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1. Introduction

Single-carrier (SC)-FDMA was approved as a working assumption for the radio access in the E-UTRA uplink [1]. Moreover, DFT-Spread OFDM is a current working assumption in SC-FDMA radio access, since it achieves high commonality in parameter design to OFDM-based radio access in the downlink. On the other hand, the Peak-to-Average Power Ratio (PAPR) should be suppressed to as low level as possible to provide wide area coverage using the limited transmission power of the UE. Thus, the roll-off factor value of a pulse shaping filter in DFT-Spread OFDM must be optimized from the tradeoff relationship between the achievable data rate (i.e., frequency efficiency) and the PAPR reduction. Therefore, this paper presents the optimum roll-off factor value of the pulse shaping filter in DFT-Spread OFDM radio access using the criterion of the maximum achievable throughput considering cubic metric (CM). 

2. DFT-Spread OFDM

Figure 1 is a transmitter block diagram of DFT-Spread OFDM radio access with a pulse shaping filter in the frequency domain [2]. DFT is sampled with the sampling clock, which corresponds to the symbol rate of the incoming coded data symbol. Either a localized or distributed FDMA signal is generated in the frequency domain. Let NDFT and NIFFT be the size of the DFT and IFFT, respectively. Then, the sampling rate of the IFFT, RIFFT, is represented by the following equation.

RIFFT = R x NIFFT / NDFT　          (1)

After mapping either to a localized or distributed FDMA signal format, the signal is converted into time domain signal by IFFT processing. Then, cyclic prefix (CP) is appended to avoid inter-block interference for frequency domain equalization processing. Finally, a time window filter suppresses out-of-band emission due to the discontinuity of contiguous blocks. The original DFT-Spread OFDM provides steep attenuation of the frequency domain power spectrum, corresponding to a roll-off factor of zero. Accordingly, the peak power in the time domain increases due to steep pulse shaping in the frequency domain. Thus, we obtain the optimum roll-off factor value in DFT-Spread OFDM so as to maximize the achievable throughput considering the PAPR. 
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Figure 1 – Transmitter block diagram of DFT-Spread OFDM with pulse shaping filter in frequency domain

3. Evaluation Procedures
We derive the optimum roll-off factor value of the pulse shaping filter employing the following steps.

(1) We obtain the combination of the information symbol rate and roll-off factor values, which satisfy the requirement of adjacent channel leakage power assuming a 5-MHz transmission bandwidth. More specifically, we obtain the information symbol rate and roll-off factor values to satisfy the requirement of spectrum mask in UMTS (W-CDMA) as shown in Fig. 2. Then, Table 1 lists candidates for the combinations of transmission bandwidth, frequency efficiency, number of sub-carriers, and roll-off factor. As we can see, transmission bandwidth and frequency efficiency is decreased according to the increase in the roll-off factor value. 

(2) PAPR and CM are calculated for the combination candidates of the transmission bandwidth and roll-off factors in Table 1. We regard the calculated CM value as the transmission back-off.

(3) The average packet error rate (PER) performance in a multipath fading channel is obtained from link level simulations as a function of the average received signal energy per symbol-to-noise power spectrum density ratio (Es/N0) for the combination candidates in Table 1. 

(4) Throughput is obtained from the PER performance in Step 3 using the following relation. 

Throughput = Data rate x (1 – PER)　         (2)

In this evaluation, the CM value obtained in step 2 is included into the average received Es/N0. This operation equivalently corresponds to a reduction in the average received Es/N0 considering the transmission back-off of the power amplifier so that the incoming signal is amplified in the linear region of the power amplifier. Consequently, the optimum roll-off factor value is obtained from criterion such as maximum achievable throughput as a function of the average received Es/N0 plus the CM value.
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Figure 2 – Spectrum for each transmission bandwidth

Table 1 – Roll-off factors in respective transmission bandwidth
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4. Simulation Conditions

Table 2 lists the simulation parameters assumed in the paper, which are based on the approved parameters in [3]. The transmission bandwidth is set to 5 MHz. One sub-frame length is 0.5 msec, including six data blocks with the block size of 66.67 sec and two pilot blocks with the block size of 33.33 sec. A CP with the length of 4.04 sec is appended to each block. The sub-carrier spacing for the data and pilot blocks are 15 kHz (1 / 66.67 [/sec]) and 30 kHz (1 / 33.33 [/sec]), respectively. 


At the transmitter, we employ pulse shaping filtering between DFT and IFFT using the frequency domain processing as shown in Fig. 1. We use the raised-cosine time domain window function with the windowing length of 3.13 sec. In the PER performance evaluation, we assume 4 simultaneously accessing UEs. Then, the transmission bandwidth per UE is 1.25 MHz for localized FDMA transmission. Meanwhile, we assign the comb-shaped spectrum using the entire 5 MHz-bandwidth with the repetition factor of four for distributed FDMA transmission.

At the receiver, we apply two-branch antenna diversity reception. We assume ideal FFT timing detection and ideal channel estimation in this contribution. We employ a frequency domain equalizer employing the LMMSE algorithm. We assume the Typical Urban channel model.
Table 2 – Simulation parameters
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5. Simulation Results

5.1 PAPR and CM performance

Figures 3(a) and 3(b) shows the CCDF (Complementary Cumulative Distribution Function) of the PAPR, which is defined by Eq. (3), for QPSK and 16QAM modulation, respectively.
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In Eq. (3), the function of 
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 indicates the probability of the PAPR, which does not exceed X. Figure 3(a) shows that the PAPR at the CCDF of 10-4 when the roll-off factor value, , is 0.08 and 0.16 is reduced by approximately 0.6 and 1.3 dB compared to that of  = 0 for QPSK modulation. Similarly, from Fig. 3(b), the corresponding PAPR is reduced by approximately 0.4 and 0.8 dB, respectively. Table 3 shows the CM values [4] for the combination of transmission bandwidth and roll-off factor values listed in Table 1 with QPSK and 16QAM modulations. The same tendency in the CM is observed as in the PAPR.  
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(a) QPSK modulation                                              (b) 16QAM modulation

Figure 3 – CCDF of PAPR for each roll-off factor

Table 3 – Cubic metric for each roll-off factor
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5.2 Average PER performance

Figures 4(a) and 4(b) show the required average received Es/N0 at the average PER of 10-2 as a function of the frequency offset,F, with roll-off factor value as a parameter. Figures 4(a) and 4(b) show the PER performance levels for the localized and distributed FDMA transmissions, respectively. The influence of the Doppler frequency due to multipath Rayleigh fading is included in the link-level simulations. We also assume that distance-dependent path loss and shadowing variations are ideally compensated by open-loop transmission power control and then, only the instantaneous multipath Rayleigh fading remains. Figure 4(a) shows that the influence of F is negligible for the localized FDMA transmission with a 1.25-MHz bandwidth regardless of  value. Moreover, we find from Fig. 4(b) that the required average received Es/N0 for distributed FDMA transmission is significantly increased particularly with 16QAM modulation according to the increased in the F value. However, the dependency of the increase in the required average received Es/N0 on  value is very slight. This is because roll-off factor  dose not affect the inter-UE interference with a comb-shaped spectrum, since roll-off pulse shaping is conducted over the entire transmission bandwidth. 
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(a) Localized FDMA                                             (b) Distributed FDMA

Figure 4 – Influence of frequency offset

Figure 5 shows the required average received Es/N0 at the average PER of 10-2 as a function of the received timing errors among simultaneously accessing UEs, T, with  value as a parameter. It is assumed that symbol and frame timings in the uplink are synchronized to those in the downlink. However, we take into account the received timing differences among simultaneously accessing UEs due to the difference in the propagation delays according to locations of UEs. We set the maximum received timing offset to 9 sec assuming the cell radius of 1.5 km. We see that when  is 0, the required average received Es/N0 is increased according to the increase in the T value. This is because the received signal of other UEs, which exceeds the CP length, causes discontinuous components during the IFFT block, resulting in inter-UE interference. This degradation is distinct particularly when the average received signal power difference, P, is large. The required average received Es/N0 when T is 6 sec (corresponding to the propagation time delay with the cell radius of approximately 1 km) in the case of P = 6 dB is increased by approximately 0.2 and 1.0 dB compared to those of T = 0 sec for QPSK and 16QAM modulations, respectively. Meanwhile, when  = 0.2, almost the same required average received Es/N0 is achieved even when T is increased to approximately 9 sec. This is because according to the increase in , adjacent channel leakage power, i.e., multiuser interference, due to the destruction of orthogonality caused by the residual received timing error is reduced. Therefore, the influence of multiuser interference in the frequency domain due to a long time delay exceeding the CP length can be mitigated by employing large  value particularly for 16QAM modulation.
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Figure 5 – Influence of time offset due to received timing errors among simultaneously accessing UEs

5.3 Throughput performance

We investigate the throughput performance as a function of  considering the CM value obtained in Section 5.1 from the PER performance in Section 5.2. Figures 6(a), 6(b), and 6(c) show the throughput performance as a function of the average received Es/N0 including CM value when adaptive modulation and coding (AMC) is used. In AMC, we used the following modulation and coding schemes (MCSs): QPSK (R = 1/3, 1/2, 3/4) and 16QAM (R = 1/3, 1/2, 3/4). Figure 6(a) assumes F = 0 Hz,T = 0 sec,and P = 0 dB. Meanwhile, Figs. 6(b) and 6(c) assume F = 200 Hz andT = 6 sec, and furthermore P is set to 0 and 6 dB, respectively. Figure 6(a) shows that without residual frequency offset and received timing errors, the throughput with  = 0 is increased compared to that with a large  value in the high received Es/N0 region using 16QAM modulation, while it achieves almost the same throughput as that with a large  value in the low average received Es/N0 region. When one MCS is used, the throughput with a large  value achieves slightly better performance than that with  = 0 owing to a small CM value. However, the merit of employing a large  value in the low average received Es/N0 is concealed by using the lower MCS. Consequently, the throughput with  = 0.08 and 0.16 at the average received Es/N0 of 5 and 15 dB becomes approximately 101 and 99%, and 103 and 93% compared to those with  = 0.

We see, however, from Figs. 6(b) and 6(c) that with residual frequency offset and the received timing error, the throughput with  = 0 is degraded in the high average received Es/N0 region using 16QAM modulation due to multiuser interference. This degradation is obvious in the case of P = 6 dB. Accordingly, when F = 200 Hz,T = 6 sec, and P = 6 dB, the throughput at the average received Es/N0 of 5 and 15 dB employing  = 0.12 and 0.16 is increased to approximately 106 and 123%, and 107 and 124% compared to those with  = 0.


Therefore, we conclude that in the average received Es/N0 region of less than approximately 10 dB using QPSK modulation, we cannot find any dependency of the achievable throughput considering the PAPR on  in the range from 0 to 0.2. However, in the high average received Es/N0 region using 16QAM modulation, the throughput is maximized at the  value of 0.12 to 0.16. 
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(c) F = 200 Hz, T = 6 sec, P = 6 dB
Figure 6 – Throughput considering CM value for each roll-off factor

When  value is increased from 0 to 0.12, increased robustness to inter-UE interference is obtained at the cost of a reduction in the maximum data rate. Therefore, we investigate whether or not we can accommodate large number of sub-carriers per UE transmission signal using localized FDMA transmission. Figure 7 shows the user throughput with the center frequency separation between contiguous UEs, S, and the number of sub-carriers per UE, N, as parameters. We increase N from 66 to 76. Then, according to each N, we obtained S so that the UMTS out-of-band emission condition is satisfied. From the throughput results considering the CM (PAPR) in Fig. 6, we set the roll-off factor value to = 0.12. We see from Fig. 7 that the user throughput is monotonously degraded according to the increase in the number of sub-carriers per UE allowing the overlap of the frequency spectrum. Therefore, we see that with  value of greater than 0 such as 0.12, the number of sub-carriers per UE should be set to the maximum assuming non-overlapping of the frequency spectrum for contiguous UEs.
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Figure 7 – Influence of center frequency separation between contiguous UEs

6. Conclusion
This paper presented the optimum roll-off factor value of the pulse shaping filter in DFT-Spread OFDM radio access using the criterion of the maximum achievable throughput considering the CM.  From the simulation results, we conclude that in the average received Es/N0 region of less than approximately 10 dB using QPSK modulation, we cannot find any dependency of the achievable throughput considering the PAPR on  in the range from 0 to 0.2. However, in the high average received Es/N0 region using 16QAM modulation, the throughput is maximized at the  value of 0.12 to 0.16. In this case, the number of sub-carriers per UE should be set to maximum assuming non-overlapping of the frequency spectrum for contiguous UEs.
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