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1
Introduction
In [1], we observed that there is an inherent tradeoff between PAR reduction and bandwidth efficiency for LFDM and IFDM waveforms. In [2], the use of a circular 16-QAM constellation was suggested.

In this document, we evaluate the tradeoff between PAR reduction and bandwidth efficiency loss for LFDM waveform with circular 16-QAM constellation.
2
Simulation Setup
2.1
Transmit Chain
The SC-FDM transmit chain is shown in Figure 1.
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Figure 1

SC-FDM

A Q-point DFT is performed on the modulation symbols, followed by frequency domain spectrum shaping using a root raised cosine (RRC) window. 

To account for bandwidth expansion corresponding to a non-zero excess bandwidth (roll-off), a periodic repetition of the DFT O/P is done by appending the appropriate number of prefix/suffix samples, prior to element-wise multiplication with the RRC window. The roll-off is varied from 0.00 to 0.25 in these simulations.

The sub-carrier mapping is either contiguous (LFDM) or uniformly distributed (IFDM). 

The simulation results are compared against a reference OFDM waveform, wherein the DFT block is disabled.
2.2
DFT Parameters
To be consistent with the 5 MHz evaluation numerology outlined in [1], the following parameters are assumed:

· Nifft = 512

· Nguard = 212

· Ndft = {32, 128}

With the slot structure outlined in TR 25.814, Ndft = 32 translates to a residual data rate of 64 kbps with QPSK rate 1/3 with 0.5ms TTI and 4 transmissions. 

Figure 2 shows a circular 16-QAM constellation. The ratio a2/a1 is varied between 1.5 and 3.0 in these simulations.
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Figure 2

Circular 16-QAM 
3
Simulations
Figures 1-4 show the CCDF of LFDM PAR with different modulation orders and roll-off factors. 

The 32-point DFT represents a nominal data rate supported at cell edges, while the 128-point DFT represents a nominal data rate supported in cell interior or an improved cell edge performance (frequency re-use) at the cost of overall system capacity.

In the text below, the phrase “PAR Gain” is defined as the difference in 99.9% CCDF between no spectrum shaping and using a frequency domain spectrum shaping with a certain rolloff.
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Figure 3

LFDM – Ndft = 32 – Rolloff = 0.0
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Figure 4

LFDM – Ndft = 32 – Rolloff = 0.125
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Figure 5

LFDM – Ndft = 32 – Rolloff = 0.1875
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Figure 6

LFDM – Ndft = 32 – Rolloff = 0.25
	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.2
	9.2

	LFDM
	0.0000
	0.00
	5.9
	6.7

	LFDM
	0.1250
	0.51
	5.4
	6.1

	LFDM
	0.1875
	0.75
	5.1
	5.6

	LFDM
	0.2500
	0.97
	4.7
	5.2


Table 1

LFDM – Ndft = 32 – Ratio = 1.5
	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.2
	9.1

	LFDM
	0.0000
	0.00
	6.2
	7.0

	LFDM
	0.1250
	0.51
	5.7
	6.4

	LFDM
	0.1875
	0.75
	5.4
	5.9

	LFDM
	0.2500
	0.97
	5.0
	5.4


Table 2

LFDM – Ndft = 32 – Ratio = 2.0

	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.3
	9.6

	LFDM
	0.0000
	0.00
	6.2
	7.1

	LFDM
	0.1250
	0.51
	5.7
	6.6

	LFDM
	0.1875
	0.75
	5.4
	6.1

	LFDM
	0.2500
	0.97
	5.0
	5.6


Table 3

LFDM – Ndft = 32 – Ratio = 2.5

	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.2
	9.2

	LFDM
	0.0000
	0.00
	6.2
	6.9

	LFDM
	0.1250
	0.51
	5.8
	6.4

	LFDM
	0.1875
	0.75
	5.4
	6.0

	LFDM
	0.2500
	0.97
	5.1
	5.6


Table 4

LFDM – Ndft = 32 – Ratio = 3.0
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Figure 7

LFDM – Ndft = 128 – Rolloff = 0.0
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Figure 8

LFDM – Ndft = 128 – Rolloff = 0.078
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Figure 9

LFDM – Ndft = 128 – Rolloff = 0.14
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Figure 10

LFDM – Ndft = 128 – Rolloff = 0.23

	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.4
	9.6

	LFDM
	0.0000
	0.00
	5.9
	6.7

	LFDM
	0.0781
	0.33
	5.5
	6.3

	LFDM
	0.1406
	0.57
	5.2
	5.8

	LFDM
	0.2344
	0.91
	4.6
	5.1


Table 5

LFDM – Ndft = 128 – Ratio = 1.5
	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.4
	9.5

	LFDM
	0.0000
	0.00
	6.1
	6.9

	LFDM
	0.0781
	0.33
	5.7
	6.5

	LFDM
	0.1406
	0.57
	5.4
	6.0

	LFDM
	0.2344
	0.91
	4.8
	5.3


Table 6

LFDM – Ndft = 128 – Ratio = 2.0
	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.4
	9.9

	LFDM
	0.0000
	0.00
	6.2
	7.0

	LFDM
	0.0781
	0.33
	5.8
	6.5

	LFDM
	0.1406
	0.57
	5.4
	6.1

	LFDM
	0.2344
	0.91
	4.9
	5.4


Table 7

LFDM – Ndft = 128 – Ratio = 2.5
	Scenario
	Rolloff
	Efficiency

Loss

(dB)
	CCDF PAR (dB)

	
	
	
	99.9%
	99.99%

	OFDM
	0.0000
	0.00
	8.4
	9.6

	LFDM
	0.0000
	0.00
	6.3
	7.1

	LFDM
	0.0781
	0.33
	5.9
	6.6

	LFDM
	0.1406
	0.57
	5.5
	6.2

	LFDM
	0.2344
	0.91
	5.0
	5.5


Table 8

LFDM – Ndft = 128 – Ratio = 3.0
4
Observations
Analyzing the results, we observe the following:
· Circular 16-QAM reduces the PAR over nominal 16-QAM

· The reduction depends upon the rolloff used

· The difference at 99.9% CCDF ranges from 0.3 dB to 1.0 dB depending on the energy ratio and Ndft

· The PAR difference between circular 16-QAM and nominal 16-QAM diminishes as the energy ratio increases from 1.5 to 3.0

Certain points in the circular 16-QAM constellation are more susceptible to channel estimation errors than nominal 16-QAM, depending on the energy ratio. The link performance with realistic channel estimation needs to be carefully evaluated prior to making a conclusion on the constellation choice.
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