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Introduction
We present an alternative FFT numerology for the OFDMA downlink transmission.  In the current numerology, the sampling rates are oversampled by 1.7x.  While transceiver implementations commonly use oversampling to ease analog filter design, the amount of oversampling used is implementation specific and vendor specific. We believe oversampling should be treated as an implementation option rather than built in to the standard specification.  Hence, we propose an alternative numerology that reduces the sampling rate to 1.14x, thereby providing maximum flexibility to vendors to trade-off time domain processing with frequency domain processing.  The reduced sampling rate has the potential to result in power efficient implementations at the UE, thereby increasing its battery life, which is one of the stated requirements in [3].  Moreover, the proposed numerology increases the intercarrier spacing from 15 kHz to 20 kHz. This increases robustness against Doppler spread, phase noise, and fractional frequency offset impairments. The loss in OFDM symbol spectral efficiency due to increased intercarrier spacing is negligible – only reducing from 93% to 90% for the short cyclic prefix case.
Current Numerology
The current parameters for the OFDM transmission [1] are shown in Table 1.
Table 1: Current Numerology

	Transmission BW
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz 
	20 MHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Sampling frequency 
	1.92 MHz
(1/2 ( 3.84 MHz)
	3.84 MHz
	7.68 MHz
(2 ( 3.84 MHz)
	15.36 MHz
(4 ( 3.84 MHz)
	23.04 MHz
(6 ( 3.84 MHz)
	30.72 MHz
(8 ( 3.84 MHz)

	FFT size
	128
	256
	512
	1024
	1536
	2048

	Number of occupied 
sub-carriers
	76
	151
	301
	601
	901
	1201

	Occupied RF BW
	1.140 MHz
	2.265 MHz
	4.515 MHz
	9.015 MHz
	13.515 MHz
	18.015 MHz

	Oversampling ratio
	1.684 x
	1.695 x
	1.70 x
	1.70 x
	1.70 x
	1.71 x

	FFT Power Efficiency
	59.4 %
	59 %
	58.8 %
	58.7 %
	58.7 %
	58.6 %

	Number of 
OFDM symbols 
per sub frame
(Short/Long CP)
	7/6

	CP length (μs/samples)
	Short
	(4.69/9) ( 6,

(5.21/10) ( 1
	(4.69/18) ( 6,
(5.21/20) ( 1 
	(4.69/36) ( 6,

(5.21/40) ( 1 
	(4.69/72) ( 6,

(5.21/80) ( 1 
	(4.69/108) ( 6,

(5.21/120) ( 1 
	(4.69/144) ( 6,

(5.21/160) (1 

	
	Spectral efficiency
	93.33 %
	93.33 %
	93.33 %
	93.33 %
	93.33 %
	93.33 %

	
	Long
	(16.67/32)
	(16.67/64)
	(16.67/128)
	(16.67/256)
	(16.67/384)
	(16.67/512)

	
	Spectral efficiency
	80 %
	80 %
	80 %
	80 %
	80 %
	80 %


Proposed Numerology
There are several considerations in the selection of the FFT parameters. These include:

· Backwards compatibility with 3.84 MHz sampling rate

· Spectral efficiency of the OFDM symbol = symbol length / (symbol length + CP)
· Oversampling ratio = FFT Power efficiency = occupied tones / FFT size

· Robustness against Doppler spread, phase noise, fractional frequency offset, and integer frequency offset impairments.
· Spectral mask constraints, i.e. occupied RF bandwidth and spectral roll-off
In the current numerology, the sampling rates are oversampled by 1.7x (see Table 1), where the oversampling ratio is defined as the ratio of the sampling rate to the occupied RF bandwidth.  This high oversampling rate results from the constraint that the sampling rate was made to be an integer multiple of 3.84 MHz, i.e. 2x, 4x, 6x, and 8x etc.  While this may be a simple rule for generating the various clock rates, the mandated oversampling rate of 1.7x favors certain implementation options, such as choosing frequency domain filtering over time domain filtering in a UE receiver.  Hence, any technique that does not exploit frequency domain filtering will be inefficient since 41.3% of the FFT processing power will be wasted (see Table 1).
To allow flexibility in the design of transceiver architectures, we have chosen to relax the constraints on the sampling rate by permitting it to be a rational multiple of 3.84 MHz. However, we kept the RF bandwidth unchanged to help meet the spectral mask requirements. Our intent was to bring the sampling rates closer to the occupied RF bandwidth, thereby reducing the oversampling ratio.  Our proposed sampling rates are shown in Table 2, whereby we have reduced the oversampling ratio from 1.7x to 1.14x.  This provides greater flexibility to trade-off time domain filtering with frequency domain filtering. And for those architecture that do not intend to use frequency domain filtering, it increases the power efficiency of the FFT implementation from 59% to 88%.
Typically, the 3.84 MHz clock would be derived from a 19.2 MHz crystal using a divide-by-5 operation. To generate our proposed sampling rates, the 3.84 MHz clock is further divided by a factor of 3, followed by an integer multiplier (i.e. 2x, 4x, 8x, 12x, and 16x). The extra complexity from the divide-by-3 operation is minimal.

The choice of the intercarrier spacing is constrained by three factors:

(a)
FFT size – it has to be an integer power of 2, i.e N_fft = 2m, where m is an integer.

(b)
Doppler spread – intercarrier spacing should be large enough such that Doppler spread, phase noise, and residual fractional frequency offset do not degrade performance.

(c) 
Spectral efficiency – for the same CP length, spectral efficiency degrades with increasing intercarrier spacing

A conservative rule of thumb is that the Doppler spread should be around 1% of the intercarrier spacing.  Moreover, the effect of phase noise is additive to Doppler spread in the frequency domain.   E-UTRA requirement is to support operation at 120km/hr [3]. At 2.1 GHz, this corresponds to a Doppler spread of 230 Hz. This implies that the intercarrier spacing should not be less than 20kHz.  Hence, in 20 MHz, our proposed sampling rate of 20.48 MHz is conveniently populated by a 1024 point FFT with 20kHz of intercarrier spacing. 
We should point out that by increasing the intercarrier spacing by 33% (from 15kHz to 20kHz), the separation between pilot tones will also increase by 33%.  This may require more taps in the channel estimation interpolation filter. And with the coherence BW on the order of several hundreds of kHz, the increase in carrier spacing will not impact the ability to perform frequency domain interpolation.
In the current numerology, the long cyclic prefix (CP) is 16.67s.  In [2], the longest delay spread is 20s, which corresponds to a mountainous terrain channel.  Hence, we decided to extend the length of the long CP to 21.43s.  Moreover, we introduced a medium length CP of 12.5s to offer flexibility in maximizing spectral efficiency under various terrain conditions.
It should be pointed out that the spectral efficiency with the long CP is only 70%. The spectral efficiency can be improved by increasing the useful length of the OFDM symbol, implying that we reduce the intercarrier spacing. However, a reduced intercarrier spacing would be more susceptible to Doppler spread impairments. Hence, supporting high mobility in a high delay spread channel results in conflicting design constraints.

Table 2: Proposed Numerology

	Transmission BW
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz 
	20 MHz

	Sub-frame duration 
	0.5 ms (500 s)

	Sub-carrier spacing
	20 kHz

	Sampling frequency 
	1.28 MHz
(1/3 ( 3.84 MHz)
	2.56 MHz
(2/3 ( 3.84 MHz)
	5.12 MHz
(4/3 ( 3.84 MHz)
	10.24 MHz
(8/3 ( 3.84 MHz)
	15.36 MHz
(4 ( 3.84 MHz)
	20.48 MHz
(16/3 ( 3.84 MHz)

	FFT size
	64
	128
	256
	512
	768
	1024

	Number of occupied 
sub-carriers
	56
	112
	224
	448
	672
	896

	Occupied RF BW
	1.12 MHz
	2.24 MHz
	4.50 MHz
	9.00 MHz
	13.50 MHz
	18.00 MHz

	Oversampling ratio
	1.143 X
	1.143 X
	1.143 X
	1.143 X
	1.143 X
	1.143 X

	FFT Power efficiency
	87.5 %
	87.5 %
	87.5 %
	87.5 %
	87.5 %
	87.5 %

	Number of 
OFDM symbols 
per sub frame
(Short/Medium/Long CP)
	9/8/7

	CP length
(s/samples)
	Short
	(5.47/7)x8

(6.25/8)x1
	(5.47/14)x8

(6.25/16)x1
	(5.47/28)x8

(6.25/32)x1
	(5.47/56)x8

(6.25/64)x1
	(5.47/84)x8

(6.25/96)x1
	(5.47/112)x8

(6.25/128)x1

	
	Medium
	(12.5/16)x8
	(12.5/16)x8
	(12.5/16)x8
	(12.5/16)x8
	(12.5/16)x8
	(12.5/16)x8

	
	Long
	(21.1/27)x6
(23.44/30)x1
	(21.1/54)x6

(23.44/60)x1
	(21.1/108)x6

(23.44/120)x1
	(21.1/216)x6

(23.44/240)x1
	(21.1/324)x6

(23.44/360)x1
	(21.1/432)x6

(23.44/480)x1


Table 3: Other parameters derived from Table 2

	Transmission BW
	1.25 MHz
	2.5 MHz
	5 MHz
	10 MHz
	15 MHz
	20 MHz

	OFDM symbol time (1/sampling F)
	50 s

	Sample Time = 1/Sampling clock
	781.25 ns
	390.63 ns
	195.31 ns
	97.66 ns
	65.10 ns
	48.83 ns

	Number of Guard subcarriers = FFT size – number of occupied carriers
	8
	16
	32
	64
	96
	128

	Tolerance to Integer Freq Offset
	±80 kHz
	±160 kHz
	±320 kHz
	±640 kHz
	±960 kHz
	± 1280 kHz

	Crystal offset tolerance at 2GHz
	± 40 ppm
	± 80 ppm
	± 160 ppm
	± 320 ppm
	± 480 ppm
	± 640 ppm

	OFDM symbol Spectral Efficiency
	Short CP
	90 %
	90 %
	90 %
	90 %
	90 %
	90 %

	
	Medium CP
	80 %
	80 %
	80 %
	80 %
	80 %
	80 %

	
	Long CP
	70 %
	70 %
	70 %
	70 %
	70 %
	70 %


Conclusion
The proposed numerology (in Table 2) changes the following parameters:

· Sampling frequency (reduced to 1.14x across all transmission bandwidths)

· Intercarrier spacing (increased from 15 kHz to 20 kHz)

· FFT size (reduced by 2x across all transmission bandwidths)

· Number of OFDM symbols per sub-frame (increased)
· Cyclic prefix length (single length for all symbols in the 12.5s case).

The following parameters remain unchanged:

· Sub-frame duration (0.5ms)

· Occupied RF bandwidth (across all transmission bandwidths)

The benefits of the proposed numerology (in Table 2) are summarized as follows:
· Oversampling ratio reduced from 1.7x to 1.14x.  Provides implementation flexibility and increases FFT power efficiency from 59% to 88%.  This would result in power savings at the UE.
· Robustness against Doppler spread, phase noise, and frequency offset increased by 33% with insignificant degradation in spectral efficiency.
· Extended the long mode of the cyclic prefix from 16.67 s to 21.43 s. This would help with deployments in larger macro cells or cells with long delay spreads (such as mountainous terrain).
· Introduced a medium length cyclic prefix (12.5s), thus offering more flexibility in maximizing spectral efficiency under various terrain conditions.

· Reduced the computational burden of the FFT implementation by 70%.
· Reduced the memory footprint of the FFT implementation by 2x.
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