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1. Introduction

The purpose of this paper is to investigate the spectrum compatibility of the SC-FDMA based LTE uplink scheme outlined in [1] with the spectrum emission mask specified in [2,3] for UTRA FDD/TDD with 5MHz bandwidth. We modify and advocate the time-domain overlapped windowing scheme that has been studied in [4] for the OFDM based downlink transmission. We provide in this contribution the spectrum measurement of the LTE uplink signal on a state-of-the-art Freescale Semiconductor power amplifier (PA).
We demonstrate that the conventional LTE uplink signal violates the spectral mask even when the PA operates in its linear region. To meet the spectrum mask, some degree of filtering or smooth windowing will be needed. We investigate the overlapped windowing scheme in this contribution. In particular, we propose to use a portion of the cyclic prefix (CP) as the overlapped cyclic interval (CI) between two adjacent SC-FDMA symbols so that we have the same bandwidth efficiency as specified in [1]. Through lab experiment on the Freescale PA, we demonstrate that the spectral properties of the SC-FDMA signal can be improved substantially by using a small portion of the CP as CI. 
2. Time-domain Windowing for SC-FDMA
2.1. SC-FDMA with Windowing

Figure 1 depicts the transmitter structure for SC-FDMA when a digital filter is employed. Alternatively, the spectral properties of the SC-FDMA signal can be improved by overlapped windowing that is depicted in Figure 2. As shown in Figure 2, in the overlapped windowing scheme, the L-time upsampling process is implemented by using a size L×NFFT IFFT.


[image: image1]
Figure 1: Transmitter Structure for SC-FDMA with Digital Filter.

[image: image2]
Figure 2: Transmitter Structure for SC-FDMA with Overlapped Windowing.
2.2. Overlapped Windowing Scheme

















Figure 3: Construct and Recover the SC-FDMA Symbol with CP and CI.
The overlapped windowing process is illustrated in Figure 3. An SC-FDMA symbol is constructed in Figure 3 (B) with a shortened CP (length NCP1) and two CIs (each with length NCI). Please note that NCP = NCP1+NCI; i.e., a portion of the CP of the conventional SC-FDMA symbol is used as CI. Therefore, windowing on the CI does not destroy the orthogonality between the tones and no inter-carrier interference (ICI) is introduced. The effective CP is shortened by NCI but not 2NCI because adjacent symbols are overlapped. Since only a very small NCI is needed to meet the spectral mask, the link degradation due to the shortened CP is negligible. For example, NCI = 2 is sufficient for 16-QAM modulated SC-FDMA signal with 5 MHz bandwidth (NFFT = 512, NCP = 31 or 39). At the receiver, the symbol can be recovered by removing the CP and the CI as shown in Figure 3 (C).

2.3. Window Function

Denote by w[n] the window function for 0 ≤ n ≤ L (2NCI + NCP1 + NFFT), w[n] is constant over the interval of the CP and the Data, but is tapered on both ends. Define the ratio of taper to constant section as  where NCI / (NCP1 + NFFT). In this paper, we employ the Tukey window, which is a cosine-tapered window. Let N = 2NCI + NCP1 + NFFT, the coefficients of a Tukey window is given by
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From our experience, the Tukey window provides very good spectral properties. But the optimal window function selection is FFS.
3. Measurement Results
3.1. Description of Measurement Setup and PA module

Figure 4 shows the block diagram of the measurement setup. The PA under test is a W-CDMA transmitter module. It is a 3GPP Class 3 module, providing at least 24dBm at the antenna. The PA module is a GaAs HBT device. Table 1 gives the experiment setup parameters.
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Figure 4: Measurement Setup.
Table 1: Experiment Parameters. 

	Radio access
	SC-FDMA (Localized/Distributed)

	Bandwidth
	5 MHz

	Upsampling factor L
	16

	Sampling rate
	122.88 MHz (7.68e6 × 16)

	Sub-frame length
	0.5 ms (6 data blocks, 2 pilot blocks)

	NTX (Data / Pilot)
	300 / 150

	NFFT (Data / Pilot)
	512 / 256

	Cyclic prefix duration per block
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	Cyclic interval duration per block
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	Average output power of the PA (Pout)
	24 dBm


3.2. Measured Results

Table 2 lists the relevant spectral mask requirements characterized by Adjacent Channel Power Ratio (ACPR) from [2, 3] that are considered in this paper. 

Table 2: ACPR Requirements in [2, 3] for 5MHz UTRA FDD/TDD mode

	Central frequency of the measurement filter

	Minimum requirement
	Measurement bandwidth

	2.5 MHz
	-35 dBc
	30 kHz 



	3.5 MHz
	-35 dBc
	1 MHz 


	7.5 MHz
	-39 dBc
	1 MHz


	8.5 MHz
	-49 dBc
	1 MHz



Figure 5 and Figure 6 compare the ACPR levels with different sizes of CI for QPSK and for 16-QAM modulated SC-FDMA, respectively. The minimum requirements (red dashed line) in Table 1 are also plotted in both figures as a benchmark. As we can see from both figures that the spectrum of the conventional SC-FDMA signal (blue solid line with NCI=0) violates the spectrum emission mask. For QPSK modulation, NCI = 4 provides sufficient ACPRs and for 16-QAM modulation, NCI = 2 is enough. It is also clear from the figures that there is a diminishing return as NCI increases. In addition, the longer is the NCI, the shorter is the CP. Therefore, NCI should be chosen as it is just large enough (or with a few dBs reservation) to meet ACPR requirements.
4. Conclusions

In this paper, we demonstrated that the spectrum of the conventional SC-FDMA signal can not meet the spectral mask specified in [2, 3]. To solve this issue, we investigated the time-domain windowing scheme and proposed to use part of the cyclic prefix as the cyclic interval instead of extending the cyclic prefix. Therefore, there is no bandwidth efficiency loss due to windowing. We demonstrated on a state-of-the-art W-CDMA power amplifier that a very short cyclic interval is sufficient to meet the spectral mask using a Tukey window; e.g., NCI = 4 samples for QPSK and NCI = 2 samples for 16-QAM modulated 5 MHz SC-FDMA signals. The optimization of the window function is FFS.
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Figure 5: The ACPR levels with various lengths of CI for QPSK.
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Figure 6: The ACPR levels with various lengths of CI for 16-QAM.
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(C) Remove CP and CI at the receiver.
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(A) Conventional SC-FDMA with CP.





(B) SC-FDMA with CP and CI at the transmitter.
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