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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
We consider three scenarios for complexity comparison.

Scenario 1: 
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We consider two 80MHz RF bands have been aggregated, each with two component carriers being distributed over 80 MHz in a non-adjacent manner. In addition, a third RF band carrying a single component carrier is used.  A pictorial diagram for carrier allocation for this scenario is shown in Figure 1.
Figure 1: Scenario 1 for complexity comparison (non-contiguous allocation)
A block diagram of the clustered DFT-S-OFDMA and Nx-SCFDMA is given in Figure 2 REF _Ref210446351 \h 
 and Figure 3 REF _Ref210446361 \h 
 below. For the different RF bands a different power amplifier is assumed. 
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Figure 2: Block diagram of clustered DFT-S-OFDMA [4] 
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3(a): Digital centric implementation 1 for Nx SC-FDMA

 3(b): Analog centric implementation 1 for Nx SC-FDMA

Figure 3: 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 3(a) DFT, IFFT is done individually over 20 MHz (if the component carriers are separated integer multiple of IFFT carriers then a single IFFT can also be used) and the output is combined across the different component carriers in the digital domain.
(b) Nx SCFDMA implementation 2: As shown in Figure 3(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.
Scenario 2:

We consider that the five 20-MHz carriers are contiguous to each other over a total bandwidth of 100-MHz in a single RF band. A pictorial diagram for this scenario is shown in 
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Figure 4: Scenario 2 for complexity comparison (contiguous allocation)
A block diagram of the clustered DFT-S-OFDMA and Nx-SCFDMA is given in  REF _Ref210446351 \h 
 and  REF _Ref210446361 \h 
 below. Here, we assume a single wideband power amplifier (PA) is utilized at the UE. Such an implementation is feasible if the RF bands over which the multiple component carriers are transmitting are close to each other. 
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Figure 5: Block diagram of clustered DFT-S-OFDMA [4] 
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6(a): Digital centric implementation 1 for Nx SC-FDMA
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 6(b): Analog centric implementation 1 for Nx SC-FDMA

Figure 6: Block diagram of Nx- SCFDMA receiver [4] 

Scenario 3:
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Figure 7: Scenario 3 for complexity comparison (completely non-contiguous allocation)
In the third scenario all the 5 component carriers are in completely different RF bands. In this case, however both the clustered DFT-OFDMA and SC-FDMA would have to be implemented as separate digital and RF chains. Hence the complexity of implementing the clustered DFT-SOFDMA and the implementation 1, 2 of SC-FDMA is expected to be similar to each other in all respects. Hence this scenario has not been considered in this contribution hence forth.
We now consider comparison of the 3 implementation architectures –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 
2.1.1. N x SC – FDMA 
Let 
[image: image1.wmf])

(

log

)

(

2

N

N

N

C

µ

 denote the complexity of a single DFT or IFFT of length N. For both the implementation 1, 2 for Nx SCFDMA, the DFT and IFFT size for the component carriers would be 20-MHz. This implies that the complexity of the 5 carrier aggregation corresponding to 100-MHz would be proportional to 
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Equation (1)

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

Scenario 1: Non-contiguous carrier allocation (Figure 1):
The DFT+IFFT complexity in this case for clustered DFT-S-OFDMA, is proportional to:
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Equation (2)
Scenario 2 Contiguous carrier allocation of 100 MHz (Figure 4):
In this case, the DFT+IFFT complexity for clustered DFT-S-OFDMA is proportional to:
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Equation (3)
2.2. Filtering to meet spectral mask requirements
We again consider the two scenarios from Section 2.1.

Scenario 1 Non-contiguous carrier allocation (Figure 1):

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 Contiguous carrier allocation of 100 MHz (Figure 4):

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.
Remark: filtering is done to meet the spectral mask requirements, but it could also include possible time – domain windowing. We also note that it may be possible to implement the filtering immediately before the IFFT. However, this may cause problems (jumps) in spectral emissions because CP is added after the IFFT, which could introduce spectrum irregularities. This is the reason why we proceed with the assumption that the filtering is performed after the IFFT.   
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. This issue comes up in the case of scenario 1, Non-contiguous allocation within RF band (Figure 1) and completely non-contiguous allocation across RF bands (Figure 7). 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 five 20 MHz component carriers are not available in a single RF band then the only possibility is to do an Mx (multi-carrier) clustered DFT-S-OFDMA, similar to the top side option on slide 9 in [9], also shown in Figure 2.
For Nx SCFDMA, a single 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 refer to the two scenarios from Section 2.1.
Scenario 1 Non-contiguous carrier allocation (Figure 1):

In this case, for the clustered DFT-S-OFDMA, implementation 1 of Nx SCFDMA will need 4 DAC’s for 80 MHz (2x2 = 4, a factor of 2 for I and 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 may be similar.

Scenario 2 Contiguous carrier allocation (Figure 4):

In this case, for the clustered DFT-S-OFDMA, implementation 1 of Nx SCFDMA will need 2 DAC’s for 100 MHz (a factor of 2 for 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 (according to some reports even only 0.6dB) than Nx SCFDMA ([1]-[10]).    
For implementation 2 of Nx SCFDMA, 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 component carriers will be needed as shown in Figure 3(b), Figure 6(b). When the different component carriers are in the same RF band, the different carrier frequencies would be close to each other. This could lead to the possibility of unwanted injection locking. Further, in this case, harmonics and sub-harmonics due to mixing of multiple center frequencies associated with the component carriers could be present. This 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 are 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)
	~1.6X
	~1.2X
	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
	10 DAC’s at 20 MHz
	10 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 when component carriers are close to each other

	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 under 2 scenarios for the 100-MHz aggregation, namely non-contiguous component carrier aggregation which results in worst case complexity for clustered DFT-S-OFDMA, and contiguous allocation. The comparison has been done in terms of the expected digital and analog complexity.
Given the complexity analysis and the observation that multi-clustered DFT-S-OFDMA has to be supported for scenarios where multiple RF bands exist, we prefer Nx SCFDMA as the UL multiple access scheme for LTE-A. 
References
[1] 3GPP, R1-082609, Nokia, “Uplink multiple access for LTE-Advanced”

[2] 3GPP, R1-082833, ZTE, “Considerations for uplink multiple access for LTE-A”

[3] 3GPP, R1-082787, Sharp, Uplink multiple access scheme for LTE-Advanced
[4] 3GPP, R1-082945, LGE, “Uplink multiple access schemes for LTE-A”
[5] 3GPP, R1-082996, Panasonic, “Preliminary evaluation on non-contiguous resource allocation and transmission of LTE-Advanced uplink”
[6] 3GPP, R1-083116, Fujitsu, “PAPR of UL access schemes”
[7] 3GPP, R1-082807, Interdigital communications, LLC, “CM analysis of UL transmission for LTE-A”.
[8] 3GPP, R1-083011, NEC, “Uplink access scheme for LTE-Advanced in BW <= 20 MHz”
[9] 3GPP, R1-083012, NEC, “Uplink access scheme for LTE-Advanced in BW > 20 MHz”
[10] 3GPP, R1-082776, Mitsubishi Electric, “Uplink multiple access for LTE-Advanced”
[11] 3GPP, R1-083225, Motorola, “LTE-A spectrum aggregation scenarios and impact on UE architecture”
RF band 5





20 MHz





Component carrier 1





RF band 1





20 MHz





Component carrier 4





RF band 4





20 MHz





Component carrier 3





RF band 3





20 MHz





Component carrier 2





RF band 2





20 MHz





5





4





3





2





20 MHz





20 MHz





20 MHz





20 MHz





Component carrier 1





Single


RF band





100 MHz





20 MHz





Component carrier 5





Component carrier 4





Component carrier 3





Component carrier 2





Component carrier 1





RF band 2





RF band 3





RF band 1





20 MHz





80 MHz





20 MHz





20 MHz





80 MHz





Component carrier 2





20 MHz
































































































































































































































































































































































































































































































































Sub-


Carrier


mapping





Component carrier 5





 





 





Modulator








  





 





 





 





 





 





 





CP





Insertion





DFT





Sub-


Carrier


mapping





IFFT





Filter





     





DAC





Mixer


(complex)





Power


amplifier





Antenna





























Modulator





Modulator





Modulator





Modulator





Modulator





DFT





DFT





DFT





DFT





DFT





Sub-


Carrier


mapping





Sub-


Carrier


mapping





Sub-


Carrier


mapping





Sub-


Carrier


mapping








IFFT,


Interpolation





0





0





0





0





0





0





0





0





0








IFFT,


Interpolation





IFFT,


Interpolation





IFFT,


Interpolation





IFFT,


Interpolation





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





     





DAC





Mixer


(complex)





Power


amplifier





Antenna





CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.


























Modulator





Modulator





Modulator





Modulator





Modulator





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





� EMBED Equation.3  ���





DAC





     





Power


amplifier





Antenna





DFT





DFT





DFT





DFT





DFT





Sub-


Carrier


mapping





Sub-


Carrier


mapping





Sub-


Carrier


mapping





Sub-


Carrier


mapping





Sub-


Carrier


mapping





IFFT








0





0





0





0





0





0





0





0





0





0





IFFT








IFFT








IFFT








DAC





DAC





DAC





DAC





IFFT








CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.





CP Ins,


filter.








 





 





Modulator








  





 





 





 





 





 





 





CP





Insertion





DFT





Sub-


Carrier


mapping





IFFT





Filter





     





DAC





Mixer


(complex)





Power


amplifier





Antenna














CP Ins,


filter.





CP Ins,


filter.











Sub-


Carrier


mapping





Antenna





Power


amplifier





Modulator





Modulator





Sub-


Carrier


mapping





Mixer


(complex)





DAC





DFT





DFT





DFT





     





0





Sub-


Carrier


mapping





Sub-


Carrier


mapping








� EMBED Equation.3  ���





� EMBED Equation.3  ���





CP Ins,


filter.





IFFT,


Interpolation





Antenna





0





0





0





0





DFT





Modulator





IFFT,


Interpolation





IFFT,


Interpolation





IFFT,


Interpolation





Modulator





0








� EMBED Equation.3  ���





� EMBED Equation.3  ���








     





DAC





Mixer


(complex)





Power


amplifier





Antenna





0





CP Ins,


filter.





CP Ins,


filter.





0














     














DFT





� EMBED Equation.3  ���








Modulator





Modulator





Antenna





Modulator





Sub-


Carrier


mapping





� EMBED Equation.3  ���





� EMBED Equation.3  ���





Power


amplifier








     





Power


amplifier





Antenna








CP Ins,


filter.





DFT





DFT





     





CP Ins,


filter.





DFT





Sub-


Carrier


mapping





Sub-


Carrier


mapping





� EMBED Equation.3  ���





IFFT








DAC





DAC





IFFT








0





0





0





0





0





� EMBED Equation.3  ���





Modulator





0





IFFT








Modulator





0





DAC





DAC








IFFT








0





CP Ins,


filter.





CP Ins,


filter.





Sub-


Carrier


mapping














Antenna





Power


amplifier





Mixer


(complex)





DAC





     





Filter





IFFT





Sub-


Carrier


mapping





DFT





Insertion





CP





 





 





 





 





 





 





  








Modulator





 





 








Antenna





Power


amplifier





Mixer


(complex)





DAC





     





Filter





IFFT





Sub-


Carrier


mapping





DFT





Insertion





CP





 





 





 





 





 





 





  








Modulator





 





 





RF band 1





RF band 2





RF band 3








CP Ins,


filter.





Antenna





Power


amplifier





Mixer


(complex)





DAC





     





DAC





� EMBED Equation.3  ���








IFFT








IFFT,


Interpolation











0





0





0





Sub-


Carrier


mapping





0





DFT








Modulator





Sub-


Carrier


mapping








DFT





Power


amplifier








- 9/9 -

[image: image16.wmf]t

f

j

e

3

2

p

[image: image17.wmf]t

f

j

e

1

2

p

[image: image18.wmf]t

f

j

e

2

2

p

[image: image19.wmf]t

f

j

e

5

2

p

[image: image20.wmf]t

f

j

e

1

2

p

[image: image21.wmf]t

f

j

e

2

2

p

[image: image22.wmf]t

f

j

e

4

2

p

[image: image23.wmf]t

f

j

e

3

2

p

[image: image24.wmf]t

f

j

e

5

2

p

_1284185073.unknown

_1284188834.unknown

_1287234720.unknown

_1287235697.unknown

_1284189265.unknown

_1284189283.unknown

_1284189272.unknown

_1284188876.unknown

_1284188885.unknown

_1284185151.unknown

_1284188824.unknown

_1283348216.unknown

_1283348266.unknown

_1283348328.unknown

_1283348232.unknown

_1283344424.unknown

