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1. Introduction

In [1]-[3], tone reservation technique was proposed for PAPR reduction in uplink OFDMA system.  Although tone reservation technique may provide 2-3 dB improvement in PAPR, the CM (which is more closely related to PA sizing) remains higher than single-carrier based techniques. Moreover, there are several implementation and performance concerns with the tone reservation technique.  These concerns are discussed in this contribution.
2. Tone Reservation Selection
The following options are available for reserving tones:
· A selected subset from the UE’s allocated data tones is used to reduce PAPR at the discretion of the UE.  Although this option allows for maximum flexibility, uplink control signaling is needed to notify the base station of reserved tones selection.  Furthermore, the number of data bits that a UE will transmit in the allocation is a variable not known by the BS in advance, leading to difficulties in scheduling and resource allocation. 
· A common subset of tones is reserved for all UEs.  These tones are set aside in advance exclusively for PAPR reduction, so they are never allocated by the BS for data transmission. This simplifies implementation at the UE since the kernel may be computed off-line beforehand and does not affect performance of the specific UE since no interference is created.  In addition, an optimal set of tones can be selected, leading to further PAPR reduction.  However, since a subset of tones is permanently reserved for PAPR reduction, system throughput is reduced according to the number of reserved tones.  Figure 1 illustrates PAPR reduction performance using a common subset for 30 and 150 allocated sub-carriers and clipping threshold of 5.1 dB.  From the figure, it is seen that 5%-10% of the used sub-carriers should be reserved for PAPR reduction, resulting in a corresponding loss in uplink capacity.
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Figure 1.  Tone reservation performance with clipping threshold of 5.1 dB.
· The UE uses tones that are not part of its own data allocation in a particular subframe to reduce PAPR.  This option has additional computational complexity as the kernel must be recomputed each time a different subset of tones is selected (e.g., every 0.5 ms subframe).  This additional computational is on the order of an IFFT and is not expected to be significant. However, by placing energy on non-allocated tones, interference is created for other uplink users.
· The UE uses all tones to reduce PAPR.  This option has lower computational complexity as the kernel is fixed and can be computed off-line.  However, additional interference is created not just for other users, but also for the UE itself.  Figure 2 illustrates the additional interference generated (to self as well as other users) when all tones are used.  From the figure, it is seen that the additional interference generated is small provided the step size is chosen appropriately.
[image: image2.emf]0 50 100 150 200 250 300

-70

-60

-50

-40

-30

-20

-10

0

Normalized Power (dB)

Used Tones

Transmit Power Spectrum: 512 FFT


Figure 2.  Spectral regrowth of the tone reservation algorithm.
3. Complexity & Storage
The tone reservation algorithm is an iterative algorithm that generally requires multiple iterations to achieve good performance.   In addition, if the kernel is not pre-computed, it may have to be computed for every OFDM symbol if the reserved tones are chosen dynamically.  However, computing the kernel is of the same complexity order as an IFFT, and is not expected to be intolerable.  On the other hand, the iterative nature of the algorithm leads to significant additional computational requirements.  Figure 2 illustrates performance of the algorithm compared to the maximum number of iterations.  It is observed that a maximum of 10-20 iterations should be planned for.
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Figure 3.  Tone reservation performance with respect to maximum number of iterations.

In [1], an analysis of the complexity requirement for the tone reservation algorithm was performed.  It was shown that an estimated 3-10 million cycles are required per OFDM symbol for OFDM to achieve comparable PAPR performance with IFDMA and DFT-SOFDM (note that the CM of OFDM with tone reservation remains higher than IFDMA/DFT-SOFDM with even if comparable PAPR is achieved).  For example, an estimated 5.22 million cycles per OFDM symbol are required with 64 out of 512 subcarriers assigned to data and the remainder available for tone reservation at a clipping threshold of 5.1 dB [1]. This represents a significant computational requirement for the UE.   As a result, the computational complexity of the algorithm must be planned for in the hardware design.
In addition to complexity, storage must be reserved for the algorithm.  Naturally, the required storage amount depends on the selection of reserved tones.
4. Clipping Performance Loss
A disadvantage of tone reservation is the performance degradation due to clipping of the original time-domain signal.  Figure 1 illustrates this degradation for the TU channel model at 120 km/h and clipping threshold of 5.1 dB with all tones used for cancellation.  At the 1% frame error rate, it is seen that performance degrades by approximately 0.3 dB for QPSK and 1.0 dB for 64-QAM.  
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Figure 4.  Performance degradation from tone reservation for QPSK and 64-QAM, clipping threshold of 5.1 dB, 2 RX antennas.

Note that performance degradation depends on the clipping threshold, and this degradation can be minimized at the expense of higher PAPR.
5. Cubic Metric Reduction

In [4]-[5], it was shown that the Cubic Metric (CM) is a better measure of PA backoff requirement than the PAPR.  Table 1 compares the CM of IFDMA, DFT-SOFDM, and OFDM [6].
	
	QPSK
	16-QAM
	64-QAM

	IFDMA
	0.5
	1.5
	1.7

	DFT-SOFDM
	1.0
	1.7
	2.0

	OFDM (No PAPR Reduction)
	3.4
	3.4
	3.4

	OFDM (Tone Reservation using all tones)
	2.0
	2.0
	2.0


Table 1.  Cubic Metric (dB) comparison of IFDMA, DFT-SOFDM, and OFDM.
From the table, it is seen that tone reservation technique provides approximately 1.4 dB reduction in CM, which is much less than the reduction shown for PAPR.  This is expected since tone reservation is designed to reduce PAPR and not CM.  However, as a result, PAPR reduction from tone reservation may not translate to significant actual saving in PA power de-rating.  Furthermore, the CM for QPSK with tone reservation remains 1-1.5 dB higher than the single-carrier techniques.  
6. Other Degradations
Other performance degradations from the tone reservation technique include:

· An increase in average PA power of approximately 0.1-0.2 dB, due to the power emitted in the reserved tones.
· EVM degradation.  To date all PA clipping analysis in the lab indicates some EVM degradation.
7. Summary 

Although tone reservation technique may provide a 2-3 dB improvement in PAPR, the improvement in CM is only about 1.4 dB. Moreover, there are several implementation and performance concerns with the technique, namely:
· Significantly computational requirement on the order of million of cycles per OFDM symbol and additional storage requirement.
· Performance loss from clipping.  Performance loss of 0.3-1.0 dB in order to achieve similar PAPR as DFT-SOFDM.
· Significantly less reduction in the cubic metric.  Only 1.4 dB reduction in CM is shown with tone reservation and therefore actual saving in PA power de-rating may not be substantial.
· Increase in average PA power of approximately 0.1-0.2 dB.

· EVM degradation due to clipping.
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