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1. Introduction
The choice of transmit pulse shaping filters is an important issue for HUGE and RED-HOT, especially for high symbol rate (325kHz) modulation.  In the earlier studies of HUGE and RED-HOT, root-raised cosine (RRC) filters with Hanning window, together with the linearised GMSK pulse shaping filter, are investigated for 8PSK [1][2] and 16QAM [7,8,9].  It was concluded in [1] that RRC has some benefits over linearised GMSK pulse shaping filter due to lower PAPR (Peak to Average Power Ratio) for 8PSK, which could be used to improve coverage.  The system simulation results presented in [2] concluded about 1.9dB coverage gain with RRC compared with current linearised GMSK filter.
Other than the PAPR performance, many other issues like spectrum properties, link performance, and implementation complexity must be considered together for pulse shaping design.  A detailed investigation on RRC filters and linearised GMSK filters with high symbol rate is presented in this contribution.  It is confirmed that the Hanning windowed RRC filter with large bandwidth has better PAPR performance than linearised GMSK.  However, this PAPR performance gain will result in a large increase of adjacent channel interference, which would have a negative impact on the network.  This negative impact is more severe for downlink (RED-HOT).  On the other hand, the linearised GMSK filter with 325kHz symbol rate has balanced performance in its spectrum property and PAPR.  We propose that the linearised GMSK filter with 325kHz symbol rate should be applied for HSR modulations, with minimum implementation impact.
2. Pulse Shaping Filters and Power Spectral Density
The legacy linearised GMSK pulse shaping filter [3] has a symbol rate of 270.833ksymb/s.  For reference purpose, we copy the pulse definition in [3]: “The impulse response is defined by:
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For HSR modulation, a natural approach is to increase the symbol rate to 325ksymb/s.  That is, use T=1/325ksymb/s for the pulse definition.  The new linearised GMSK pulse, called the linearised GMSK with rate 325kHz, and the legacy pulse are shown in Figure 1.   
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Figure 1   Linearised GMSK with LSR and HSR
The root-raised cosine (RRC) pulse with a rolloff factor β is [4]
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with T as the symbol duration.  The 3dB bandwidth of the raised cosine pulse is 1/T.  A Hanning window, defined as
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is usually applied to the RRC pulse to improve its frequency response.  Here we are interested in Hanning windowed RRC pulses with three different bandwidth: 325kHz, 240kHz, and 200kHz, which determine T accordingly.  
The power spectrum densities of linearised GMSK filters are illustrated in Figure 2, with the EDGE 8PSK frequency mask [5].  The linearised GMSK pulse with 325ksymb/s has wider bandwidth, as expected, and its psd is very close to the frequency mask of EDGE 8PSK specified in [5].  The psd of Hanning windowed RRC filters are shown in Figure 3, with β=0.3.  This figure demonstrates that the RRC pulse with 325kHz bandwidth will introduce significant interference to adjacent channels.  The RRC with 240kHz may have some interference impact to adjacent channels.  When the bandwidth of RRC filter is 200kHz, its psd will comply to the EDGE 8PSK frequency mask.  This indicates that the RRC bandwidth should be in the range of 200kHz to fully comply with the frequency mask specified in [5].
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Figure 2  PSD of Linearized GMSK Pulse Filter
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Figure 3   PSD of Hanning Windowed RRC Pulse Filter


3. PAPR Performance
The Peak-to-Average Power Ratio (PAPR) of transmitting signal impacts the power backoff of transmitters, and thus it directly relates to the coverage performance.  Transmit pulse shaping, together with modulation schemes, determines the PAPR of transmitting waveform.  We investigate PAPR performance for linearised GMSK filter and Hanning windowed RRC filters, with QPSK, 8PSK, 16QAM, and 32QAM.  Modulation constellation rotations are used as specified in [6]:

Table 1   Constellation Rotation [6]
	Modulation
	Rotation (rad)

	GMSK
	π/2

	QPSK
	3π/4

	8PSK
	3π/8

	16QAM
	π/4

	32QAM
	-π/4


Figure 4~Figure 7 illustrates the PAPR performance for the four modulations.  The PAPR performance is demonstrated with a complementary cumulative distribution function (ccdf), indicating the probability that a peak-to-average power ratio is greater than a given PAPR dB.  The PAPR performance is summarized in Table 2, which contains PAPR values of which 1% of transmitting waveform will exceed.
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Figure 4   PAPR Performance of QPSK with HSR
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Figure 5   PAPR Performance of 8PSK with HSR
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Figure 6  PAPR Performance of 16QAM with HSR
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Figure 7   PAPR Performance of 32QAM with HSR


Table 2 indicates that RRC with 325kHz bandwidth has the best performance among all these pulse shaping filters.  The RRC with 200kHz bandwidth has the worst PAPR performance.  Compared with RRC with 240kHz bandwidth, the linearised GMSK of rate 325kSymb/s performs slightly better with QPSK and 8PSK modulation and a little worse with 16QAM and 32QAM.  Considering the spectrum properties of these filters, we may conclude that the linearised GMSK filter with rate 325kSymb/s has very similar spectrum and PAPR performance to the RRC filter with 240kHz bandwidth.
Table 2   PAPR (dB) Values at 1%

	Modulation/Pulse
	Linearised GMSK (325kSymb/s)
	RRC w/ 325kHz
	RRC w/ 240kHz
	RRC w/ 200kHz

	QPSK
	2.75dB
	1.65dB
	2.95dB
	3.46dB

	8PSK
	3.18dB
	1.93dB
	3.25dB
	3.66dB

	16QAM
	4.87dB
	4.03dB
	4.71dB
	5.01dB

	32QAM
	4.85dB
	3.82dB
	4.67dB
	4.99dB


4. Simulation Assumptions and Results
Figure 8 presents the link performance with simulation assumption shown in Table 3.  In this simulation scenario, the linearised GMSK with rate 325kSymb/s has a very close performance to that of Hanning RRC with bandwidth 240kHz, while the RRC with 325kHz bandwidth has the best performance as expected.
Table 3   Simulation Assumptions

	Parameter
	Value

	Channel Profile and Speed
	Typical Urban, 3km/hr (TU3)

	Frequency Hopping
	noFH

	Frequency Band
	900MHz

	Interference
	Co-channel

	Antenna Diversity
	No diversity

	Equalizer
	RSSE-DFE

	Tx pulse shaping filter
	Linearized GMSK; RRC w/ 325kHz; RRC w/ 240kHz

	MCS
	HMCS7, convolutional coded 16QAM with HSR

	Simulation Length
	20000 radio blocks per point


[image: image14.png]BLER

—&— Linearised GMSK with Rate 325kSymb/s
—6— Hanning RRC w/ bandwidth 325kHz.
—&- Hanning RRC w/ bandwidth 240kHz.

cil, (dB)





Figure 8   BLER Performance with Various Pulse Shaping Filters
5. Conclusions
This contribution addresses the various design issues of transmit pulse shaping filter for high symbol rate modulations.  Spectrum properties, PAPR performance, and link performance of linearised GMSK filters and Hanning windowed RRC filters are investigated.  Base on this investigation, we notice that:
· Hanning windowed RRC with full bandwidth (325kHz) has poor spectral property.  Significant adjacent channel interference will be introduced with this filter.

· Linearised GMSK filter with rate 325kSymb/s has at least similar spectral property to the Hanning windowed RRC with 240kHz.

· RRC filter with full bandwidth has very good PAPR performance.

· Linearised GMSK with 325kSymb/s has similar PAPR performance and link performance to the RRC filter with 240kHz bandwidth.

Therefore, there is no strong benefit of using RRC filter for pulse shaping.  The linearised GMSK filter with 325kSymb/s should be applied for HSR modulations.
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