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1. Introduction
At the RAN1#40-bis (Beijing) and RAN1#41-bis (Athens) meetings, most companies proposed OFDM-based radio access in the downlink (e.g., [1]-[5]), and many proposed specific downlink OFDM parameter numerologies. In order to proceed with investigations into downlink design (including pilot designs, control channels, MIMO schemes, etc.) it is very important to converge to a single, baseline OFDM parameter numerology for the study item. Without a baseline numerology it will be difficult to fairly compare different proposed techniques within the aggressive LTE development schedule.

This contribution presents the results of investigations into hundreds of candidate downlink OFDM parameter numerologies. The over-arching requirements for a ‘good’ parameter set are provided, and several parameter sets are discussed. One parameter set (15kHz subcarrier spacing, 0.5ms subframe duration) is proposed as the baseline numerology for the OFDM-based downlink radio access for Evolved UTRA. 

In addition, pilot formats are investigated for the downlink numerology candidates. As in the case of the downlink numerology, a baseline pilot format should be selected in order to accelerate progress on the next stages of LTE development. In Section 3, “scattered pilot” and TDM-oriented pilot formats are investigated. Based on the criteria of simplicity, good performance, and ease of supporting both single and multiple transmit antenna configurations, a low-overhead (7% for 4 antennas) TDM-oriented pilot format is proposed as the baseline for EUTRA downlink pilots.
2. Requirements for OFDM Parameter Set

Requirements for an OFDM parameter set have appeared in several contributions (e.g., [4]). The requirements are selected to enable a low-complexity, high-performance OFDM downlink. In addition to desiring simplicity in order to reduce implementation complexity, elegance of design will aid the design of efficient protocols in RAN1 and RAN2. 
· Scalable multiple transmission bandwidth

· Constant useful symbol duration across all BW modes of a given subframe type
· Low latency
· Available short frame for lowest latency services
· Reuse of 10ms radio frame yields 10/N ms subframe, with one value of {0.5, 0.625, 0.667} ms selected
· The support for multiple frame lengths, being multiples of a basic minimum subframe length, is beneficial

· Cyclic Prefix Duration (Guard Interval)

· ~5 us for unicast, 10-15us for broadcast 

· CP should also be integer number of samples (preferred, but not essential)

· Subframe integer number of OFDM symbols

· Broadcast subframes have e.g., 1- 2 fewer symbols than unicast

· Prefer broadcast and unicast subframe to have same duration for easy multiplexing and less complex hardware

· Occupied Bandwidth 

· Target ~90% (~18 MHz for 20 MHz channel BW, 4.5MHz for 5MHz channel)
· BW can be divided by 200kHz or 600kHz channels for GSM spectrum migration (desirable, but not practical: either too restrictive on potential subcarrier spacings or too spectrally aggressive (such as from 96% = 8*600kHz in 5MHz))
· Subcarrier Spacing

· Larger than ~11kHz to avoid most effects of Doppler and phase noise
· 350kph with 64QAM and 2.6GHz carrier frequency a limiting case
· FFS issue: synthesizer settling time/residual frequency offset (after measuring a legacy UTRA carrier)

· Range of proposals is ~12 to 18kHz

· Subchannel Bandwidth (F-Domain Allocable Unit)

· Supports efficient frequency-selective resource allocation and scheduling

· All subchannels for a BW mode should have same number of subcarriers

· Number of subchannels preferably scales with nominal BW

· 200kHz channel fine-grain granularity desirable, but need not be exactly 200kHz (see point on occupied bandwidth)

· Low total overhead

· Cyclic prefix overhead for unicast and broadcast

· Pilot overhead

· FFT Complexity

· Not a major concern, power-of-2 FFT core is straightforward

· 15MHz operation adds some complexity (either use mixed radix for e.g. 768, or 20MHz FFT w/ fewer occupied subcarriers)

· Target ~50-75% subcarrier occupancy

· Sampling rate and reference clock generation

· 3.84 MHz * M/N, small M and N (preferred, but not essential)

3. Candidates of Downlink OFDM Parameter Set 

The following 4 options of OFDM parameter satisfy many desired properties and should be examined for scalability and subchannel definition. 

Table 1: Four options (overview)

	Opt
	Subframe Duration (ms)
	Syms / Subframe
	Useful Sym Duration (us)
	M/N clock
(5MHz)
	Used Sub-Carriers (5MHz)
	Subcarrier Spacing
(kHz)
	Subcarrier per
Subchannel
	CP Overhead (us)
	CP / Useful (%)

	1
	0.5
	7,6
	66.67
	2/1
	300 / 512
	15.0
	15
	4.76, 16.67
	6.67, 20.0

	2
	0.625
	8,7
	72.73
	11/6
	328 / 512
	13.75
	41
	5.40, 16.56
	6.91, 18.95

	3
	0.625
	10,9
	57.14
	7/3
	256 / 512
	17.5
	32
	5.36, 12.30
	8.57, 17.71

	4
	0.625
	7,6
	83.33
	8/5
	376 / 512
	12.0
	47
	5.95, 20.83
	6.67, 20.0


Option 1 (0.5ms/15kHz) detail
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Option 2 (0.625ms/13.75kHz) detail
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 22/3

11/2

11/3

11/6

1/1

1/2

subcarriers (occupied)

1313

985

657

329

165

83

symbol duration (us)

78.125

78.125

78.125

78.125

78.125

78.125

     useful (us)

72.73

72.73

72.73

72.73

72.73

72.73

     guard (us)

5.40

5.40

5.40

5.40

5.40

5.40

CP Efficiency (%)

7.42%

7.42%

7.42%

7.42%

7.42%

7.42%

guard (samples)

152

114

76

38

19

9.5

subcarrier spacing (kHz)

13.75

13.75

13.75

13.75

13.75

13.75

occupied BW (MHz)

18.05375

13.54375

9.03375

4.52375

2.26875

1.14125

BW Efficiency (%)

90.27%

90.29%

90.34%

90.48%

90.75%

91.30%

subchannels

32

24

16

8

4

2

     subcarriers/subchannel

41

41

41

41

41

41

     subchannel BW (kHz)

563.75

563.75

563.75

563.75

563.75

563.75

symbols per frame

8

8

8

8

8

8

16QAM data rate (Mbps)

50.38

37.79

25.19

12.60

6.30

3.15

Parameter

Carrier Bandwidth (MHz)


Option 3 (0.625ms/17.5kHz) detail
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Option 4 (0.625ms/12kHz) detail
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 32/5

24/5

16/5

8/5

4/5

2/5

subcarriers (occupied)

1505

1129

753

377

189

95

symbol duration (us)

89.28571

89.28571

89.28571

89.28571

89.28571

89.28571

     useful (us)

83.33

83.33

83.33

83.33

83.33

83.33

     guard (us)

5.95

5.95

5.95

5.95

5.95

5.95

CP Efficiency (%)

7.14%

7.14%

7.14%

7.14%

7.14%

7.14%

guard (samples)

146.2857

109.7143

73.14286

36.57143

18.28571

9.142857

subcarrier spacing (kHz)

12

12

12

12

12

12

occupied BW (MHz)

18.06

13.548

9.036

4.524

2.268

1.14

BW Efficiency (%)

90.30%

90.32%

90.36%

90.48%

90.72%

91.20%

subchannels

30.08

22.56

15.04

7.52

3.76

1.88

     subcarriers/subchannel

50

50

50

50

50

50

     subchannel BW (kHz)

600

600

600

600

600

600

symbols per frame

7

7

7

7

7

7

16QAM data rate (Mbps)

48.13

36.10

24.06

12.03

6.02

3.01

Parameter

Carrier Bandwidth (MHz)


Note: The 16QAM data rate listed in the detail tables assumes 2 dedicated symbols of pilot and control overhead per frame. Decimating pilot and control in frequency will improve the data rate.

4. Selection of Baseline

Option 1 (0.5ms/15kHz) is proposed as the working assumption baseline OFDM parameter numerology [6].

Option 1 has unicast and broadcast CP very close to the target values, with low CP insertion loss. It also has the simplest clock rate, simply twice 3.84MHz for 5MHz. Along with Option 4, Option 1 has the best subcarrier per subchannel definition, which will help enable frequency selective resource allocation and scheduling in EUTRA. The subcarrier spacing is near the middle of the ~12 to 18 kHz range of candidate spacings proposed, which should minimize concerns of (a) possible degradation of performance at the highest (350kph+) speeds if the subcarrier spacing is too low, and (b) CP insertion loss not being competitive with other systems if the subcarrier spacing is too high. 

Like Option 1, Option 2 (0.625ms/13.75kHz) has unicast and broadcast CP very close to the target values, with low CP insertion loss. It also has a good sampling rate, and a subcarrier spacing above ~12kHz to minimize the concerns (a) and (b) above. The CP is an integer number of samples for unicast (except for 1.25MHz) but not for broadcast. Because frequency selective scheduling is one of the very important features EUTRA offers over Rel. 6, a drawback with Option 2 compared to Option 1 is the subchannel definition (41 subcarriers). In some situations the subchannel definition may need to be closer to the definition of the coherence bandwidth of the channel, which for e.g. TU will be smaller than ~600kHz. A number like 41 cannot be easily scaled down, which may lead to a loss of performance. 
Option 3 (0.625ms/17.5kHz) offers almost all of the same benefits as Option 1, including having the best subchannel definition (32 subcarriers) of all options. The drawback of Option 3 is that the unicast CP loss is slightly higher, and the broadcast CP value is lower (12.3us). However, the CP loss may be offset by reduction in pilot overhead. 

Option 4 (0.625ms/12kHz) has the disadvantage of having a subcarrier spacing near the minimum value determined by current analysis, thus prompting concerns of possible performance degradation at the highest (350kph+) speeds and the FFS issue of synthesizer settling time/residual frequency offset (after measuring a legacy UTRA carrier). Other disadvantages include a larger broadcast (20.8us) CP than necessary, and an undesirable subchannel definition (47 subcarriers). There are ways to mitigate the excessive broadcast CP (e.g., creating a special broadcast subframe of 1.25ms), but having both the broadcast and unicast subframes able to use the same scalable subframe structure of N*0.625ms (N = 1, 2, 3, …) is preferred for easy multiplexing and for providing finer granularity between broadcast and unicast traffic assignments in a radio frame.
Note that for Option 1 and Option 4 the fact that 12kHz and 15kHz divide into 600kHz is not considered a major benefit since An integer number of 600kHz subchannels will not meet ~90% spectral occupancy targets (96% = 2x600kHz in 1.25MHz, 8x600kHz in 5MHz, etc). 
5. Pilot Format Recommendation

This section discusses the conventional “scattered pilot” format for OFDM systems and then describes the benefits of a simpler TDM-oriented pilot format for EUTRA. It is recommended that the proposed simple TDM-oriented pilot format be used as the baseline pilot design for the study item. More complex pilot designs may be studied, of course, but they should be compared to a simple baseline.

A typical pilot format used in earlier OFDM systems (such as DVB-T) is the so-called “scattered pilot” format. The scattered pilots are distributed in both time and frequency based on the expected maximum Doppler frequency and maximum delay spread, respectively. The receiver buffers the received pilots for several subcarriers and several time intervals and then performs two-dimensional interpolation/filtering to obtain the channel estimates needed to detect the received information symbols.

The scattered pilot format is well suited to conventional broadcast systems because: 1) Broadcast systems are not affected by the latency introduced by buffering the pilot symbols for OFDM symbols well beyond the data being demodulated, and 2) The continuous transmission in broadcast systems eliminates the significant channel estimation edge-effects that would occur in a bursted system.

However, for EUTRA, very short subframe lengths (such as 0.5 ms) are being considered, leading to some clear drawbacks with the scattered pilot format:

· Because of the subframe boundaries, several different sets of interpolation filters must be designed, stored and switched in and out to get the channel estimate at different locations in the subframe. If a manufacturer wants to adapt the filter designs to different channel conditions, the problem is further multiplied.

· The entire subframe must be buffered before channel estimates can be computed for demodulating any part of the subframe. This limits the ability to take advantage of TDM-based power-saving techniques at the subframe level, and at the long-subframe level where N subframes are concatenated.

· The channel estimation performance can be degraded due to interpolation error for data symbol positions that are not surrounded by pilots (e.g., edge subcarrier on the edge OFDM symbol).

· It is difficult to design a pilot pattern that is easily scalable to support channel estimation to different numbers of transmit antennas (i.e., 1, 2, 3, and 4) without disrupting the data subcarrier time/frequency mapping rules. 

In order to reduce the receiver complexity and more easily accommodate different numbers of transmit antennas, the use of a TDM oriented pilot format is suggested rather than the traditional scattered pilot format. One format that can accommodate any number of transmit antennas from 1 to 4 is illustrated in Figure 1. In this format, one of the OFDM symbols in the subframe (e.g., the second symbol) contains all of the pilot symbols, and the pilot symbols are placed on every other subcarrier. For single antenna transmission, all of the pilots are transmitted from the same antenna. For multi-antenna transmission with M antennas, the pilots are divided into M sets, with one set allocated to each antenna. An alternate method for multi-antenna transmission is to have all antennas transmit on all the pilot subcarriers, but assign different pilot phase increments to be applied by each of the transmit antennas to enable the estimates to be separated at the receiver.
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Figure 1. Downlink Reference Pilot Structure. The same pilot format and same pilot overhead is used for one to four transmit antennas at the base station. 
The suggested pilot format allows for greatly simplified channel estimation algorithms, TDM-based power saving techniques, and provides a high enough pilot density in the frequency dimension to enable various enhanced estimation algorithms (e.g., track the frequency selectivity of other-cell interference for improved LLR generation, perform “denoising” at low SINR by tap thresholding techniques, etc.). For example, the control information can be placed in the same OFDM symbol as the pilots to allow the UE to very quickly estimate the channel (with a simplified 1-dimensional channel estimator based on either FIR or FFT processing) and decode the control information, to see whether it needs to demodulate and decode the rest of the subframe or not. When operating at low to moderate speeds, the UE can obtain good performance using only the pilot in the current subframe, while at high speed a simple time domain interpolation can be added between the pilots of adjacent subframes to provide improved tracking performance. 
Some performance examples for the pilot format of Figure 1 are given in Figures 2-4. For these results, the Option 2 parameter set is used (results for Option 1 will be similar), and time domain interpolation is used between adjacent subframes (including one previous and one following subframe). Figure 2 shows results for a single Tx antenna with R=1/2 QPSK, including ideal channel estimation and MMSE channel estimation for speeds up to 150 kph. Figure 3 is the same as Figure 2 except for the use of a higher MCS of R=1/2 64-QAM, which is more sensitive to estimation noise. Note that the performance is close to ideal even for the case of high-order modulation at 150 kph.

Figure 4 shows an example for the case of 4 transmit antennas at the base station with R=1/2 64-QAM. In order to isolate the effect of the pilot format and channel estimation on the performance (and to enable fair comparison to Figure 3), the results of Figure 4 were generated as follows: The pilots are transmitted on all 4 antennas but the data is transmitted only on the first antenna. With this setup, the receiver estimates the channels to all four transmit antennas (hence experiencing any multi-antenna channel estimation degradations) and then uses the estimates for the first antenna to demodulate the data. It can be seen that the performance for the case of four antenna channel estimation (which has the same pilot overhead as the single antenna case) is very similar to the single antenna case of Figure 3.

[image: image6.wmf]
Figure 2. One transmit antenna at the base and R=½ QPSK.
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Figure 3. One transmit antenna with R=½ 64-QAM.
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Figure 4. Four Tx antennas and R=½ 64-QAM.
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