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1. Introduction

SC-FDMA is the multiple-access scheme in E-UTRA uplink (UL). Its main advantage over OFDM is its low PAPR, which is very important for the power amplifier (PA) efficiency of the mobile terminal. The potential spatial diversity between the transmit antennas at the UE and the receive antennas at the NodeB can be exploited to enhance the uplink performance. In RAN1 #47, the STBC scheme with good PAPR property was proposed in [1] as a transmit diversity scheme for UL MIMO. In this contribution, the link level performances of SC-FDMA with the proposed STBC scheme in [1] are provided and compared with that of the open-loop transmit antenna selection (OL-TAS) scheme [2-3]. 

2. STBC scheme

In the proposed STBC scheme (i.e., STBC-II in [1]), the M-point DFT output symbols are separated into two groups, S1,S2,…,SM and SM+1,SM+2,…,S2M.  The consecutive groups are coded as the two input elements of Alamouti’s STBC. For instance, Alamouti’s STBC is made based on the pairs of S1 and SM+1, S2 and SM+2, and so on. Then the coded groups are mapped to the allocated localized subcarriers of the two adjacent SC-FDMA symbols as shown in Fig. 1. Note that in this scheme, the space-time coding and mapping can be considered as a special Alamouti’s STBC in view of the fact that the coding is based on the groups rather than the symbols.

The PAPR property of the proposed STBC scheme for 16QAM and QPSK with localized subcarrier mapping is shown in Fig. 2. The PAPR properties of single antenna transmission and another STBC scheme with different coding and mapping method (i.e., STBC-I in [1]) are also shown for comparison. In this simulation, N and M are set to 1024 and 60, respectively. From Fig. 2, we can observe that the PAPR of STBC-II scheme is the same as that of single antenna transmission while STBC-I scheme incurring PAPR increasing of larger than 1.0 dB. As a result, the STBC-II scheme is the preferred STBC scheme for the E-UTRA UL. 
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Fig. 1 Block diagram of the STBC scheme
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(a)                                                                            (b)

Fig. 2 PAPR for localized mapping with STBC, (a) 16QAM and (b) QPSK

3. Link level simulation results of SC-FDMA with STBC

Link level simulations are conducted to evaluate the performance of SC-FDMA with the proposed STBC-II scheme. For purpose of comparison, single antenna transmission without transmit antenna selection (denoted as 1x2 MRC in this paper) and open-loop transmit antenna selection (OL-TAS) introduced in [2] (denoted as 2x2 TAS in this paper) are also simulated. In OL-TAS, the two transmit antennas are selected alternatively per slot, that is, the first transmit antenna is selected during the first slot and the second transmit antenna is selected during the second slot. 

In the performance simulation of Section 3.1, frequency hopping (FH) is not considered. In Section 3.2, the intra-TTI FH is taken into account. The detailed information about FH is described in Section 3.2.

The simulation parameters and assumptions are listed in Tab. 1.

Tab. 1 Simulation parameters and assumptions 

	Parameters
	Values

	Carrier frequency
	2.0 GHz

	Transmission bandwidth
	10 MHz (FFT size N=1024)

	TTI length
	1.0 ms (i.e., 1 subframe or 2 slots)

	Number of allocated RUs 
	10

	DFT size (M)
	120 (i.e., 10 RUs)

	Cyclic Prefix (CP) length
	4.04μs/62samples x 7

5.08μs/78samples x 1

	Modulation
	QPSK, 16QAM

	Channel coding
	Turbo encoding with rate of 1/2 and 1/3

	Code block size (assuming each code block corresponds to one subframe)
	1440 bits for QPSK+1/2 TC

1920 bits for 16QAM+1/3 TC

2880 bits for 16QAM+1/2 TC

	Subcarrier mapping
	Localized

	Spatial Channel model
	3GPP SCME with fixed parameters [4]

	Scenario
	Urban micro (NLOS)

	Antenna configurations
	2 antennas at UE with half wavelength spacing 

2 antennas at NodeB with four wavelengths spacing

	Velocity
	30kmph, 120kmph

	Channel Estimation
	Perfect channel estimation

	Turbo decoder
	Linear-log-MAP (i.e., MAX-log-MAP plus linear correction function) with 8 iterations

	Definition of SNR
	The total received power per receive antenna to the noise power ratio in frequency domain

	Number of subframes simulated
	10000


3.1. Performance evaluation without FH

The simulation results of 2x2 STBC, 2x2 OL-TAS and 1x2 MRC are shown in Fig. 3 (a)-(c) for QPSK+1/2TC, 16QAM+1/3TC and 16QAM+1/2TC, respectively. In the simulations, the velocity of the UE is set to 30kmph. For fair comparison, the transmit power of the two antennas of STBC has been normalized, that is, the total transmit power of STBC is the same as the transmit power of 2x2 TAS and 1x2 MRC.  The quasi-static property of the channel is assumed in the decoding of STBC.  Thus only simple linear combination operations are involved in the STBC decoder.

From Fig.3 (a)-(c), it can be observed that at the BLER of 0.01, 2x2 STBC outperforms 2x2 TAS by about 2.0 dB and outperforms 1x2 MRC by about 4.0 dB for all QPSK+1/2TC, 16QAM+1/3TC and 16QAM+1/2TC transmission formats. At the BLER of 0.1, 2x2 STBC outperforms 2x2 TAS by more than 1.0 dB and outperforms 1x2 MRC by more than 2.0 dB for all QPSK+1/2TC, 16QAM+1/3TC and 16QAM+1/2TC transmission formats.
In Fig. 3 (d), the BLER performances of 2x2 STBC for velocities of 30kmph and 120kmph are compared. It’s interesting that under the high mobility of 120kmph, the BLER performance even becomes a little better than that under the low mobility of 30kmph. The reason is that although the high mobility destroys the quasi-static property of the channel to some extent, it provides larger time diversity due to the fast variations of the channel during the TTI. Hence, we can conclude that relatively high mobility has little impact on the performance of SC-FDMA with STBC.
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Fig. 3 BLER performances for STBC, OL-TAS and 1x2 MRC (a) QPSK, 1/2 TC, (b) 16QAM, 1/3 TC, (c) 16QAM, 1/2 TC, (d) comparison of STBC for different UE velocities

3.2. Performance evaluation with FH

It is known that Frequency Hopping (FH) can provide frequency diversity gain through the variation of subcarrier mapping in the frequency domain. In this subsection, intra-TTI FH is taken into account in the performance evaluation of SC-FDMA with STBC and OL-TAS. The simple intra-TTI FH pattern shown in Fig. 5 is applied. The simulation results with FH are shown in Fig. 4. In the simulations, 16QAM and Turbo coding with rate of 1/3 is applied. The velocity of the UE is set to 30kmph and perfect channel estimation is used. 

From Fig. 4, we can see that the FH apparently improves the BLER performance of SC-FDMA with 2x2 STBC by about 0.6 dB at BLER of 0.01. However, for SC-FDMA with TAS, FH brings little performance gain. It is reasonable in view of that most the diversity gain from FH has been provided by the transmit antenna selection. In addition, the 1x2 MRC with FH outperforms the ordinary 1x2 MRC without FH greatly by about 2.0 dB at BLER of 0.01.

In summary, FH can bring apparent performance gain for the SC-FDMA with STBC (about 0.6dB@BLER=0.01 and 0.2dB@BLER=0.1) while it has little gain for SC-FDMA with TAS. By using FH, the STBC with 16QAM and 1/3 Turbo coding outperforms the TAS by about 2.5 dB at BLER of 0.01 and by about 1.3dB at BLER of 0.1. 
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Fig. 4 BLER performance with and w/o FH
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Fig. 5 FH pattern used in the simulations

4. Conclusions

In this contribution, the performance of SC-FDMA with STBC-II scheme is evaluated and compared with that of open-loop transmit antenna selection scheme and the ordinary 1x2 MRC. Simulation results show that under the assumption of perfect channel estimation, STBC has no performance loss at high UE velocities. When intra-TTI FH is not applied, the STBC scheme outperforms the OL-TAS by more than 1.0 dB and outperforms the 1x2 MRC by more than 2.0 dB at BLER of 0.1. The exploitation of intra-TTI FH can improve the performance of STBC, especially at high SNR, while it has little performance gain for OL-TAS transmission. Therefore, the STBC-II scheme is recommended for E-UTRA UL, especially for the scenario that FH is applied.
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