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PAPR reduction techniques for the 802.16m
1. Introduction
This contribution considers peak-to-average power ratio (PAPR) reduction techniques and their applicability to 802.16m. PAPR reduction is very important for increasing power efficiency of the OFDM-based communication system such as 802.16m. High PAPR forces to use high power amplifier to operate with large power back-off in order to avoid non-linear distortions. However the most power efficient operating point is at or near saturation region. This is especially critical for AMS transmitter where cost of the device and its power consumption are very important.
PAPR of the transmit signal s(t) is defined according to the following equation:
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where E denotes the expectation value, and T denotes the symbol length. When measured at baseband for accurate results oversampling factor no less than 4 should be applied.
2. PAPR reduction methods

PAPR reduction methods have been studied for many years and significant number of methods has been developed. These methods are discussed below:
·  Clipping: Clipping naturally happens in the transmitter if power back-off is not enough. Clipping leads to a clipping noise and out-of-band radiation. Filtering after clipping can reduce out-of-band radiation, but at the same time it can cause “peak regrowth”. Repeated clipping and filtering can be applied to reduce peak regrowth in expense of complexity. Several methods for mitigation of the clipping noise at the receiver were proposed: for example reconstructing of the clipped sample, based on another samples in the oversampled signal.
· Coding: Coding methods include Golay complementary sequences [1], block coding scheme [2], complementary block codes (CBC) [3], modified complementary block codes (MCBC) [3] etc. An application of the Golay Complementary sequences is limited by the fact that they can not be used with M-QAM modulation. Simple scheme, proposed in [2], relies on lookup tables containing sequences with lower PAPR. This method doesn’t attempt to utilize those sequences for error correction/detection. CBC utilizes complement bits that are constructed from the subset of the information bits. MCBC is a modification of CBC suitable for large number of sub-carriers. Coding methods have low complexity but PAPR reduction is achieved in expense of redundancy causing data rate loss.
· Partial Transmit Sequences (PTS): a set of sub-carriers of an OFDM symbol is divided into non-overlapping sub-blocks [4]. Each sub-block undergoes zero-padding and IDFT resulting in p(k), k=1…V, called PTS. Peak value optimization is performed over linear combination of PTSs: 
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, where b(k) is optimization parameter. The optimization parameter is often limited to four rotation factors: 
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· Selected mapping (SLM) [5]: a set of sub-carriers of an OFDM symbol is multiplied sub-carrier wise by U rotation vectors b.Then all the rotated U data blocks are transformed into the time-domain by IDFT and then the vector with the lowest PAPR is selected for transmission.
· Interleaving [6]: The same data block is interleaved by K different interleavers. K IDFTs of the original data block and modified data blocks are calculated. PAPR of K blocks is calculated. The block with minimum PAPR is transmitted.

· Tone Reservation (TR) [7]: L sub-carriers are reserved for peak reduction purposes. The values of the signals to insert on peak reduction sub-carriers are computed by suitable Linear Programming algorithm. 
· Tone Injection (TI) [7]: TI maps one constellation point of the original constellation (for example QPSK) to several constellation points of the expanded constellation (for example 16QAM). PAPR redaction is achieved by choosing constellation points of the expanded constellation. 
· Active Constellation Extension (ACE) [8]: ACE modifies original constellation by moving nominal constellation points located on the outer constellation boundaries in the directions that don’t decrease Euclidean distances between constellation points.
· Nonlinear Companding Transform (NCT) [9, 10]: NCT compand original OFDM signal using strict monotone increasing function. Companded signal can be recovered by the inverse function at the receiver.
3. MIMO specific PAPR reduction methods
For MIMO system with NT transmit antennas PAPR is defined according to the following equation:
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Some of the PAPR reduction methods are designed specially for MIMO schemes:
· Directed SLM/PTS [11]: instead of performing fixed number of trials for each of the NT antennas, at each successive step antenna with currently highest PARP is considered.
· Cross-antenna rotation and inversion (CARI) [12]: a set of sub-carriers of an OFDM symbol is divided into non-overlapping sub-blocks. Sequences of the sub-blocks are obtained by sub-blocks inversions and rotations over NT transmit antennas. Sequences with the best PARP are selected for transmission.
4. Applicability for 802.16m
In order to be applicable for 802.16m air interface PAPR reduction method should satisfy several requirements:

· No/minimum data rate loss. Data rate loss occurs due to side information transmission or due to redundancy if coding methods are used. If it is not possible to avoid data rate loss completely, it should be kept at a minimum level. 
· No average power increase. Average power increase is a feature of several PAPR reduction methods such as TI, TR, and ACE. 
· No spectrum spillage.
· No BER performance degradation.

· Moderate complexity.


Table 1
 lists PAPR reduction methods and their applicability to SISO/SIMO/MIMO 802.16m modes.
Table 1 Applicability of the PAPR reduction methods

	Method
	SISO/SIMO
	MIMO
	Comments

	Clipping
	No
	No
	Spectral spillage.

	Coding
	No
	No
	Data rate loss due to redundancy.

	Partial Transmit Sequences (PTS)
	Yes
	Yes
	“Simplified” version of PTS is applicable for MIMO. “Simplified” means using the same b(k) for all Tx antennas.

	Selected mapping (SLM)
	Yes
	Yes
	“Simplified” version of SLM is applicable for MIMO. “Simplified” means using the same rotation vectors b for all Tx antennas.

	Interleaving
	No
	No
	Contradictory to SDD.

	Tone Reservation (TR)
	No
	No
	Average power increase.

	Tone Injection (TI)
	No
	No
	Average power increase.

	Active Constellation Extension (ACE)
	No
	No
	Average power increase.

	Nonlinear Companding Transform (NCT)
	No
	No
	Inverse transform is not possible for multi-user UL signal. Spectral spillage.

	Directed PTS/SLM
	No
	No
	MIMO specific methods, but they destroy MIMO precoding.

	Cross-antenna rotation and inversion (CARI)
	No
	Yes
	


5. Conclusion

This contribution summarizes the most well-known PAPR reduction methods and checks their applicability to 802.16m air interface. As follows from Table 1 most of these methods don’t satisfy at least one requirement, given in section 4. Three methods (PTS, SLM, and CARI) satisfy the requirements, however additional effort is neede for their adaptation to 802.16m air interface in order to avoid/minimize side information transmission.  Complexity optimization of these methods is highly desirable as well. 
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