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1 Introduction

The structure of the downlink pilot channel is one of the major issues yet to be decided for the EUTRA OFDM based downlink. There has been some preliminary discussion on this topic in RAN1#42 [3]

 REF _Ref115778858 \r \h 
[5]

 REF _Ref115778859 \r \h 
[6] and also on the 3GPP email reflector; however no agreement has been reached on the precise pilot overhead or channel structure.

In this paper, we investigate the necessary pilot overhead needed for reasonable performance of the shared data channel with three specific types of pilot patterns –
· FDM Pilot – Each OFDM symbol in the sub-frame carries a certain number of pilot symbols

· TDM – First OFDM symbol in the sub-frame carries pilot symbols

· Scattered – Two OFDM symbols in the sub-frame carry pilot symbols at staggered positions

Simulations are performed over a range of mobile speeds and with different pilot overheads. The objective of the paper is to recommend a pilot pattern that offers good performance over the full range of speeds that E-UTRA is required to support.
2 Simulation Assumptions
The following tables list the simulation assumptions used in this study. Table 1 lists the general simulation assumptions while tables 2 and 3 list further assumptions pertaining to the different pilot overheads considered in this study.
	Simulation duration
	10000 sub-frames

	Carrier sampling rate
	15.36 MHz

	Oversampling
	No

	Carrier Frequency
	2 GHz

	Number of Users
	1

	Modulation 
	16QAM 

	Pulse Shaping
	No

	Pilot / Data power
	0 dB

	FEC
	Rate 1/3 Turbo Encoding

	ECR
	0.33, 0.5

	HARQ method
	No HARQ

	Channel
	TU with 6 paths

	Mobile Speeds
	3 km/hr, 120 km/hr, 350 km/hr

	Channel Estimation
	Real (from pilot channel)

	Number of Transmit Antennas
	1

	Number of Receive Antennas
	2 (with equal gain combining)

	Number of transport blocks per sub-frame
	1

	CRC Length
	24

	LLR Computation
	Section A.1.4 from [2]


Table 1: Simulation Assumptions
	
	   FDM (Pattern 1)
	   TDM (Pattern 2)
	Scattered (Pattern 3)

	Number of Pilot symbols per sub-frame
	7
	1
	2

	Number of OFDM symbols carrying user data
	7
	6
	7

	Total Number of occupied subcarriers per OFDM symbol
	602
	602
	602

	Number of pilot subcarriers per pilot symbol
	86
	602
	301

	Channel Estimation
	Frequency Interpolation & Time Averaging (depending on mobile speed)
	Frequency Averaging & Time Interpolation 
	Frequency Averaging & Frequency & Time Interpolation 


Table 2: Simulation Assumptions for 14.3 % Pilot Overhead

	
	                 TDM 
	              Scattered

	Pilot Overhead
	4.8% , 7.2%
	4.8% , 7.2%

	Pilot Symbol Number
	0
	0, 3

	Pilot Frequency Spacing
	3, 2
	6, 4

	Channel Estimation
	Same as in Table 2 
	Same as in Table 2 – No frequency averaging


Table 3: Simulation Assumptions for alternative Pilot Overheads
3 Pilot Patterns and Channel Estimation

The following figure shows diagrammatically the different pilot patterns used in this study.

For the FDM pilot pattern –

· Each OFDM symbol is designed to carry a certain number of pilot symbols with specific frequency spacing between adjacent pilot symbols

· Channel estimation is performed by frequency domain interpolation per OFDM symbol followed by time domain averaging between successive symbols for low to medium speed channels
For the TDM pilot pattern –

· All pilot symbols in a sub-frame are placed in the first OFDM symbol

· Channel estimation is performed by frequency domain averaging per OFDM pilot symbol followed by time domain interpolation between pilot symbols

For the Scattered pilot pattern –

· Two OFDM symbols per sub-frame are assumed to carry an equal number of pilot symbols

· Channel estimation is performed by frequency averaging and then frequency interpolation for each OFDM symbol carrying pilots and time domain interpolation between two nearest pilot symbols for all OFDM symbols carrying data only

It can be noted that for the simulations investigating pilot overhead as described in Table 3, frequency averaging has been performed for all the TDM patterns only and not for the scattered pilot patterns.
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Figure 1: Pilot Configurations

In this study, pilot patterns are assumed to repeat every sub-frame with no interruptions.

4 Simulation Results

Figure 2 shows the performance of the shared data channel with the three pilot schemes in three different velocity conditions.
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    Figure 2: 14.3% Pilot Overhead Performance

It can be observed from above that the performance of the TDM pilot is best at speeds of 3km/hr and 120 km/hr while the scattered pilot outperforms the TDM pilot at 350 km/hr speed. The performance superiority of the TDM pilot at lower speeds is a result of superior performance of the frequency averaging in the channel estimation due to the closer frequency spacing of the pilot symbols. At higher frequency spacing of pilot symbols it may not be possible to perform this averaging (depending on the coherence bandwidth of the channel) and in such cases the performance of the TDM pattern will deteriorate. Also, at a speed of 350 km/hr, the time interpolation of the TDM pilot is no longer able to track the channel variation accurately leading to a possible error floor. In such high velocity situations, the performance of the TDM pilot can be improved by the allocation of an additional dedicated pilot to obtain performance similar to that with the scattered pilot. 
In all the three cases, the performance of the FDM pilot is the poorest. Hence, further analysis on pilot overhead has considered the TDM and scattered pilot patterns only.

Simulation results with a reduced pilot overhead are shown in Figure 3 and Figure 4. It is to be noted that frequency averaging is performed for all the TDM pilot patterns with larger frequency spacing whereas it has not been performed for scattered pilot patterns. 
The results indicate that there is marginal performance difference between these two pilot patterns under these simulation conditions except in the case of very high speeds when there is a possibility of an error floor with the TDM pilot due to the incapability of the time interpolation to track the time variation of the fast changing channel.
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Figure 3: 7.2% Pilot Overhead Performance

[image: image4.jpg]BLER

Pict Perormanc Overhead 4 5% " Pilt Perormance - TU 120 k- Overhead 4%
o
[—®—Scattered Pit
—©—TOMPiot
; 0

BLER

2 4 & 8 1w 1w

EBND per antenna (48]

T 6 5 10 12 14 16 1@
EBND per antenna (48]

BLER

[—o—sca

109 Pt

—©—TOMPiot

5 5 10 12
EBND per antenna (48]

0

i

CNE]








Figure 4: 4.8% Pilot Overhead Performance

 A further set of simulations to check the sensitivity of the pilot patterns to alternative code rates were performed and the results are shown in Figure 5. These simulations assume a larger transport block size leading to an effective code rate of 0.5. At these large transport code rates, the performance of the error correcting code is degraded and resultant performance is more sensitive to channel estimation accuracy.
These results clearly demonstrate the error floor in the performance with the TDM pilot especially at speeds of 350 km/hr which necessitates the allocation of a dedicated pilot to UE’s in such situations.
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Figure 5: Pilot Performance at ECR 0.5
5 Observations on Pilot Patterns

TDM Pilot Pattern
· Equivalent or better performance than scattered pilot pattern for speeds below 120 km/hr. Since the large majority of users are expected to be in this velocity range, no system wide performance penalty is expected if such a pattern is adopted
· More elegant and simpler pilot structure enabling easier UE power saving when control channel is multiplexed with the OFDM symbol containing the pilots
· Expected superior performance in the demodulation of the control channel (when multiplexed in the same symbol as the pilots) due to larger number of available pilot symbols than in the scattered case. This is crucial from the point of view of correct system functionality and to enable the UE to use DRX and save battery power
· Performance deteriorates at very high speeds which can be alleviated by allocation of dedicated pilots for only those UE’s in high velocity situations
Scattered Pilot Pattern
· Similar performance as TDM pilot at speeds below 120 km/hr – superior performance at higher speeds
· Expected inferior performance in the demodulation of the control channel (when multiplexed in the same symbol as the pilots) due to smaller number of available pilot symbols than in the TDM case
In view of the above observations, it is obvious that the TDM pattern will need additional dedicated pilots to meet performance requirements for the highest speed users. However, we believe that the overall system wide pilot overhead will be less if a TDM pilot is adopted since only a small fraction of users will need any additional dedicated pilots to meet the performance targets. On the other hand, the scattered pilot pattern always allocates pilot symbols in two OFDM symbols – an unnecessary allocation for all but the very highest speed users. The TDM pattern also potentially provides better demodulation performance of the control channel which is crucial for proper system functionality. 

In view of the above results, we recommend a TDM pilot scheme for EUTRA with one OFDM symbol per frame carrying pilot symbols. Pilot overhead of between 5 and 7 percent is also deemed sufficient to meet all performance targets.

6 Conclusions
In this paper, we have demonstrated the performance of different pilot schemes that may be adopted for the E-UTRA OFDM downlink. Our results show that while the scattered pilot pattern with two pilot symbols per sub-frame outperforms the TDM pilot at high speeds, the TDM pilot has equivalent performance at lower speeds and lower system wide pilot overhead. The TDM pattern also enables superior demodulation of the control channel and enables the UE’s to use DRX effectively and save precious battery power. Hence, we recommend a TDM based pilot pattern with 5%-7% pilot overhead be adopted for the E-UTRA OFDM downlink.
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