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Optimised pulse shapes for HUGE B
1. Introduction

Several pulse shapes based on closed expression formulae have been proposed for the wide pulse shape such as the RRC at bandwidths up to 325 kHz and the linearised GMSK scaled to 325 ksymbols/s.
In this contribution, it is considered whether the pulse shape can be tailored further to the boundary conditions and performance objectives in order to better balance throughput performance and adj-channel protection.

This document was presented at the GERAN1 ad hoc on HUGE and RED HOT #2 [5], during which the Optimised pulse shape #2 (Section 4) was agreed to be taken as the baseline assumption.
2. Optimsation
Better throughput under given boundary conditions than what has been demonstrated so far is achievable if we consider that a numerically optimised pulse shape, based just on a symmetrical set of filter taps, can take into account many different factors that would be impossible to jointly optimise with a closed expression formula. 
Factors for optimisation include:

· Sufficient adjacent channel protection (ACP) for legacy speech services (measured with the truncated linearised GMSK filter proposed in [3]). In particular, the use of the optimised pulse should be possible on all channels provided that there is a guard channel to the neighbour operator's channel allocation or a co-ordination between the operators. To this end, the optimisation aimed at an ACP at the second adjacent channel of ≥50 dB.
· Throughput maximization for EGPRS2-B
· Spectrum regrowth after the PA, based on a PA model for MS
· Limited length in time domain (6 reduced symbol periods = 5 legacy symbol periods)
Since simulations with a PA model revealed that the objective of 50 dB ACP for the 2nd adjacent channel is more difficult to meet than the earlier target of 12 dB for the 1st adjacent channel [1], the requirement for the first adjacent channel could be completely removed in the optimisation.
Two optimised pulse shapes are presented, one of which would require an additional back-off to meet the ACP target but which could compensate the corresponding coverage performance loss under sensitivity limited conditions by a better throughput performance.
3. Results for the 1st optimised pulse Shape
With the first optimised pulse shape, the ACP target is met with the back-off of TS 45.005 subclause 4.1.1.
3.1 Pulse shape before the PA
The 1st optimised pulse shape is depicted in Figure 1 and Figure 2. Actual coefficients can be found in Annex A.
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Figure 1 - 1st optimised pulse shape in the time domain
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Figure 2 - Power density spectrum of the 1st optimised pulse
(30 kHz filter bandwidth)
3.2 Impact of non-linear distortions in the PA
The time-variant envelope of QPSK and QAM leads to AM/AM conversion and AM/PM conversion. This widens the output spectrum compared with the input spectrum. The dominant effects can be described by a memoryless model (see e.g. [4]). 
With a PA which is suitable for quad-band GSM handsets, Nokia verified that the 1st pulse which was optimised using a PA model exhibits the desired spectral properties. 32-QAM with higher symbol rate using the 1st optimised pulse shape was measured in the GSM 900 band at a PA supply voltage of 3.8 V and an output power of 26.2 dBm at the PA. (3GPP TS 45.005 subclause 4.1.1 requires 25 dBm ± 3 dB for power class E2 at the antenna connector.) The duty cycle was 2/8. For the further analysis, the PA output signal was converted to baseband and sampled by a spectrum analyser.
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Figure 3 - 1st optimised pulse measured before and after the PA
(30 kHz filter bandwidth)
Figure 3 shows the spectrum regrowth caused by the PA's distortion.

Table 1 shows that the 1st optimised pulse shape meets the ACP target for the second adjacent channel of 50 dB with some implementation margin. The values were calculated using the linearised GMSK Rx filter, truncated to ±160 kHz [3].
	suppression, relative to lin. GMSK filter at 0 kHz
	0 kHz
	200 kHz
	400 kHz

	theoretical value
	0.3 dB
	14.1 dB
	66.8 dB

	measured value after PA
	0.3 dB
	14.3 dB
	52.0 dB



Table 1: ACP values of the 1st optimised pulse
The linearised GMSK scaled to 325 ksymbols/s would be comparable in terms of ACP at 400 kHz, but not in terms of throughput. This is shown in section 5.
4. Results for the 2nd optimised pulse shape
With the second optimised pulse shape, the ACP for the second adjacent channel, assessed after the PA, is ~3 dB lower than with the first optimised pulse if the same power is used. However, the ACP target of 50 dB can be met if the PA input power is reduced by ~1.5 dB because the PA then operates in a more linear range.
4.1 Pulse shape before the PA

The 2nd optimised pulse shape is depicted in Figure 4 and Figure 5. Actual coefficients can be found in Annex B.
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Figure 4 - 2nd optimised pulse shape in the time domain
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Figure 5 - Power density spectrum of the 2nd optimised pulse
(30 kHz filter bandwidth)

4.2 Impact of non-linear distortions in the PA
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Figure 6 - 2nd optimised pulse measured after the PA with different back-off
(30 kHz filter bandwidth)
Figure 6 (measurement again by courtesy of Nokia) shows that the 2nd optimised pulse creates more spectrum regrowth at 400 kHz offset than the 1st optimised pulse if both pulses are operated at 26.2 dBm output power. The power spectrum densities around 400 kHz (relative to 0 kHz) become similar when the output power of the 2nd optimised pulse is reduced to 24.8 dBm. Please note that all spectra are scaled to a maximum of 0 dB.
Table 2 shows that without additional back-off, the 2nd optimised pulse shape provides less ACP than the target of 50 dB for the second adjacent channel. Hence the ACP target could only be fulfilled at 600 kHz offset. When the maximum output power is reduced by 1 to 1.5 dB, the ACP target for 400 kHz can be met. The values were calculated using the linearised GMSK Rx filter, truncated to ±160 kHz [3]. 
	suppression, relative to lin. GMSK filter at 0 kHz
	0 kHz
	200 kHz
	400 kHz

	theoretical value

	0.8 dB
	12.0 dB
	62.6 dB

	measured value after PA with normal back-off
	0.7 dB
	12.2 dB
	49.0 dB

	measured value after PA
with 1.5 dB higher back-off
	0.8 dB
	12.4 dB
	52.4 dB


 
Table 2: ACP values of the 2nd optimised pulse

5. Coverage throughput performance
An important motivation for a wider pulse shape is the considerable improvement that it provides in throughput. The throughput was simulated for the UL on a TU3iFH channel with two antennas and RF impairments included. Back-off was not taken into account. For each level B Tx pulse shape candidate, a corresponding whitened matched filter was used as Rx filter.
The numerically optimised Tx pulse outperforms the linearised GMSK scaled to 325 ksymbols/s as illustrated in Figure 7, where @ 15 dB point:
· Windowed RRC is best as expected (very close to ideal pulse shape for coverage)

· 2nd optimised pulse shape is 6.9 kbit/s or 1.6 dB worse
· 1st optimised pulse shape is 12.2 kbit/s or 3.2 dB worse
· Lin. GMSK scaled to 325 ksymbols/s ("Lin. Gaussian (325kHz)") is 17.5 kbit/s or 4.4 dB worse
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Figure 7 - Coverage throughput performance of candidate pulse shapes at TU3iFH
5.1 Peak to average ratio performance

Too high peak-to-average ratio (PAR) should be avoided to limit spectrum regrowth due to the PA's compression. However, since PAR is not an end in itself, but only an indicator for expected distortions, ACP and throughput were given higher priority in the optimisation. PAR calculations for the different pulse shapes are given in Table 3.
Table 3 - PAR for candidate pulse shapes.
	Modulation
	W-RRC
	L-GMSK

325 kHz
	First
optimised
	Second
optimised

	QPSK
	2.0 dB
	2.7 dB
	3.25 dB
	2.6 dB

	16QAM
	4.5 dB
	5.3 dB
	5.80 dB
	2.6 dB

	32QAM
	4.8 dB
	5.6 dB
	5.95 dB
	5.2 dB


6. Conclusion
In this contribution, it was demonstrated that a pulse shape with superior properties can be obtained by computer aided optimisation rather than by tuning parameters of a pulse shape based on closed expression formula such as the linearised GMSK pulse. This is because computer optimisation based on a set of filter taps has more degrees of freedom to search for a pulse shape with good throughput performance at a given ACP requirement.
Two numerically optimised Tx pulses were proposed and tested with an MS PA. The first optimised pulse was shown to fulfil the ACP requirement for the 2nd adjacent channel with sufficient implementation margin. This minimises the need to switch to the narrow pulse shape. 
The second optimised pulse causes more spectrum regrowth, but offers a substantially better throughput performance. There are three ways to deal with the lower adjacent channel protection for the 2nd adjacent channel:
· Increase the back-off of the maximum output power such that the combined effects of more linear operation and lower absolute power result in the same absolute adjacent channel leakage as with the first optimised pulse. As Figure 7 shows, this does not decrease the throughput compared with the first optimised pulse shape. 

If the power is decreased by ≥2 dB due to power control, the ACP at the second adjacent channel will anyway be sufficiently high while a TP benefit will be achieved compared to the 1st optimised pulse shape.
· Accept a moderate decrease of adjacent channel proctection as this is also accepted when UMTS is deployed in GSM bands.

· Use the linearised GMSK instead of the 2nd optimised pulse shape if the first or second adjacent channel is used by a different operator.
References

[1] TDoc GP-071257, Pulse shaping filter optimisation for higher symbol rate, Nokia Siemens Networks, Nokia Corporation, Telefon AB LM Ericsson, TeliaSonera AB, NXP Semiconductors
[2] TDoc GP-071340, Optimised pulse shapes, 3GPP TSG GERAN #35, Nokia Siemens Networks
[3] TDoc GP-071243, Spectrum mask design for Higher Symbol Rate, 
3GPP TSG GERAN #35, Ericsson

[4] TDoc SMG2 EDGE 2E99-017, Reference Models for Nonlinear Amplifiers and Phase Noise for Evaluation of EDGE Radio Performance, ETSI SMG2 EDGE Workshop, Toulouse (France), 2-4 March 1999
[5] TDoc AHG1-070067, Optimised pulse shape for EGPRS2-B, 3GPP TSG GERAN WG1 ad hoc on HUGE and RED HOT #2, Nokia Siemens Networks
Annex A - Coefficients of the 1st optimised pulse shape
· Length is 6 reduced symbol durations at 325 ksymbols/s

· Real and symmetric

· 10x oversampling 

 -1.6866223e-003

 -6.3875689e-004

  1.3822035e-003

  4.7036512e-003

  9.7592767e-003

  1.6848671e-002

  2.5893119e-002

  3.6335602e-002

  4.7244262e-002

  5.7569850e-002

  6.6444930e-002

  7.3434528e-002

  7.8721706e-002

  8.3223973e-002

  8.8646543e-002

  9.7443460e-002

  1.1264890e-001

  1.3749773e-001

  1.7492467e-001

  2.2702652e-001

  2.9457796e-001

  3.7669275e-001

  4.7067733e-001

  5.7210319e-001

  6.7509455e-001

  7.7281938e-001

  8.5818427e-001

  9.2461719e-001

  9.6679559e-001

  9.8125532e-001

  9.6679559e-001

  9.2461719e-001

  8.5818427e-001

  7.7281938e-001

  6.7509455e-001

  5.7210319e-001

  4.7067733e-001

  3.7669275e-001

  2.9457796e-001

  2.2702652e-001

  1.7492467e-001

  1.3749773e-001

  1.1264890e-001

  9.7443460e-002

  8.8646543e-002

  8.3223973e-002

  7.8721706e-002

  7.3434528e-002

  6.6444930e-002

  5.7569850e-002

  4.7244262e-002

  3.6335602e-002

  2.5893119e-002

  1.6848671e-002

  9.7592767e-003

  4.7036512e-003

  1.3822035e-003

 -6.3875689e-004

 -1.6866223e-003
The oversampling factor of 10 is sufficiently high to allow for easy resampling to other oversampling factors.
Annex B - Coefficients of the 2nd optimised pulse shape
· Length is 6 reduced symbol durations at 325 ksymbols/s

· Real and symmetric

· 10x oversampling 

 -8.6383797e-004

 -6.3117674e-004

 -3.0531056e-004

  4.0662061e-004

  1.8542611e-003

  4.1174347e-003

  6.9798269e-003

  1.0114657e-002

  1.3190404e-002

  1.5821187e-002

  1.7550719e-002

  1.8006889e-002

  1.7124335e-002

  1.5257303e-002

  1.3154228e-002

  1.1889868e-002

  1.2811026e-002

  1.7408172e-002

  2.7102221e-002

  4.2982128e-002

  6.5582659e-002

  9.4735179e-002

  1.2948206e-001

  1.6806913e-001

  2.0805665e-001

  2.4654556e-001

  2.8050925e-001

  3.0713737e-001

  3.2413045e-001

  3.2997181e-001

  3.2413045e-001

  3.0713737e-001

  2.8050925e-001

  2.4654556e-001

  2.0805665e-001

  1.6806913e-001

  1.2948206e-001

  9.4735179e-002

  6.5582659e-002

  4.2982128e-002

  2.7102221e-002

  1.7408172e-002

  1.2811026e-002

  1.1889868e-002

  1.3154228e-002

  1.5257303e-002

  1.7124335e-002

  1.8006889e-002

  1.7550719e-002

  1.5821187e-002

  1.3190404e-002

  1.0114657e-002

  6.9798269e-003

  4.1174347e-003

  1.8542611e-003

  4.0662061e-004

 -3.0531056e-004

 -6.3117674e-004

 -8.6383797e-004
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