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1. Introduction
The purpose of this paper is to discuss the design of pilot sequences for SC-FDMA.  It has been shown that SC-FDMA link performance lags that of OFDMA.  This paper shows the reason for the difference in the performance and suggests an alternative pilot design for SC-FDMA.  In addition, this paper shows that under a different pilot design approach that the link performance for SC-FDMA is comparable or slightly better than that of OFDMA.  Finally, issues related to the new pilot design are discussed.
2. Distributed-Mode SC-FDMA and OFDMA Link Performance
This section describes the link performance for SC-FDMA and OFDMA under the following scenario.  The numerology used in this paper is consistent with that of the TR[1].  The frame format used is illustrated below. 
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Figure 1. Sub-frame format with two short blocks/sub-frame

The following section compares three different physical layer designs.  The simulation assumptions are as follows.  

LB Samples(FFT Size) = 512

SB samples (Pilot FFT Size) = 256

CP samples = 32

Bandwidth = 5MHz

1 Transmit, 2 receive antennas

One turbo code block per TTI

Pilot Channel-  Described in text

Pilot power boost-  0dB

Repetition factor = 4

Code rate=  ½ rate turbo code

Channel conditions = GSM Typical Urban  30 kmph

Pilot format in frequency domain=  Staggered (R1-051033)
Equalizer = 2D-MMSE
All designs use the same proportional pilot power.  The first scenario is DFT-SOFDM with time domain pilots. The pilots use BPSK modulation and are inserted as shown in Figure 2.  The second scenario is DFT-SOFDM with frequency domain pilots. Here, the pilots are inserted in the frequency domain as shown in Figure 3.  The third scenario is OFDMA, the pilots inserted are BPSK in the frequency domain. 
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Figure 2.  Time domain pilot insertion for DFT-SOFDM transmitter.
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Figure 3.  Frequency domain pilot insertion for DFT-SOFDM transmitter.
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Figure 4.  Pilot performance comparison.

You can see from the link performance that the best performing scenario is scenario number two.  The equalizer used in this case was a 2D-MMSE equalizer.  Under single-carrier pilots, the dynamic range or peak to null of the pilots in the frequency domain is very high, in fact, if the pilot sequence is not chosen carefully, some frequency domain pilots will be zero.  This can lead to poor channel estimation in the region of weak pilots even in strong channel conditions.  It is expected that localized DFT-SOFDM will demonstrate a similar property, but not quite as dramatic because the pilots are more dense in the frequency domain.  
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Figure 5.  Frequency Domain Pilots
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Figure 6.  Time Domain Pilots

In addition, it is intuitive that DFT-SOFDM should actually perform better that OFDMA because it has greater frequency diversity on a point by point basis.  That is, all of the frequency domain points in the DFT contribute to a given constellation point at the receiver, leading to averaging of the fading across the frequency-domain channel.  OFDM sees no such diversity benefit.  Consequently, the DFT-sOFDM link performs as well or better than OFDM with frequency domain pilots with low peak-to-null.  In order to realize the benefits of single carrier modulation it is desirable for the pilot symbols to be low peak-to-average or cubic metric in the time domain.
3. Issues Related to Pilot Design for SC-FDMA
There are two possible approaches to generating the pilot sequence: table look up and real-time synthesis.  The former technique is more desirable if the table memory requirements are manageable. Under the guidelines suggested by Motorola in R1-051033, the repetition factors of 2, 3, 4, 5, 6, 8, 10, 12, 16, 20, 30, 40, 60 and 80 were analyzed for all possible bandwidths.  Corresponding localized allocations were also considered.  Given these repetition factors, the pilot DFT sizes were calculated as 7, 8, 15, 22, 23, 30, 37, 38, 45, 60, 75, 90, 120, 150, 225, 300, 450 and 600.  Thus, a total of 2295 pilot samples are required for distributed mode. It may be necessary to store a unique set of pilot samples for localized transmissions, resulting in a total table size of about 4600 samples. The selection of pilot sequences is currently under investigation. Note, it is not necessary for the subscriber to perform DFT’s on the pilot sequences. They can be stored in the frequency domain and distributed to the correct carriers. 
4. Conclusions
In conclusion, care must be taken in the design of the pilot sequence for DFT-SOFDM.  It is important that the peak-to-null of the pilot sequence in the frequency domain be as small as possible in order to prevent poor channel estimation performance.  It is proposed that sequences with low peak-to-null in the frequency domain and low peak to average in the time domain be investigated for use with DFT-SOFDM.
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