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1. Introduction

It was shown in R1-051203 [1] that the UMTS spectrum mask is violated when using 301 subcarriers of equal power in a 5 MHz bandwidth, whereby the UMTS spectrum mask is given in [2] and also described in Annex B of this document. For completeness, one of the main result from [1] is shown again in Figure 1. It may be noted that the power spectrum is computed merely based on the OFDM characterisitics of the signal and without accounting for any non-linearities of the power amplifier. 
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Figure 1: LTE Power Spectrum for 301 used subcarriers with equal power setting vs. UMTS spectrum mask

In the analysis of [1], we have assumed equal power allocation for all subcarriers. However, the problem of out-of-band emissions may be increased by the possibility of the scheduler allocating higher powers for the resource blocks at the band edge.
Current numerology suggests a 10% guardband overhead (the percentage of unused subcarriers within the allocated bandwidth) for all possible bandwidths. It has been shown in [1] that a constant 10% guardband overhead may not be sufficient for the smaller bandwidths and it is not making efficient use of the larger bandwidths available. In this contribution, we provide an overview of methods that may be considered when optimizing the spectrum characteristics for the OFDM downlink, based on the example for the 5 MHz bandwidth. 

2. Methods for reducing out-of-band emissions

2.1. Reduction/Restrictions of the power for resource blocks at the band edge

There is a possibility that the scheduler allocates the entire power or a large part of the available power for the resource block(s) at the band edge. However, this is a worst case scenario with respect to the out-of-band emissions and it may cause impractical conditions for limiting the out-of-band emissions, also involving undue losses when accounting for those rare conditions in the system design. Instead of designing the system for these worst case scenarios, the power distributions among the resource blocks could be constrained by the scheduler to some more useful scenarios. In particular, a scenario could be considered useful if it contributes a measurable part to the overall spectral efficiency. Methods for reducing out-of-band emissions can then be designed based on the worst case among the constrained set of power distributions among resource blocks. Given that the spectrum mask needs to be satisfied anyway, the actual scheduler constraints for power allocation to resource blocks at the band edges could be proprietary and do not need to be specified.

2.2. Reduction of the number of used subcarriers

There are certain restrictions on the number of used subcarriers. In particular, the number of used subcarriers should be an odd number so that the spectrum will be symmetrical around the DC subcarrier. Note that the current numerology for 1.25 MHz bandwidth does not satisfy this requirement. Furthermore, the number of used subcarriers should be an integer multiple of the number of subcarriers per resource block, so that all available subcarriers are available for scheduling.
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Figure 2: LTE Power Spectrum vs. UMTS spectrum mask when the number of used subcarriers is reduced


While the number of used subcarriers needs to be chosen appropriately, a reduction of the number of used subcarriers per se is not an efficient way of containing the power spectrum. This is demonstrated in Figure 2 for the case when the number of used subcarriers is reduced from 301 to 281 in steps of 4, whereby the total basestation power is kept constant and all used subcarriers have equal power. However, the number of subcarriers needs to be limited so that other 
2.3. Filtering (Time-domain convolution)

Time-domain filtering could be applied to the transmit signal after cyclic prefix addition and parallel to serial conversion. However, filtering may also increase the effective length of the impulse reponse. In particular, the overall impulse response consists of the convolution of the filter impulse response with the channel impulse response. In particular, the filter should be designed such that it causes negligible inter-symbol interference for specific channel profiles with large delay spread. To avoid an overall impulse response length that has a significant amount of energy exceeding the cyclic prefix length, the filter design is constrained to have a smooth transition band mostly falling within the guardband carriers of the IFFT/FFT operation. However, these constraints in the filter design also limits usefulness of the filtering approach for OFDM.

The filter design can be obtained from a joint optimization with other methods for reducing out-of-band emissions, based on a specific number of subcarriers chosen and for some specific channel power delay profiles. Given some performance requirements (spectral mask, EVM, etc.) of the transmit signal, the actual filter design could be proprietary and may not need to be specified.

2.4. Windowing (Time-domain multiplication)

Windowing is a time-domain multiplication of the window function with the OFDM symbols including the cyclic prefix. There may be an overlap of the adjacent OFDM symbols within the window transition period. More details on windowing method and the benefits in terms of the spectral characteristics are shown in [1] and [3]. 
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Figure 3: Effect of windowing on 5MHz LTE downlink spectrum with 301 used subcarriers 
and with different window overlap

The design of the windowing function can be obtained from a joint optimization with other methods for reducing out-of-band emissions, based on a specific number of subcarriers chosen and for some specific channel power delay profiles. Performance requirements for the transmit signal in terms of EVM, etc. will only be possible if the actual windowing function is specified. Moreover, knowledge of the actual windowing function may be used by the UE receiver to improve performance. Design parameters of the windowing functions are (a) the length of the overlap with the adjacent symbol, and (b) the actual windowing function, i.e. the function for the transition between 0 and 1.

2.5. Spectrum Shaping (Frequency-domain multiplication)

Spectrum shaping corresponds to a weighing of the individual subcarriers at the input of the IFFT operation. An extreme case of spectrum shaping includes the possibility of  reducing the number of subcarriers by applying zero weights. The reduction of the power for resource blocks at the band edge by the scheduler is also a special case of spectrum shaping. However, it is proven in Annex A that optimum spectrum shaping corresponds to a reduction of the number of subcarriers, except for possibly a power reduction of the subcarriers with the largest frequencies. Therefore it is suggested that spectrum shaping is not employed.

3. Other considerations
3.1. Multiple adjacent E-UTRA bands
For some deployments, E-UTRA could support several adjacent carriers. In particular, it may be possible that several 5 MHz E-UTRA carrier bandwidths are used instead of one larger 10, 15 or 20 MHz E-UTRA carrier bandwidth. An example for such a scenario is the case of a dedicated carrier E-MBMS service next to a carrier bandwidth that is used for unicast transmissions. For these scenarios, it may not be necessary to contain the spectrum between the adjacent E-UTRA bands and no un-used subcarriers may be required within the allocated spectrum, thus increasing overall spectral efficiency. Therefore, it could be useful to define the number of used subcarriers per frequency band as a static and network specific parameter. More specifically, the number of used subcarriers below the carrier center frequency and the ones above the carrier center frequency could be defined as a parameter.

3.2. Alternatives
Spectral containment and the overhead due to unused subcarriers leads to some inefficiencies of the overall system. It may also be noted that there is a proposal by France Telecom for an enhanced modulation scheme (OFDM/OQAM, OFDM/IOTA) in TR25.814 that possesses far superior spectral characteristics. 

4. 
Conclusions: Comparison of methods

	Method
	Effectiveness for 
out-of-band attenuation
	Drawback
	Main Design Objectives,
Necessity for specification

	(#1)

Reduction / restrictions of power for resource blocks at the band edge
	limited by the slow decrease of the sinc shaped power spectrum, but eases the requirements for other out-of-band attenuation methods
	Additional constraint on the scheduler, reduces spectral efficiency by limiting multiuser/frequency diversity
	Limitation to realistic scenarios (allocation of the entire power to the resouce block at the band edge may not be practical); does not need to be specified.

	(#2)

Reduction of the number of subcarriers
	limited by the slow decrease of the sinc shaped power spectrum
	the number of used subcarriers should be an integer multiple of the subcarriers per resource block
	Choice of the number of subcarriers as a multiple of the number of subcarriers per resource block; Upper limit of the number of subcarriers such that the spectral mask requirements can be satisfied jointly with other out-of-band attenuation methods; needs to be specified.

	(#3)

Filtering (time-domain convolution)
	limited by the usage of the available guard-band subcarriers for the filter transition band
	increases the effective filter impulse response length, may induce inter-symbol interference when the total impulse response length exceeds the cyclic prefix length
	negligible inter-symbol interference for specific channel profiles with large delay spread;

does not need to be specified. 

	(#4)

Windowing (time-domain multiplication)
	good spectral charactersitics, method limited by the length of the window transition and symbol overlap, which reduce the effective cyclic prefix length available for compensation of the channel power delay profile
	reduces the effective cyclic prefix length that is available for compensation of the channel delay spread
	negligible losses for specific channel profiles with large delay spread;

needs to be specified.



	(#5)

Spectrum shaping (frequency domain multiplication)
	limited by the slow decrease of the sinc shaped power spectrum
	it is proven that reduction of the number of subcarriers is more efficient than spectrum shaping
	should not be used.
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6. Annex A: Proof that Optimum Spectrum Shaping is identical to reducing the number of subcarriers

We define with Pi  the power of the ith subcarrier, and pi denotes the out-of-band power of the ith subcarrier at a particular frequency where the non-shaped power spectrum violates the UMTS spectral mask. More specifically, since the spectrum and spectral mask are symmetrical, we denote with pi the sum of the out-of-band powers at the frequencies at both sides of the carrier bandwidth. In general, there is a linear relationship between  Pi and pi as given by
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where (i is a mapping factor that depends only on the ith subcarrier frequency and the frequencies at both band edges where the non-shaped power spectrum violates the UMTS spectral mask. The mapping factor (i  from Eq.(1) is depicted in Figure 4 with an equal power setting for all 512 spectral lines corresponding to the one chosen for the used subcarriers in Figure 1. 

[image: image5.emf]-4 -3 -2 -1 0 1 2 3 4

-30

-20

-10

0

10

20

30

Subcarrier Frequency relative to Carrier Center Frequency [MHz]

Power p

i

 in dBm/30kHz

Power contributions p

i

 of all 512 spectral lines at +/- 2.515 MHz


Figure 4: Power contributions of all 512 spectral lines to violating the UMTS spectral mask at 2.515 MHz

The task of spectral shaping is to find some power reductions (pi such that the UMTS spectral mask can be satisfied as given by
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whereby R corresponds to the maximum out-of-band power for the particular frequency investigated. The maximum out-of band power R is given by the UMTS spectral mask and may also include extra implementation margins and safety margins for account for power amplifier non-linearities. It may be noted that it is often sufficient to investigate the spectrum with the measurement filter directly at the band edges at +/- 2.515 MHz, since the power spectrum is usually decreasing with the separation from the carrier bandwidth.

The power reductions (pi can be obtained as a solution to some optimization criterion. In particular, we want to maximize the sum of the resulting transmit powers after power reductions, Pi - ( Pi, such that the overall achievable bit error rates are minimized. The maximization of the sum of the resulting transmit powers can be formulated subject to some trivial power constraints, 0 ( (pi ( pi, as well as the constraint to satisfy the spectral mask in Eq. (2) at with equality: 
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which can be re-formulated with Eq. (1) into
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Clearly, the optimization problem is solved by sorting the subcarriers according to their mapping factors (i and setting those subcarriers to zero ((pi = pi) that contribute most to the violation of the spectral mask. From Figure 4, it is obvious that the power contribution of the subcarriers to violating the spectral mask is increasing with decreasing subcarrier separation from the band edge. Hence, we arrive at the conclusion that the best possible spectral shaping is identical to reducing the number of subcarriers.

It may be noted that the result could be slightly different when applying another optimization criterion. In particular, a maximization of the spectral efficiency also accounts for other effects such as frequency diversity. However, spectral shaping has also other disadvantages that may need to be considered, e.g. it increases the variance of the symbol SINR in a particular resource block. We believe that it may not be worthwhile to pursue that approach any further.




7. Annex B: UMTS 5MHz Spectrum Requirements
The spectral mask is defined in [2] for UMTS FDD mode of 5 MHz with respect to the power measured at the output of a measurement filter of 30 kHz bandwidth that is separated by f_offset from the carrier frequency fc, which is illustrated in Figure 5.
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Figure 5: Definitions for spectrum requirements

Table 1 lists the relevant spectral mask requirements from [2] that are considered in this paper. In particular, the power at the output of the measurement filter is limited outside the permitted nominal bandwidth to less than –14 dBm as measured in a 30 kHz bandwidth, regardless of the BS maximum output power. 

Table 1: Spectral Mask Requirements from [2] for 5MHz UMTS FDD mode

	Frequency offset of measurement filter ‑3dB point, (f
	2.5 MHz ( (f < 2.7 MHz
	2.7 MHz ( (f < 3.5 MHz

	Frequency offset of measurement filter centre frequency, f_offset
	2.515MHz  ( f_offset < 2.715MHz  
	2.715MHz  ( f_offset < 3.515MHz

	BS maximum output power
	P ( 43 dBm
	-14 dBm
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