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1. Introduction

Co-existence with GERAN/3G is a requirement of E-UTRA [1]. The spectrum of OFDM and DFT-s-OFDM signal should be shaped before transmission to satisfy the UMTS spectrum emission mask [3]. The spectrum characteristic of downlink OFDM transmission has been studied in [4]. We investigate the spectrum compatibility of the DFT-s-OFDM uplink transmission [2] with the spectral mask requirements specified in [3] for UMTS FDD with 5 MHz bandwidth. Then we evaluated the current numerology from the perspective of out-of-band spectrum emission. Even with time windowing and spectrum shaping in frequency domain, the spectrum emission mask can not be satisfied without sacrificing the spectrum efficiency. The useful sub-carrier number or CP length is not a suitable working assumption for WI, the current numerology needs some modification.
The paper is organized as follow. In section 2 the UMTS spectrum mask requirement is presented. In section 3 time domain windowing to mitigate out-of-band spectrum emission and frequency domain pulse shaping to reduce power de-rating are described. Section 4 presents the calculated spectrum of DFT-s-OFDM. Finally, conclusion is drawn in section 5.
2. Out-of-band Spectrum Emission Requirements
The metric of out-of-band emission is defined as the power measured at the output of a measurement filter of 30 kHz bandwidth that is separated by Δf from the carrier frequency of assigned bandwidth [3]. The out-of-band emission requirement for UMTS FDD of 5 MHz is showing in table 1. The relative requirement is specified relative to the (RRC filtered) mean power of the UE carrier, the absolute requirement is based on a –50dBm/3.84MHz minimum power threshold for the UE. This limit is expressed for the smaller measurement bandwidths as –71.1dBm /30 kHz.
To ensure the coexistence of evolved-UTRA/UTRAN with GERAN/UMTS system, the power of any UE emission shall not exceed the requirements specified in Table 1. In particular, the power at the output of a measurement filter of 30kHz is limited to less than –35dBc/30kHz, or –71.1dBm/30 kHz for UEs with minimum power transmission. This requirement is generalized to all supported frequency bandwidths specified in [2] analogically.

Table 1: Spectrum Emission Mask Requirement for UMTS FDD 5MHz
	Δf in MHz
	Minimum requirement Band I, II, III, IV, V, VI
	Additional requirements Band II, Band IV and Band V
	Measurement bandwidth

	
	Relative requirement
	Absolute requirement
	
	

	2.5 - 3.5
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	-71.1 dBm
	-15 dBm
	30 kHz


3. Time windowing and pulse shape filtering for DFT-s-OFDM
3.1 DFT-s-OFDM uplink transmission with pulse shaping and time windowing
Figure 1 depicts the uplink DFT-s-OFDM transmission scheme with frequency domain pulse shaping and time domain windowing. The pulse shaping is employed before the signals been transformed back to time-domain. Note that pulse shaping is implemented by frequency windowing according to the property of DFT-s-OFDM. And finally, before the signal is transmitted time windowing is applied to suppress the out-of-band emission.


[image: image2]
Figure 1: DFT-s-OFDM uplink transmission scheme with pulse shaping and time windowing
3.2 Time windowing for DFT-s-OFDM symbols
The DFT-s-OFDM spectrum can be shaped at baseband by time windowing and overlapping the adjacent symbols. Time windowing speeds up the fading of out-of-band spectrum. And hence it is easy to satisfy the out-of-band spectrum emission requirements.
The control of DFT-s-OFDM spectrum fading by time windowing and overlapping of consecutive OFDM symbols is illustrated in Figure 2. A head window of length L samples is added at the head of each symbol, then a well defined window function is multiplied with the full DFT-s-OFDM symbol, the adjacent symbols are overlapped finally. 
Because of overlapping adjacent DFT-s-OFDM symbols, the former symbol extends to the later one, which equivalent to introduce a delay of L samples from the former symbol artificially. If time window is used to mitigate the out-of-band emission, the CP length must be extended to ensure its purpose of inter-symbol interference avoidance.

Here the raised cosine (RC) window is applied to shape the out-of-band spectrum. With this window the smooth transition between 0 and constant value is controlled easily by the roll-off factor and the overlapped adjacent symbols sum up to unity in the overlapped region so that no impact on PAPR.

[image: image3]
Figure 2: Time windowing and overlap of consecutive DFT-s-OFDM symbols

3.3 Incorporating pulse shaping with time windowing

In DFT-s-OFDM uplink the power de-rating must be taken into account in order to improve the terminals’ power amplifier efficiency. It has been identified in many contributions pulse shaping in frequency domain is a useful way in trading-off between power de-rating and spectrum efficiency [5] [6]. If useful sub-carrier is reduced to satisfy the spectrum mask requirement for small nominal bandwidths, it is convenient to incorporate spectrum shaping in frequency domain to decrease the power de-rating of DFT-s-OFDM signal. In the following simulations root raised cosine (RRC) window is applied as an example when calculating the power density of DFT-s-OFDM signal.
4. Simulation results

The following simulations are based on the numerologies defined in [2].

4.1 Spectrum characteristics of DFT-s-OFDM with time windowing
The spectrum characteristics of uplink DFT-s-OFDM transmission with RC windowing in time domain are illustrated in figure 3 ~ 8 for bandwidth 1.25MHz ~ 20MHz, respectively. The length of RC window is 10, 20 and 30 samples.

It is clear from the figures that the out-of-band spectrum emission violates the spectrum mask requirements for all supported bandwidths without time windowing. It is also noted that the out-of-band emission is more serious for small bandwidths than large bandwidths. For example, the deviation of the spectrum mask requirement is 16dBc/30kHz, 13dBc/30kHz and 10dBc/30kHz for 1.25MHz, 2.5MHz and 5MHz bandwidth, respectively. However, the out-of-band spectrum emission faded obviously by time windowing, and hence the spectrum mask requirements can be satisfied with a certain length of head window. 
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Figure 3: DFT-s-OFDM power density for 1.25 MHz bandwidth
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Figure 4: DFT-s-OFDM power density for 2.5 MHz bandwidth
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Figure 5: DFT-s-OFDM power density for 5 MHz bandwidth
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Figure 6: DFT-s-OFDM power density for 10 MHz bandwidth
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Figure 7: DFT-s-OFDM power density for 15 MHz bandwidth
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Figure 8: DFT-s-OFDM power density for 20 MHz bandwidth
4.2 Spectrum characteristics of DFT-s-OFDM with pulse shaping and time windowing
In the following simulations pulse shaping in frequency domain to reduce the power de-rating and time windowing to mitigate the out-of-band emission are both take into accounted to determine the minimum head window length required to satisfying the spectrum mask requirements.
The typical roll-off factor of 0.14 and 0.22 are employed, which made a proper trade-off between power de-rating and spectrum efficiency. For a definite roll-off factor (α), the useful sub-carrier number (Nu) is determined under the constraint that the occupied sub-carrier is not exceed the numbers defined in [2] after frequency expanding, i.e., No=Nu(1+α). The resulting parameters are summarized in table 2 for bandwidth 1.25MHz ~ 20MHz, respectively.
Figure 9~14 give the power density of DFT-s-OFDM signal with pulse shaping and time windowing. The minimum head window lengths satisfying the out-of-band spectrum mask requirements with a given roll-off factor are given in table 2.
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Figure 9: DFT-s-OFDM power density for 1.25 MHz bandwidth
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Figure 10: DFT-s-OFDM power density for 2.5 MHz bandwidth
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Figure 11: DFT-s-OFDM power density for 5 MHz bandwidth
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Figure 12: DFT-s-OFDM power density for 10 MHz bandwidth
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Figure 13: DFT-s-OFDM power density for 15 MHz bandwidth
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Figure 14: DFT-s-OFDM power density for 20 MHz bandwidth
4.3 Discussions
According to the simulation results, possible parameter sets, which satisfying UMTS out-of-band spectrum mask requirements, are summarized in Table 2. 
The spectrum mask requirements are easier to be satisfied for large bandwidths than for small bandwidths because large bandwidths provide large guard band than small bandwidths. For example, the guard band of 20MHz bandwidth is about 4MHz, but for 1.25MHz, there is only 0.22MHz. 
For large nominal bandwidth of 10MHz, 15MHz and 20MHz, incorporating pulse shaping with time windowing; the spectrum mask requirements can be satisfied at small cost of spectrum efficiency in terms of CP length or useful sub-carrier number. But for small nominal bandwidth of 1.25MHz the required head window length exceeds the CP length, and for 2.5MHz and 5 MHz, the head window length is comparable to the cyclic prefix length. Which means the CP length should be increased remarkably to meet the spectrum mask requirements and avoid inter-symbol interference simultaneously. 

When taking out-of-band spectrum emission into account, the current numerology defined in [2] needs some modification. From the analysis and simulation results in this paper, time windowing and pulse shaping in frequency domain is a suitable approach to meet the out-of-band spectrum emission mask requirement. But for small nominal bandwidths, the spectrum efficiency decreased significantly in order to meet the spectrum mask requirements. Some advanced processing need further investigate to improve the spectral efficiency.
Table 2: Possible parameter sets satisfying spectrum mask
	Assigned

Bandwidth
	CP length
	Head window length
L
	Useful sub-carriers: Nu /
Occupied sub-carriers: No
	Roll-off factor

	1.25 MHz
	7 / 15*
	12
	62  / 76
	0.22

	
	
	14
	67  / 76
	0.14

	
	
	30
	76  / 76
	0.00

	2.5 MHz
	15 / 23
	10
	124  /151
	0.22

	
	
	12
	132 / 151
	0.14

	
	
	27
	151 / 151
	0.00

	5.0 MHz
	31 / 39
	7
	247 / 301
	0.22

	
	
	9
	264 / 301
	0.14

	
	
	22
	301 / 301
	0.00

	10 MHz
	63 / 81
	5
	493 / 601
	0.22

	
	
	6
	527 / 601
	0.14

	
	
	16
	601 / 601
	0.00

	15 MHz
	95 / 103
	5
	739 / 901
	0.22

	
	
	5
	790 / 901
	0.14

	
	
	13
	901 / 901
	0.00

	20 MHz
	127 / 135
	5
	984/ 1201
	0.22

	
	
	5
	1054/ 1201
	0.14

	
	
	11
	1201/ 1201
	0.00


* (cp1 / cp2): cp1 for 7 symbol and cp2 for 1 symbol
5 Conclusions

It has been shown the out-of-band spectrum emission of DFT-s-OFDM signal violates the UMTS emission mask requirements under the current numerology [2]. 

Pulse shaping in frequency domain and windowing in time domain, combined with the use of head window to extend the length of cyclic prefix, can mitigate the problem to some extent for certain bandwidths. For large nominal bandwidths, the out-of-band emissions can be confined within the spectral mask without remarkable loss of spectral efficiency by using the head window of 20-30 samples. But for small nominal bandwidths, such as 1.25 MHz, 2.5 MHz and 5 MHz, the spectrum mask requirements cannot be satisfied by using head window extension of cyclic prefix without sacrificing the spectrum efficiency. The other options to mitigate the problem for small bandwidths are to reduce the number of used sub-carriers, or to investigate some advanced signal design or signal processing in the transmitter.
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