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1 Introduction
Single-carrier transmission has been selected for E-UTRA uplink because of its low power de-rating [1]. Spectrum shaping can be applied to the Discrete Fourier Transform-Spread Orthogonal Frequency Division Multiplexing (DFT-SOFDM) single-carrier signal in E-UTRA uplink to further reduce the power de-rating. The Kaiser window was proposed for spectrum shaping [2] and was shown to reduce both the peak-to-average power ratio (PAPR) and cubic metric (CM) compared to a rectangular window or to a root-raised cosine window. 

The cubic metric has been introduced [3] to model the power de-rating assuming that the limiting factor for the output power of a handset power amplifier is the Adjacent Channel Leakage Ratio (ACLR) requirement. The cubic metric was first applied in WCDMA where the power spectrum was the same for all transmitted signals. A revision of the cubic metric for E-UTRA signals was proposed in [4] based on measurement results for various modulation and transmission schemes. The cubic metric of a signal can be formulated as the difference of the so-called raw cubic metric of the signal and the raw cubic metric of a WCDMA reference signal divided by an empirical slope factor K. For WCDMA K=1.85
 and for E-UTRA it was suggested to use K=1.56 [4]. 
Measurement results of power de-rating for DFT-SOFDM signals without spectrum-shaping have been presented in [4] and [6]. In addition to ACLR, Error Vector Magnitude (EVM) was measured in [6]. 
In this contribution, measurement results are presented on ACLR and EVM for both various modulation schemes and spectrum-shaping functions. The results are compared with the cubic metric of the transmitted signals. A similar contribution is presented to RAN1.
In Section 2, the measurement setup is described. Measurement results are presented in Section 3 and conclusions are given in Section 4.

2 Measurement Setup 
A measurement setup was assembled to obtain test results using a typical commercial handset power amplifier (PA) integrated circuit (IC). The set-up used is shown in Figure 1.

The various DFT-SOFDM signals investigated were first generated in MATLAB running on a PC. The files were then loaded down to a signal generator (Agilent E4438C) in IQ form via a LAN interface. An IQ calibration was performed on the signal generator to ensure IQ modulator errors were kept to a minimum. The RF frequency of operation chosen was 1950MHz.

The output from the signal generator was connected by cable to an attenuator (6 dB). The cable plus attenuator loss was approximately 7 dB. The attenuator was placed right at the input of the RF PA test board in order to minimize the potential for undesired frequency ripple caused by mismatch between the signal generator plus cable and the RF input of the RF PA test board.
A similar attenuator was connected right at the RF output port of the RF PA test board. This attenuator also reduced the RF PA output power to acceptable levels.
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Figure 1  Measurement Setup
The RF PA test board used was an evaluation board for a commercially available handset PA IC. In this case, the test board was provided by RF MicroDevices [7] for use with their PA IC of type number: RF5198. This IC is built on GaAs HBT technology and is intended for WCDMA handsets operating from an unregulated 3 V battery power supply. The PA IC is capable of 30 dBm peak power operation in the 1920-1980 MHz band and has a typical gain of around 28 dB. Since the PA IC is designed to operate from an unregulated battery supply some minor modifications were performed to the evaluation board to allow it to operate from one regulated power supply.
The power supply used to provide a regulated 3.4 V to the RF IC board was obtained from a LAN controlled power supply unit (Agilent N5747A). This power supply also enabled the measurement of PA current such that PA efficiency could be measured.

The attenuated RF output from the PA was returned through a power splitter to a signal analyzer and a power meter. The signal analyzer (Agilent E4440) is capable of directly measuring ACLR with different Root-Raised Cosine (RRC) filters. In order to measure EVM, the output signal needed to be captured by the signal analyzer so that the EVM could be calculated in MATLAB. This signal capturing process places some additional requirements on the synchronization of the signal generator and signal analyzer. First, to ensure frequency synchronism, the 10MHz reference for the signal analyzer was obtained from the signal generator. Second, to ensure that the signal analyzer captured the signal at approximately the right time, a capture trigger signal that was provided by the signal generator at the beginning of each signal sequence was used. 

Additional signal processing in MATLAB needed to be performed after the signal was captured. The main part of this additional signal processing involved time and phase alignment of the captured signal with the signal loaded into the signal generator. The amplitude of the captured signal was also aligned such that its average power value coincided with the average power level measured by the power meter (see below). Furthermore, because the frequency response of the signal analyzer used was limited and contained frequency ripple, a frequency equalizer was applied to all signals captured by the signal analyzer. This was used to maximize the capture bandwidth and flatten the frequency response. The frequency equalizer was determined before measurements were made with the PA, by connecting the signal generator directly to the signal analyzer and performing the necessary signal processing.

The power meter was used to measure the average output power delivered by the PA. This power meter returned its measurements via a serial interface to the PC. The power measurement was used to give the output power operating point of each of the measurements and to determine the efficiency of the PA circuit.
3 Measurement Results

Measurements were made for a range of PSK modulation schemes, 16QAM, and for the following spectrum shaping functions: Rectangular (i.e. no spectrum shaping), RRC with roll-off factor α, and Kaiser window with the adjustment parameter β. Measurements were carried out for two coded bit rates for each modulation scheme (three for QPSK), such that the rectangular/RRC window would give a Nyquist pulse after a matched filter. Measurements were made for the Kaiser window for both bit rates. The number of occupied sub-carriers was 300 for the rectangular and Kaiser windows, and 312 for the RRC window. In addition measurements were carried out for the WCDMA reference signal (12.2 kbps AMR Speech) defined in [5]. 

The ACLR was measured using filters with rectangular transfer function of width 4.5 MHz for both the assigned channel carrier frequency and the adjacent channel frequency. For the WCDMA reference signal ACLR was measured using RRC filters as defined in [5]. The ACLR and EVM as function of output power for π/2-BPSK are shown in Figure 1 and Figure 2, respectively.
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Figure 1 ACLR for π/2-BPSK modulated signals with different spectrum shaping functions.
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Figure 2 EVM for π/2-BPSK modulated signals with different spectrum shaping functions.

The measured output powers for which the ACLR reaches 33dB and the EVM is 4 % are tabulated in Tables 1 to 7 for different modulation schemes.
Table 1 Output powers (in dBm) for which a π/2-BPSK-signal fulfills ACLR and EVM requirements

	Coded bit rate
	3.6 Mbps
	3.06 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.5)
	RRC(α = 0.22)
	Kaiser (β=2.5)

	ACLR = 33dB
	27.9
	29.5
	28.8 
	29.4

	EVM = 4%
	28.1
	30.3
	29.2
	30.1


Table 2 Output powers (in dBm) for which a QPSK-signal fulfills ACLR and EVM requirements

	Coded bit rate
	7.2 Mbps
	6.12 Mbps
	4.6 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.0)
	RRC(α = 0.22)
	Kaiser (β=2.0)
	RRC (α = 0.56)

	ACLR = 33dB
	26.7
	27.4
	27.9
	28.2
	28.2

	EVM = 4%
	26.9
	27.4
	27.9
	28.2
	29.0


Table 3 Output powers (in dBm) for which a π/4-QPSK-signal fulfills ACLR and EVM requirements

	Coded bit rate
	7.2 Mbps
	6.12 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.0)
	RRC(α = 0.22)
	Kaiser (β=2.0)

	ACLR = 33dB
	26.7
	27.3
	27.8
	28.1

	EVM = 4%
	27.0
	27.8
	28.0
	28.4


Table 4 Output powers (in dBm) for which an 8PSK-signal fulfills ACLR and EVM requirements

	Coded bit rate
	10.8 Mbps
	9.18 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.0)
	RRC(α = 0.22)
	Kaiser (β=2.0)

	ACLR =-33dB
	26.7
	27.4
	27.9
	28.1

	EVM = 4%
	26.9
	27.6
	28.0
	28.3


Table 5 Output powers (in dBm) for which a π/8-8PSK-signal fulfills ACLR and EVM requirements

	Coded bit rate
	10.8 Mbps
	9.18 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.0)
	RRC(α = 0.22)
	Kaiser (β=2.0)

	ACLR = 33dB
	26.7
	27.4
	27.9
	28.2

	EVM = 4%
	27.0
	27.6
	28.0
	28.3


Table 6 Output powers (in dBm) for which a 16QAM-signal fulfills ACLR and EVM requirements

	Coded bit rate
	14.4 Mbps
	12.24 Mbps

	Spectrum-shaping function
	Rectangular
	Kaiser (β=2.0)
	RRC(α = 0.22)
	Kaiser (β=2.0)

	ACLR = 33dB
	26.0
	26.6
	26.7
	27.0

	EVM = 4%
	26.1
	26.3
	26.6
	26.7


Table 7 Output powers (in dBm) for which a WCDMA reference signal fulfills ACLR and EVM requirements

	WCDMA 

	ACLR = 33dB
	28.6

	EVM = 4%
	28.8


From the results in the Tables we observe that the output powers for ACLR and EVM at the given levels are very similar for the same transmitted signal. For all modulation schemes and coded bit rates, the Kaiser window always allow for the highest output power. In particular, for π/2-BPSK the difference is as large as 1.6 dB compared to the rectangular window. The maximum output power of the WCDMA reference signal is higher than for any QPSK signal. 
The output power for ACLR=33 dB is plotted versus the cubic metric (K=1.85) is plotted in Figure 3. The line shown is the least-squares fit of the cubic metric to the measured values. The slope of the line is 1.3, which corresponds to the numerator K=1.39, which agrees well with the results in [4]. However, it is clear from the Figure that the signals that are not spectrum-shaped have lower maximum output power than predicted by the modified cubic metric. Hence, spectrum-shaping has a larger impact on the maximum output power than that indicated by the cubic metric.
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Figure 3 Output power at which ACLR=33dB versus cubic metric (K=1.85).
4 Summary
Measurements of ACLR and EVM as function of output power of a handset power amplifier have been carried out. The results indicate good agreement between the revised cubic metric proposed for E-UTRA signals in [3] and the power de-rating for the same spectrum shaping. However, the reduction in power de-rating due to spectrum shaping is underestimated by the cubic metric. In particular, for π/2-BPSK signals the reduction in power de-rating due to spectrum-shaping with the Kaiser window is 1.6 dB, whereas the difference in cubic metric (K=1.85) is 0.8 dB. The difference in power de-rating between the signals with the highest maximum output power between QPSK and π/2-BPSK signals is 1.3 dB. Finally, the WCDMA reference signal has higher maximum output power than any of the QPSK signals.
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� Later K has been changed to 1.56 for certain WCDMA signals � REF _Ref149100501 \r \h ��[5]�.





