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1. Introduction
SC-FDMA was chosen as the uplink multiple access scheme for the Rel-8 E-UTRA due to its low PAPR. Several possible options for the uplink of LTE-Advanced have been summarized in [1], specifically with the proposals for OFDMA, Nx-SCFDMA and clustered DFT-S-OFDMA. In [2], [3], [4], [5], [6], [7], [8], [9] and [10] comparisons between these different uplink multiple access schemes have been presented. In this document, we present additional comparison related to the possible implementation issues of Nx-SCFDMA and clustered DFT-S-OFDMA.
2. Complexity Comparison
A block diagram of the clustered DFT-S-OFDMA and Nx-SCFDMA is given in Figures 1 and 2 below. Here, we assume a single wideband power amplifier (PA) is utilized at the UE. 
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Figure 1: Block diagram of clustered DFT-S-OFDMA [4] 
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2 (a): Digital centric implementation 1 for Nx SC-FDMA
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 2(b): Analog centric implementation 1 for Nx SC-FDMA
Figure 2: Block diagram of Nx- SCFDMA receiver [4] 
For clustered DFT-S-OFDMA, a single implementation is shown in Figure 1 above. For Nx SCFDMA, on the other hand, there are two possible implementations (see Figure 2). The first one is digital-centric and the other is analog-centric.
(a) Nx SCFDMA implementation 1: As shown in Figure 2 (a) doing the full DFT, IFFT combination across the different component carriers in the digital domain.

(b) Nx SCFDMA implementation 2: As shown in Figure 2 (b) doing an individual IFFT of 20 MHz for the individual component carrier, doing the digital to analog conversion (DAC) for 20-MHz and then doing a combination of the different component carriers in the RF domain. 
We now consider comparison of the 3 implementation architectures – namely one architecture for clustered DFT-S-OFDMA and two architectures for Nx-SCFDMA – in terms of the following aspects:
(1) FFT complexity

(2) Filtering complexity to meet the spectral mask requirements

(3) Power amplifier bandwidth on the UE side

(4) Aggregation of RF bands
(5) DAC sampling rate
(6) Other analog issues

2.1. FFT complexity comparison 
For both the implementations for Nx SCFDMA, the DFT and IFFT size would be 20-MHz. This implies that the complexity of 5 carrier aggregation corresponding to 100-MHz would be proportional to 
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Equation (1)

For clustered DFT-S-OFDMA, on the other hand, the IFFT complexity is dependent upon RF band aggregation. We consider two scenarios in this case. 

Scenario 1: 
We consider two RF bands have been aggregated with non-adjacent carrier separation with the carriers being distributed over 80 MHz each and a third RF band carrying a single carrier.  The DFT+IFFT complexity in this case for clustered DFT-S-OFDMA, is proportional to:
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Equation (2)
Taking the ratio of equation 2 to equation 1 we get the complexity of the (DFT + IFFT) for clustered DFT-S-OFDMA is ~1.8 times that of the complexity of Nx-SCFDMA. 
Scenario 2:

We consider that the five 20-MHz carriers are contiguous to each other over a total bandwidth of 100-MHz. In this case, the DFT+IFFT complexity for clustered DFT-S-OFDMA is proportional to:
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Equation (3)
Comparing equations (2) and (3), we can see that in scenario 1 the (DFT+IFFT) complexity for clustered DFT-S-OFDMA is higher than scenario 2. 
2.2. Filtering to meet spectral mask requirements
We again consider the two scenarios from Section 2.1.

Scenario 1 from section 2.1 (non-contiguous carrier allocation):

For clustered DFT-S-OFDMA, the intra-RF band spectral mask requirement is satisfied automatically by the zero insertion in the IFFT. So the main requirement for spectral mask requirement that has to be met is outside the RF band. The complexity of such filter is proportional to the bandwidth of the signal which is 80 MHz for two RF bands multiplied by the length of the filter and an additional such filter is needed for the 20 MHz band. Hence the total complexity is thus proportional to (2*80*L + 20*L), where “L” is the filter length.
For implementation 1 of Nx SCFDMA, interpolation filters are needed to meet the spectral mask of both the intra RF-band and outside the RF band. Assuming this scenario of three RF bands for transmission wherein two RF bands are 80 MHz each and 1 RF band of 20 MHz, 4 interpolation filters are needed with complexity proportional to 80 MHz multiplied by length of filter and an additional filter for 20 MHz. The total complexity is thus proportional to (4*80*L + 20*L).
Scenario 2 from section 2.1 (contiguous carrier allocation of 100 MHz):

For the clustered DFT-S-OFDMA the complexity of the filter would be proportional to 100*L. Similarly the complexity of the filter for implementation 1 of the Nx SCFDMA will be proportional to 5*100*L.
For implementation 2 of Nx SCFDMA, 5 filters are needed for 20 MHz. Thus the total filtering complexity of for this implementation is proportional to (5*20*L). This holds for both scenarios.
2.3. Power amplifier bandwidth on the UE side
As mentioned in [11], a single wideband PA covering RF bands over a large bandwidth is possible. Our estimate for the bandwidth of such PA is ~200-MHz for both the clustered DFT-S-OFDMA and Nx SCFDMA. Looking at the different RF bands in [12], from a UE side implementation point of view, LTE-A should be able to aggregate multiple RF bands which are within this range and use a single PA over these RF bands.
2.4. Aggregation of RF bands
While the different 20-MHz UL component carriers can be obtained from different RF bands, the question is whether clustered DFT-S-OFDMA can be done across multiple RF bands. Even though this may be plausible from UE side implementation (with some increased IFFT complexity), the main problem we see in this is the eNB side implementation. In between two different RF bands, unwanted signals may be present due to adjacent channel interference (ACI). Hence,     a very high dynamic range for the front end is needed to receive such a signal with single RF chain. 
The other option for the eNB is to have multiple RF chains with each RF chain receiving a single RF band. However this may result in the distortion of the clustered DFT-S-OFDMA signal because the received signal characteristics of the different RF chains at the eNB may not be identical. 
Hence, we can conclude that a single clustered DFT-S-OFDMA signal may not be spread over multiple RF bands. If 5, 20 MHz component carriers are not available in a single RF band then the only possibility is to do an Mx clustered DFT-S-OFDMA, similar to the top side option on slide 9 in [9].
For Nx SCFDMA, a single the SCFDMA is done over a single 20-MHz component carrier in any case. Hence, this is not an issue.
2.5. DAC sampling rate
We again the two scenarios from Section 2.1.
Scenario 1 from section 2.1 (non-contiguous carrier allocation):

In this case, for the clustered DFT-S-OFDMA, implementation 1 of Nx SCFMDA will need 4 DAC’s for 80 MHz (2 for each I, Q) and 2 DAC’s for 20 MHz. On the other hand implementation 2 of Nx SCFDMA the UE will need 10 DAC’s of 20 MHz bandwidth. While the DAC sampling rate for the clustered DFT-S-OFDMA and implementation 1 of Nx-SCFDMA is higher, we expect that the overall complexity and power consumption of the DAC’s for all three implementations should be similar.

Scenario 2 from section 2.1 (contiguous carrier allocation):

In this case, for the clustered DFT-S-OFDMA, implementation 1 of Nx SCFDMA will need 2 DAC’s for 100 MHz (2 for each I, Q). For implementation 2 of Nx SCFDMA the UE will need 10 DAC’s of 20 MHz bandwidth. 
2.6. Other analog issues

The front end RF for the clustered DFT-S-OFDMA and implementation 1 of the Nx SCFDMA will be identical except the peak to average (PAR) ratio for clustered DFT-S-OFDMA could be ~1 dB lower than Nx SCFDMA ([1]-[10]).    
For implementation 2 of Nx SC-FDMA, on the other hand, 5 different RF chains (before the power amplifier) are needed. This would imply 5 different mixer chains, one for each of the carrier frequency will be needed as shown in figure 2(b). Because of the presence of 5 different carrier frequencies, this could lead to the possibility of unwanted injection locking. In addition, harmonics and sub-harmonics due to mixing of multiple carrier frequencies could be present, which is problematic from the UE side.

2.7. Summary
A summary of the different implementation issues for the clustered DFT-S-OFDMA and the two implementations of Nx SCFDMA is given in table 1 below:
Table 1: Comparison of various implementation issues of clustered DFT-S-OFDMA, Nx SC-FDMA implementations 1 and 2.
	
	Clustered DFT-S-OFDMA
	Implementation 1 of Nx SCFDMA
	Implementation 2 of Nx SCFDMA

	
	Scenario 1
	Scenario 2
	Scenario 1
	Scenario 2
	Scenario 1
	Scenario 2

	FFT complexity (section 2.1)
	~1.8X
	~1.1X
	X
	X
	X
	X

	Filter complexity meeting spectral mask requirement
	~1.8Y
	Y
	~3.4Y
	~5Y
	Y
	Y

	Power amplifier bandwidth on UE side
	~200 MHz
	~200 MHz
	~200 MHz
	~200 MHz
	~200 MHz
	~200 MHz

	DAC sampling rate (section 2.5)
	4 DAC’s at 80 MHz, 2 DAC’s at 20 MHz
	2 DAC’s at 100 MHz
	4 DAC’s at 80 MHz, 2 DAC’s at 20 MHz
	2 DAC’s at 100 MHz
	5 DAC’s at 20 MHz
	5 DAC’s at 20 MHz

	Other analog issues
	A single mixer for a given RF band is enough
	A single mixer for a given RF band is enough
	Multiple mixers per RF band are needed, may lead to injection locking

	Peak to average power ratio [1]
	~1 dB better than Nx SC-FDMA
	
	


3. Summary
In this document, we have compared some of the implementation issues for clustered DFT-S-OFDMA and two implementations for Nx SCFDMA (digital-centric implementation and analog-centric implementation). The comparison has been done for 2 scenarios for the 100-MHz aggregation, namely non-contiguous allocation of carriers which results in worst case complexity for clustered DFT-S-OFDMA and for contiguous allocation. The comparison has been done in terms of the expected digital, analog complexity.
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