RS Tones
	48
	12
	{120, 80, 60}

	Number of Data Tones
	48
	12
	{120, 160, 180}

	Total number of Tones
	96
	24
	240
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