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1 Introduction

Single-carrier frequency division multiple access (SC-FDMA) has emerged as a key multi-access scheme for EUTRA uplink, mainly due to the benefit of low peak-to-average power ratio (PAPR). The SC-FDMA transmission can be realized based on either time or frequency domain processing as discussed in [1]~[3]. In this contribution, we compare the two approaches on some important aspects as well as PAPR and spectral efficiency. While the time domain processing is beneficial in terms of PAPR, we show that frequency domain processing, more specifically, DFT spread OFDM (DFT-SOFDM) [3], provides other attractive benefits as well as larger spectral efficiency.
2 SC-FDMA signal generation
Two types of SC-FDMA transmissions are being investigated under the current EUTRA study item. One is localized FDMA (LFDMA) and the other is distributed FDMA (DFDMA). LFDMA signal is transmitted using a contiguous frequency resource over a part of the system band, mainly for supporting frequency scheduled transmission. DFDMA signal is transmitted using evenly spaced frequency resources scattered over a whole or a part of the system band, aiming to achieve frequency diversity. Figure 1 depicts conceptual transmitter structure for generating the LFDMA and DFDMA signals via time domain processing. 
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Figure 1. Time domain generation of LFDMA and DFDMA signals
In case of the LFDMA signal transmission in Figure 1, bandwidth of the pulse shaping filter changes in proportion to the symbol rate, i.e., in proportion to the block size. Then, user-specific phase rotation makes the LFDMA signal move to a target subband region. In order to guarantee orthogonal access, there should be nearly no spectral overlap between each user’s LFDMA signal. However, in case of DFDMA signal transmission, generally the pulse shaping filtering is applied over the whole band irrespective of the bandwidth of the transmitted DFDMA signal. Orthogonality between different user’s DFDMA signals can be guaranteed by making different user’s comb-fingers not overlap via user-specific phase rotation. It is noted that the user-specific phase rotation can also be applied right after the block repetition and the specific processing is implementation dependent. It is easily seen from Figure 1 that the LFDMA and DFDMA transmissions can be realized based on a single identical transmitter structure.
As an alternative for realizing the SC-FDMA transmission, Figure 2 depicts transmitter structure based on frequency-domain processing, referred to as DFT spread OFDM (DFT-SOFDM) [3] or FFT precoded OFDM [4]. In the frequency domain processing shown in Figure 2, the LFDMA and DFDMA transmissions are realized by mapping the FFT outputs to IFFT inputs corresponding to target subband region. It should be noted that no pulse shaping filtering is done between the FFT and the IFFT in Figure 2 unlike the frequency domain processing structure shown in [1] and [2]. By placing a pulse shaping filter between the FFT and the IFFT, we can realize an SC-FDMA transmission equivalent to the time domain generation shown in Figure 1, resulting in identical PAPR and spectral efficiency values as discussed in [1] and [2]. 
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Figure 2. Frequency domain generation of LFDMA and DFDMA signals

However, in this contribution, the frequency domain processing refers to the structure without pulse shaping filtering between the FFT and the IFFT. The time windowing and/or FIR filtering after the IFFT is done just for suppressing the out-of-band emission and thus satisfying the spectrum mask. Also, some of the IFFT inputs are allowed to be unused as a kind of guard subcarriers in order to limit the bandwidth of the transmitted signal within the system bandwidth. The considered structure in Figure 2 is basically identical to that of OFDM transmitters except for the additional FFT precoder. The price paid for the frequency domain generation is higher PAPR compared to the time domain processing case. But, we can obtain some appealing benefits in return, as will be discussed in the later sections. 

It is not just an implementation issue whether either of the time or frequency domain processing is assumed in the transmitter.  When we employ a time domain processing with pulse shaping filtering especially for zero ISI, the filter response should be specified in the standard for a matched filtering at the receiver. Also, the maximum symbol rate at the transmitter, i.e., the maximum usable bandwidth, is determined by the assumed processing, especially, the parameters of the pulse shaping filter.
3 Comparison of the time and frequency domain processing
3.1 Spectral efficiency and PAPR
Results for the PAPR and spectral efficiency of SC-FDMA signals have been shown in some contributions [1][3][4][5] submitted for the last June LTE Ad hoc meeting. We simply summarize the results as given below:
	
	Time domain processing
(Figure 1)
	DFT-SOFDM
(Figure 2)

	99.9% PAPR
	4.9 dB
	5.8 dB

	Spectral efficiency
	81.9%
	90.1%


The above PAPR and spectral efficiency values were obtained based on the following parameters:

· Modulation : QPSK

· Square root raise cosine (SRC) pulse shaping filter

· Roll-off factor = 0.14375
· The number of taps: 81

· Oversampling factor: 4

We note that in the above results, the PAPR of DFT-SOFDM is same irrespective of the existence of the SRC pulse shaping filter as shown in [6]. On the contrary, the PAPR of the time domain processing as well as the spectral efficiency can change significantly depending on the SRC filter parameters as shown in [1]. While the low PAPR possibly leads to an increase in cell coverage as shown in [8], high spectral efficiency can contribute to increasing the peak data rate and system throughput.
3.2 Ramp-up and ramp-down time due to pulse shaping filtering

Example sub-frame parameters for SC-FDMA transmission in EUTRA FDD uplink are shown in Table 9.1.1-1 and 9.1.1-2 of the TR 25.814 [7]. In the parameter set, we see that in case of 1.25 MHz transmission bandwidth, the CP length of the first block within a TTI is assumed to have significantly large CP duration. This is because the ramp-up and ramp-down time due to the pulse shaping filtering or time windowing could extend to a few microseconds in the 1.25 MHz bandwidth case. 
Similar problems can happen when low rate data is transmitted in LFDMA mode using the time domain processing as shown in Figure 1. The ramp-up and ramp-down time due to the pulse shaping filtering are inversely proportional to the transition bandwidth between passband and stopband region in the filter frequency response. It is obvious that with decreasing the data rate, the transmitted signal bandwidth also becomes small accordingly.  This results in a decrease in the transition bandwidth for a given roll-off factor and thus an increase in the ramp-up and ramp-down time. Therefore, in case of transmitting small amount of symbols, e.g., ACK/NACK for downlink packet and CQI for downlink packet scheduling, the pulse shaping filter output for those small size data can be smeared deeply onto the CP part of the next block or even worse smeared onto the useful symbol part. Likewise, ramp-up duration of the pulse shaping filter output can also be smeared onto the previous block. If we design the pulse shaping filter in the way to have a fixed ramp-up and ramp-down duration irrespective of the data rate in order to solve the mentioned problems, then spectral efficiency deteriorates significantly for very low data rate cases and implementation complexity increases.
The ramp-up/down time problem of the time domain processing can be avoided by employing the frequency domain processing structure shown in Figure 2. This is due to the fact that the ramp-up and ramp-down time due to the windowing or FIR filtering is determined by the sample rate of the IFFT output, not by the data rate. Then, the ramp-up/down time is quite short and the CP length given in Table 9.1.1-2 of the TR 25.814 can provide enough protection. By the way, the problem does not occur in DFDMA transmission cases based on the time domain processing since the transmitted symbols are repeated and then filtered over the whole bandwidth allowing a spectral overlap between neighbouring comb-fingers as done in OFDM transmissions. 
3.3 Commonality of parameters between uplink and downlink

As seen in the TR 25.814 [7], SC-FDMA in UL will go along with OFDMA in DL. It means that UEs supporting this UL/DL combination should be equipped with OFDMA receiver and SC-FDMA transmitter. Adoption of identical system parameter for uplink and downlink and similar TX/RX structure may lead to simple operation and reduction in implementation complexity of the UE modem. The same can be said for Node Bs. We note that the frequency domain processing structure shown in Figure 2 is basically identical to OFDMA transmitter structure except for the FFT precoder. It should also be noted that the parameter set given in Table 9.1.1-2 in the TR 25.814 is intended for frequency domain processing and employs the sample rate and data block duration identical to those for downlink given in Table 7.1.1-1 in the TR. Hence, we can obtain the mentioned benefits by employing the frequency domain processing in generating SC-FDMA signals.
3.4 Link budget problem
One of the important issues in the SC-FDMA based uplink is how to multiplex multiple uplink physical channels, for example, carrying the information such as uplink packet data, data decoding information, ACK/NACK for downlink data, CQI, resource request, etc. Among the above information, ACK/NACK and CQI, which is related with downlink data transmission, should be guaranteed a transmission in predefined intervals for proper downlink operation, irrespective of the transmission of uplink data. 

Under the SC-FDMA principle, a straightforward solution is time division multiplexing (TDM) of the physical channels. For example, we can separate the intervals for transmitting data channel and control channel as proposed in [10]. However, in this TDM approach, it can happen that due to the maximum UE power limit, UEs located at the cell edge cannot provide enough power for a reliable detection of the control signalling such as ACK/NACK and CQI at the Node B receiver. One possible way to solve the link budget problem is to distribute the corresponding control information over several block intervals within a TTI and allow the control information to be transmitted in parallel with uplink data channel. Then, the link budget problem would be significantly reduced since the required energy is distributed over a TTI requiring less transmission power in each block interval. The above approach can be easily realized with the frequency domain processing approach and does not incur significant PAPR increase as shown in [9].
3.5 Implementation complexity

The pulse shaping FIR filter employed in the time domain processing generally requires a few tens of taps in order to well model the ideal infinite-time filter response for satisfying the spectrum mask. This time domain pulse shaping makes the time domain processing quite complex.

Moreover, the time domain generation of LFDMA signals further increases the implementation complexity. In the EUTRA uplink, the transmitted data or pilot symbols are converted into a fixed rate samples after the pulse shaping filtering and input to the D/A converter. In case of DFDMA transmission, this sample rate conversion is simply done by block repetition and pulse shaping filtering with the advantage that input and output sample rate of the pulse shaping filter and the filter tap coefficients are fixed. However, the situation is quite different in case of LFDMA transmission. The sample rate conversion and filtering operations would be much complex in LFDMA cases since the transmitted data rate is not fixed and the pulse shape filtering is done over the transmitted signal bandwidth, not the whole system bandwidth. While specific transmission processing details and complexity are implementation dependent, fractional up-sampling and accompanying additional low pass filtering could be required in a certain implementation of the time domain generation of LFDMA signals.
Due to these reasons, the time domain processing would be more complex than the frequency domain processing.
4 Conclusion

The time domain realization of the SC-FDMA transmission shows about 1 dB smaller PAPR than the frequency domain processing, DFT-SOFDM without pulse shaping filtering between FFT and IFFT. However, the frequency domain generation as shown in Figure 2 shows other attractive benefits as follows: 
· Higher spectral efficiency

· No ramp-up and ramp-down time problem in transmitting small size LFDMA data

· Commonality of the system parameters between uplink and downlink

· Easy to solve the link budget problem

· Lower implementation complexity

Based on the observations, we propose to take the frequency domain realization of the SC-FDMA transmission as a working principle for the EUTRA uplink.
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