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Introduction
[bookmark: _Ref465589377][bookmark: _Ref462669569]In RAN1#88 [1] and RAN1#88bis [3], the following agreement has been made for uplink transmit diversity for DFT-S-OFDM based data channel
· For DFT-S-OFDM, following schemes can be candidates for UL diversity schemes for UL data: CDD, precoder cycling, antenna port switching, SFBC, and STBC.
· RAN1 should down select them in WI phase.
· FFS the corresponding spec impact (if any)

· For DFTsOFDM in data channel, the following schemes are candidates for transmit diversity:
· Low PAPR Alamouti-based transmit diversity applied in frequency or time domain, transparent transmit diversity (e.g. short delay CDD, panel selection), time domain beam/precoder cycling

In RAN1#89 [4], it was further agreed that 
· For UL transmit diversity for CP-OFDM, down-select between the following alternatives
· Alt. 1: transmit diversity is not explicitly supported for PUSCH in Rel. 15
· Alt. 2 non-transparent UL transmit diversity for CP-OFDM (e.g., SFBC, Non-transparent precoder cycling)

In this contribution, the diversity scheme for PUSCH channels are discussed.
For PUSCH with DFT-S-OFDM waveform, we focus on the transmit diversity schemes that can maintain good PAPR properties. Specifically, a scheme of STBC before DFT is proposed for PUSCH transmit diversity. The proposed virtual split SC-STBC before DFT scheme has the following advantages over other diversity schemes
· maintains the single carrier waveform
· works with any number of OFDM symbols
· does not increase PUSCH resource consumption
· achieves full diversity gain
· Alamouti receiver processing can be done in frequency domain rather than time domain for simplicity.

For PUSCH with OFDM waveform, the agreement on DL PDSCH transmit diversity scheme can be applied, in order to maintain the DL/UL symmetricity. 
The rest of the contribution is organized as following. The candidate transmit diversity schemes for DFT-s-OFDM waveforms are discussed in Section 2. Their link-level evaluation results are shown in Section 3. The conclusions are listed in Section 4. 
[bookmark: _Ref490243822]Diversity-based Transmission Schemes for DFT-s-OFDM
In this section, we first describe the candidate diversity-based transmission schemes for DFT-s-OFDM waveforms.
STBC before DFT 
Before we described split symbol SC-STBC, we first describe naïve STBC across two OFDM symbols, where Alamouti coding is applied before DFT operation. 










The time domain signal construction cross two OFDM symbols before DFT is given in Figure 2‑1. The modulated symbols in the first OFDM symbol is denoted as where. The modulated symbols in the second OFDM symbol is denoted as where. For the first Tx antenna, as shown in Figure 2‑2 and Figure 2‑3, the modulated symbols and are transmitted in the first OFDM symbol and second OFDM symbol, respectively, by going through the standard DFT-S-OFDM waveform generation chain without any special operation. For the second Tx antenna, the modulated symbols transmitted in the first OFDM symbol are . The modulated symbols transmitted in the second OFDM symbol are . The reason of flipping the order of modulated symbols with operation  is because of the DFT property of, , which allows per tone de-Alamouti combiner in frequency domain at receiver. 


The manipulated modulated symbols and are then fed to the same waveform generation chain for the first and second OFDM symbols respectively, going through the same standard DFT-S-OFDM waveform generation chain as for the first Tx antenna. It is clear to see that conjugate and sign flip operations do not change the single carrier property of the generated waveform for the second antenna. Therefore, the proposed STBC scheme maintains the single carrier waveform. Furthermore, unlike SORTD scheme, two waveforms are send based on the same PUSCH resource without extra resource requirement. 



[bookmark: _Ref471549674]Figure 2‑1: Time domain signal construction over two OFDM symbols.



[bookmark: _Ref471550016]Figure 2‑2: PUSCH transmit chain with OFDM symbol 1.



[bookmark: _Ref471550018]Figure 2‑3: PUSCH transmit chain with OFDM symbol 2.
The receiver diagram for PUSCH with STBC can be illustrated in Figure 2‑4. At gNB receiver side, after FFT and tone extraction, two sets of signals on frequency domain can be obtained








whereand are the DFT transform of and respectively. and  are the channel from the first and second Tx antennas. 




It is clear to see that based on the signals and , on each tone k, a very simple de-Alamouti combiner can be applied as below, which explores the full diversity of channels and . 


After the de-Alamouti combining, the FDE (frequency domain equalizer) is performed, followed by the IDFT to obtain the time domain samples to do demodulation and decoding.


[bookmark: _Ref471551199]Figure 2‑4: PUSCH receiver chain with STBC before DFT based diversity.

[bookmark: _Ref490226767][bookmark: _Ref471573616][bookmark: _Ref463027406][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168]SC-STBC before DFT with virtual symbol splitting
STBC described above need even number of symbols. With odd number of symbols, STBC can still be applied with virtual symbol splitting. Without changing the subcarrier spacing, one OFDM symbol can be split into two half-symbols before DFT. 




Now, after virtual symbol splitting, there are even number of half-symbols available. Then we treat each half-symbol as if it is a regular OFDM symbol and apply STBC, as shown in Figure 2‑5. The only different between Figure 2‑5 and Figure 2‑1 is that the length of modulated symbols for and is reduced to , i.e., . 


[bookmark: _Ref473820732]Figure 2‑5: Time domain signal construction over two virtually split OFDM symbols.
The receiver structure for PUSCH with virtually split symbol based STBC is given in Appendix 5.1.  
Also, it is very interesting that this virtual split symbol based Single Carrier STBC scheme has some similarity compare to the PAPR preserving SC-SFBC (Single carrier SFBC) scheme proposed in [2]. The similarity and difference between the single carrier SFBC and virtual split based STBC is described in Appendix 5.2. 
Observation 1: SC-STBC with Virtual symbol splitting can apply Alamouti coding for any number of symbols while preserving low-PAPR of DFT-s-OFDM waveforms.

[bookmark: _Ref490226771]SC-SFBC
For CP-OFDM waveforms, SFBC applies Alamouti coding to adjacent tones in frequency domain. However, for DFT-s-OFDM waveforms, such naïve Alamouti coding breaks the single carrier property for the second antenna and as a result increase the PAPR for the second antenna’s waveform.
To overcome such a limitation, SC-SFBC is proposed in [2]. In the SC-SFBC, the frequency tones for the second antenna derived from that of the first antenna based on the following formula:


 , .
Here, s is the DFT-precoded frequency domain tones of the first antenna, M is the number of the total allocated tones, and p is chosen as M/2. In [2], it is shown that the proposed SC-SFBC scheme can preserve low PAPR property for the second antenna.
However, SC-SFBC still suffers from the following two limitations:
1) Second Antenna waveform cannot preserve pi/2-BPSK structure in time-domain.
2) Performance can be degraded without per-tone-MMSE estimation for large RB allocation. 

It is known that pi/2-BPSK modulation can further significantly reduce the PAPR of the DFT-s-OFDM waveforms. As described in Appendix 5.2 and Figure 5‑4, in time domain, the second antenna waveform corresponds to a phase rotated copy of the first antenna’s waveform. Therefore, even if pi/2-BPSK modulation is used to generate the first antenna’s pre-DFT time-domain signal modulation. The corresponding pre-DFT time-domain signal for the second is not pi/2-BPSK modulated signal, and therefore has a higher PAPR than that of the first antenna.
Observation 2: SC-SFBC cannot preserve pi/2-BPSK modulation structure for the second antenna.
Another drawback comes from the large tone-spacing between the Alamouti coded tones. As we can observe in the above Alamouti coding formula for SC-SFBC, the tone-spacing between the Alamouti coded tones can be as large as the half of the allocated bandwidth. Therefore, for large RB allocation, the channels for two Alamouti coded tones will be different. 
One of the advantage of the Alamouti coding for the static channel is that the optimal MMSE is equivalent to the matched filtering (MF) up to a scale. Therefore, if the channels for the Alamouti coded tones are equivalent, there will be no significant performance gap between the optimal MMSE and MF receivers.
However, since the channel for two Alamouti coded tones can be different in SC-SFBC, we can expect that the performance gap between the optimal MMSE and MF receivers.
 [image: ]
[bookmark: _Ref490215570]Figure 2‑6. Performance comparison between Virtual Split SC-STBC and SC-SFBC with MMSE and MF receiver for 4 RB allocation
 [image: ]
[bookmark: _Ref490215580]Figure 2‑7. Performance comparison between Virtual Split SC-STBC and SC-SFBC with MMSE and MF receiver for 16 RB allocation
Figure 2‑6 and Figure 2‑7 shows link level simulation results for 4 RB and 16 RB allocations. For 4 RB allocation, both SC-STBC and SC-SFBC with MF and MMSE receivers show similar performances. However, for 16 RB allocation, SC-SFBC with MF receiver shows significant performance loss compared to SC-SFBC with MMSE receiver and SC-STBC with MF receiver. This is due to that the channels for Alamouti coded pair of tones are different, and MF receiver cannot suppress the interference between two Alamouti coded symbols. Therefore, for large RB allocation, SC-SFBC can require per-tone-MMSE estimation which involves a high-complexity matrix inverse operation.
Observation 3: Without the optimal per-tone MMSE estimation, SC-SFBC performance significantly degrades for large RB allocations.

[bookmark: _Ref490226777]Non-Transparent Precoder Cycling
[image: ]
[bookmark: _Ref490217457][bookmark: _Ref490228167]Figure 2‑8. Example of Time-Domain Non-Transparent Precoder Cycling
Precoder cycling uses different precoders across time/frequency resources for UL transmission diversity. The precoder cycling schemes can be categorized into two: non-transparent precoder cycling and transparent precoder cycling. 
In non-transparent precoder cycling, the receiver is informed with the precoders used in the transmitter. With non-transparent precoder cycling scheme, more number of precoder can be used since the channels do not have to be estimated for each precoder. However, additional control information is required for the transmitter and receiver to agree on the precoders. 
Figure 2‑8 shows an example of time-domain non-transparent precoder cycling. DMRS signals from two transmit ports are separated by different combs so that the receiver can estimate the both channels from two transmit antennas. Different precoder is applied across two antennas for each symbol. Since the precoders remain constant within each OFDM symbol and each precoder has CM preserving property, the low PAPR property can be preserved.
However, the scheme shown in the figure also has limitations. The randomized precoding performance will be worse than the optimal Alamouti coding. The number of precoders is also limited by the number of data symbols, so not applicable to small number of data symbols.
[bookmark: _Ref490226779]Transparent Precoder Cycling
[image: ]
[bookmark: _Ref490217864]Figure 2‑9. Example of Frequency-Domain Transparent Precoder Cycling
In transparent precoder cycling, the receiver is not informed with the precoder used in the transmitter. Therefore, the receiver can only estimate the combined channel after the precoding. For each precoded time/frequency resources, the channels have to estimated separately. 
Figure 2‑9 shows an example of frequency-domain transparent precoder cycling. Two PRGs use different precoder to introduce diversity. At the receiver, the channels for two PRGs will be estimated separately. Since we cannot jointly estimate the channel across two PRGs, the channel estimation performance can be degraded. Furthermore, the second antenna’s waveform is not single carrier, and have larger PAPR than that of DFT-s-OFDM waveforms.
[bookmark: _Ref490226781]Small Delay CDD
In Small delay CDD, the transmitted signal for the second antenna port is a cyclically shifted copy of that of the first antenna port. Therefore, multiple transmit antennas will be combined into an equivalent single transmit antenna with more number of multiple paths. Since the receiver can estimate the combined channel, small delay CDD scheme can be transparent to the receiver. Since time-domain cyclic shift corresponds to frequency domain phase rotation, the cyclic shift in time domain can introduce frequency domain diversity across the tones in the combined channel. 
The second antenna signal is only a delayed copy of the first antenna’s waveform in time-domain. Thus, low PAPR property of DFT-s-OFDM waveforms can be also preserved. However, since the diversity only introduced by small delay, the performance can be sensitive to the delay length. Furthermore, small delaly CDD increases the overall delays of the combined channel, and the channel estimation performance also can be degraded.

[bookmark: _Ref471331287][bookmark: _Ref490243828]Simulation Result
In this section, we compare the link level performance of the diversity schemes described in the previous section. SC-STBC with virtual split, SC-SFBC, non-transparent precoder cycling, transparent precoder cycling, and SD-CDD described in Sections 2.2, 2.3, 2.4, 2.5, 2.6 resprectively are simulated. 
For virtual split SC-STBC, no extra CP is added between the virtually split half-symbols
For non-transparent precoder cycling, four precoders are applied to different symbols in time domain as shown in Figure 2‑8. The four precoders used for non-transparent precoder cycling are [1,1], [1,-1], [1,j], [1,-j].
For transparent precoder cycling, two precoders are applied to two PRGs in frequency domain as shown in Figure 2‑9. The two precoders used for transparent precoder cycling are [1,1], [1,-1].
For SD-CDD, the delay is set to be 2% of OFDM symbol length.
[bookmark: _Ref450903402]The simulation parameters are summarized in Table 3‑1.  
[bookmark: _Ref478045626]Table 3‑1 Simulation parameters
	Parameters
	Settings

	PUSCH duration
	5 symbols (1 DMRS + 4 DATA)
10 symbols (2 DMRS + 8 DATA)

	RS/UCI MUX
	TDM

	PUSCH bandwidth
	48/24 tones

	UCI code rate
	1/2 TBCC, 3/4 Turbo Code

	Modulation
	QPSK/16QAM

	Channel estimation
	Realistic (MMSE)

	FFT size
	2048

	CP length
	4.6uS

	Subcarrier Spacing
	15kHz

	Antenna Configuration
	2 Tx, 2/4 Rx 

	Channel model
	TDL-C with 30ns/300ns RMS delay

	Added delay for SCDD
	2.77uS



[bookmark: _Ref490247035]Evaluation Results with Front-Loaded Single DMRS Symbol
[image: ]
[bookmark: _Ref490228732]Figure 3‑1. TDL-C, 30ns delay spread, 2T2R, QPSK, Rate=1/2, 4 RB allocation
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[bookmark: _Ref490228734]Figure 3‑2. TDL-C, 300ns delay spread, 2T2R, QPSK, Rate=1/2, 4 RB allocation

[image: ]
[bookmark: _Ref490228736]Figure 3‑3. TDL-C, 30ns delay spread, 2T2R, QPSK, Rate=1/2, 2 RB allocation
 [image: ]
[bookmark: _Ref490228737]Figure 3‑4. TDL-C, 30ns delay spread, 2T4R, QPSK, Rate=1/2, 4 RB allocation
[image: ]
[bookmark: _Ref490232000]Figure 3‑5. TDL-C, 30ns delay spread, 2T2R, 16QAM, Rate=1/2, 4 RB allocation
[image: ]
[bookmark: _Ref490232003]Figure 3‑6. TDL-C, 300ns delay spread, 2T2R, 16QAM, Rate=1/2, 4 RB allocation

Figure 3‑1, Figure 3‑2, Figure 3‑3, Figure 3‑4, Figure 3‑5, Figure 3‑6 show the link level performances for the front loaded single DMRS symbol followed by four data symbols. 
For different delay spread, different number of receiver antennas, RB allocations and modulation sizes, SC-STBC and SC-SFBC show the best performance among the diversity schemes. Non-transparent precoder cycling scheme shows 0.3dB-0.6dB worse performance compared to SC-STBC and SC-SFBC which are based on the optimal Alamouti coding.
SD-CDD shows 0.5dB-2dB worse performance compared to SC-STBC and SC-SFBC. Furthermore, as we observe in Figure 3‑3, SD-CDD performance is sensitive to the introduced delay especially for small number of RB allocations.
Transparent precoder cycling shows the worst performance among all diversity schemes.
Table 3‑2 summarizes SNR loss compared to the virtual split SC-STBC scheme at 1% BLER. We can observe that the non-transparent schemes generally outperform the transparent schemes, and  virtual split SC-STBC and SC-SFBC schemes shows the best performance.
[bookmark: _Ref490237910]Table 3‑2. SNR loss compared to SC-STBC at BLER = 1%
	
	Virtual Split
SC-STBC
(SC-SFBC)
	NonTransparent
Precoder
Cycling
	SD-CDD
	Transparent
Precoder
Cycling
	No Diversity 
Scheme


	30ns DS, 2T2R, 
4 RB allocation
QPSK
	0 dB
	0.3 dB
	0.6 dB
	1.5 dB
	4.2 dB

	300ns DS, 2T2R, 
4 RB allocation
QPSK
	0 dB
	0.5 dB
	0.7 dB
	1.2 dB
	4.2 dB

	30ns DS, 2T2R, 
2 RB allocation
QPSK
	0 dB
	0.4 dB
	0.8 dB (4% delay)
2 dB (2% delay)
	1.7 dB
	3.7 dB

	30ns DS, 2T4R, 
4 RB allocation
QPSK
	0 dB
	0.3 dB
	0.5 dB
	0.3 dB
	2.2 dB

	30ns DS, 2T2R, 
4 RB allocation
16QAM
	0 dB
	0.5 dB
	1.5 dB
	2.5 dB
	4 dB

	300ns DS, 2T2R, 
4 RB allocation
16QAM
	0 dB
	0.6 dB
	0.6 dB
	1.5 dB
	Larger than 5 dB



Evaluation Results for 2 DMRS Symbols
[image: ]

[bookmark: _Ref490238175]Figure 3‑7. TDL-C, 30ns delay spread, 3km/h, 2T2R, QPSK, Rate=1/2, 4 RB allocation with 2 DMR symbols
[image: ]
[bookmark: _Ref490238176]Figure 3‑8. TDL-C, 30ns delay spread, 30km/h, 2T2R, QPSK, Rate=1/2, 4 RB allocation with 2 DMR symbols
[image: ]
[bookmark: _Ref490238179]Figure 3‑9. TDL-C, 30ns delay spread, 3km/h, 2T2R, 16QAM, Rate=1/2, 4 RB allocation with 2 DMR symbols
[image: ]
[bookmark: _Ref490238180]Figure 3‑10. TDL-C, 30ns delay spread, 3km/h, 2T2R, 16QAM, Rate=3/4, 4 RB allocation with 2 DMR symbols

 Figure 3‑7, Figure 3‑8, Figure 3‑9, Figure 3‑10 show the link level performances for the slots with two UL DMRS symbols and eight UL data symbols. The first DMRS symbol is located at the first symbol, and the second DMRS symbol is located at the second from the last symbol. Regardless of delay spread, doppler frequency and QAM sizes, the simulation results show the essentially same trend as the front-loaded DMRS case of Section 3.1. 
Virtual Split SC-STBC and SC-SFBC show the best performances, and non-transparent schemes show a performance gain over transparent schemes.
Observation 4: Non-transparent diversity schemes show a gain compared to transparent diversity schemes.
Observation 5: Virtual Split SC-STBC and SC-SFBC show a better performance than non-transparent precoder cycling.
[bookmark: _Ref471548674]For PUSCH with CP-OFDM based waveform, the agreement for transmit diversity scheme for downlink PDSCH can be reused, in order to keep symmetric UL and DL data channel structure such as DMRS pattern. In other words, no transmission diversity scheme is explicitly supported in specification for CP-OFDM waveforms. Therefore, we have the following proposals.
Proposal 1: For PUSCH with DFT-s-OFDM waveforms, adopt virtual split SC-STBC for the transmission diversity scheme.
Proposal 2: For PUSCH with CP-OFDM waveform, transmission diversity scheme is not explicitly supported in specification. 
[bookmark: _Ref478027947]Conclusions
The following observation is for UL transmit diversity
Observation 1: SC-STBC with Virtual symbol splitting can apply Alamouti coding for any number of symbols while preserving low-PAPR of DFT-s-OFDM waveforms.
Observation 2: SC-SFBC cannot preserve pi/2-BPSK modulation structure for the second antenna.
Observation 3: Without the optimal per-tone MMSE estimation, SC-SFBC performance significantly degrades for large RB allocations.
Observation 4: Non-transparent diversity schemes show a gain compared to transparent diversity schemes.
Observation 5: Virtual Split SC-STBC and SC-SFBC show a better performance than non-transparent precoder cycling.
 The following proposals are for UL transmit diversity. 
Proposal 1: For PUSCH with DFT-s-OFDM waveforms, adopt virtual split SC-STBC for the transmission diversity scheme.
Proposal 2: For PUSCH with CP-OFDM waveform, transmission diversity scheme is not explicitly supported in specification.
 Appendix
[bookmark: _Ref471572802]SC-STBC receiver with virtual split symbols
Option 1


[bookmark: _Ref490247434][bookmark: _Ref490247437]Figure 5‑1: PUSCH receiver chain option 1 with virtual split symbol STBC.

As shown in Figure 5‑1, at gNB receiver side, N point FFT and tone extraction are performed to obtain the PUSCH signals  for desired UE in frequency domain. Equivalently, from time domain perspective, the received signal is denoted as




where and are the received signals in the first half-symbol and second half-symbol.







Next step, we extract and separately from . We then run two smaller DFT with size M/2 to convert and  back to frequency domain signals and . The rest operations are straightforward by doing de-Alamouti combining and frequency domain equalization (DFE), followed by two smaller IDFT with size M/2 to convert the equalized signals to time domain for demodulation and decoding.  
Option 1 requires quite a few IDFT/DFT operations, which increase the receiver complexity. To simplify receiver design, another option is considered as below. 
[bookmark: _Ref490247861]Option 2 


[bookmark: _Ref471726369]Figure 5‑2: PUSCH receiver chain option 2 with virtual split symbol STBC.


As shown in Figure 5‑2, at gNB receiver side, N point FFT and tone extraction are performed to obtain the PUSCH signals  for desired UE in frequency domain. Equivalently, from time domain perspective, the received signal is denoted as




where and are the received signals in the first half-symbol and second half-symbol.






where  and  are the channel from the first Tx antenna and the second Tx antenna respectively. 








In frequency domain, the PUSCH tones are then multiplied with and respectively, where  and  are the channel from the first and second Tx antennas. The two streams of channel scaled signals are then pass through two IDFT blocks to obtain the signals in time domain. We denote the two steams of time domain signals as  and  where  are concatenated in time domain, are concatenated in time domain as well.

Given the IDFT property that , it can be shown that 








The de-Alamouti combiner is conducted in time domain as follow

,



We can see that the signals after combining can be expressed as below



It is clear to see that full transmit diversity can be achieved with STBC with split half-symbols.
[bookmark: _Ref473822690]Comparison between virtual split based STBC before DFT and PAPR preserving SC-SFBC 
[image: ]
[bookmark: _Ref474145108]Figure 5‑3: virtual split based STBC before DFT with 8 tones
[image: ]
[bookmark: _Ref474145107][bookmark: _Ref490213971]Figure 5‑4: PAPR preserving SC-SFBC [2] with 8 tones
Figure 5‑3 shows a transmitter diagram for virtual split based STBC before DFT which is proposed in this contribution when 8 tones are used. Figure 5‑4 shows an alternative transmitter diagram for PAPR preserving SC-SFBC [2] when 8 tones are used. 
As we explained above, in the virtual split based STBC of Figure 5‑3, the time domain sequence , …,  is split into two subsequences with length 4, and Alamouti coding is introduced to two split sequences. Here, we can notice the following two:
· Descending time indexing for the second antenna transmission
· Discontinuous phase for the second antenna transmission

The time indices for the first half of the time domain sequence for antenna 2 in Figure 5‑3, (,,,), is (4,7,6,5), which can be thought as a cyclic shift of (7,6,5,4). Likewise, the time indices for the second half can be thought as a cyclic shift of (3,2,1,0). Therefore, we can notice that time indexing for the second antenna in virtual split based STBC is decreasing. Due to this descending time indexing, the proposed scheme result in wideband Alamouti coding in frequency domain as discussed in Appendix 5.1.2.

Furthermore, the signs for the second antenna’s sequence is given as (,,,,-1,-1,-1,-1) which can be thought as the following phase rotation on each elements, (,,,). Therefore, we can notice a discontinuous phase rotation between the first and the second half of the sequence. Due to this discontinuity, the tone-wise Alamouti coding shown in [2] is not achievable in virtual split STBC of Figure 5‑3.

In PAPR preserving SC-SFBC of Figure 5‑4, the time domain sequence , …,  is cyclic shifted by 4. From the second antenna’s sequence in Figure 5‑4, we can notice that the second antenna’s transmitted waveform is also DFT-s-OFDM. We can further notice the following two:
· Ascending time indexing for the second antenna transmission
· Continuous phase for the second antenna transmission

The time indices for the time domain sequence for antenna 2 in Figure 5‑4 is (4,5,6,7,0,1,2,3), which can be thought as (0,1,2,3,4,5,6,7) with a cyclic shift of 4. Therefore, we can notice that time indexing for the second antenna in PAPR preserving SFBC is increasing. It is known that frequency domain conjugate corresponds to time domain conjugate with reversed index. Due to this ascending time indexing in Figure 5‑4, the PAPR preserving SFBC scheme does not result in wideband Alamouti coding in frequency domain shown in Appendix 5.1.2.

Furthermore, the phase for the second antenna’s sequence is given as 
(,)
which can be thought as the following phase rotation on each elements: 
(,).
Therefore, we can notice a continuously increasing phase rotation by  for each element in the second antenna’s sequence. Thanks to this continuous phase rotation, the tone-wise Alamouti coding shown in [2] can be achievable in PAPR preserving SFBC of Figure 5‑4.
[bookmark: _GoBack]In sum, even though both schemes in Figure 5‑3 and Figure 5‑4 provides Alamouti coding with DFT-s-OFDM waveforms, their frequency domain properties are fundamentally different due to distinct arrangement and phase-rotation of the second antenna’s sequence.
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