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1 Introduction

In LTE-A, the open-loop transmit diversity (TxD) is necessary to improve the communication reliability when no PMI feedback is available. In this contribution, we focus on open-loop transmit diversity schemes for uplink with 4 transmit antennas (also treated for instance in [1][5][6]). Besides, we consider the transmit diversity schemes for 2 transmit antennas in [2]. In the RAN1 #53bis meeting, some criteria for the comparison of different transmit diversity schemes were identified: the frame error rate (FER), the cubic metric (CM) and the flexibility. We focus here on schemes with single-carrier-like CM on all transmit antennas. The flexibility is achieved for all schemes presented here by applying them within a single SC-FDMA symbol. Thus, they fit with any number of PUSCH SC-FDMA symbols per sub-frame.
2 Low-CM QOSFBC
An orthogonal full-rate code providing full-diversity, as the Alamouti scheme does for 2 Tx antennas, does not exist for 4 Tx antennas [3]. In [4], quasi-orthogonal codes with full-rate, providing only part of the maximum diversity, are designed. Each column of the obtained matrix is orthogonal to 2 out of the 3 other columns. One possible quasi-orthogonal space-frequency block code (QOSFBC) is depicted in Figure 1, where sub-carriers (0, 1, 2, 3) on one hand, and (4, 5, 6, 7) on the other hand, are encoded together. This code results in a CM increase on antennas 2, 3 and 4.

[image: image1.emf]*

0

s

3

s

1

s

2

s

4

s

5

s

6

s

7

s

*

3

s



*

1

s



*

2

s

*

4

s

*

6

s

*

7

s



1

Tx

s

4

Tx

s

0

s

2

Tx

s

3

Tx

s

*

5

s



*

0

s

1

s

*

1

s



0

s

3

s

2

s *

3

s



*

2

s

4

s

5

s

*

4

s

*

5

s



6

s

7

s

*

6

s

*

7

s



3

: f

1

: f

2

: f

4

: f

5

: f

6

: f

7

: f

0

: f


Figure 1 : QOSFBC performed on the DFT output.
However, by appropriately choosing the sub-carriers to be encoded together, we obtain a similar code, having the same quasi-orthogonality properties and maintaining the single-carrier CM for all antennas. In this CM-preserving code, the sub-carriers k0, k1, k2, k3, which are encoded together, are not adjacent.
For an even k0<M/2, where M is the DFT size,

k1 = (p-1-k0) mod M
k2 = (k0-M/2) mod M
k3 = (p-M/2-1-k0) mod M
p is an even parameter. Since sub-carriers which are encoded together are not adjacent, some performance degradation appears, due to an orthogonality loss resulting from the channel frequency selectivity. In order to minimize this effect, we choose the value p = M/4 which minimises the maximum frequency separation between together encoded sub-carriers. For M = 12 and p = 4, we obtain the code in Figure 2, where sub-carriers (0, 3, 6, 9) are encoded together, as well as (2, 1, 8, 7) and (4, 11, 10, 5).
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Figure 2 : Low-CM QOSFBC for M = 12 and p = 4, performed on the DFT output.
3 2-TX scheme + cyclic delay diversity

Since orthogonality and full-rate cannot be simultaneously achieved, another approach is to combine a full-rate orthogonal 2-Tx scheme, e.g., the low-CM SFBC [2], with cyclic delay diversity (CDD). The CDD scheme can be easily applied by cyclically shifting the signal transmitted on two antennas with respect to the one transmitted on the other two antennas as depicted in Figure 3.
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Figure 3: Low-CM SFBC + CDD with SC-FDMA.
If the delay is small compared to the cyclic prefix duration, CDD can be transparent and directly taken into account in the channel estimate. Thus, if CDD is also applied on reference symbols, the receiver performs the same operations for 2 and 4 antennas. CDD also provides better channel estimation robustness since a single pilot is used in order to estimate a 2-Tx equivalent channel with a maximum delay not exceeding the cyclic prefix duration. However, the SC-FDMA performance will also degrade due to the higher frequency selectivity introduced by CDD.

4 2-TX scheme + frequency switch transmit diversity

The frequency switch transmit diversity scheme with distributed mapping (FSTD-D) can also be associated to a 2-Tx diversity scheme by mapping symbols to be transmitted on the first two antennas on odd sub-carriers and symbols to be transmitted on the last two antennas on even sub-carriers as depicted in Figure 4. Likewise, in the FSTD-L scheme, with localized mapping, symbols to be transmitted on the first two antennas are mapped on the first half of sub-carriers and symbols to be transmitted on the two last antennas on the second half. In order to keep single-carrier-like CM, one DFT per pair of antennas is needed.
With this scheme, part of the diversity must be recovered by the turbo code. Thus, performance will degrade if the code rate increases.
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Figure 4: Low-CM SFBC + FSTD-D with SC-FDMA.
5 Simulation results

The simulation parameters are summarized in Table 1. 

We compare the different schemes in Figures 5 and 6 with perfect channel estimation. The FER performance is drawn with respect to Eb/N0, where Eb is the energy per information bit including pilot and cyclic prefix overhead. Two CDD schemes are evaluated: a transparent CDD scheme with 10-sample delay (1.30 µs) and a non-transparent CDD scheme with 128-sample delay (16.67 µs). Due to the low frequency selectivity it introduces, 10-sample CDD exhibits poor performance, especially with small PRB allocation. Other schemes perform within 0.5 dB from each other. Figures 7 and 8 present results with actual channel estimation. The performances of Low-CM SFBC + 128-sample CDD and QOSFBC degrade, because 4 SIMO channels have to be independently estimated. The degradation due to channel estimation is much less for Low-CM SFBC + 10-sample CDD because only 2 SIMO channels have to be estimated with the same reference signal power. The channel estimation performance for Low-CM + FSTD schemes is also better than Low-CM SFBC + 128-sample CDD and QOSFBC because each of the two 2x2 MIMO channels has to be estimated on only half of the sub-carriers. Indeed, we used an FDM structure for the two 2x2 MIMO channels in case of FSTD and CDM within each 2x2 MIMO channel (we call it CDM/FDM). 
In Figures 9 and 10, we see the Low-CM + FSTD performance degradation brought by channel estimation degradation when keeping a pure CDM structure, only using DM-RS cyclic shifts. Having FDM for DM-RS might reduce MU-MIMO flexibility. Indeed, with FDM, LTE-A DM-RS cannot be orthogonal with Rel8 DM-RS on same resources, especially for FSTD-D. For FSTD-L, this lack of orthogonality only arises when an odd number of PRBs are allocated to the LTE-A UE.
Performances at FER equal to 10-1 and 10-2 are gathered for all schemes in Table 2. Low-CM + FSTD-L exhibits the best performance for 1-PRB and 5-PRB allocations at FER equal to 10-1 and 10-2 if CDM/FDM DM-RS is used. Low-CM + 10-sample CDD becomes better if pure CDM DM-RS is used.
	System bandwidth
	5 MHz

	Waveform
	SC-FDMA

	Modulation
	QPSK

	Code
	Rate ½ turbo code, max-log-MAP (8 it.)

	Frequency allocation
	1, 5 PRBs, no channel-dependent scheduling

	Frequency hopping (FH)
	Off

	Channel
	Uncorrelated 4x2 TU 6-paths

	UE velocity
	3 km/h

	MIMO detection
	MMSE

	Channel estimation
	Perfect / Actual

	Number of SC-FDMA per sub-frame / cyclic prefix length
	12 symbols and normal cyclic prefix length

	Reference signal structure
	CDM via ½-symbol cyclic shift for 2-Tx SFBC and ¼-symbol cyclic shift for 4-Tx QOSFBC

FDM or CDM via ¼-symbol cyclic shift for FSTD


Table 1: Simulation parameters.
6 Summary

Among evaluated schemes, Low-CM SFBC + FSTD-L exhibits the best performance. However, it requires a modification of the Rel8 DM-RS multiplexing through cyclic shifts. FDM must be introduced which might reduce the flexibility of having LTE-A UEs and Rel8 UEs scheduled on the same resources. Thus, we suggest choosing as 4-Tx diversity scheme a combination of FSTD-L and a 2-Tx diversity scheme only if the introduction of FDM for DM-RS is deemed feasible. 
If keeping the same CDM structure as Rel8 is preferred, Low-CM SFBC + 10-sample CDD exhibits the best performance. Furthermore, it could be transparent to the receiver.
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	Figure 5: 1 PRB, perfect channel estimation.
	Figure 6: 5 PRBs, perfect channel estimation.
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	Figure 7: 1 PRB, actual channel estimation.
	Figure 8: 5 PRBs, actual channel estimation.
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 Figure 9: 1 PRB, DM-RS structure for FSTD.
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Figure 10: 5 PRBs, DM-RS structure for FSTD.


	PRBs
	FER
	QOSFBC
CDM RS
	Low-CM SFBC + CDD 10 samples

CDM RS
	Low-CM SFBC + CDD 128 samples

CDM RS
	Low-CM SFBC + FSTD-D

FDM-CDM RS / CDM RS
	Low-CM SFBC + FSTD-L

FDM-CDM RS / CDM RS
	SIMO

	1
	10-1
	5.4 dB
	4.3 dB
	5.2 dB
	4.1 dB / 4.8 dB
	3.9 dB / 5.0 dB
	5.0

	
	10-2
	7.6 dB
	7.1 dB
	7.5 dB
	6.2 dB / 7.1 dB
	6.2 dB / 7.5 dB
	9.4

	5
	10-1
	4.1 dB
	3.3 dB
	4.6 dB
	3.1 dB / 3.4 dB
	2.8 dB / 3.5 dB
	3.9

	
	10-2
	5.6 dB
	5.0 dB
	6.0 dB
	4.7 dB / 4.9 dB
	4.5 dB / 5.2 dB
	6.5


Table 2: FER performance of different schemes, actual channel estimation.
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