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1. Introduction

As stated in [12], the E-UTRA should support an instantaneous uplink peak data rate of 50Mb/s (2.5 bps/Hz) within a 20MHz uplink spectrum allocation. The peak data rates should then scale linearly with the size of the spectrum allocation.

MIMO is considered essential for E-UTRA to provide high data rates and increased system capacity for the OFDMA downlink. Many proposed schemes are currently under investigation. It is also desirable to use MIMO for the SC-FDMA uplink for the same purposes. However, less attention has been paid to the latter.
This contribution proposes a recommended MIMO scheme for the SC-FDMA uplink with two transmitters at the UE. The method allows selection of two uplink transmission modes: either single-stream MIMO using Space Time Coding (STC), or multi-stream MIMO using Transmit Eigen-Beamforming (TxBF). For STC we consider Space Frequency Block Coding (SFBC) in part due to its higher resilience to channels that have high time selectivity and low frequency selectivity [8], but Space Time Block Coding (STBC) may be used as well if the time selectivity is low. Because the advantages of STC versus TxBF are dependent on the channel conditions, we propose that the mode of transmission (STC vs. TxBF) be selected based on a suitable metric, e.g. SNR, channel-matrix rank, condition number, delay spread, etc.
Comments regarding the complexity of this approach are provided with an estimate of its complexity versus achievable data rate.
The desirable benefits of using MIMO for uplink transmission may be summarized as:

· Improved spectrum efficiency for the uplink

· Take maximum advantage of a 2 Tx antenna solution for the UE 

· Improved bit rate and robustness at the cell edge

· Reduced inter-cell and intra-cell interference due to beamforming
· Improvement in system capacity even when considering additional feedback overhead for TxBF at the UE

· Reduced average transmit power requirements at the UE by operating at a lower received SNR.
Other desirable features:

· Support for either TDD or FDD mode

· Use of SFBC for control information in the uplink

2. System operation and description 
2.1. Transmission sequence

For reference the subframe format for SC-FDMA is shown below. Reference symbols are transmitted in the two short blocks. The Node B obtains channel estimates from these which may be fed back, suitably quantized, to the UE using techniques such as DCFB [7] or similar methods [4].
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Figure 1 Sub-frame format with two short blocks

2.2. Functional Description
Figures 2 and 3 show the transmitter and receiver block diagrams, respectively. Table 1 describes each functional part in the transmitter and receiver. Channel state information is feedback from the Node B to the UE using techniques such as DCFB [7] or similar methods [4].  The transmitter diagram below should be interpreted as supporting either a single stream with a single codeword, e.g. for SFBC, or one or two streams with TxBF.
Table 1.  Description of each functional part in the transmitter and receiver
	
	Function
	Description

	Transmitter
	Channel Encoder
	Convolution Encoder (1/3, 1/2 )

	
	Puncturing and Spatial Parsing
	Rate matching and spatial bit mapping

	
	Frequency Interleaving
	Bit interleaving

	
	Constellation Mapping
	QPSK, 16-QAM mapping

	
	Channel State Information
	Channel state information for the transmitter may be derived from the feedback of CSI from the Node B 

	
	2-D Spatial Transform
	May implement SM, STC, or TxBF using the same functional interface.

	
	Sub-Carrier Mapping
	Either distributed or localized sub-carrier mapping may be accommodated.

	Receiver
	Channel Estimation
	Channel estimation is done on a per sub-carrier basis using either LS or MMSE. 

	
	Space Time Decoding (STD)
	STD decodes the STC if present.

	
	Sub-Carrier Demapping
	

	
	MMSE
	This contribution demonstrates results using an MMSE decoder. An MMSE-SIC or ML receiver could also be used at the cost of higher Node B complexity.

	
	Channel Decoder
	Turbo Decoder
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Figure 2. Transmitter Block Diagram
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Figure 3. Receiver Block Diagram

2.3. Detail descriptions of MIMO schemes
The transmit processing labels are depicted in Figure 4.
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Figure 4 Transmit Processing Labels

TxBF at the UE

For TxBF or eigen-beamforming the channel matrix is decomposed using a SVD or equivalent operation as
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The 2-D transform for spatial multiplexing, beamforming, etc. can be expressed as 
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where the matrix T is a generalized transform matrix. In the case when transmit eigen-beamforming is used, the transform matrix T is chosen to be a beamforming matrix V which is obtained from the SVD operation above, i.e., T = V. This is similar to eigen-beamforming for OFDMA, however modified to apply to SC-FDMA. TxBF for SC-FDMA maximizes throughput at high SNR, and minimizes interference similar to the same benefits observed with OFDMA when eigen-beamforming is used in the downlink [14].  
In addition to eigen-beamforming, there are other lower complexity methods which may perform better in some circumstances. Among these methods are SFBC or STBC.
SFBC or STBC

The encoded data for SFBC or STBC can be expressed as
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where the matrix above represents the encoded data for antennas 1 and 2 after SFBC or STBC encoding using the Alamouti scheme [16]. When SFBC is used, 
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 represent the data symbols of the subcarriers 2n and 2n+1 for two adjacent subcarriers. When STBC is used, 
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 represent the data symbols of the OFDM symbols 2n and 2n+1 for two adjacent OFDM symbols. Both schemes have the same effective code rate.
MIMO Detector at the NodeB

MIMO detection using an LMMSE receiver can be expressed as
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where R is the receive processing matrix, 
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 are the correlation matrices and 
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is the effective channel matrix which includes the effect of the V matrix on the estimated channel response.

The SFBC or STBC decoding with MMSE can be expressed as
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where H is the estimated channel matrix 
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The channel coefficients 
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 in matrix H is the channel response corresponding to transmit antenna j to receiving antenna i.

Properties

STC

STC does not require Channel State Information (CSI) feedback and is simple to implement. 

STBC is robust against channels that have high frequency selectivity while SFBC is robust against channels that have high time selectivity. SFBC may be decodable in a single symbol and may be advantageous when low latency is required (e.g. VOIP). Under quasi-static conditions both methods provide similar performance. 

TxBF
TxBF approaches the Shannon bound at high SNR for a low complexity MMSE detector at the NodeB.  Because it uses transmit processing at the UE it minimizes the required transmit power at the expense of a small additional feedback.  SM can also be supported by the TxBF architecture transparently (simply no-feedback needed)

2.4. Feedback requirements 

TxBF at the UE requires Channel State Information (CSI) for computation of the precoding matrix V.  Furthermore computation of the V matrix requires eigen-decomposition. To enable the UE to do TxBF we identify several methods to both minimize the required feedback signaling from the NodeB (Limited Feedback), and minimize the computational requirements for obtaining the precoding matrix at the UE (Quantized Precoding).

Quantized Precoding

The feedback requirements for multiple antennas at the UE grow with the product of Ntx and Nrx as well as the delay spread, while capacity only grows linearly. For TxBF at the UE a method to reduce the feedback requirements from the NodeB is desired, referred to as limited feedback.

The most straight forward method for limited feedback is channel vector quantization (VQ).  

Note that the vectorized codebook may be constructed using interpolation methods such as those described in [9]. The specific algorithm for VQ is for FFS.
Since the UE is limited to two antennas the number of iterations required for the above are limited to that required for two spatial streams.  

Limited Feedback

Whether the eigen-decomposition required for obtaining the V matrix is done either at the UE, NodeB, or both, information regarding the CSI is still needed at the UE.  If the eigen-decomposition is done at the NodeB, CSI may be used at the UE to further improve the estimate of the transmit precoding matrix at the UE.

It has been noted in the literature that “robust feedback of the spatial channel can be obtained for free by averaging across frequency” [13,14]. These methods may also be referred to as statistical feedback methods [15].  Two methods for statistical feedback are: mean feedback, and covariance feedback.  Note that since covariance information is averaging across the subcarriers, the feedback parameters for all subcarriers are the same, while mean feedback must be done for each individual subcarrier or group of subcarriers. Consequently the latter requires more signaling overhead.

Due to the observation that the channel exhibits statistical reciprocity for covariance feedback, implicit feedback may be used for transmit beamforming from the UE. Note that covariance feedback is also less sensitive to feedback delay as compared to per-subcarrier mean feedback.

2.5. Complexity analysis

A complexity analysis is performed for TxBF at the UE, SVD at the UE (or the Node B), and LMMSE at the Node B. We assumed a 2 by 2 transmit and receive antenna configuration. A worst-case scenario is assumed wherein all six long blocks (LB) are occupied in every subframe (refer to Figure 1). Distributed mode is used and the UE occupies half of the subcarriers (e.g., 512 at 20 MHz) which are evenly distributed across all subcarriers. The numbers for complexity are provided in Table 2 in terms of thousand real operations (multiplications) per subframe. The achievable channel bit rates are provided in the rightmost column in Table 2. 16QAM is assumed when obtaining achievable channel bit rates.
Table 2. Worst Case Complexity Analysis – real operations per subframe
	Real operations (in Thousands) vs. bandwidth
	TxBF

(UE)
	SVD                  (UE or BS)
	LMMSE

(BS)
	Achievable channel bit rates

	1.25 MHz
	3.1
	9.6
	15.2
	3.072 Mbps

	2.5 MHz
	6.1
	19.3
	30.4
	6.144 Mbps

	5 MHz
	12.3
	38.5
	60.8
	12.288 Mbps

	10 MHz
	24.6
	77.1
	121.6
	24.576 Mbps

	20 MHz
	49.2
	154.1
	243.2
	49.152 Mbps


The SVD process requires about 3 times the operations as beamforming. The combined SVD and BF operations are about 84% that of LMMSE processing at the Node B.
3. Simulation Results

3.1. Simulation assumptions

The simulation parameters used are similar to those used in [11] for SC-FDMA MIMO. The new simulations shown are at fixed modulation and code rates. Those from [11], on the other hand, use variable AMC depending on SNR. A linear MMSE receiver was used in our simulations.
Table 3. Simulation parameters
	Parameter
	Assumption

	Carrier frequency
	2.0 GHz

	Symbol rate
	4.096 million symbols/sec

	Transmission bandwidth
	5 MHz

	TTI length
	0.5 ms (2048 symbols)

	Number of data blocks per TTI
	6

	Number of data symbols per TTI
	1536

	FFT block size
	256

	Cyclic Prefix (CP) length
	7.8125 μsec (32 samples)

	Channel model
	Typical Urban (TU6) 

	Antenna configurations 
	2 x 2 (MIMO)

	Fading correlation between transmit/receive antennas
	 = 0

	Moving speed
	3 km/h 

	Data modulation
	QPSK and 16QAM 

	Channel coding 
	Turbo code with R =  1/2, 1/3 and 

soft-decision decoding 

	Equalizer 
	LMMSE

	Feedback error
	None

	Channel Estimation
	Perfect channel estimation


Table 4. Achievable data rates in 5 MHz bandwidth
	MCS
	Achievable data rate

	TxBF: 16 QAM & QPSK r = 1/2
	9.216 Mbps

	TxBF: 16 QAM & QPSK r = 1/3
	6.144 Mbps

	SFBC: 16QAM r = 1/2
	6.144 Mbps

	SFBC: 16QAM r = 1/3
	4.096 Mbps

	TAS: QPSK r = 5/8*
	3.840 Mbps

	TAS: 16QAM r = 3/4*
	9.216 Mbps


* Taken from [11]
3.2. Simulation Results and Discussion

Large gains may be achieved by utilizing transmit MIMO precoding at the UE relative to a single antenna or transmit antenna switching (TAS). Figure 5 compares throughputs for TxBF compared with a single transmit antenna (SC-CP, 1/2) or TAS (SC-CP, 2x1/2). At lower SNRs TxBF using a coding rate of 1/3 demonstrates about 4.5 dB advantage over antenna switching At higher SNRs TxBF using a coding rate of ½ exhibits about 4 dB advantage over antenna switching and about 5 dB over a single transmit antenna.  
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Figure 5. Throughput performance TxBF and TAS compared with a single transmit antenna
Next in Figure 6 we compare TxBF with spatial multiplexing (SM). Fixed AMC without feedback was used for the SM. Therefore, equal AMC was used for both streams for SM, while unequal AMC was used for TxBF. This allowed TxBF to achieve higher throughput compared with SM at the expense of reduced performance at lower SNRs. However, comparing cases with equal data rate, viz. SM with QPSK and QPSK using rate ½ coding versus TxBF with 16QAM and QPSK using rate 1/3 coding, there is a 2 dB advantage to TxBF at higher SNR.
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Figure 6. Throughput performance TxBF compared with a spatial multiplexing

The last comparison is with SFBC. Since TxBF supports two streams, it can achieve a higher throughput than SFBC, as evidenced by the rightmost plot in Figure 7. At lower SNR, however, SFBC performs better than TxBF, as can be seen by the two plots that merge at 6.144 Mbps. Therefore, the best scheme employs SFBC (or STBC) at lower channel quality and TxBF at higher channel quality. The best choice of metric for channel quality is FFS.
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Figure 7. Throughput performance TxBF compared with SFBC
The table below summarizes the gain of various MIMO/ transmit diversity schemes relative to a single transmitter with dual receive antennas. For the TU6 channel model considered here, it can be observed that SFBC transmit diversity provides the best performance except at the higher SNR ranges where TxBF allows much higher data rates using dual streams. It is for this reason that we recommend an uplink MIMO scheme that allows selection of either SFBC (or STBC) or TxBF, depending on channel characteristics as measured by the Node B and signaled to the UE.   
Table 5. SNR gain (dB) relative to single transmit antenna vs. throughput 

	Throughput
	TAS
	SFBC
	SM
	TxBF

	2 Mbps
	1.2
	2.0
	0.7
	0

	4 Mbps
	2.1
	5.6
	4.7
	4.2

	6 Mbps
	1.5
	5.5
	3.6
	5.5

	9 Mbps
	1.0
	-
	-
	5.3


4. Conclusions

The advantages of transmit MIMO precoding using either SFBC or TxBF has been shown. Furthermore it has been shown that SFBC demonstrates an advantage at lower SNR while a significant advantage in throughput is available from TxBF at higher SNR. It is proposed that a suitable decision metric should be used to choose between SFBC and TxBF to achieve the highest possible throughput for the UE  

References

[1] 3GPP TR 25.814 V0.1.1 (2005-06), “Physical Layer Aspects for Evolved UTRA.”

[2] 3GPP, R1-050714, Motorola, “EUTRA Downlink Pilot Requirements and Design.”

[3] 3GPP TR 25.913 v2.10 (2005-05), “Requirements for Evolved UTRA and UTRAN.”

[4] 3GPP, R1-051238, Motorola, “Summary of MIMO schemes for EUTRA”
[5] R1-050584, “EUTRA uplink numerology and design”, Motorola

[6] R1-051162, “UL Virtual MIMO Transmission for E-UTRA”, Nortel

[7] T.A.  Thomas, K.L.. Baum, and P. Sartori, “Obtaining Channel Knowledge for Close-loop Multi Stream Broadband MIMO-OFDM Communications Using Direct Channel Feedback”, Proc. IEEE Globecom, St. Louis, MO, November, 2005.

[8] Ding-Bing Lin, Ping-Hung Chiang, and Hsueh-Jyh Li ,“Performance Analysis of Two-Branch Transmit Diversity Block-Coded OFDM Systems in Time-Varying Multipath Rayleigh-Fading Channels”, IEEE Transactions On Vehicular Technology, Vol. 54, No. 1, January 2005
[9] D. J. Love, and R. W. Heath Jr., “Grassmannian Beamforming for Multiple-Input Multiple-Output Wireless Systems,” IEEE Transactions on Information Theory, Vol. 49, No. 10, October 2003.
[10] V. Tarokh, H. Jafarkhani, and A. R. Calderbank, “Space-Time Block Codes from Orthogonal Designs,” IEEE Transactions on Information Theory, Vol. 45, No. 5, July 1999.

[11] R1-051398, “Transmit Antenna Selection Techniques for Uplink E-UTRA”, Institute for Infocomm Research (I2R), Mitsubishi Electric, NTT DoCoMo.
[12] 3GPP TR 25.913 V7.2.0 (2005-06), “Requirements for Evolved UTRA (E-UTRA) and Evolved UTRAN (E-UTRAN).”

[13] G. Barriac, U. Madhow, “Space-Time Precoding for Mean and Covariance Feedback: Application to Wideband OFDM,” IEEE Transactions on Communicaitons, Vol. 54, No. 1, January 2006
[14] Joachim S. Hammerschmidt, Christopher Brunner, and Christian Drewes,” Eigenbeamforming -

A Novel Concept in Array Signal Processing,” note from the Institute for Integrated Circuit, and Institute for Circuit Theory and Signal Processing
[15] Ari Hottinen, Olav Tirkkonen, Tisto Wichman,” Multi-antenna Transceiver Techniques for 3G and Beyond,” Wiley 2003, pgs 209-228
[16] S. M. Alamouti, “A Simple Transmitter Diversity Scheme for Wireless Communications,” IEEE J. Select. Areas Communications, vol. 16, pp. 1451 – 1458, Oct, 1998.
<<<<<<<<<<<<<<<<<<<<<<<<<< Start of Text Proposal >>>>>>>>>>>>>>>>>>>>>>>>
9.1.1.4    MIMO and Transmit Diversity 
The baseline antenna configuration for uplink single-user MIMO is two transmit antennas at the UE and two receive antennas at the Cell site. 
The use of both open loop transmit diversity techniques based on block codes as well as cyclic shift diversity, open-loop and closed-loop MIMO techniques, e.g. spatial division multiplexing (SDM) and precoding, should be considered. For the closed-loop mode, techniques for reducing signaling overhead should be evaluated. The possibility for single user higher-order uplink MIMO (more than two TX/RX antennas) should be considered. 
The possibility for SDMA should also be considered. A specific example of SDMA corresponds to a (2x2) virtual MIMO, where two UEs, each of which transmitting on a single antenna, share the same time and frequency resource allocation. These UEs apply mutually orthogonal reference signal patterns in order to simplify Cell site processing (cancellation). Note that from the UE perspective difference between (2x2) virtual MIMO and single antenna transmission is only the use of a reference signal pattern allowing for “pairing” with another UE.

<<<<<<<<<<<<<<<<<<<<<<<<<<<  End of Text Proposal >>>>>>>>>>>>>>>>>>>>>>>>>>>>>
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