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1 Introduction

So far, two SC-FDMA solutions, i.e. IFDMA and DFT-S-OFDM [1], have been proposed to support the uplink of 3GPP LTE. Both of them behave quite well in the PAR performance, which may promise wide coverage for macro-cell networking. In general, SC-FDMA has two forms in implementation depending on whether the spectrum allocated to a terminal is localized or distributed in the frequency domain, i.e. localized and distributed versions [1]. In the perfect case, distributed SC-FDMA is superior to localized one because of its better frequency diversity capability. On the other hand, localized SC-FDMA outperforms distributed one in system and terminal throughput when multi-user scheduling is applied. Although for the practice, how to provide sufficient CQI for each terminal for the uplink still remains an open problem to solve. 

With the discussion going deeper, one point becomes more and more obvious, that is, the distributed SC-FDMA is very sensitive to synchronization accuracy. As a result, the distributed SC-FDMA scheme has to tolerate serious interference from simultaneous uplink terminals, which will degrade the transmission performance greatly. Since all services supported by 3GPP LTE are packet focused, such a poor performance is usually unacceptable in practice. 

So now, we have to make a decision on what type of SC-FDMA solution to prioritize for practical usage. If we prioritize the distributed one, it has to improve synchronization accuracy and combat multi-user interference (MUI) by use of radio resource overhead, signalling overhead and possible complexity overhead. On the contrary, if we prioritize the localized solution, it usually has up to 1~5dB performance loss compared to the distributed one in the perfect synchronized case. Meanwhile, for throughput optimization the powerful and complex multi-user scheduling has to be implemented at Node B from the very beginning, which however does not promise upgraded baseline transmission performance. 

In this paper, we wish to propose another solution for SC-FMDA, i.e. DFT-S-GMC, which may overcome the drawbacks of the mentioned two schemes. Although in the previous LTE meetings part of DFT-S-GMC has been introduced and discussed [2], in the recent time some valuable progress has again been made for such a new scheme. While having low PAR, DFT-S-GMC has many other features. According to the initial evaluation, DFT-S-GMC outperforms DFT-S-OFDM in tolerating MUI for the distributed version, and in achieving frequency diversity for the localized version. Meanwhile, it is also found that for the implementation at the terminal side, simple time-domain filtering, up-sampling and interpolation are sufficient for DFT-S-GMC, because FFT and IFFT transforms can be avoided for SC signal generation. So, during further discussion on candidate schemes, we propose to take it into account for its outstanding benefits, which may help to find a better solution for LTE uplink solution in the future. 
2 DFT-S-GMC

The main difference between DFT-S-GMC and DFT-S-OFDM lies in the fact that the former depends on filterbank transform (FBT) & inverse filterbank transform (IFBT) for subband shaping, while the latter on the FFT and IFFT for sub-carrier shaping. Hence, for practical implementation there are some processing differences between them. However, DFT-S-GMC also applies DFT for spectrum spreading, FDMA for separation of uplink simultaneous terminals, and FDE for channel equalization at the Node B side. From such aspects, they are very similar to each other in principle.

2.1 Targets

To design a suitable uplink MA scheme, we set the following targets for DFT-S-GMC:
· Low PAR

· Single Carrier solution

· Sync. Robustness

· Filterbank based subband shaping

· Guard band for neighbouring subband interference suppression

· High freq. diversity

· UE signal equally spaced over transmission bandwidth

· Low UE complexity

· Fast implemented modulator

· The lower the occupied bandwidth, the low the complexity

· High BW efficiency

· Being comparable with IFDMA/DFT-SOFDM

· Low complexity in BS equalization

· FDE is preferred as an initial phase

2.2 Transceiver description

Following the above targets, DFT-S-GMC transceiver is described in figure 2.1, where key modules are listed as follows:

· K-point FFT & inverse filterbank transform (IFBT)

· combined and used for SC signal constructing 
· Circulated data blocking
·  constructing data block by use of head-tail circulating technology

· Tone modulator
· modulating pilot symbols to different tones

· CP & ramp padding
·  CP padding and ramp-up/ramp-down extending

· TDM timing control
· constructing TDM based UE sub-frame

· Frequency domain equalization
· equalizing the channel effects in the frequency domain
· Frequency domain channel estimation
· estimating channel response in the frequency domain

· Data block reverse circulating
· reverse circulating the equalized data block

· Filterbank transform (FBT) & K-point IFFT
· recovering TX symbols in the time domain
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Figure 2.1 DFT-S-GMC transceiver modules

From figure 2.1, it could be found that DFT-S-GMC is very similar to DFT-S-OFDM, as long as the inverse filterbank transform (IFBT) is looked as the large–size lFFT in DFT-S-OFDM, and the circulated data blocking taken away from the schematic. In fact, although the circulated data blocking is quite important to DFT-S-GMC, it is not the basis module, but a tricky method for data blocking and orthogonality maintenance. As a result, we think that DFT-S-GMC and DFT-S-OFDM are belonging to the same kind of transceivers for signal transmission.

2.2.1 GMC specific FBT&IFBT

The filterbank used for GMC is specially designed and differs from any conventional ones in that it adds certain guard band between neighbouring subbands. As is well known, filterbank theory successfully applies to source signal processing. However, for signal transmission over multi-path channels, such filterbank usually fail because of orthogonality is lost between neighbouring subbands and successive symbols. Hence for practical usage, adding some guard band between subbands may be a simple and efficient way to go. At least by doing so, near-orthogonality between neighbouring subbands is promised, which further simplifies the detection algorithm greatly. Meanwhile, interference between successive symbols for each subband is relatively easy to counteract because it is analogous to conventional SC transmission. So, filterbank with guard bands are quite applicable to the signal transmission in multi-path environments. Figure 2.2 depicts the IFBT and FBT implemented at TX and RX sides, and figure 2.3, the corresponding subband spectrum.


[image: image2]
Figure 2.2 GMC specific IFBT and FBT


[image: image3]
Figure 2.3 Subband spectrum for GMC specific IFBT and FBT

In practical implementation, IFBT and FBT could be simplified and replaced by fast structures expressed in figure 2.4. With such a processing, multi-band modulation and demodulation are executed at low-rate steps and, greatly decreased in complexity. 
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[image: image4]
Figure 2.4 fast implementation structures for GMC specific IFBT and FBT

In figure 2.4, the polyphase filters {P0m(Z), m=0,1,…,M-1} are related to the prototype filter P(Z) by
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So the polyphase filters are decimated from the prototype filter, while the sum of coefficients of polyphase filters equals to that of prototype filter. 

As a result, the output signal xT(n) is generated as 
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Where {am(n), m=0,1,…,M-1}, p(n), Ts, M and Q denote subband symbols to be transmitted at each symbol timing, the prototype filter, symbol duration, total subband number and the number of symbol durations to transmit signals, respectively. 

Usually it is preferred to use x(n) to represent the output of IFBT at each symbol timing, so
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Or by fast IFBT, expressed as
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It is worth noting that equation (4) is not directly related to the guard band setting and its form could also be found in conventional filterbank transforms.

2.2.2 Circulated data blocking

After the combined K-point FFT and M-band IFBT, however, the generated signal, xT(n), has a long ramp in waveform, especially when the subband bandwidth approaches narrow enough, i.e. 300KHz. Such a ramp will certainly result in a very large overhead in spectrum utilization. In [3], such a problem has been extensively discussed for in case of IFDMA. So, for DFT-S-GMC, if we can not solve it successfully, we can not get a comparable system with current solutions for SC-FDMA, at least at the level of spectrum efficiency. Fortunately, for DFT-S-GMC, we have found a tricky way to perform the ramp removal operation without any information loss.

Figure 2.5 and figure 2.6 describe the two steps for ramp removal, which we call circulated data blocking. At current assumption, circulated data blocking is divided into two separate steps, i.e. circulated operation and head-tail splitting operation.

· Circulating operation

Based on equation (2), a signal to be transmitted over Q symbol intervals is generated. However, it has a long ramp in time domain, which goes out of the Q symbol interval. For cancellation of such a ramp, an additional operation must be performed. Figure 2.5 describes such a processing, i.e. circulated operation for signal waveform. In mathematics, it is expressed as 
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So, at first an N-sample repeated periodical signal is generated, where N is assumed to be the size of data block to be transmitted. Following this, a modular-N operation must be performed to select N samples, i.e. 
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, which is explicitly expressed in figure 2.5 as a data circle. In practice, equation (5) can be implemented using l=0 and 1, and modular-N operation is accomplished by selecting the first N samples. 
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Figure 2.5 circulating operation

· Head-tail splitting operation

For the operation of head-tail splitting, it is just used to form an N-sample data block from the above data circle. After this operation, the head and tail of the data block are constructed for block transmission.


[image: image12]
Figure 2.6 head-tail splitting operation

By use of the above two operations, the ramp-up and ramp-down which are originally found for xT(n) are removed, but without loss of information. To achieve this, two conditions are satisfied, that is, 

· Prototype filters must be optimized to satisfy Nyquist condition. So, no ISI will result in AWGN channel.

· N must be multiples of Ts. So, the data block constructed by circulated data blocking operation can be recovered at the receiver side if the channel is perfectly equalized.

2.2.3 CP prefix & ramp extension

CP prefix is essential to the FDE implementation at the Node B. Meanwhile, spectrum shaping is crucial to the coexistence between different radio access networks. So, we apply CP and ramp padding to meet different requirements, respectively. Figure 2.7 describes such a processing.
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Figure 2.7 CP/ramp padding and time windowing

Furthermore, with the ramp padding, the time windowing operation need be used for continuous phase shaping, which is analogous to that of OFDM/OFDMA systems. As a result of ramp padding and time windowing, the spectrum of subband can be well shaped and band-limited. Figure 2.8 shows the spectrum comparison between different settings and demonstrates such a result with the read curve denoted spectrum. 


[image: image14]
Figure 2.8 subband spectrum of DFT-S-GMC

2.3 Key features

In this section, DFT-S-GMC is analyzed from the integrated aspect:

2.3.1 SC approach

As is well discussed, IFDMA and DFT-S-OFDM imitate SC system by approaching its PAR performance and signal form. But how can DFT-S-GMC get such benefits? Basically, DFT-S-GMC achieves these features through the operation of combined K-point FFT and M-band IFBT. 

As explained earlier, IFBT can be replaced by fast implementation structure. Hence, if the outputs of K-point FFT are mapped onto the inputs of M-point IFFT with equal distance in the frequency domain, while setting the rest input points to zero as shown in figure 2.9. Two valuable results come out, that is

· K-point FFT and M-point FFT are counteracted to each other

· Outputs of M-point IFFT are repeated sequence of the input of K-point FFT  
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Figure 2.9 combined K-point FFT and M-band IFBT with equal mapping

As a result, the FFT and IFFT transforms are cancelled in operation. What is remained now is only the polyphase filtering, up sampling and interpolation with different delays. Figure 2.10 depicts such a structure for transmit processing.
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Figure 2.10 DFT-S-GMC implementation structure

Mathematically, the output signal by DFT-S-GMC, x(n), at each symbol timing is expressed as 
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Where 
[image: image18.wmf]f

represents a constant phase shift corresponding to the mapping offset onto the M-point IFFT transform. As an example, figure 2.11 describes this process assuming K=2 and M=4. 
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Figure 2.11 DFT-S-GMC polyphase filtering, up sampling and interpolation

Up till now it can be concluded that DFT-S-GMC comes back to SC after the M-point IFFT, but further shapes the SC signal by use of polyphase filtering. At this point, it is a little different from other SC-FDMA schemes, where for IFDMA, SC signal is generated by repeating the conventional SC signal and the conventional FIR filtering is used to shape the output signal in order to meet the spectrum mask; while for DFT-S-OFDM, SC signal is generated by use of DFT interpolation and possible repetition in the time domain, which may be performed together with frequency domain filtering to improve PAR performance and link performance.

Since PAR performance is the utmost goal, figure 2.12 and figure 2.13 apply to show the CCDF curves for DFT-S-GMC, assuming that M is set to16 and modulation scheme selected as QPSK.
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Figure 2.12 roll-off factor=0.2, Ts = 18 samples


[image: image21]
Figure 2.13 roll-off factor=0.3, Ts = 20 samples

From the above two figures, it can be drawn that the PAR of DFT-S-GMC approaches to that of conventional SC, which is usually desired in practice. Meanwhile, when the roll-off factor is increased, the PAPR performance could be improved at the price of decreased bandwidth efficiency.

2.3.2 DFT based Spread spectrum

From the theoretical point, DFT-S-GMC can be viewed as another form of DFT based spread spectrum system. Hence, DFT-S-GMC may promise a good performance when its spectrum equally spread over the entire transmission bandwidth. Figure 2.14 shows the typical spectrum distribution for DFT-S-GMC terminals.
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Figure 2.14 typical spectrum distribution of DFT-S-GMC

In fact, from the initial evaluation in figure 2.15, it is already found that in the ideal case the performance of DFT-S-GMC is quite close to the distributed DFT-S-OFDM for the SISO antenna setting, but much better than the localized one. Such a result strongly confirms that DFT-S-GMC behave rather well in achieving the performance gain of high frequency diversity.
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Figure 2.15 performance comparison between DFT-S-GMC and DFT-S-OFDM

2.3.3 Robust FDMA

One of the major motivation for proposing DFT-S-GMC as an alternative solution for SC-FDMA lies in the possibility that it might perform quite robustly against synchronization errors. Figure 2.16 exploits performance gap between different solutions assuming different carrier offsets between terminals, where DFT-S-OFDM-L, -D, -C represent the localized, the distributed and the clustered versions, respectively.


[image: image25.png]BER

R=173 Turbo,16QAM No HARQ,1x1 PB,3km/h

10
10
2
10
1o¢ [~ DFTS6MCwo FO U
—+— DFT-5-0FDM-D w0, FO,1U
—6— DFT-5-OFDM-Cw.0. FO,1U
—&— DFT-5-0FDMLw.0.FO,1U
10 | —— DFT-5-GMC FO=2KHz3U
—&— DFT-SOFDM-C FO=2kHz 3U
—#— DFT-5-0FDMD,FO=2KHz3U
4|l —F— DFT-SOFDM-LFO=2KHz 3U
10

L L L
2 14 16

2 4 6 [ o
Eb/No(dE)

18




Figure 2.16 performance with carrier offset, 1U/3U denote 1 or 3 users, FO denote frequency offset 

Based on Figure 2.16, some initial comments could be given assuming that MUI is caused by different carrier offsets: 1. DFT-S-OFDM-D is mostly sensitive to MUI, which results in an error floor in performance. 2. DFT-S-OFDM-L is almost not sensitive to MUI, and 3. DFT-S-GMC and DFT-S-OFDM-C behave in similar manner, i.e. being much less sensitive to MUI than DFT-S-OFDM-D. 

2.3.4 Time implementation

Similar to IFDMA, DFT-S-GMC is also implemented in the time domain without any FFT/IFFT transform at the terminal side. Figure 2.10 shows that specific implementation structure and equation (6) describes the numeric relation. Meanwhile, since multiplicity with constants can be replaced by look up tables, hence as a potential simplicity method, polyphase filtering may be accomplished by use of look up tables and limited additions, which in the end achieves the simplest solution for DFT-S-GMC transmission. 

3 Conclusion

Below we give a table describing the characteristics of DFT-S-GMC, in comparison with other LTE uplink MA schemes. Our current assumption for localized DFT-S-GMC is that it has a natural implementation when a few subbands are allocated to a single terminal continuously. How its specific PAR performance is still under investigation when the number of allocated subbands approaches higher. As to other points not discussed in this paper, we are planning to present them one by one in other fore coming documents.
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Key modules at terminal side





Key modules at Node B side
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TX side: Inverse filterbank transform





RX side: Filterbank transform
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Filterbank transform
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