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1 Introduction
According to the decision made at the latest WG1 meeting in Riga, both π/2-BPSK and QPSK should be used along with one (i.e. the same) spectrum-shaping function. The remaining issue for this meeting was to find the single spectrum-shaping function maximizing the coverage for both above mentioned modulation schemes. Additionally, the gains of π/2-BPSK and of spectrum shaping were to be verified with the new results provided for this meeting.

Besides, there was a question about how the DFT size, i.e. the number of transmitted symbols in a block, is affected by spectrum shaping.

The benefits of spectrum shaping for both π/2-BPSK and QPSK have been demonstrated previously by simulations in [1]-[6]. These benefits have been confirmed by measurement results presented in [7], where it has been shown that π/2-BPSK with spectrum shaping allows for significantly higher maximum output power of the UE compared to QPSK without spectrum shaping. In [8] it was also shown that the required SNR and hence the interference only increases slightly for π/2-BPSK with spectrum shaping compared to QPSK without spectrum shaping for low data rates.
In this contribution, we verify the measurement results from [7] by using an additional power amplifier (PA), based on different technology than that in [7]. We present output power measurement results obtained under condition to satisfy certain requirements on maximum error vector magnitude (EVM) and adjacent channel leakage ratio (ACLR), for a range of possible spectrum-shaping functions in order to find the most suitable spectrum-shaping function. We also provide link simulation results for different spectrum-shaping functions at various data rates, to assess the impact of spectrum shaping on the required SNR for a given throughput. Only a small increase in interference and hence required SNR due to π/2-BPSK and to spectrum shaping is tolerable. Based on these results we define the allowed path loss as the measure of coverage, and use it to compare the different spectrum-shaping functions.
In Section 2, the transmitted signals are defined. In Section 3, the output power measurements for given maximum ACLR and EVM are presented. The corresponding throughput simulation results are presented in Section 4. The allowed path loss as the coverage measure is introduced, evaluated and discussed in Section 5. The conclusions are given in Section 6.

2 Definition of Transmitted Signals

The spectrum-shaping functions used both for experimental measurements and link-level simulations were rectangular (i.e. no spectrum shaping), root-raised cosine (RRC) with roll-off factor α, and Kaiser window with the adjustment parameter β. 

2.1 DFT Size for Transmitted Signals with Spectrum Shaping

In order to obtain a Nyquist pulse after a matched filter in the receiver, the DFT-size should equal the number of occupied sub-carriers divided by (1+ α ) where α is the roll-off factor of the RRC function. Hence, the DFT size is reduced for all RRC functions, except for α = 0, i.e. for the rectangular function.

Since the DFT size must be an integer, only certain roll-off factors are allowed. For a given roll-off factor, the DFT size is proportional to the number of resource blocks in the transmission. Hence, the roll-off factor should be selected such that the DFT size, NDFT, for a single resource block transmission (12 sub-carriers) is an integer, and it follows that the DFT size is an integer also for multiple resource block transmissions. The roll-off factor should satisfy
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where NDFT must be an integer. The maximum roll-off factor for an RRC function is 1 by definition. Furthermore, it is desirable that the prime factorization of NDFT only includes small prime factors. The possible roll-off factors are given in Table 1 for values of NDFT with a maximum prime factor of 5.

Table 1 Possible values of roll-off factor α
	DFT-size for single resource block transmission
	6
	8
	9
	10
	12

	α
	1.0
	0.5
	0.33
	0.2
	0


For the Kaiser window, it is not possible to obtain a Nyquist pulse after a matched filter, and therefore the DFT size does not need to be reduced. The DFT size was kept the same for the Kaiser window as for the rectangular function.
3 Measured Output Power for Given Maximum ACLR and EVM
3.1 Measurement setup

The measurement setup used was essentially the same as that described in [7]. The only modification to the measurement setup was the use of a slightly higher power supply voltage in order to account for the resistive losses in the leads connecting the power supply and the PA under test. It is expected that this power supply change gives a slight improvement in peak power capability of the PA used in the tests.

Two PAs were used in the measurements: RF5198 from RF MicroDevices [9], in the following labeled ‘A’ and TQM7M6001 from Triquint Semiconductor [10], labeled ‘B’. According to each of the manufacturers, the RF5198 is built on a GaAs Heterojunction Bipolar Transistor (HBT) process whereas the TQM7M6001is built on an InGaP HBT process. The two PAs are both WCDMA handset PAs and have the same maximum output power for WCDMA signals. However, without performing measurements one cannot exclude different behaviour for other signals. Having different processes and devices therefore allows some degree of generalization of the results of the investigated signals. 
3.2  Measurement results

In the measurements, the number of occupied sub-carriers was 300 for all spectrum-shaping functions. Additional measurements for QPSK signal without spectrum shaping showed that the EVM is independent of the bandwidth for given output power. Hence, the presented results for the output power meeting the EVM requirement are valid for any bandwidth of the transmission. The ACLR, however, decreases with the transmission bandwidth. 
The ACLR = 33 dB requirement is that of WCDMA [12]. The EVM requirement is not yet set for E-UTRA. The EVM measured here is only due to non-linear distortions in the PA, therefore the requirement used here should be quite stringent. The EVM increases rapidly with output power in the non-linear regime of the PA and the impact of spectrum shaping and modulation scheme on the maximum output does not depend much on the exact EVM requirement. We select the EVM requirement to be 4%.  
The output powers that meet the requirements ACLR = 33 dB and EVM = 4 %, respectively, are shown in Figure 1 for a π/2-BPSK signal. The maximum output power satisfying the ACLR requirement is higher for the Kaiser windows than for any RRC function. The maximum output power satisfying the EVM requirement is slightly higher for the Kaiser window for β ≥ 2.5 than for any RRC function. For the Kaiser window with β = 3 (PA ‘A’) and β > 2.5 (PA ‘B’)  the EVM requirement was satisfied even for the highest measured output powers. 
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Figure 1 Output powers for which a π/2-BPSK signal fulfills the ACLR and EVM requirements.
The output powers satisfying the same ACLR and EVM requirements for the QPSK signal are shown in Figure 2. The output power that meets the ACLR requirement is higher for the Kaiser windows than for the rectangular window but lower than for the RRC function with α < 1. For the EVM requirement, the maximum output powers for all RRC functions, except the rectangular window, are higher than for the Kaiser windows.

From the results in both figures, it is clear that the output powers meeting the ACLR and EVM requirements are very similar for the two PAs built on different technologies, which indicates that the results are valid for a wide range of PAs. 

The increase in maximum output power meeting the EVM requirement is 1.1 dB going from QPSK to π/2-BPSK and further 2.1 dB due to spectrum shaping of the π/2-BPSK signal. This is similar to the results in [8] for the ACLR requirement: 1.2 dB for π/2-BPSK and 1.6 dB for spectrum shaping and verifies the gain of π/2-BPSK and spectrum shaping also for narrowband signals.
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Figure 2 Output powers for which a QPSK signal fulfills the ACLR and EVM requirements.
4 Average Required SNR Evaluation by Link-Level Simulations
4.1 Simulation setup

The throughput as function of received average SNR has been obtained by link-level simulations for a set of modulation schemes and spectrum-shaping functions. The frame format is according to the generic frame structure with normal cyclic prefix in [11]. The reference signal is a Zadoff-Chu sequence (not spectrum-shaped) with the same length as the number of occupied sub-carriers. 
The transmission bandwidth is selected to roughly minimize the required SNR at 64 kbps throughput for each modulation scheme. The resulting bandwidth is larger for π/2-BPSK than for QPSK. SNR is the ratio of signal power to noise power where the noise power depends on the bandwidth of the noise. To compare the signal powers for the two modulation schemes we therefore use a fixed noise bandwidth.
Table 2 Simulation parameters

	Parameter
	Value

	Propagation channel
	Typical Urban 3 km/h

	Noise bandwidth
	360 kHz

	Receive antennas
	2 

	Modulation scheme
	π/2-BPSK,  QPSK

	Channel estimation
	Real

	No.  of occupied sub-carriers
	36(π/2-BPSK)/24 (QPSK)

	Channel coding
	UTRA Rel’ 6  Turbo coding

	HARQ
	No

	Frequency hopping
	Intra sub-frame


Note that BPSK and π/2-BPSK give the same performance for the rectangular window and the RRC functions, whereas for the Kaiser window, the performance is not the same.  The equalizer, which is LMMSE, takes the spectrum shaping into account. 
Some additional simulations are reported in the Appendix.

4.2 Simulation results

The required SNR for any modulation scheme and spectrum-shaping function should not increase more than a small amount compared to QPSK without spectrum shaping, because increased SNR implies increased interference to other users. A tolerable increase in required SNR is about 0.5 dB. 

Simulation results for the average required SNR  to obtain a moderate throughput of 64 kbps are shown in Figure 3. The required SNR is about -2 dB and the increase in SNR compared to the reference, QPSK with rectangular (RRC with α = 0) spectrum shaping, is tolerable for RRC functions with α < 1 and for the Kaiser windows for π/2-BPSK modulation. Also QPSK with RRC (α = 1) or Kaiser window β = 2 fulfill the criterion for required SNR.
The next question is what happens if the throughput value is higher. The answer can be found in Figure 4, where the throughput is 192 kbps. The required SNR varies much more than for 64 kbps: from 2.5 dB to almost 8 dB. For π/2-BPSK and spectrum shaping with RRC, α = 1, the maximum achievable throughput is less than 192 kbps, hence the corresponding SNR value is not shown in the Figure. The increase in SNR compared to QPSK without spectrum shaping is not tolerable for π/2-BPSK. In other words, only QPSK is applicable for this throughput value. For QPSK the increase in required SNR due to spectrum shaping is only tolerable for the RRC function with roll-off α = 0.2 and for the Kaiser window with β = 2.  
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Figure 3 Required SNR for throughput of 64 kbps.
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Figure 4 Required SNR for throughput of 196 kbps.
5 Allowed Path Loss as a Measure of Coverage

The coverage can be measured in terms of the allowed path loss for a given throughput. The allowed path loss depends on a number of factors that are independent of the signal, such as the statistics of the propagation channel, antenna gain etc. However, allowed path loss also depends on two signal-dependent entities, namely the required received average SNR and the maximum output power of the PA. (The maximum output power is function both of the maximum allowed ACLR and EVM. However, for low data rates the signals are typically much narrower than the bandwidth of the system. In that case the maximum output power is given by the EVM requirement, since out-of-band emission is small.)
In order to compare the coverage of different modulation schemes and spectrum-shaping functions for a given througput, we consider the corresponding allowed path losses, and compare them with the corresponding allowed path loss for QPSK without spectrum shaping. Thus we define the relative allowed path loss L allowed for a given modulation scheme and spectrum-shaping function as 
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where SNRreq is the required  SNR to obtain the given throughput and  Pmax is the maximum output power that meets the EVM requirement, averaged over the values from the two measured PAs. SNRref and Pref  are defined as SNRreq  and Pmax , respectively, for QPSK and rectangular spectrum shaping.
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Figure 5 Allowed relative path loss to obtain 64 kbps throughput
The allowed relative path loss for a throughput of 64 kbps is shown in Figure 5. From the figure it is clear that Kaiser window with β = 2.75 gives the highest allowed path loss and hence the best coverage. The gain in coverage is more than 3 dB compared to QPSK and more than 2 dB compared to π/2-BPSK without spectrum shaping.  
According to the condition on required SNR (and hence interference) and the results in the previous Section, only QPSK is applicable for a throughput of 192 kbps. The allowed relative path loss for QPSK for the different spectrum-shaping functions at a throughput of 192 kbps is shown in Figure 6. Among the spectrum-shaping functions with tolerable increase in required SNR (RRC, α = 0.2; Kaiser window β = 2) the RRC function with roll-off 0.2 has the highest allowed path loss with a gain of 0.4 dB in coverage compared to QPSK without spectrum shaping.
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Figure 6 Allowed relative path loss to obtain 192 kbps throughput

6 Conclusion
We have verified the gains of π/2-BPSK and spectrum shaping by additional measurements and by considering the EVM for narrowband transmissions.

The purpose of spectrum shaping is primarily to increase the coverage for low data rates. Thus, if RAN1 wants to strictly follow the decision from the last meeting, to have a single spectrum-shaping function, then we propose to use the Kaiser window with β = 2.75, but to apply it only for spectrum shaping of π/2-BPSK, while QPSK should be without spectrum shaping. 
Based on previously presented results one could possibly ask why not to use the RRC function with roll-off factor 0.2 for both π/2-BPSK and QPSK. The answer would be that such RRC function would be a worse solution, because for π/2-BPSK we lose 1.1 dB in coverage compared to the Kaiser window, whereas for QPSK we gain only 0.4 dB in coverage by using spectrum shaping. In other words, if we use the same RRC function for both modulation schemes, the loss in coverage for π/2-BPSK is much larger than the gain in coverage for QPSK.
However, we think that it would be a better technical solution to have two spectrum-shaping functions, one optimized for π/2-BPSK and the other optimized for QPSK, because the performances can be improved for QPSK without almost any increase of implementation complexity. 
Thus we propose to RAN1 to slightly modify the decision from the previous meeting, and allow two spectrum-shaping functions, in which case our preferred solution would be to use the Kaiser window with
β = 2.75 for spectrum shaping of π/2-BPSK-modulated signals, and the RRC function with roll-off factor 0.2 for spectrum shaping of QPSK-modulated signals.
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Appendix: Additional Link-Level Simulation Results
In this Appendix we present some additional simulation results illustrating the impact of spectrum-shaping on the Block Error Rate (BLER) due to weaker coding (RRC functions) or inter-symbol interference (Kaiser window). 
In the first set of simulations the code rate and data rate were kept constant, i.e. the amount of allocated resources varied with the roll-off factor of the RRC function, while it was the same for the Kaiser window as for the rectangular window. Simulation parameters are given in Table 3. 

Table 3 Simulation parameters

	Parameter
	Value

	Propagation channel
	AWGN

	Noise bandwidth
	900 kHz (5 resource blocks)

	Channel estimation
	Ideal

	No.  of occupied sub-carriers
	100 (Rectangular/Kaiser window)

120 (RRC, α=0.2)

150 (RRC, α=0.5)

	Data rate
	240 kbps 


The results for π/2-BPSK are shown in Figure 7. In this case there is no performance degradation for the RRC functions, but small (0.1 dB) performance degradation for the Kaiser window due to the inter-symbol interference. 
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Figure 7 BLER vs. SNR for π/2-BPSK at constant code rate and data rate
Simulations were also performed where the data rate and the amount of allocated resources were the same for all spectrum-shaping functions for the same modulation scheme. The simulation parameters are listed in Table 4.
Table 4 Simulation parameters

	Parameter
	Value

	Propagation channel
	AWGN

	Noise bandwidth
	900 kHz (5 resource blocks)

	Channel estimation
	Ideal

	No.  of occupied sub-carriers
	60

	Data rate
	240 kbps (π/2-BPSK)/480 kbps (QPSK)
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Figure 8 BLER vs. SNR for π/2-BPSK at constant resource allocation and data rate
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Figure 9 BLER vs. SNR for QPSK at constant resource allocation and data rate
Simulation results for π/2-BPSK at both constant resource allocation and data rate are shown in Figure 8. For the rectangular window and the Kaiser window the code rate is 1/3 just as in Figure 7, so the performances are the same. However, for the RRC functions the performance is degraded due to increased code rate (the number of transmitted symbols decreases with increasing roll-off factor). In this case the performance degradation is considerably larger for the RRC functions than for the Kaiser window. Thus the Kaiser window performs better than the RRC function.
Corresponding simulation results for QPSK are shown in Figure 9. The performance degradation for the Kaiser window due to inter-symbol interference is considerably larger than for π/2-BPSK whereas for the RRC functions, the performance degradation is similar to that for π/2-BPSK. Thus the RRC function performs better than the Kaiser window.
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