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1. Introduction

A pulse that has a wider spectrum than the current linearised GMSK pulse is needed with the higher symbol rate because the reduced symbol duration necessitates a filter with a lower intersymbol interference. A wider spectum also provides benefits in the coverage and interference performance since it results in lower peak-to-average ratio and lower co-channel interference. Such benefits have already been demonstrated [1][2].

In this contribution, criteria and boundary conditions are proposed for widening the pulse that take into account coexistence with legacy services and interference conditions in real networks.
2. Network interference requirements
Interference within a network is a function of many factors such as frequency planning, radio resource management, network load etc.
Interference within a network will also be a function of used transmit pulse shape. Therefore the new pulse shape will need to respect actual interference requirements of the network. The wider the Tx spectrum is, the higher is the adjacent channel interference but the lower is the co-channel interference. This is because, at equal output power, the total integrated power across the spectrum in both cases is the same. This is illustrated in Figure 1 where the linearised GMSK pulse is compared to a Hanning-windowed RRC pulse of 325 kHz double sided bandwidth (325 kHz before windowing in the time domain). As can be seen from the figure, the power spectrum density close to the carrier and thus the co-channel interference resulting from such a pulse is considerably lower than that from the linearised GMSK pulse. 
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Figure 1: Reduced cochannel interference from a spectrally wider pulse

Majority of interference limited networks are co-channel limited. Hence higher adjacent channel interference by a wider Tx spectrum is compensated by lower co-channel interference. Moreover, the better throughput performance which is achievable by a spectrally wider Tx pulse reduces the time which a data transfer takes and thus even reduces the interference.
In this document, coverage and interference performance (co-channel and adjacent channel) is deemed more important than fulfilling spectral mask in terms of filter optimisation. This is because the current spectrum mask is derived from the theoretical spectrum of GMSK modulation rather than on optimised system performance. Some background information is provided in the annex.
The following subsections focus on the DL which is more critical than the uplink because today's MS have just one antenna and hence cannot make a spatial interference cancellation – interference limited networks are DL limited.
2.1 First adjacent channel interference (200 kHz offset)

In the SAIC FS (45.903) network traces from configurations 1 - 4 show dominant Ia1 as ranging from 2 to 4 dB relative to dominant Ic. If we do not want adjacent channel interference to become dominant with the new pulse shape in any of these four configurations, the adjacent channel protection (the difference between C/Ic and C/Ia at reference performance, respectively) should be at least 4 dB. 
Networks are usually designed such that C/Ic ≥ 9 dB which ensures that legacy speech services work well. Based on the right hand column in table 1 we could assume that typically C/Ia1 ≥ 9 dB – (2...4) dB ≥ 5 dB. However, when networks are planned, much stronger adjacent channel interference is normally allowed, namely up to C/Ia1 = -3 dB.
A boundary condition could thus be that the C/Ia1 ratio at reference performance when assuming the new pulse shaping filter for the interferer should be no more than -3 dB. However, if we assume e.g. a network with 1/3 reuse factor where the first adjacent channel is used in the neighbour sector, a lower C/Ia1 than -3 dB could occur before a handover to the neighbour sector is performed.
Table 1 - Interferer levels for network scenarios used in the SAIC FS
	Network configuration
	TCH reuse
	Bandwidth
	Ic/Ia1 after Rx filter*
	Ic/Ia1 before Rx filter

	1
	3/9
	7.8MHz
	15dB
	-3 dB

	2
	1/1
	1.2MHz
	14dB
	-4 dB

	3
	1/1
	2.4MHz
	14dB
	-4 dB

	4
	1/3
	7.2MHz
	16dB
	-2 dB

	*After the Rx filter assuming an 18dB ACP


Hence a boundary condition for an even worse case could be derived from the point at which a handover is expected to occur. It is assumed that, if the MS reports bad RXQUAL, the DL power will be increased until maximum DL power is reached. If the serving cell transmits already at full power and an adjacent channel interferer at 200 kHz offset is still received at substantially higher level, it can be assumed to come from a near cell of the same operator which is part of the neighbour cell list. In order not to cause a call drop, the signalling should operate sufficiently reliable when a power level based handover to the neighbour cell is performed. Since for network planning purposes, C/Ic = 8 dB can be deemed sufficient for a successful handover, the corresponding Rx performance could be a reasonable benchmark for the Rx performance under adjacent channel interference from a spectrally wider signal. 
Since the adjacent channel level will not be higher than the level of the C0 carrier (also referred to as BCCH carrier) of the interfering cell and since we assumed that the wanted signal is transmitted at full DL power, the C/Ia1 corresponds to the ratio between the C0 carrier levels of the corresponding cells which determines the power level based handover. The handover margin is configurable and is a tradeoff between too frequent handover back and forth (ping-pong) on the one side and too high interference on the other side. In practice, values between 3 dB and 6 dB are used, 6 dB being the worst case for our consideration because this means C/Ia1 = -6 dB when the handover is triggered and when the signalling still has to work. 
Hence the objective is that the performance at C/Ia1 = -6 dB is similar to the performance at C/Ic = 8 dB which means that an adjacent channel protection of 14 dB is desirable. This requirement is 4 dB lower than today's adjacent channel protection with the linearised GMSK pulse shape. 
2.2 Second adjacent channel interference (400 kHz offset)

Unfortunately 2nd adjacent channel interference was not studied in the SAIC FS. Given the assumptions for the 1st adjacent channel above, then the C/Ia2 ratio could be assumed to be much better than the -41 dB listed in 45.005 section 6.3 – at least if the adjacent channel interferer comes from the same operator. However, there is typically not more than one guard channel between the frequency allocations of different network operators in the same GSM band. If the second adjacent channel interferer comes from a different operator, it will be desirable that the wider Tx pulse does not result in more adjacent channel interference in 400 kHz offset. Hence the interference from the new Tx pulse on a legacy service at 400 kHz offset should be kept at a similar level as if the interference came from a legacy GMSK signal. 
3. Requirements in the Time domain
In the time domain, the same filter length as the existing linearised GMSK filter can be assumed i.e. 5 normal symbol periods or 6 reduced symbol periods. This is to ensure that the adjacent timeslot level requirements can be met (50 dB for BTS and 20 dB for MS) and that the delay spread does not challenge the equalizer too much, especially for the HT channel profile.
4. Peak-to-Average ratio
The peak-to-average ratio detemines the back-off which is needed at the transmitter to avoid distortion of the signal and thus spectrum regrowth. The less intersymbol interference a pulse has, the lower is the peak-to-average ratio and the higher is the achievable output power which counts in sensitivity limited conditions. The intersymbol interference is related to the autocorrelation function, the Fourier transform of which is the power density spectrum. The lower the intersymbol interference is, the narrower is the autocorrelation function (time domain) and the wider is its Fourier transform, the spectrum of the Tx pulse.
5. Performance requirements

Coverage and throughput performance under co-channel interference limited conditions should be balanced. If the targets of section 2 are met, the adjacent channel performance will anyway be better than what is needed in typical conditions as reported in table 1.
6. Network Configurations
In addition to a pulse that optimises throughput and coverage performance, it might also be desirable if an alternative pulse could be selected that is as close to the current spectrum mask as possible such as the current linearised GMSK filter (specified at the legacy symbol rate).
It could  be used where relaxations to the spectral mask might not be desirable such as between networks in the same GSM band that do not use a guard band. In this case the filter would need to be selected according to a frequency list broadcast or sent on dedicated channel to the MS.
7. Conclusion

In this contribution, the criteria and boundary conditions for the design of a new pulse for the higher symbol rate have been discussed and are summaried below:
· Performance at the C/Ia1 = -6 dB where the interferer assumes the new pulse shape should be the same as C/Ic = 8 dB

· Interference from the new Tx pulse on a legacy service at 400 kHz offset should be kept at a similar level as if the interference came from a legacy GMSK signal.
· Filter length should be 5 normal symbol periods or 6 reduced symbol periods (same as the existing linearised GMSK filter) 
· Current linearised GMSK filter (specified at the legacy symbol rate) and the new optimised pulse should be selectable based on ARFCN
· Further criteria are the peak-to-average ratio, the sensitivity and the co-channel performance.
· A spectrally wider transmit pulse will create less co-channel interference to legacy services than today's linearised GMSK pulse.
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Annex - Some background information on the spectral masks for the legacy modulations
To better understand why a completely different transmit pulse shape than today's linearised GMSK makes sense for higher symbol rate, it is worth looking at the background of the present specification.

GSM started with GMSK which is very similar to a /2-BPSK. (In fact, many GMSK receivers simply treat the GMSK signal as a /2-BPSK signal.) By the /2 rotation, the information is alternately transmitted in the inphase and the quadrature component, i.e. every second symbol period, there is a pulse in the inphase component, and with one symbol period offset, there is a pulse every second symbol period in the quadrature component. Since in each component, the pulses are two symbol periods apart, a single-sided 3 dB bandwidth of 271 kHz / 4 ( 68 kHz is enough for a /2-BPSK with an RRC transmit pulse shape. The 3 dB bandwidth of GMSK is not far away from that, but the slope of its spectrum in the frequency domain is not as steep as what would have been feasible using /2-BPSK with an RRC pulse. /2-BPSK would have fit into the 200 kHz channel bandwidth whereas at GMSK, power leaks into the adjacent channels – that is the price to pay for the constant envelope. GMSK is a kind of phase modulation (PM), and phase modulations as well as frequency modulations are known to theoretically have an infinitely wide spectrum. The spectrum mask for GMSK results from the theoretical spectrum of GMSK and an implementation margin which is needed because of the transmitter's distortion and noise.

When 3/8-8PSK was introduced, the symbol rate of 271 kBd was kept. With 8-PSK, both the inphase and quadrature component are occupied in every symbol period. Now, an intersymbol interference free transmission satisfying the first Nyquist criterion would have required a single-sided bandwidth of 271 kHz / 2 = 135 kHz. Using only the same bandwidth as for GMSK results in high intersymbol interference because the transmit filter needs more time to settle than a symbol period. This kind of transmission is called partial response signalling (the opposite being full response signalling where the filters have enough bandwidth to settle sufficiently fast). Partial response signalling requires a substantially better S/N in coverage limited conditions and higher C/I under co-channel interference than full response signalling for the same bit error rate. Nevertheless, the Tx pulse for 8-PSK was generated by linearising GMSK such that the spectra are almost the same. Earlier contributions from Nokia that proposed a spectrally wider transmit pulse shape for 8-PSK included simulation results which confirm that already for 8-PSK, the linearised GMSK pulse was a suboptimum choice [3][4]. 

Contrary to GMSK, 3/8-8PSK has an amplitude modulation (AM) part, and this leads to a higher level of distortions in the transmitter, e.g. by PAs whose phase shift depend on the amplitude ("AM/PM conversion"). Although the theoretical transmit pulse for 8-PSK does not have a wider spectrum than GMSK, the spectrum mask for 8-PSK had to be relaxed at 400 kHz carrier offset to account for the required larger implementation margin.

Since the current spectrum mask for 8-PSK is neither based on a pulse shape which allows for efficient transmission in terms of bit error rate nor on system level interference optimisation, better criteria for the design of a new transmit pulse shape are needed.
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