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1. Introduction

MIMO offers an attractive way to significantly increase the uplink peak data rate. Among various MIMO techniques, precoding or transmit eigen-beamforming (TxBF) is a promising technique with many benefits [1], [2]. However, the use of precoding such as TxBF may increase the peak-to-average power ratio (PAPR). PAPR may increase because each transmit signal becomes a composite signal due to spatial processing.
In this contribution, the PAPR of MIMO TxBF is analyzed. A method for using per symbol amplitude clipping to reduce PAPR is also described.
2. 
PAPR of Uplink MIMO Precoding/Transmit Eigen-Beamforming 
2.1. Uplink TxBF
Figure 1 illustrates the TxBF MIMO system considered in this document. 
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Figure 1. Block diagram of TxBF system.

For TxBF, the estimated channel matrix is decomposed using SVD, or an equivalent operation, as in 1,                                                      
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The 2-D transform for spatial multiplexing, TxBF, 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 unitary precoding matrix V which is obtained from the SVD operation above, i.e., T = V. To reduce feedback overhead, the channel is first averaged over multiple subcarriers. The precoding matrix is then computed from the averaged H using SVD. The resulting precoding matrix is quantized, and the quantized precoding vector(s) are then fed back.
Expressed in terms of a transmit signal in the time domain, applying precoding in the frequency domain is equivalent to a convolution and summation of the data symbols in the time domain. Thus TxBF will increase the PAPR of the composite transmitted signal. 
The following section presents simulations of the PAPR of this MIMO scheme. The simulation parameters and assumptions are summarized in Table 1.
Table 1. Simulation parameters
	Parameter
	Assumption

	Carrier frequency
	2.0 GHz

	Symbol rate
	7.68 million symbols/sec

	Transmission bandwidth
	5 MHz

	TTI length
	0.5 ms

	Number of data blocks per TTI
	6 long blocks (LB)

	Number of occupied subcarriers per LB
	128

	FFT block size
	512

	Cyclic Prefix (CP) length
	32 samples

	Subcarrier mapping
	Distributed

	Pulse shaping
	Time domain RRC filter (rolloff = 0.22)

	Oversampling
	4 times oversampling

	Channel model/speed
	SCME-C, 3 km/h 

	Antenna configurations 
	2 x 2 (MIMO)

	Data modulation
	QPSK and 16QAM 

	Channel coding 
	Turbo code with R = 1/3 

	Equalizer 
	LMMSE

	Feedback error
	None

	Channel Estimation
	Perfect channel estimation


2.2. PAPR of Uplink MIMO TxBF Signal

Figure 2 illustrates the PAPR characteristics of a MIMO TxBF signal with 16QAM and QPSK in each stream. The channel H is averaged over 25 continuous subcarriers. Direct-quantization of the precoder matrix V using 3 bits (1 bit for amplitude and 2 bits for phase information) was performed.
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Figure 2. PAPR of 2x2 MIMO TxBF.

Without averaging of channel and quantization of precoding matrix, the MIMO TxBF signal has 1.5 ~2 dB higher PAPR with respect to single antenna transmission. When averaging of the channel estimate over a Resource Block (RB), and quantization are considered, the PAPR for MIMO TxBF decreases by 0.8 ~ 0.9 dB, and has about 0.5 dB higher PAPR for QAM with respect to single antenna transmission.
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Figure 3. PAPR of different MIMO schemes.

Figure 3 compares the PAPR of different MIMO schemes. Since there is no precoding or spatial processing at the transmitter for spatial multiplexing (SM), SM has the same PAPR as single antenna transmission. Without quantization for precoding matrix, TxBF has higher PAPR than SFBC by 0.5 ~ 1 dB. However, TxBF and SFBC have similar PAPR when quantization of precoding matrix is considered.
3. PAPR Reduction by Symbol Amplitude Clipping Method in SC-FDMA 
3.1. Symbol Amplitude Clipping

One common way to reduce PAPR is to limit or clip the peak power of the transmitted symbols. The problems associated with clipping are in-band signal distortion and generation of out-of-band signal. Because SC-FDMA modulation spreads the information data across all the modulated symbols, in-band signal distortion is mitigated when an SC-FDMA symbol is clipped. Figure 4 shows the block diagram of a simple symbol amplitude clipping method for MIMO transmission. Other, more sophisticated methods, such as multi-stage clipping, and/or soft clipping, can also be considered. 
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Figure 4. Symbol amplitude clipping for MIMO transmission.

In the subsequent sections, we show simulation results for clipping applied to 2x2 uplink TxBF MIMO scheme.
3.2. Symbol Amplitude Clipping for 2x2 Uplink MIMO TxBF

Figure 5 shows the CCDF of symbol PAPR with clipping at various levels. With 7 db clipping less than 1% of the symbols are clipped. Note that even with as much as 3 dB PAPR clipping, only about 10% of the modulated symbols are clipped.
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Figure 5. CCDF of symbol PAPR.
Figures 6 and 7 show the link level performance when clipping is applied. It is observed that the performance degradation due to clipping is minimal when clipping at 7 dB above the average power. The performance degrades slightly more when clipping is increased to a level 5 or 3 dB above the average power.


[image: image8]
Figure 6. Raw BER performance of clipping.


[image: image9]
Figure 7. FER performance of clipping.

Of course, clipping will generate both in-band and out-of-band frequency components. Figure 8 shows the frequency spectrum of the clipped signals. The data is twice oversampled and the graph shows twice the transmission bandwidth. In-band signals correspond to the subcarriers that are numbered from 1 to 256 and from 769 to 1024.
For 7 dB PAPR clipping, the spectrum is essentially the same as that of the original signal. More pronounced out-of-band components arise when 5 or 3 dB PAPR clipping is used.


[image: image10]
Figure 8. Signal frequency spectrum after clipping.
4. Conclusions

The PAPR properties were investigated for an SC-FDMA uplink system using 2x2 MIMO with TxBF. We have shown that TxBF increases the PAPR for an SC-FDMA signal. Averaging and quantization actually reduce the PAPR and as a result, the PAPR with beamforming is comparable to that of SFBC, and is about 0.5 dB higher than a single antenna or SM MIMO. A modest amount of amplitude clipping, e.g. 7 dB above the average power level, can be used to further reduce the PAPR for beamforming with SC-FDMA without compromising the link level performance.
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