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Introduction
[bookmark: _GoBack]In RAN1 NR Ad-Hoc #1 [5], the following agreement is made. 
Agreement:
· NR supports 0.5*pi BPSK modulation for DFT-s-OFDM

In RAN1 88bis [6], further agreements on pi/2 BPSK is made. 
Agreements:
· pi/2 BPSK DFT-s-OFDM supports spectrum shaping without spectrum expansion of pi/2 BPSK data at least for uplink data for carrier frequencies above 6 GHz and below 52.6 GHz
· Note that UE still has to fulfill all RAN4 requirements
· FFS: Whether it will have RAN1 spec impact
· FFS: Applicability below 6 GHz
· Note that RAN1 needs to consider at least spectrum efficiency, PA efficiency, complexity, and coverage

In this contribution, we provide further design details of filter design and DMRS design for Pi/2 BPSK. 
Spec transparent vs. spec non-transparent filter
There are three options in terms of whether the design of pulse shaping or filter should be transparent to NR standard or not. 
· Option 1: Non-transparent filter – filtering data but not pilot
· Option 2: Transparent filter – filtering both data and pilot
· Option 3: Non-transparent filter – filtering both data and pilot

With option 1, only data is filtered while pilot is not filtered. Therefore, the filter must be specified in the standard so that receiver can apply the filtering on top of channel estimation to get the actual channel for data symbols. The advantage of this option is that the channel seen from eNB based on unfiltered pilot does not experience the artificially prolonged delay spread due to filtering. Therefore, better channel estimation quality can be expected at eNB, especially at low SNR region. But on the other hand, with this option, the PAPR of pilot may become the bottleneck because it is not filtered. 
With option 2, both data and pilot are filtered. Therefore, the filter could be transparent to standard and up to UE to implement. However, with transparent filtering, eNB has no knowledge of the filter and it will estimate the filtered channel blindly. For example, assuming a 3-tap filter is applied at the UE, also assuming the channel has 4 taps, after filtering, eNB sees a channel with 12 taps. Without any knowledge of the filter, eNB will have to estimate the 12-tap channel. On the other hand, if eNB has the knowledge of the filter, it knows the channel has only 4 taps. Therefore, certain observed channel taps could be absorbed together to improve the channel estimation quality. Another disadvantage of option 2 is that the quality of transparent filter design is out of control from eNB point of view. In the worst case, a UE could implement a bad filter which can lead to performance degradation. 
With option 3, both data and pilot are filtered, which is the same as in option 2. But unlike option 2, the filter is still specified in standard. Therefore, as we discussed above, the eNB can use that knowledge of the filter to improve the channel estimation. Another benefit is that the filter design can have certain guaranteed quality.
In Figure 1, the performance of transparent filter vs non-transparent filtering is shown. QPSK is also included as a sanity check with expected 3dB loss comparing to Pi/2 BPSK. With non-transparent filter (Option 1 as mentioned above), pilot is not filtered while data is filtered. Channel estimation is still based on raw channel without prolonged delay spread. Therefore, 0.5 dB gain is observed with non-transparent filter. 
Observation 1: Non-transparent filter can provide 0.5 dB performance gain for Pi/2 BPSK because of better channel estimation. 
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[bookmark: _Ref492588049]Figure 1: Transparent vs non-transparent filtering with Pi/2 BPSK

Pilot design for Pi/2 BPSK
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[bookmark: _Ref492918403]Figure 2. PAPR of Zadoff-Chu Sequence with FDSS [0.28,1,0.28] (Length of ZC Sequence=239, Number of Allocated Tones = 240)
Figure 2 shows the PAPR of Zadoff-Chu sequence when it goes through FDSS (frequency domain spectral shaping). As Figure 6, FDSS is chosen as the one that corresponds to [0.28,1,0.28] in time domain. The ZC sequence length is chosen as 239, and the total number of allocated RBs are 20. As shown in Figure 2, even the best 30 Zadoff-Chu sequences with FDSS has at least 1 dB higher PAPR than DFT-s-OFDM waveform with the same FDSS.
Chu-sequence-based DMRS sequences has worse PAPR than Pi/2 BPSK data with filtering. Therefore, new DMRS sequences should be designed for pi/2 BPSK modulation to meet the same PAPR requirement as the data symbols. Furthermore, for the new DMRS sequences, low auto/cross-correlation and frequency domain flatness properties are desired.
To satisfy these requirements, we propose the following pi/2 BPSK DMRS sequence design based on gold sequences.
Step 1) Generate a set of gold sequences with length  where each gold sequence associated with different initial conditions or different primitive polynomials, and modulate by BPSK.
Step 2) Truncate or cyclically extend the gold sequences to the number of allocated tones.
Step 3) Phase Rotation by pi/2.
Step 4) Modulate by DFT-s-OFDM with a proper filtering.
Step 5) Down select sequences based on auto/cross-correlation, frequency domain flatness, and PAPR properties.
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[bookmark: _Ref492902837]Figure 3. Gold Sequence based Reference Signal Generation for pi/2 BPSK with Filtering
The above figure gives a pictorial description of Step (1)-(5), the processing for each gold sequence. The gold sequences are first extended or truncated to fit to the desired number of tones. To introduce pi/2 BPSK modulation without changing frequency domain properties, we introduce pi/2 rotation to each sequence. Finally, each sequence is modulated by DFT-s-OFDM with filtering.
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[bookmark: _Ref492903667]Figure 4. Auto-correlation of a truncated gold sequence with length 98 (127 truncated by 29)
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[bookmark: _Ref492903669]Figure 5. Frequency domain amplitude of a truncated gold sequence with length 98 (127 truncated by 29)
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[bookmark: _Ref492903671]Figure 6. PAPR of 98 truncated gold sequences with length 98 (127 truncated by 29), DFT-s-OFDM modulation, and [0.28,1,0.28] filtering.
Figure 4, Figure 5 and Figure 6 shows auto-correlation, frequency domain flatness, and PAPR of the proposed DMRS sequences for pi/2 BPSK modulation. As shown in Figure 4, even the cyclically-extended gold sequences have low-auto-correlation property. Figure 5 shows the corresponding frequency domain amplitude is relatively flat. Figure 6 shows that all the DMRS sequences generated by the proposed procedure has low PAPR compatible to that of pi/2 BPSK modulated symbols with filtering.
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[bookmark: _Ref494736607]Figure 7. Pi/2 BPSK performance with Chu and Gold-Sequence-based DMRS with realistic estimation for 4 RB
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[bookmark: _Ref494736609]Figure 8. Pi/2 BPSK performance with Chu and Gold-Sequence-based DMRS with realistic estimation for 167 RB
Figure 7 and Figure 8 show the Pi/2 BPSK performance with different DMRS sequences and channel estimation algorithms. The chu-sequence based DMRS sequences have frequency domain flatness, but as discussed above, at least 1 dB higher PAPR than pi/2 BPSK signals. The proposed gold-sequence based DMRS sequences have frequency domain fluctuation, but have the same PAPR as pi/2 BPSK signals. For the channel estimation algorithms, both time domain and frequency domain channel estimation algorithms are considered. The above figures show that in spite of the frequency domain fluctuation, the channel estimation and link level performances between two DMRS sequences are almost equivalent regardless of channel estimation algorithms, MCS, the number of allocated tones, and the number of DMRS symbols. 

Therefore, based on the above observations, we have the following proposal.
Proposal 1: NR should support new DMRS sequence designed for Pi/2 BPSK modulation, e.g. pre-DFT-s gold-sequence-based DMRS sequences.
On the topic of DMRS design for Pi/2 BPSK, another important aspect is deciding the number of DMRS symbols per slot. Since the Pi/2 BPSK normally targeting UL transmission with very low SNR (for coverage enhancement), one DMRS symbol may not be enough to provide channel estimation with good enough quality. Multiple DMRS symbols may be needed depends on operating SNR region. As shown in Figure 9, Figure 10, and Figure 11, to deliver a given size TB with smallest TBER, the number of DMRS symbols increases with lower SNR. The details of the simulation assumption are given in Appendix.
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[bookmark: _Ref492590330]Figure 9: Pi/2 BPSK performance in low SNR region
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[bookmark: _Ref492590336]Figure 10: Pi/2 BPSK performance in median SNR region
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[bookmark: _Ref492590342]Figure 11: Pi/2 BPSK performance in high SNR region

Based on the study, we have the following proposal
Proposal 2: Besides the front loaded DMRS, the number of additional DMRS symbols per slot for Pi/2 BPSK based PUSCH should be configurable. 
· The locations of the configurable additional DMRS are the same as additional DMRS for PUSCH with other modulation order.

Conclusions
In this contribution, we provide a high-level description of spectral shaped rotated-QAM, which gives attractive PAPR and RF emission properties. We have the following observation.
Observation 1: Non-transparent filter can provide 0.5 dB performance gain for Pi/2 BPSK because of better channel estimation. 
In terms of DMRS design, we have the following proposals.
Proposal 1: NR should support new DMRS sequence designed for Pi/2 BPSK modulation, e.g. pre-DFT-s gold-sequence-based DMRS sequences.
Proposal 2: Besides the front loaded DMRS, the number of additional DMRS symbols per slot for Pi/2 BPSK based PUSCH should be configurable. 
· The locations of the configurable additional DMRS are the same as additional DMRS for PUSCH with other modulation order.
 Appendix
	Simulation assumptions for Section 4

	Numerology
	30Khz SCS

	Channel model
	AWGN

	# UE Tx
	1

	# eNB Rx
	1 

	# RBs
	168

	# symbols for PUSCH + DMRS
	10

	Channel and noise estimation
	MMSE channel estimation and realistic noise estimation



References
[1] [bookmark: _Ref461383190][bookmark: _Ref466110591][bookmark: _Ref450342762]3GPP RAN1 86bis “Chairman’s Notes RAN1_86bis - final”, Lisbon, Portugal, Oct 2016.
[2] [bookmark: _Ref466110594]3GPP R1-1610211 “Way Forward on modulation for NR”, Nokia, Alcatel-Lucent Shanghai Bell, Lisbon, Portugal, Oct.2016.
[3] [bookmark: _Ref450818287]3GPP R1-164684 “Single carrier waveform evaluation”, Qualcomm Inc.
[4] [bookmark: _Ref450912883]3GPP R1-162200 “Waveform evaluation proposals”, Qualcomm Inc.
[5] [bookmark: _Ref492924925]3GPP TSG RAN WG1 Meeting NR Ad-Hoc “Chairman’s Notes”, Spokane, USA, 16th – 20th January 2017.
[6] [bookmark: _Ref492925184]3GPP TSG RAN WG1 Meeting #88bis “Chairman’s Notes”, Spokane, USA, 3rd – 7th April 2017.




9/9
image1.png
PUSCH Throughput (Mbps)

40

35

30

25

20

15

10

AWGN channel, code rate 1/2

—&— Pi/2 BPSK with NonTransparent filter
—e— Pi/2 BPSK Transparent filter
—o— QPSK.

-6 -4 -2 o 2
UL SNR per tone

10




image2.png
PUSCH TBER

AWGN channel, code rate 1/

10° @ e -
—&— Pi/2 BPSK NonTransparent
—o— Pi/2 BPSK Transparent
101 —e— QPsK
102
103 . . . .
-8 -6 -4 -2 0

UL per tone SNR





image3.emf
-12 -10 -8 -6 -4 -2 0 2 4 6

10

-7

10

-6

10

-5

10

-4

10

-3

10

-2

10

-1

10

0

CDF

PAPR [dB]

 

 

DFT-s with FDSS

Chu-Sequences with FDSS

Best 30 Chu-Sequences with FDSS


image4.png
Gold
Sequence

Truncation/

Phase

Rotation by [

pi/2

DFT-s-OFDM
With Filtering

BPSK .
Modulation ’ Cyclic- ==
Extension
ay, ay,..., Ayn_yq ay, Ay,e, Ayn_y,
where ay, s, ...
e 1(1+‘) 1(1+')}
a; —— ,—
i Nei j 7z i

ay,j(az), —(az), —j(as),.





image5.emf
0 20 40 60 80 100

0

20

40

60

80

100

Auto correlation

Cyclic shift


image6.emf
0 20 40 60 80 100

-20

-15

-10

-5

0

5

10

Tone Index

Frequency domain amplitude (dB)


image7.emf
-12 -10 -8 -6 -4 -2 0 2 4

10

-4

10

-3

10

-2

10

-1

10

0

CDF

PAPR [dB]


image8.emf
-14 -12 -10 -8 -6 -4 -2

10

-3

10

-2

10

-1

10

0

AWGN channel, number of PUSCH TONES = 96

UL SNR per tone

PUSCH TBER

 

 

Chu-Sequence, coding rate = 1/30, 2 DMRS symbol

Gold-Sequence, coding rate = 1/30, 2 DMRS symbol

Chu-Sequence, coding rate = 1/7, 1 DMRS symbol

Gold sequence, coding rate = 1/7, 1 DMRS symbol


image9.emf
-14 -13 -12 -11 -10 -9 -8 -7 -6

10

-3

10

-2

10

-1

10

0

AWGN channel, number of PUSCH TONES = 2006, coding rate = 1/7, 1 DMRS symbol

UL SNR per tone

PUSCH TBER

 

 

Chu-Sequence, coding rate = 1/7, 1 DMRS symbol

Gold-Sequence, coding rate = 1/7, 1 DMRS symbol

Chu-Sequence, coding rate = 1/30, 2 DMRS symbol

Gold-Sequence, coding rate = 1/30, 2 DMRS symbol


image10.png
PUSCH TBER

AWGN channel, small TB

10°

107t

102

107

—&— 1 DMRS symbol
—— 2 DMRS symbol
—&— 3 DMRS symbol
4 DMRS symbol

-10.5

-10
UL SNR per tone

-9.5

-9 -8.5




image11.png
PUSCH TBER

AWGN channel, median TB size (1814 bits)
10° @ 3 T T T
—&— 1 DMRS symbol
—— 2 DMRS symbol
—&— 3 DMRS symbol
4 DMRS symbol
107t k!
102 . . . . . . .
-10 -9.5 -9 -85 -8 75 -7 -65 -6

UL SNR per tone




image12.png
PUSCH TBER

10° bt % i T
107t
102
107 —&— 1 DMRS symbol
——— 2 DMRS symbol
—4— 3 DMRS symbol
——— 4 DMRS symbol
104 I I . . .
-3 -2 -1 0 1 3

AWGN channel, large TB size (9072 bits)

UL SNR per tone





