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Compressed QAM modulation
1 Introduction

One issue with linear modulations such as 16QAM is the need for a linear power amplifier. Depending on the amplitude variations of the modulation (the peak-to-average ratio, PAR, and minimum-to-average ratio, MAR), the requirements on PA linearity will be more or less stringent. Also, a higher PAR requires that the average transmitted power is reduced, which reduces the coverage and may have an impact on neighbour cell measurements when used on the BCCH carrier in downlink.
As a part of the GERAN evolution feasibility study ‎[1], a 16QAM modulation with π/4 rotation has been proposed. With π/4 rotation, 16QAM has a PAR of 5.3 dB and a MAR of ~35 dB. This should be compared to the modulation used in EDGE, 8PSK with 3π/8 rotation, which has a PAR of 3.2 dB and a MAR of ~14 dB. Also, in recent contributions, see e.g. ‎[2], 32QAM has been investigated as an addition to 16QAM in to further increase peak bit rates. The modulated 32QAM signal has even larger signal dynamics than 16QAM.
This contribution presents a method that limits the PAR and MAR of any modulated signal without impacting the signal power spectrum and with only minor losses in link performance. Results are presented where the method has been applied to 16QAM and 32QAM modulated signals.
This contribution is a revision of GP-061751, updated with a more detailed description of the used compression method (see section ‎3.1).
2 Signal dynamics

The dynamic of the signal that is transmitted over the radio interface will mainly depend on the pulse shaping filter, the modulation constellation and the rotation of the symbol constellation. The modulations used in this paper are 8PSK, 16QAM and 32QAM with rotations 3(/8, (/4 and -(/4 respectively. The pulse shaping filter used in the simulations is the linearised GMSK pulse as used in EDGE today. Figure 1 shows the signal dynamics for different modulations. The figures are summarised in 
Table 1
.
Table 1. Signal dynamics for different modulations.

	Modulation
	MAR [dB]
	PAR [dB]

	8PSK
	-13.4
	3.2

	16QAM
	-33.2
	5.3

	32QAM
	~-70
	5.6
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Figure 1. Signal dynamic of 8PSK, 16QAM and 32QAM modulated signals.

It can be seen that the both the PAR and MAR are increased when increasing the modulation order from 8PSK to 16QAM and from 16QAM to 32QAM.
3 Compression
3.1 Description of the compression method

Soft clipping of peaks and minima is done by adding a compensation signal to the original 16QAM-modulated signal. Various methods to construct the compensation signal exist. In this contribution, the following method has been used:

1. The burst after modulation (including pulse shaping) is searched for the largest peak amplitude level above a specified threshold.

2. A “compensation peak” is generated, i.e., one non-zero sample at the same position as the peak in the burst, with opposite phase angle and an amplitude corresponding to the amplitude difference between the peak in the burst and the peak threshold.

3. The “compensation peak” is filtered through the pulse shaping filter (since the “compensation peak” is just one sample, this is equivalent to scaling and phase shifting the impulse response of the pulse shaping filter).
4. The filtered “compensation peak” is added to the burst.

5. Steps 1 to 4 are repeated, now searching for the lowest minimum. The phase angle of the “compensation peak” is now taken to be the same as the phase angle of the signal.

6. Steps 1 to 5 are repeated until there are no peaks above the threshold and minima below the threshold (or a maximum number of times).
3.2 Illustrations of smooth compression
In the example below, the PAR is limited to 4 dBc and the MAR to -15 dBc.

Figure 2 shows an example of peak compression. The black curve is the original signal, which has a peak slightly above 5.1 dBc. The red curve is the compensation signal that is added to the original signal. As shown by the green curve, the resulting signal is limited to 4 dBc.

[image: image2.wmf]
Figure 2. Example of peak compensation.

Figure 3 shows an example of minimum compression. The minimum at -22 dBc of the original signal is compensated and the new minimum is -15 dBc.

[image: image3.wmf]
Figure 3. Example of minimum compression.

Figure 4 shows an example of a minimum compression followed by a peak compression.

[image: image4.wmf]
Figure 4. Example of peak and minimum compression.

3.3 Signal power distribution
The signal power distribution of 8PSK, 16QAM and 16QAM with peak/min compression is shown in Figure 5. In this example, the PAR and MAR limits are set to -15 and 4 dBc, respectively.

[image: image5.wmf]
Figure 5. Signal power distribution.

3.4 Spectrum due to modulation
Figure 6 shows the spectrum of 8PSK, 16QAM and 16QAM with peak/minimum compression. It can be seen that the spectrum is not affected by the smooth compression.

[image: image6.wmf]
Figure 6. Spectrum.

4 Link performance

4.1 Min compression
Figure 7 shows the BLER performance impact of smooth min compression. The losses are summarised in Table 2.
[image: image7.wmf]
Figure 7. BLER performance of MCS9-16QAM with smooth min compression.

It can be seen that the min compression has a very limited impact on the performance for MCS9-16QAM, even when the lower limit is -14 to -13 dBc. (The lowest level of EDGE (8PSK modulation with 3π/8 rotation is -13.4 dBc.) 
	Lower limit [dBc]
	Unlimited
	- 17
	-14
	-13

	Loss @ 10% BLER [dB]
	-
	0.02
	0.08
	0.14


Table 2. Loss in BLER performance for MCS9-16QAM with smooth min compression.

4.2 Peak compression
Figure 8 shows the BLER performance impact of smooth peak compression. The losses are summarised in Table 3.
[image: image8.wmf]
Figure 8. BLER performance of MCS9-16QAM with smooth peak compression.

Limiting the peaks to 4-4.5 dBc has only a minor performance impact. When the upper limit is set to 3.25 dBc (i.e., the same peak level as EDGE), there is a 1.5 dB loss. Note though that this reduces the PAR by 2 dB (from 5.3 dB to 3.25 dB) and therefore allows the output power to be increased by 2 dB. Thus, there is a net gain of 0.5 dB in coverage limited situations
. The best compromise seems to be a PAR limit of 4 dB in this case.
	Upper limit [dBc]
	Unlimited
	5
	4.5
	4.25
	4
	3.25

	Loss @ 10% BLER [dB]
	-
	0.01
	0.1
	0.2
	0.35
	1.5

	Net coverage gain [dB]
	-
	0.3
	0.7
	0.8
	0.95
	0.5


Table 3. Loss in BLER performance with smooth peak compression.
4.3 Peak and minimum compression

Figure 9 shows the BLER performance impact of simultaneous peak and min compression. The losses are summarised in Table 4.

[image: image9.wmf]
Figure 9. BLER performance of MCS9-16QAM with smooth peak and min compression.

Comparing Table 4 with Table 2 and Table 3, it can be seen that the losses from min and peak compression are roughly additive.
	Lower limit [dBc]
	Unlimited
	-14
	-13
	-13
	-13

	Upper limit [dBc]
	Unlimited
	4.5
	4.25
	4
	3.25

	Loss @ 10% BLER [dB]
	-
	0.15
	0.32
	0.5
	1.6

	Net coverage gain [dB]
	-
	0.65
	0.7
	0.8
	0.4


Table 4. Loss in BLER performance with smooth peak and min compression.
5 Additional results

Simulations have also been conducted with MCS11-16QAM, MCS10-32QAM and MCS12-32QAM, see ‎[2] for definitions of the MCSs and ‎Annex A for performance curves. MCS11-16QAM and MCS12-32QAM are uncoded while MCS10-32QAM has a data code rate of 0.67 (comparable to MCS-9-16QAM with R=0.72). The results are summarised in Table 5-Table 7. 

	Upper limit [dBc]
	5.0
	4.7
	4.6
	4.0
	Unlim.
	Unlim.
	Unlim.
	4.7
	4.7
	4.5

	Lower limit [dBc]
	Unlim
	Unlim
	Unlim
	Unlim
	-20
	-17
	-15
	-24
	-17
	-24

	Loss @ 10% BLER [dB]
	0.04
	0.18
	0.33
	1.62
	0.00
	0.10
	0.38
	0.18
	0.28
	0.42

	Net coverage gain [dB]
	0.26
	0.42
	0.37
	-0.32
	-
	-
	-
	0.42
	0.32
	0.38


Table 5. Loss in BLER performance with smooth compression for MCS11-16QAM.

	Upper limit [dBc]
	4.7
	4.6
	4.5
	4.4
	4.0
	Unlim.
	Unlim.
	Unlim.
	5.0
	4.7
	4.5
	4.4

	Lower limit [dBc]
	Unlim.
	Unlim.
	Unlim.
	Unlim.
	Unlim.
	-20
	-15
	-14
	-20
	-20
	-17
	-17

	Loss @ 10% BLER [dB]
	0.09
	0.13
	0.27
	0.34
	1.33
	0.06
	0.20
	0.52
	0.06
	0.17
	0.34
	0.53

	Net coverage gain [dB]
	0.81
	0.87
	0.83
	0.86
	0.27
	-
	-
	-
	0.54
	0.73
	0.76
	0.67


Table 6. Loss in BLER performance with smooth compression for MCS10-32QAM.

	Upper limit [dBc]
	5.1
	5.0
	4.7
	Unlim.
	Unlim.
	Unlim.
	5.3
	5.2
	5.3
	5.0

	Lower limit [dBc]
	Unlim.
	Unlim.
	Unlim.
	-22
	-20
	-17
	-20
	-20
	-17
	-17

	Loss @ 10% BLER [dB]
	0.20
	0.40
	1.90
	0.07
	0.14
	0.57
	0.17
	0.22
	0.58
	0.96

	Net coverage gain [dB]
	0.30
	0.20
	-1.00
	-
	-
	-
	0.13
	0.18
	-0.28
	-0.36


Table 7. Loss in BLER performance with smooth compression for MCS12-32QAM.

It can be seen that the coding in MCS9-16QAM gives the MCS a more robust performance compared to the uncoded MCS11-16QAM. With an upper limit compression of 4 dBc, MCS9-16QAM experiences a loss of 0.35 dB while MCS-11-16QAM experiences a loss of 1.6 dB. However, the compression algorithm still works well giving a loss of 0.3 dB for MCS11-16QAM with a lower limit of -17 dBc and an upper limit of 4.7 dBc.

32QAM is more sensitive to the smooth compression as can be seen in Table 6- Table 7. An upper limit of 4.5 dBc causes MCS10-16QAM to lose 0.3 dB while the same compression for MCS-9-16QAM causes a degradation of 0.1 dB (see Table 5). Also, uncoded 32QAM loses more than uncoded 16QAM comparing the same compression levels. E.g. at an upper limit of 5.0 dBc, 16QAM degrades 0.1 dB in performance while 32QAM looses 0.4 dB. Note however that the PAR is 0.3 dB higher for 32QAM than for 16QAM.

6 Conclusion

Peak and minimum compression can be used to limit the peak-to-average ratio (PAR) and minimum-to-average ratio (MAR) of a QAM modulated signal without impacting the signal power spectrum and with only minor losses in link performance. In coverage limited situations, this method will give a net gain of up to 0.8 dB for MCS9-16QAM and MCS-10-32QAM, compared to uncompressed 16QAM and 32QAM, respectively. For uncoded 16QAM and 32QAM, the net coverage gain is 0.2-0.4 dB. Further, the accuracy of neighbour cell measurements will be improved when QAM is used on BCCH carriers.
This method has the advantage that it can be dynamically adjusted depending on the MCS. Further, the peak compression can be applied only when necessary, i.e., when transmitting at full power.
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A.1 Link level performance

A.1.1  Peak compression
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Figure 10. BLER performance of MCS11-16QAM with smooth peak compression.
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Figure 11. BLER performance of MCS10-32QAM with smooth peak compression.
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Figure 12. BLER performance of MCS12-32QAM with smooth peak compression.

A.1.2  Min compression
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Figure 13. BLER performance of MCS11-16QAM with smooth min compression.
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Figure 14. BLER performance of MCS10-32QAM with smooth min compression.
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Figure 15. BLER performance of MCS12-32QAM with smooth min compression.

A.1.3  Peak and minimum compression
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Figure 16. BLER performance of MCS11-16QAM with smooth min and peak compression.
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Figure 17. BLER performance of MCS10-32QAM with smooth min and peak compression.
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Figure 18. BLER performance of MCS12-32QAM with smooth min and peak compression.







� The simulations presented are for an interference limited scenario but similar impacts to link performance are expected in a sensitivity limited scenario.
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