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Introduction
This paper discusses aspects of the dimensioning of the pilot grid for the OFDMA & SC-FDMA based E-UTRA. Firstly some functions of pilot symbols are reviewed, followed by some terminology commonly used for discussing types of pilot, with finally a discussion of some of the key aspects of pilot design and a review of the conclusions.

The primary focus of the document is downlink, but parallel conclusions relating to uplink pilots are highlighted.

Functions of pilots

Pilots play a number of important roles in an OFDM based cellular system, dependent on the algorithms implemented:

· Channel Estimation (DL & UL)

· Essential for coherent demodulation

· Phase reference (DL, UL)

· Necessary if beamforming/MIMO is employed

· CQI estimation (DL, UL)

· Necessary if adaptive modulation/coding is to be used

· Necessary for time/frequency domain scheduling

· SIR estimation (DL, UL)

· Pilots are helpful for estimating SIR for power control, if power control is employed

· Aiding measurements (e.g. Handover) (DL)

· Aiding in cell synchronisation/registration procedures (DL)

Types of pilot

Downlink:

· Time multiplexed; i.e. only transmitted during certain OFDM symbols

· Scattered; i.e. transmitted using a regular pattern in both the time and frequency domains

· Common; i.e. accessible/useful for all terminals

· Dedicated; i.e. only accessible to one terminal

· Multiple antenna; e.g. for MIMO , beamforming or TX diversity techniques

For channel estimation, measurements e.g. CQI measurement a common pilot spanning the full frequency range is desirable from an efficiency point of view.

If the pilot is to be used for power control or for a phase reference in conjunction with beamforming or MIMO, then a dedicated pilot is required. Furthermore, a dedicated pilot adding additional pilot symbols may be desirable for supporting very high speed users.

For supporting TX diversity, beamforming and MIMO, the common and dedicated pilots must be transmitted from each antenna; therefore multiple antenna pilots are desirable.

The necessity for time multiplexing a pilot is not so clear for the downlink; use of a time/frequency pattern may allow for a more optimal placing of pilot symbols.

Uplink:

· Time multiplexed; i.e. only transmitted during certain OFDM symbols

· Scattered; i.e. transmitted using a regular pattern in both the time and frequency domains

· Dedicated

· Multiple antenna; e.g. for MIMO etc.

If SC-FDMA is selected as the UL MA scheme, then additional pilot symbols simultaneous with data symbols would lead to an increase in PAPR. Since one of the main reasons for adopting a single carrier approach is to achieve a low PAPR, it is desirable not to add pilot symbols into every data symbol, but rather during certain uplink symbols. Since pilots are not likely to be required on every OFDM tone (see below), transmission of pilots should be within the “short blocks” to minimise overhead.

If frequency domain scheduling is performed in the uplink, then pilots will need to be transmitted across the whole UE bandwidth with at least one pilot for each frequency chunk whenever the UE has data to transmit and expects to be scheduled. If no frequency domain scheduling is performed, the pilots need only be transmitted within the band used for data transmission in the non pilot symbols.

Multiple antenna pilots are required if TX diversity, beamforming or MIMO are considered for the uplink.

Key issues in designing a pilot structure

· PAPR for Uplink

A key aim of introducing SC-FDMA in the uplink, as opposed to OFDM is to keep the PAPR at a manageable level. Frequency multiplexing pilot symbols into the uplink would lead to an increase in PAPR. Thus it is preferable to time multiplex pilots into the uplink. The simulations of figures 1-2 indicate that around 1-2 pilot symbols per subframe should be sufficient.

· Overhead, Spacing in time & frequency

Downlink

In the frequency domain, pilot spacing is dependent on the coherence bandwidth of the channel  Coherence bandwidths for some typical channels are shown in table 1. Table 2 shows some possible pilot spacing values in samples and frequency. Also shown in table 2 is the preferable chunk bandwidth associated with each pilot spacing.  The possible pilot spacing values are calculated to offer a regular pilot spacing for all of the system bandwidth possibilities, not taking into account the DC carrier (Note that the values shown in red in the table are not applicable to the 1.25MHz bandwidth). The possible chunk bandwidths are calculated to be as near to 200kHz as possible whilst allowing for an equal number of pilot symbols per chunk and an integer amount of chunks within the UE bandwidth, for all bandwidth possibilities.

Figure 1 shows pilot energy to interpolation error energy against frequency spacing for the typical urban channel using linear interpolation between pilot points. For a real channel estimator, a more complex interpolation can be expected. However the results show that a maximum spacing of up to ~200kHz could be tolerated. 

From tables 1 and 2 and the figure, the only possible value for pilot spacing that is applicable across all bandwidths, is similar to or less than maximum reasonable spacing of 200kHz and allows for a reasonable chunk bandwidth is 5 tones or 75kHz, allowing for 3 pilots per chunk

	Channel
	Coherence BW (kHz)

	ITU Pedestrian A
	2439

	ITU Pedestrian B
	270

	ITE Vehicular A
	398

	GSM Typical Urban 6 path
	200

	According to cyclic prefix
	200


Table 1 Some typical values for coherence bandwidth

	Pilot spacing (Tones)
	Pilot spacing (kHz)
	Preferable chunk bandwidth at this spacing

	1
	15
	225kHz

	2
	30
	150kHz 

	3
	45
	225kHz

	5
	75
	225kHz

	6
	90
	-

	10
	150
	-

	15
	225
	225kHz

	25
	375
	375kHz


Table 2 Some possible values for pilot spacing that lead to an even number of pilots across the frequency band, and associated chunk sizes allowing for an equal number of pilots per chunk.
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Figure 1 Pilot to interpolation error energy ratio vs pilot spacing for TU6, 30km/h, linear interpolation
.

	Speed (km/h)
	Coherence time (msec)

	3
	83.3

	30
	9

	120
	2.2


Table 3 Some typical coherence time values @ 2GHz
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Figure 2 Pilot to interpolation error power ratio compared with pilot spacing, assuming linear interpolation (Channel: Typical Urban 6 path, 120km/h)
In the time domain, the required sampling frequency is dependent on the coherence time of the channel, which depends on the velocity. Table 3 shows some coherence times at a 2GHz carrier frequency, whilst figure 2 shows pilot to interpolation error ratio against time for the TU6 channel at 120km/h, again using simple linear interpolation. From the coherence time values and the figure, it is clear that once per OFDM TTI is a sufficient sampling rate.

Assuming a tone spacing of 5 and a time spacing of 7 symbols, the DL pilot overhead in the time/frequency domain is ~3% per antenna

Uplink

In the uplink, Pilots need to be transmitted for channel estimation within the allocated chunk bandwidth and, if frequency domain scheduling is employed, at least once in each chunk for UL scheduling.

If no frequency domain scheduling is performed, then a pilot spacing of 2 or 4 tones (128kHz)  should be sufficient.

If frequency domain scheduling is to be performed, then there should be the possibility of sending a pilot at least once every chunk.  For the table 2 parameters, this may be difficult as the number of used tones in the pilot block does not divide evenly into chunks. For the table 1 parameters, a pilot spacing of 4 tones would allow for chunks of 256kHz, each containing 2 pilots or 128kHz with one pilot per chunk.

Since the short blocks are time multiplexed, a further possibility might be to use all of the tones in the short block for pilot symbols.
· Interference between cells/terminals

In the downlink, interference is likely to arise between multiple cells. Methods for dealing with this interference might include (i) Use of a re-use pattern for common pilot symbols or (ii) Use of orthogonal sequences to separate pilots between cells or (iii) Scrambling of pilots between cells.

Possibility (i) requires an increase in the pilot time/frequency overhead. For re-use 3, the overhead per antenna increases to 9%; for re-use 7 to 21%. Furthermore, complexity of network planning is increased. Possibility (ii) allows for almost the same amount of performance benefit as (i), but without increasing the overhead for pilots. However tight synchronisation between cells is required. Possibility (iii) Does not increase the time/frequency overhead, but increases the power overhead for the pilots since an increased amount of interference will be seen.

Introduction of a need for pilot planning between cells is undesirable. A fixed requirement for synchronisation between cells might also not be feasible all of the time. Hence solution (iii) is recommended for separating pilots between Node B sites. On the other hand, synchronisation of cells at the same site should be a fairly reasonable proposition, hence (ii) is recommended for separating the pilots of cells located at the same site.

In the uplink, the possibility of separating UEs in frequency/time does not exist due to the large number of UEs and the complexity of allocating pilot locations.  If frequency domain scheduling is not used, then only 1 UE should be transmitting in a band at a time and there should only be interference from other cells. If frequency domain scheduling is involved, multiple UEs might be transmitting pilots in the same band. In either case, the pilots could be separated by scrambling the pilot from each UE, in a similar manner to WCDMA.

Note that in the case of frequency domain scheduling, since the pilots are time multiplexed and if the UE is not transmitting data at the same time, there should be sufficient UE power to ensure an appropriate pilot SNR at the Node B since the UE will have transmit power to spare.

· Separation of pilot symbols for multiple antennas

The possibility of separating in frequency/time or using orthogonal sequences again exists for separating pilots from multiple antennas. The choice of which to adopt will depend on an evaluation of whether the system is more likely to be tone or power limited in a spatial multiplexing scenario.

· Separation of dedicated pilots

If dedicated pilots are used as supplementary pilots or for phase reference, they are only likely to be used by the user receiving a particular time/frequency chunk. Hence separation should naturally occur via TDMA/FDMA/(SDMA) for users in the same cell. However to add further robustness for beamforming and against inter-cell interference, separation of dedicated pilots using dedicated sequences should be considered.

Conclusions

This paper has examined some issues in designing a pilot grid for the OFDMA based downlink and SC-FDMA based uplink, with the following conclusions

· For the downlink, both common and dedicated pilots; for the uplink dedicated only.

· For the downlink scattered or time multiplexed pilots may be used; there is no great penalty to using a scattered pilot grid

· For the uplink, pilots should only be transmitted in the “short blocks”

· For the downlink, a pilot spacing of 5 tones (75kHz) in the frequency domain and once per TTI in the time domain is sufficient. This allows for frequency chunks of 225kHz

· For the uplink, if there is no frequency domain scheduling use of every tone, every 2 tones or every 4 tones in the scheduled band is fine; there should not be too much difference from a performance point of view.

· If there is frequency domain scheduling in the UL, for table 2 again every tone would need to be used (there is also an issue with splitting into sub-bands with table 2). For table 1 either every tone or every other tone would be sufficient. Pilots would need to be transmitted across the whole UE bandwidth.

· For the downlink, separation of cells at the same Node B using orthogonal pilot sequences and between Node Bs using scrambled pilot sequences.

· For the uplink, separation of terminals using scrambling sequences

· Separation of multiple antennas pilots using either separation of tones or orthogonal sequences, depending on whether the time/frequency tone allocation or power is the limiting factor.

Text Proposal for TR 25.814:
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7.1.1.2.2
Downlink pilot structure

The downlink reference/pilot symbols can be used for at least  

· Downlink-channel-quality measurements for CQI reporting

· Downlink channel estimation for coherent demodulation/detection at the UE

· Cell search and initial acquisition

Pilot symbols may also be used for:

· Phase reference for MIMO / Beamforming / TX Diversity

· SIR estimation for power control

· Aiding measurements such as Handover

The reference/pilot symbols are inserted into the time/frequency grid according to a known pattern. The exact reference/pilot-symbol pattern is TBD, but the density of reference/pilot symbols in the time/and frequency domain should be sufficient to handle the highest time and frequency selectivity expected for E-UTRA. 
In the downlink, common and dedicated pilot/reference symbols should be defined. The common pilot samples should use a common set of subcarriers/symbol locations. Between cells belonging to the same Node B, the common pilots should be separated by orthogonal sequences, whilst between basestations pilots should be separated using scrambling codes.

For the downlink common pilot channel the density should be once per sub frame and every 5th subcarrier. The use of an adjustable pilot density in order to adapt to different channel properties (time/frequency selectivity) should also be considered.

Scattered pilots should be evaluated as well as pure time or frequency multiplexed pilots.

In order to support advanced antenna solutions such as MIMO, beam-forming etc., multiple orthogonal reference/pilot-symbol patterns should be possible within one cell (different reference/pilot-symbol patterns for different TX antennas, different beams, etc.). 
---------------------------------------------------------------------------------------------------------------------------
