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1. Introduction

We are investigating spectrum compatibility of the OFDM based downlink transmission scheme outlined in [2] with the spectral mask requirements specified in [3] for UMTS FDD with 5 MHz bandwidth. While the spectral mask requirements are not specified in [3] for bandwidths other than 5 MHz, we assume that similar constraints for the out-of-band emissions apply to all possible bandwidths as defined in [2]. The spectral characteristics of the OFDM based downlink are shown in this contribution for the OFDM downlink transmission scheme parameters given in [2].

Design options are discussed for the case where the spectral mask requirements are not satisfied. Furthermore, an increase in the number of used subcarriers is suggested for the cases where the out-of-band emissions are significantly below the spectral mask requirements. The suggested changes have an impact on the overall system performance and may also need to be considered in the performance evaluation. In particular, it is suggested to specify windowing and/or transmit filtering for the OFDM based downlink transmission scheme.  

2. Spectrum Requirements

The spectral mask is defined in [3] 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 1.
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Figure 1: Definitions for spectrum requirements

Table 1 lists the relevant spectral mask requirements from [3] 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, regardless of the BS maximum output power. To ensure coexistence of the LTE system with other systems including UMTS FDD, any out-of-band emission measured in a 30 kHz bandwidth needs to be below –14 dBm, which is also used as a criterion for the evaluation of the spectral characteristics for the OFDM based downlink transmission scheme for all possible bandwidths as defined in [2].
Table 1: Spectral Mask Requirements from [3] 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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3. Out-of-band emissions for conventional OFDM

The spectral characteristics for a conventional OFDM transmission system are given by the superposition of the individual subcarrier transfer functions. Unfortunately, the power spectrum of conventional OFDM transmission systems contains non-negligible out-of-band power. Moreover, due to the properties of the discrete Fourier transform employed, the power spectrum has some undesirable oscillation within and outside the range of the populated subcarriers. Figure 2 shows the resulting power spectral density at the band edge in the equivalent baseband representation, obtained for the OFDM based downlink transmission scheme with the parameters given by [2] for 5 MHz bandwidth with a basestation power of 43 dBm (20 W). Figure 2 shows the power spectral density obtained from theory as well as the power spectral density obtained with a measurement filter of 30 kHz bandwidth. Obviously, the resulting power spectrum as shown in Figure 2 does not meet the requirements described in Section 2. In particular, at the band edge of 2.5 MHz, the target of suppressing out-of-band  emissions is missed by approximately 9 dB. In the remainder of this paper, we discuss two means of reducing the out-of-band emissions, i.e. windowing the OFDM symbols and filtering the signal to be transmitted.
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Figure 2: Power spectrum for conventional OFDM 
as defined for LTE with 5 MHz bandwidth

4. Windowing for OFDM symbols

When multiplying each individual OFDM symbol with a window function, the inter-channel interference can be reduced and it is easier to satisfy the requirements for out-of-band emissions and for adjacent channel power leakage. The improvements of the spectral characteristics are caused by smoothly fading in and out the individual OFDM symbols by using the windowing function in the time domain. The desirable characteristics of a windowing function are listed in Table 2, along with an explanation of their benefits.

Table 2: Desirable Characteristics of Windowing functions

	
Characteristics

	Explanation

	constant over a large part of the OFDM symbol including the cyclic prefix
	windowing does not cause distortions or artifacts that need to be compensated in the receiver

	short transition period between 0 and the constant value
	keeps small the reduction of the maximum length of the effective channel impulse response for which the OFDM symbols can be recovered without intersymbol interference

	smooth transition between 0 and the constant value
	reduces the power of out-of-band spectral components

	windows for adjacent symbols sum to unity in the overlapped region
	windowing has no impact on the PAPR


Figure 3 depicts the principle of the windowing function, whereby an extended cyclic prefix is employed to cover an overlap of the windowing functions for adjacent OFDM symbols. It is also shown in Figure 3 that the length of the extended cyclic prefix corresponds to the length of the transition period of the windowing function, which itself is usually identical to the overlap between one OFDM symbol and the consecutive one.  
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Figure 3: Principle of windowing OFDM symbols in the time domain

Among some candidate windowing functions is the trapezoidal windowing function, having linear transition regions at both ends, and the raised cosine function, having some well-behaved characteristics in frequency and time domain as well. It may be noted that the trapezoidal windowing function with various extended cyclic prefix lengths has been investigated in [1] for a system setup that is slightly different from the one for LTE with 5 MHz bandwidth in [2]. 

The raised cosine function is employed throughout this paper, which is given by
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where T is the OFDM symbol period, Ts is the sample period, the discrete time index k=0 corresponds to the middle of the OFDM symbol, and ( is the rolloff factor. The one-sided symbol overlap L in multiples of the sample period Ts is then given by
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whereby the brackets correspond to the next smaller or larger integer number, respectively. The one-sided symbol overlap of L samples is identical with the length of the extended cyclic prefix, as shown in Figure 3. However, the overlap of L samples between adjacent OFDM symbols is also reducing the maximum length of the effective channel impulse response for which the OFDM symbols can be recovered without intersymbol interference by L samples. Therefore, it is desirable to keep the overlap small enough to avoid intersymbol interference for channels with long impulse response, while satisfying the requirements on the out-of-band emissions. We use the one-sided symbol overlap L in multiples of the sample period throughout this paper as a major characteristics of the raised cosine windowing function in the context of an OFDM based system.

5. Spectral characteristics for OFDM downlink with and without windowing

The raised cosine function of various lengths is applied to the OFDM based downlink transmission schemes for bandwidths 1.25 MHz, 2.5 MHz, 5 MHz, 10 MHz, 15 MHz and 20 MHz as outlined in [2] in Figure 4, Figure 5, Figure 6, Figure 7, Figure 8 and Figure 9. The absolute transmit power has been kept constant at 43 dBm (20 W) for all bandwidths and, hence, the power spectral density is decreased by roughly 3 dB when increasing the nominal bandwidth by a factor of 2, respectively. With decreasing power spectral density, the required power spectral density per 30 kHz of less than –14 dBm outside the allocated bandwidth is also easier to achieve. Moreover, the guardband between the nominal bandwidth of the occupied subcarriers and the edge of the allocated bandwidths has been chosen in [2] to be roughly proportional to the allocated bandwidth. In particular, the guardband has been chosen as large as 992.5 kHz at both sides of the occupied subcarriers for the case of 20 MHz allocated bandwidth, and the guardband has been chosen as small as 55 kHz at both sides of the occupied subcarriers for the case of 1.25 MHz allocated bandwidth. Therefore it is much easier for the current parameters of the OFDM based downlink transmission scheme to meet any out-of-band emissions requirements for the larger bandwidths rather than for the small bandwidths. It may be noted from Figure 4, Figure 5, Figure 6 and Figure 7 that the intrinsic spectrum of the OFDM signal without windowing violates the target of less than –14 dBm power spectral density per 30 kHz outside the allocated bandwidth for 1.25 MHz, 2.5 MHz, 5 MHz and 10 MHz bandwidths. From Figure 8 and Figure 9, the target of less than –14 dBm power spectral density per 30 kHz outside the allocated bandwidth is met for the 15 MHz and 20 MHz bandwidths without windowing.

From Figure 4, Figure 5, Figure 6 and Figure 7, we can assess the length of the windowing overlap between adjacent OFDM symbols that would be required to satisfy the out-of-band emission requirement of less that –14 dBm per 30 KHz. 
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Figure 4: OFDM Power spectrum for 1.25 MHz bandwidth
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Figure 5: OFDM Power spectrum for 2.5 MHz bandwidth
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Figure 6: OFDM Power spectrum for 5 MHz bandwidth
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Figure 7: OFDM Power spectrum for 10 MHz bandwidth
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Figure 8: OFDM Power spectrum for 15 MHz bandwidth
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Figure 9: OFDM Power Spectrum for 20 MHz bandwidth

Table 3 lists the minimum window overlap required to satisfy the out-of-band emission requirement of less that –14 dBm per 30 kHz measurement bandwidth, along with the cyclic prefix lengths defined for the individual bandwidths. It may be noted that the required window overlap exceeds the cyclic prefix length for bandwidths of 1.25 MHz and 2.5 MHz, while it is still quite large compared to the cyclic prefix length for 5 MHz bandwidth. 

The window overlap also reduces the effective cyclic prefix length that is available for avoiding intersymbol interference in case of long channel impulse responses. In fact, the maximum length of the channel impulse response for which the OFDM symbols can be recovered without intersymbol interference corresponds to the cyclic prefix length minus the window overlap. Therefore it is desirable to have a window overlap that is small when compared to the cyclic prefix length. A window overlap that is larger than the cyclic prefix length is not acceptable in an OFDM system, as it would artificially create some intersymbol interference. A window overlap that is of similar length as the cyclic prefix length renders the cyclic prefix virtually useless for intersymbol interference avoidance. As can be observed from Table 3, the required window overlaps for bandwidths of 1.25 MHz, 2.5 MHz, 5 MHz are not suitable choices for the overall OFDM system design. 

To meet a spectral mask requirement of less than –14 dBm power spectral density per 30 kHz measurement bandwidth outside the allocated bandwidth, the number of used subcarriers may need to be reduced for the bandwidths 1.25 MHz, 2.5 MHz and 5 MHz when compared to the parameter set defined for the basic downlink transmission scheme defined in [2]. However, the number of used subcarriers could be increased for the bandwidths of 15 MHz and 20 MHz.

Table 3: Comparison of required window overlap and cyclic prefix length

	Bandwidth
	Window overlap (equivalent to extended cyclic prefix length) in multiples of the sample period, required for less than  –14 dBm/30kHz outside the allocated bandwidth
	Cyclic prefix length in multiples of the sample period as defined in [2] (different lengths dependent on the symbol number within a subframe)

	1.25 MHz
	40
	9 or 10

	2.5 MHz
	34
	18 or 19

	5 MHz
	24
	36 or 37

	10 MHz
	10
	73 or 74

	15 MHz
	0
	109 or 110

	20 MHz
	0
	146 or 147


6. Filtering the transmit signal

The transmit signal could also be lowpass filtered to meet a spectral mask requirement of less than –14 dBm power spectral density per 30 kHz measurement bandwidth outside the allocated bandwidth. However, lowpass filtering the transmit signal has a similar effect as windowing since it also reduces the effective cyclic prefix length that is available for avoiding intersymbol interference in case of long channel impulse responses. When designing a lowpass filter that does not create measurable distortions in the nominal bandwidth of the occupied subcarriers and, at the same time, has a sufficient out-of-band attenuation, the lowpass filter impulse response is also significantly increasing the channel impulse response length. In particular, for the small bandwidths, significant parts of the lowpass filter impulse response length exceed the length of the cyclic prefix, and would also artificially create some intersymbol interference.

7. Suggestions for the OFDM based basic transmission scheme

7.1. Extended cyclic prefix length fixed or dependent on bandwidth

A convenient choice for the OFDM system design may be to specify a fixed extended cyclic prefix length in multiples of the sample period, regardless of the transmission bandwidth employed. A fixed extended cyclic prefix length then causes the overlap between adjacent OFDM symbols to be fixed as well. However, a fixed number of samples for the extended cyclic prefix length also cause the effective cyclic prefix length that is available for avoiding intersymbol interference in case of long channel impulse responses to be dependent on transmission bandwidth employed. 

Instead of having a fixed number of samples for the extended cyclic prefix, it is suggested that the extended cyclic prefix length corresponds to a small percentage of the cyclic prefix defined in [2]. Therefore, we obtain a roughly constant time interval for the effective cyclic prefix length that is available for avoiding intersymbol interference in case of long channel impulse responses, regardless of the transmission bandwidth employed. This solution is attractive since the channel power delay profile can also be considered to be independent of the transmission bandwidth. 

7.2. Used subcarriers versus length of the window overlap

With the length of the window overlap determined as in Section 7.1, the number of used subcarriers can be specified such that the the out-of-band power at the output of the 30 kHz measurement filter is limited to less than –14 dBm, which is described in Section 2. Therefore, the number of occupied subcarriers needs to be adjusted as compared to the original specification in [2]. In particular, the number of occupied subcarriers needs to be reduced for bandwidths of 1.25 MHz, 2.5 MHz and 5 MHz, while the number of occupied subcarriers can be increased for 15 MHz and 20 MHz transmission bandwidths. It has also been mentioned in [2] that a larger number of used subcarriers may be posssible for the larger bandwidths.

7.3. Odd or even number of occupied subcarriers

For the 1.25 MHz bandwidth, an even number of used subcarriers including the DC subcarrier was suggested in [2], while the number of used subcarriers for all other bandwidths was chosen to be an odd number. For having an equal guardband and for exploiting the available bandwidth best for a given requirement on the out-of-band emissions, it is suggested to choose an odd number of used subcarriers for all bandwidths. For an odd number of subcarriers, there can be an equal number of subcarriers at both sides of the DC subcarrier.   

8. Conclusions

It has been shown that the basic OFDM downlink transmission scheme in [2] violates the out-of-band emission requirements. Therefore, a possible solution shown in this paper is to introduce an extended cyclic prefix together with windowing of the OFDM symbols. As this would lead to very long cyclic prefixes for small bandwidths, another possibility to meet the spectrum requirements would be to reduce the number of used subcarriers. However, these methods also reduce the overall spectral efficiency, and it may be worthwhile to consider alternatives and to optimize the OFDM system with respect to out-of-band emissions.
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