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1. Introduction
During RAN1-87, the following has been agreed:
· 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.
Further the following was agreed during RAN-1 NR Ad-hoc Jan meeting: 
Agreement

· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

Working assumption:

· While using DFT-s-OFDM, 0.5*pi-BPSK modulation using DFT-S-OFDM with frequency domain spectrum shaping can be further considered at least for eMBB uplink data for up to 40GHz

· FFS

· The details of frequency domain spectrum shaping 

· This does not preclude the case where no spectrum shaping is needed

In this contribution, we consider waveform design for short duration one symbol scenario. In our proposal we consider an approach where RS and Data are multiplexed in time domain before DFT within one OFDM symbol duration. Specifically, we consider the following scenarios:

1. ZC RS is multiplexed with pi/2 BPSK modulated data  (with and without 1+D precoding/shaping) before DFT. We consider localized contiguous subcarrier allocation.
2. Pi/2 BPSK modulated RS is multiplexed with pi/2 BPSK modulated data before DFT. 1+D precoding/shaping applied to both RS and Data. We consider localized contiguous subcarrier allocation. Further details of pi/2 BPSK with 1+D precoding are available in [1]
3. OFDM with distributed subcarrier allocation where the subcarriers occupy the band edges in two distinct halves.
The PAPR and error rate performance is evaluated all considered scenarios. For error rate calculations we consider one bit ACK/NACK with repetition coding as well as the case of coded control/data transmission over entire available band.
2. Pre DFT multiplexing of RS and Data within one OFDM symbol
The slot structure that multiplexes RS and data in one OFDM symbol duration is shown in Figure 1.  The RS is time multiplexed with data/control within one OFDM symbol for a given user. The RS may include a prefix that is defined as the last ‘v’ symbols of RS is appended at the beginning. Similarly, data/control modulation symbols may include its own prefix. The value of ‘v’ depends on the expected delay spread within the OFDM symbol. The total length is RS and data/control is “M’ and is fed to a DFT-S-OFDM transmitter that used localized subcarrier allocation. 


Figure-1: Pre-DFT multiplexing of RS and Data

In this contribution, we consider the following scenarios:

a. The RS is a ZC sequence or a pi/2 BPSK sequence
b. The data/control is a pi/2 BPSK sequence

c. The data/control is modulated using pi/2 BPSK with or without precoding/shaping. When precoding /shaping is used, the precoder is assumed to be a two tap filter: 1+D.
d. Additionally, we consider OFDM transmission were we use distributed subcarrier allocation where the subcarriers occupy the band edges in two distinct halves. Each half includes RS and data/control that are frequency multiplexed.  
e. In all cases the RS density can be configured to be the desired value. In this contribution, we use an RS density of 50%. 
3. PAPR, PA model, EVM, Spectrum Mask results
Figure-1 shows PAPR cdf for M=48 and M=1200. We assume a subcarrier spacing of 15 KHz. For M=48, at 99% cdf point, the PAPR of pi/2 BPSK with 1+D shaping is 2 dB while ZC RS multiplexed with pi/2 BPSK with 1+D precoding increases the PAPR to 3.7 dB.  Pi/2 BPSK without 1+D precoding has approximately 5.5 dB PAPR with or without ZC RS multiplexing. OFDM has a PAPR of 8.5 dB. 
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Figure 2: PAPR CDF for M=48
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Figure 3: PAPR CDF for M=1200

	
	Tx power (dbm)
	EVM
	ACLR
	Spectrum mask

	Pi/2 BPSK
	23.0
	3.2 
	-30.5
	Yes

	Pi/2 BPSK with  1+D precoder/shaping
	24.6
	2.4
	-32.7
	Yes

	QPSK
	21.7
	Meets requirement
	-30.86
	Yes

	OFDM
	19.1
	Meets requirement
	-30.4
	yes

	ZC sequence
	24.35
	NA
	-34.54
	Yes

	Pre-DFT multiplexing of RS and pi2 BPSK with 1+D precoding with 50% RS overhead
	24.6
	Meets requirement
	-32.64
	Yes

	Pre-DFT multiplexing of RS and pi2 BPSK without precoding with 50% RS overhead
	23.5
	Needs to be verified
	-32.0
	Yes

	Pre-DFT multiplexing of RS and pi2 BPSK without precoding with  25% RS overhead
	23.26
	Needs to be verified
	-31.28
	Yes


Table 1: ACLR, EVM, Tx power comparison

In Table-1, we compare the Tx output power, ACLR, EVM for full 20 MHz allocation. The results show that pi/2 BPSK with precoder/shaping gives 24.6 dBm output power while the maximum UE PA power is 25 dBm. This waveform has only 0.4 dB output power penalty compared to a constant envelope signal. 

We show that pi/2 BPSK with precoder/shaping gives nearly 5.5 dB PA gain over OFDM and 1.6 dB gain over pi/2 BPSK without precoder/shaping. The PA back-off is chosen such that ACLR and spectrum mask requirements defined 3GPP is met in all cases. Also, note the reference signal using ZC sequence has low PAPR, and it requires only 0.3 dB PA back-off compared to pi/2 BPSK with precoder/shaping. Therefore, ZC sequence can be used in a standalone manner on one OFDM symbol with same power as that of pi/2 BPSK data with 1+D precoding for channel estimation.
 The last three rows of Table 1 show Pre-DFT multiplexing of ZC RS and pi/2 BPSK  with and without 1+D precoding where RS overhead is 50% . With ZC RS and pi/2 BPSK with 1+D precoding we obtain transmit power of 24.6 dbm that is same as that of pi/2 BPSK with 1+D precoding. Since both ZC and pi/2 BPSK with 1+D has low PAPR, the multiplexed signal will provide 24.6 dbm power independent of RS density. With ZC RS and pi/2 BPSK without precoding/shaping we obtain 23.5 dbm power with 50% RS overhead and 23.26 dbm with 25% RS overhead. 
We remark here that we use the polynomial PA model that is agreed in RAN1 waveform discussions as a reference. It should be noted that NR PA design depends on the operating carrier frequency and NR power classes may also be distinct from that of LTE e.g., high power PAs may be considered for large cell rural use cases. Also the considered PA model is not applicable to mmwave system. However, the performance differences between different waveform are indicative of potential gain that can be obtained. 
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Figure 4: M=24 tones, 360 KHz, Ped-B, repetition factor=12, ZC and data multiplexing
[image: image4.png]—+— OFDM

—0— ZC RS and pi.2 BPSK MMSE

—S5— ZC RS and pi.2 BPSK 1+D WL MMSE
—+— pi2 BPSK RS and pi.2 BPSK MMSE

SNR





Figure 5: M=48 tones, Ped-B, 480 KHz, repetition factor=24, RS and data multiplexing
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Figure 6: M=1200. Ped-B Rat=1/2 convolutional code, full 20 MHz allocation 
4. Error Rate Results

In the link level simulations, we assume 15 KHz subcarrier spacing and Ped-B channel. OFDM splits the data into two contiguous allocations of M/2 subcarriers (M being total allocated subcarriers) using BPSK modulation and allocates them at band edges. In OFDM case, the RS is frequency multiplexed with data/control. The RS overhead for OFDM is 50%. Similarly, for pre-DFT multiplexing case, the RS overhead is 50%.
Figure 4 shows results for M=24 where one bit ACK/NACK is repeated 12 times. The prefix for RS and control is set to zero (due to low delay spread).   The results show that pi/2 BPSK, pi/2 BPSK with 1+D precoding and OFDM, all three methods provide nearly same BER. 
In Figure 5 we show results for M=48 where ACK/NACK uses a repetition factor of 24. OFDM shows 1.4 dB worse performance than pi/2 BPSK at low SNR i.e., at 10% BER and about 0.5 dB gain at higher SNR i.e. at 1% BER. We compare ZC RS and pi/2 BPSK RS and both show similar performance. For RS and control pre-DFT multiplexing we use a prefix of length 2 for both RS and data with a total overhead of 1/12 (8.33%).
In Figure 6 we compare the performance with rate 1/2 convolutional code for M=1200. We use 300 bits encoded using the 3GPP rate=1/2 convolutional code. The ZC sequence is used as RS with 50% overhead. We use a prefix for RS and data with a total overhead of 1/12 (8.33%).  We observe that OFDM shows 3-4 dB SNR loss over pi/2 BPSK. Pi/2 BPSK with 1+D precoding has 0.3-0.5 dB loss compared to pi/2 BPSK without precoding. 
All the error rate results are obtained without the PA model and does not include the Tx power gain offered by low PAPR waveform. 

Observation 1: Pre-DFT multiplexing of RS and data/control short duration uplink design offers a flexible RS overhead
Observation 2: Pre-DFT multiplexing of ZC and pi/2 BPSK with 1+D precoding/shaping of data/control offers 24.6 dbm out of 25 dB of the polynomial PA. The waveform behaves like a constant envelope signal

Observation 3: Pre-DFT multiplexing of ZC RS and pi/2 BPSK RS offer similar BER. The selection between pi/2 BPSK and ZC RS is FFS

Observation 4: Pre-DFT multiplexing of ZC and data/control outperforms OFDM by 5.5 dB in PA output power. As for error rate, OFDM performs worse in many scenarios. Considering the PA output power gain offered by low PAPR waveform and considering the error rate differences, pre-DFT multiplexing of RS and data/control should be preferred over OFDM
Conclusions-1: Pre-DFT multiplexing of ZC and data/control should be adopted for short duration PUCCH. The control should use pi/2 BPSK. Use of precoding/shaping is FFS.
Conclusions-2:  When RS and data/control is pre-DFT multiplexed, data/control uses pi/2 BPSK, QPSK modulation etc depending on the operating SNR. 
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