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Introduction
In RAN1#86b [1], it was decided that:
•	DL and UL transmission techniques should be studied to provide robustness against imperfect CSI and mobility
Moreover, at the latest RAN1 NR AH meeting the following was decided:
· Support at least the following UL transmission schemes for data in NR
· Scheme A: Codebook based UL transmission
· […]
· Scheme B: Non-codebook based UL transmission
· […]
· Diversity-based transmission schemes
· FFS: Whether the scheme has specification impact or not
· FFS: Merging of the schemes

DFTsOFDM has been adopted as a complementary waveform targeted especially for data transmission of link budget limited users, and for the long format of the uplink control channel. In these scenarios, transmission robustness is a key issue and transmit diversity techniques are highly appropriate, since diversity gain can be obtained even with imperfect CSI. 
Transmit diversity candidates decided to further study in DL for rank-1 transmission, such as DM-RS-based SFBC or small delay CDD with transparent DM-RS also have known benefits in UL scenarios. Nevertheless, when applying transmit diversity techniques to DFTsOFDM, special care must be taken for preserving the low PAPR characteristics of this waveform. 
In this contribution, we show how PAPR preserving transmit diversity can be achieved for DFTsOFDM.

Transmit diversity for DFTsOFDM
We will further investigate how known transmit diversity techniques apply to DFTsOFDM.
Alamouti-based schemes are full diversity and are easily combined with OFDM-based waveforms: when applied at subcarrier level, low complexity MMSE detection can be employed on couples of subcarriers involved in Alamouti precoding. When applied in the time domain (STBC), there is a need to have an even number of DFTsOFDM symbols in the frame to avoid having an orphan symbol. Doubling the orphan symbol (for example by using a double subcarrier spacing onto this symbol) results in either inter-numerology interference or scheduling constraints. Pre-DFT STBC schemes operating onto the modulation symbols within a single DFTsOFDM symbol were also investigated in the past, but they need high complexity decoders since Alamouti mapping cannot be translated to subcarrier level and low complexity frequency domain decoding cannot be implemented. 
When the Alamouti scheme is applied in the frequency domain at subcarrier level (SFBC), the nature of the DFTsOFDM symbol needs to be taken into account in order to prevent increasing the PAPR. SFBC schemes have the advantage of performing the Alamouti precoding within a DFTsOFDM symbol without any constrain on the number of symbols in the slot, and of allowing low complexity MMSE detection applied onto couples of subcarriers involved in Alamouti precoding.

PAPR preserving SFBC


Classical SFBC schemes applying Alamouti precoding to adjacent subcarriers in DFTsOFDM are known for breaking the PAPR property. Nevertheless, PAPR-preserving SFBC has already been discussed in the literature [3]. Alamouti precoding is applied at subcarrier level, after DFT precoding, just as in classical SFBC, as it can be seen in Figure 1. Alamouti precoded symbols can be mapped onto non-adjacent subcarriers in such a way that PAPR is preserved. Figure 2 shows such a subcarrier mapping, where Alamouti pairs are mapped onto subcarriers and . M is the number of allocated subcarriers (DFT precoder size) and p is an even integer, usually chosen as closest possible to M/2 to minimize the distance between subcarriers carrying Alamouti precoded pairs. This PAPR-preserving SFBC is called SC-SFBC [3].
The scheme is further detailed in Figure 10 from Annex A, in an example with M=12 and p=6. In the frequency domain, this corresponds to sending on the second antenna port:




Where vector  represents a block of DFT precoded modulation symbols x which will be mapped as is onto the first antenna port. This is a DFTsOFDM signal. Since complex conjugation, time reversing, cyclic shifting and sign alternation applied in the frequency domain are PAPR preserving operations with respect to the time-domain signal, the resulting signal transmitted on the second antenna port has the same PAPR as the original signal. Indeed, this is equivalent to sending on the second antenna a DFTsOFDM signal corresponding to an equivalent constellation  with

	.
Figure 11 in Annex A exemplifies an equivalent time-domain representation of the PAPR preserving SFBC with M=12 and p=6. Please note that such an equivalent representation is meant for explaining the DFTsOFDM nature of the signal to be sent on the 2nd transmit antenna and it is not proposed for practical implementation, since it is more complex that the frequency domain implementation shown in Figure 1/Figure 10. 

[image: ]Data block x(i)

[bookmark: _Ref468985453]Figure 1 - SFBC for DFTsOFDM 
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[bookmark: _Ref468985465]Figure 2 - Mapping of Alamouti pairs to subcarriers for PAPR preserving SFBC in DFTsOFDM
It is obvious that complex conjugation, cyclic shift or phase ramp applied in the time domain conserve the peak to average power ratio of the input constellation and that the signal on the 2nd transmit antenna is a DFTsOFDM signal with the same PAPR as the one on the 1st transmit antenna. This is verified in Figure 3 where the CCDF of the instantaneous normalized power is plotted for DFTsOFDM with STBC, SFBC and the PAPR preserving SC-SFBC.
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[bookmark: _Ref468986459]Figure 3 - PAPR of PAPR-preserving SFBC in DFTsOFDM

Other open loop transmit diversity schemes in DFTsOFDM
[image: ]Data block x(i)

Figure 4 - Open loop transmit antenna selection (OL-TAS) and cyclic delay diversity (CDD)

Open loop transmit antenna selection (OL-TAS) and cyclic delay diversity (CDD) are also known transmit diversity schemes that preserve the PAPR of DFTsOFDM. 
CDD transforms the spatial diversity into frequency diversity. For single layer transmission this is achieved by sending onto a second antenna port a cyclically delayed copy of the signal sent on a first antenna port, which is equivalent to SIMO transmission over a channel with modified impulse response. Cyclic delay operation can be implemented as a phase ramp applied in the frequency domain, similar to a precoding operation.
OL-TAS performs switching between transmit antennas during a codeword transmission. Sufficient DM-RS need to be inserted in order to estimate channels from all the transmit antenna ports in order to support switching during a codeword transmission, which leads to denser DM-RS pattern in the time domain than Alamouti-type precoding or CDD, at least for low/medium-speed scenarios (DM-RS overhead is NTx times higher for OL-TAS). 

Initial Evaluation
Generally, SFBC-based schemes can be combined with analog beamforming as long as we are able to define two DM-RS antenna ports serving as support for 2Tx transmit diversity.
We present evaluation results in two cases
· below 6GHz, the two SC-SFBC streams are mapped onto two transmit antennas (DM-RS ports)
· around 30GHz, the two SC-SFBC streams are mapped onto the two polarizations before analog beamforming.
SFBC is only given as a FER performance reference and is not proposed to be used for DFTsOFDM as it engenders around 1dB PAPR loss at CCDF target 10-4. 

Below 6 GHz
Figure 5 presents comparative performance of SC-SFBC, SFBC, OL-TAS and SIMO transmission at 4 GHz with 4 allocated RBs on channel TDL-A 30ns at 3kmph. Real channel estimation was employed with a front-loaded pilot, except for OL-TAS where a second pilot position is necessary to estimate the channel after antenna switching. Figure 6 presents comparative performance of SC-SFBC, SFBC, OL-TAS and SIMO transmission at 4 GHz with 4 allocated RBs on channel TDL-A 50ns at 60kmph. Real channel estimation was employed with a two pilots in LTE-like configuration. Figure 7 presents comparative performance of SC-SFBC, SFBC, OL-TAS and SIMO transmission with 16QAM ¾ at 4 GHz with 4 allocated RBs on channel TDL-A 50ns at 3kmph and 120kmph. Simulation parameters are given in the Annex. Results on a TDL-A 300ns channel yield similar conclusions. 
Full diversity Alamouti schemes are more robust than OL-TAS and CDD, even with the current sub-optimal L-MMSE decoder. The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC.
OL-TAS needs more DM-RS overhead at least at low/medium speed (NTx times the DM-RS overhead of SC-SFBC/ SFBC/ CDD/ SIMO) and is less spectrally efficient and more sensitive to Doppler effects than its counterparts. CDD is easy to implement and can be transparent to the receiver in the case of short delay CDD. Nevertheless, CDD has very variable performance depending on the applied delay, and an optimized delay (depending on the channel profile, allocation size, modcod) cannot be applied in an open loop scenario. Also, since CDD recovers frequency diversity through coding, CDD performance degrades with less strong coding and in scenarios where enough diversity is already present (frequency selective channels/frequency hopping transmission where the extra diversity obtained through CDD is limited, high speed where the extra diversity wrt to already present time diversity has limited gain, etc).
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a) FER
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b) Spectral efficiency


[bookmark: _Ref471405472]Figure 5 - Fc=4GHz, TDL-A 30ns, 3kmph, real channel estimation, 4RB, 1 front loaded pilot
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c) FER
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d) Spectral efficiency


[bookmark: _Ref473817455]Figure 6 - Fc=4GHz, TDL-A 50ns, 60kmph, real channel estimation, 4RB, 2 LTE-type pilots
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e) FER
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f) Spectral efficiency


[bookmark: _Ref473817343]Figure 7 - Fc=4GHz, TDL-A 50ns, 3kmph & 60kmph, real channel estimation, 16QAM3/4, 4RB, 2 LTE-type pilots


Around 30 GHz
Figure 8 and Figure 9 present comparative performance of SC-SFBC, SFBC, OL-TAS on top on analog beamforming, and analog beamforming without transmit diversity on a CDL-A 300ns channel at 30GHz and 3kmph, with allocations of respectively 4RB and 50RB (full allocation). Simulation parameters are given in the Annex. Real channel estimation with one front loaded pilot was employed. 
Transmit diversity combined with beamforming outperforms beamforming by around 2dB. 
With narrowband allocation, the PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC. With full band allocation, SC-SFBC suffers negligible FER performance loss with respect to SFBC (0.1dB for QPSK, 0.3dB for 16QAM) due to the mapping of some Alamouti precoded pairs onto subcarriers apart with more than one coherence bandwidth, but still outperforms SFBC when the PAPR loss of SFBC is taken into account. Results were obtained with a low complexity MMSE. Even lower FER performance difference is obtained with shorter allocations, less dispersive channels or more efficient receivers. Results in Figure 9 represent a worst case scenario for SC-SFBC performance. SC-SFBC outperforms SFBC when taking into account FER performance and PAPR performance.
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g) FER
	[image: ]
h) Spectral efficiency


[bookmark: _Ref471374014]Figure 8 - Fc=30GHz, CDL-A 300ns, 3kmph, real channel estimation, 4RB
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a) FER
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b) Spectral efficiency


[bookmark: _Ref471374016]Figure 9 - Fc=30GHz, CDL-A 300ns, 3kmph, real channel estimation, 50RB


Conclusion
Transmit diversity and beamformed transmit diversity bring clear gain in DFTsOFDM transmission, targeted for link budget limited users in search for robust transmission schemes and typically in the absence of reliable CSI. Analysis below 6GHz shows that full diversity DM-RS based Alamouti schemes are more robust than OL-TAS and CDD, even with the current sub-optimal L-MMSE decoder. The PAPR preserving SC-SFBC matches the FER performance of SFBC without any PAPR loss and is thus preferred to SFBC.
Analysis around 30GHz shows that transmit diversity combined with beamforming outperforms beamforming by around 2dB. SC-SFBC outperforms SFBC when taking into account combined FER performance and PAPR performance.
Proposal 1: Support Alamouti-based transmit diversity schemes for DFTsOFDM.
Proposal 2: Consider PAPR preserving SC-SFBC as transmit diversity scheme for DFTsOFDM.



Annex A: SC-SFBC example for M=12 subcarriers and shift p=6
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[bookmark: _Ref473730707]Figure 10 - SC-SFBC example for M=12 subcarriers and shift p=6
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[bookmark: _Ref473731266]Figure 11 - SC-SFBC example for M=12 subcarriers and shift p=6: equivalence with time-domain representation


Annex B: Simulation parameters


	Assumptions , 
	Value 
	

	Carrier frequency 
	4 GHz
	30 GHz

	Slot length 
	14 DFTsOFDM symbols with NCP, 1ms
	14 OFDM symbols with NCP, 0.125ms

	System bandwidth 
	20MHz
	80 MHz 

	Data bandwidth 
	4PRBs (48 subcarriers)
	4PRBs (48 subcarriers) and 90% of system bandwidth (50PRBs, 600 subcarriers)

	Numerology 
	Subcarrier spacing ∆f=15kHz, NIFFT=2048, Fs=30.72MHz
	Subcarrier spacing ∆f=120kHz, NIFFT=1024, Fs=122.88MHz

	UE antenna model 
	2 Tx
	(M,N,P,Mg,Ng) = (2, 2, 2, 1, 1) 

	TRP antenna model 
	2 Rx
	(M,N,P,Mg,Ng) = (8, 16, 2, 1, 1) 

	Phase noise model 
	-
	According to models described in [4] 

	Channel coding 
	LTE Turbo code
	LTE Turbo code 

	HPA 
	Polynomial model for UL [5], IBO=-8dB
	Polynomial model for UL [5], IBO=-8dB

	MCS 
	QPSK1/2, 16QAM1/2, 16QAM3/4, 64QAM1/2
	[bookmark: _GoBack]QPSK1/2, 16QAM ½, 16QAM3/4,  and 64QAM 1/2  

	Channel estimation 
	Realistic, based on 
· one front-loaded DM-RS except for OL-TAS/ NTx DM-RS for OL-TAS
· LTE-type pilots
	Realistic, based on 
· one front-loaded DM-RS except for OL-TAS/ NTx DM-RS for OL-TAS 
· LTE-type pilots

	Channel model 
	TDL-A 30ns/50ns
	CDL-A  in TR 38.900 with 300 ns DS, with 15 degrees AoD spread for TRP, 45 degrees AoA for UE, analog beamforming with DFT vector in the direction of the dominant paths

	Receiver type
	L-MMSE
	L-MMSE

	CDD delay
	64 samples
	64 samples





References
[1]. [bookmark: _Ref468983446][bookmark: _Ref468982085][bookmark: _Ref461457447][bookmark: _Ref457744160]Chairman’s notes, RAN1 #86b, Lisbon, Portugal, October, 2016
[2]. [bookmark: _Ref468983461]Chairman’s notes, RAN1 NR AH 01, Spokane, Washington, January 20107
[3]. [bookmark: _Ref468984773]C. Ciochina, D. Castelain, D. Mottier and H. Sari, “A Space-Frequency Block Code for Single-Carrier FDMA,” Electronics Letters 44(11):690 - 691 February 2008.
[4]. [bookmark: _Ref471402402]R1-164041, “Phase noise model for above 6 GHz,” Huawei, RAN1#85, Nanjing, China, May 2016.
[5]. [bookmark: _Ref471402488]R1-166004, “Response LS on realistic power amplifier model for NR waveform evaluation”, RAN4 LS, RAN1#85, Nanjing, China, May 2016.



image2.wmf
(

)

21

1mod

kpkM

=--


oleObject2.bin

image3.wmf
21*

(1)mod

(1),   (0...1)

Txk

kpkM

sskM

+

--

=-=-


oleObject3.bin

image4.wmf
DFT()

M

=

sx


oleObject4.bin

image5.wmf
,2

equivTx

x


oleObject5.bin

image6.wmf
(1)

2

,2*

(/2)mod

   (0...1)

pn

j

equivTx

M

nnMM

SCSFBC

xexnM

p

-

+

-

==-


oleObject6.bin

image7.emf

image8.emf
Tx1

: s

Tx2

: s

6

12

SC

p

M





6 p





*

0

s

*

3

s



*

1

s



*

2

s

*

4

s

*

5

s



*

6

s

*

7

s



*

8

s

*

9

s



*

10

s

*

11

s



3

s

1

s

2

s

4

s

5

s

6

s

7

s

0

s

8

s

9

s

10

s

11

s


image9.png
10 SC-SFBC, T, and T}
©TSFBC T,
10%] —=— SFBCTx,
..... STBC, T, and T,
[ —+—orFDMa
10
2 [ 2 4 3 8 10




image10.emf

image11.emf
-10 -5 0 5 10 15 20

10

-2

10

-1

10

0

SNR (dB)

FER

 

 

QPSK 1/2

64QAM 1/2

16QAM 1/2

SFBC

SC-SFBC

OL-TAS

CDD

SIMO


image12.emf
-10 -5 0 5 10 15 20

0

1

2

3

4

5

6

SNR (dB)

Spectral Efficiency (bits/s/Hz)

 

 

64QAM 1/2

16QAM 1/2

QPSK 1/2

SFBC

SC-SFBC

OL-TAS

CDD

SIMO


image13.emf
-10 -5 0 5 10 15 20

10

-2

10

-1

10

0

SNR (dB)

FER

 

 

QPSK 1/2

16QAM 1/2

16QAM 3/4

SFBC

SC-SFBC

OL-TAS

CDD

SIMO


image14.emf
-10 -5 0 5 10 15 20

0

1

2

3

4

5

6

SNR (dB)

Spectral Efficiency (bits/s/Hz)

 

 

QPSK 1/2

16QAM 1/2

16QAM 3/4

SFBC

SC-SFBC

OL-TAS

CDD

SIMO


image15.emf
0 5 10 15 20

10

-2

10

-1

10

0

SNR (dB)

FER

 

 

16QAM 3/4, CDD

16QAM 3/4, SIMO

16QAM 3/4, OL-TAS

16QAM 3/4, SC-SFBC

16QAM 3/4, SFBC

3kmph

120kmph


image16.emf
0 5 10 15 20

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

SNR (dB)

Spectral Efficiency (bits/s/Hz)

 

 

16QAM 3/4, CDD

16QAM 3/4, SIMO

16QAM 3/4, OL-TAS

16QAM 3/4, SC-SFBC

16QAM 3/4, SFBC

3kmph

120kmph


image17.emf
-30 -25 -20 -15 -10 -5 0

10

-2

10

-1

10

0

SNR (dB)

Frame Error Rate

 

 

SFBC

SC-SFBC

OL-TAS

DFT beamforming

CDD

16QAM 1/2

QPSK 1/2

64QAM 1/2


image18.emf
-30 -25 -20 -15 -10 -5 0

0

0.5

1

1.5

2

2.5

3

3.5

SNR (dB)

Spectral Efficiency (b/s/Hz)

 

 

QPSK 1/2

16QAM 1/2

64QAM 1/2

SFBC

SC-SFBC

OL-TAS

DFT beamforming

CDD


image19.emf
-30 -25 -20 -15 -10 -5 0

10

-2

10

-1

10

0

SNR (dB)

Frame Error Rate

 

 

QPSK 1/2

16QAM 1/2

64QAM 1/2

SFBC

SC-SFBC

OL-TAS

DFT beamforming

CDD


image20.emf
-30 -25 -20 -15 -10 -5 0

0

1

2

3

4

5

6

SNR (dB)

Spectral Efficiency (b/s/Hz)

 

 

QPSK 1/2

16QAM 1/2

64QAM 1/2

SFBC

SC-SFBC

OL-TAS

DFT beamforming

CDD


image21.png
—fo> o [—fo>

IDFT
o] 5o ol S
> 5 > e &
> 5 »l > 5 |
> & — .1'9 —
Modulation s . L 5y
symbols 0 PAPR PN
— DFT "= | preser &
0--¥11] NN ving -
o> —s. (o>
% ~ SFBC —
] 7 —
> 3 » 4
=¢ > * R
[ S B, SC;’lzu s
[ J-* ——»|
> 510 >l 2
| — 7_\-* E—
i sy 1

= IDFT

ikl SN g





image22.png
Modulation
symbols

—

0--11]

s

> X > o> 5y [—fo>!
X > -5 -
| xZ > > IZ >
" x; N > 5 >
> Xy > B -

X

" DFT IDFT
> X > A -
E— > - 5 -
> xS » > 'fg >
> Xy > Y -
> X0 > g TS >
" %1 > iR RO S PP
«
X
Aval))
M ol
0
¢ il o> —s, [—fo>
AT 2
I % *
e M Xg| ™™ > Sy, >
JRisea) —n ,J;‘ >
SN 3 B
N ey BN
=
*f,n' S0 [—=
DFT X It
7 7““11 "
o —
10
N s B
| — ‘r* [——»
8
N iy BN
2
ik NN e iThg
2710(p-1)
STu 17 Ty
e .X‘4 S
2711(p-1)
|| 2rien
J: o |

To
Txq4

To
TX2




image1.wmf
1

k


oleObject1.bin

