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1. Introduction

The Technical Report TR25.814 [1] describes that three kinds of pilot should be evaluated for downlink OFDM, i.e. time division multiplexed (TDM) pilot, frequency division multiplexed (FDM) pilot and scattered pilot. 
In this document, we evaluate TDM pilot and scattered pilot. We don’t see that FDM pilot would be appropriate because frequency domain channel variance is larger than time domain channel variance. 
2. Common Pilot Channel and dedicated pilot 
Active discussion on the separation of pilot symbols into a common pilot channel and a dedicated pilot is ongoing[2]. In such a scenario the common pilot channel is used for:

· Channel estimation for coherent demodulation for e.g. common channel, shared control channel and shared data channel

· Channel quality measurement for CQI reporting

· Cell search and initial acquisition.

Complementarily the dedicated pilot is usable for:

· Channel estimation for coherent demodulation, especially for UE with dedicated beamforming, high mobility, low SNR, etc.

· Channel quality measurement for CQI reporting, especially for UE with dedicated beamforming, high mobility, low SNR, etc.

For the scope of this document, however, we are just concerned with the distribution of the pilot symbols which are transmitted without beamforming within a sub-frame. Consequently it is irrelevant whether a transmitted pilot symbol is part of a common or dedicated pilot channel as long as they result in the below specified distribution patterns. Therefore the results obtained by simulation are applicable for the case of only a common pilot channel, but are also valid for a combination of common and dedicated pilot channel structure.
3. Pilot mapping for DL OFDM
3.1. TDM pilot
TDM pilot has been proposed by several companies [2][3].
Benefits of TDM pilot are listed as follows.

· When shared control channels are allocated in the top of the TTI in order to be detected earlier, TDM pilot can give better demodulation performance with lower delay.

· UE power consumption would be low because FFT for every symbol is not necessary for a UE which is not allocated in the sub-frame and needs only CQI measurement. 
Although we use the term “TDM pilot”, all sub-carriers in a OFDM symbol are not used for pilot in order to reduce pilot overhead. Figure 1 shows examples of TDM pilot configuration. In figure1 (a) TDM pilot with 1 OFDM symbol, only 1st OFDM symbol in a sub-frame contains pilot symbols mapped every 2 sub-carriers. In figure 1 (b) and (c) TDM pilot with 2 OFDM symbols, 1st and 5th OFDM symbol in a sub-frame contain pilot symbols mapped every 2 sub-carriers and every 4 sub-carriers respectively. 
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(a) TDM pilot with 1 OFDM symbol        (b) TDM pilot with 2 OFDM symbols (every 2 sub-carriers)
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(c) TDM pilot with 2 OFDM symbols (every 4 sub-carriers)
Figure 1 Example of TDM pilot

In case of TDM pilot with 1 OFDM symbol, channel estimation accuracy for high mobility UE would be poor. Channel estimation accuracy for TDM pilot with 2 OFDM symbols would give better accuracy, however overhead of pilot symbols becomes large. 

Overhead of pilot symbols could be reduced as follows. TDM pilot with 2 OFDM symbols is used in predefined sub-frames where common channel is transmitted, and TDM pilot with 1 OFDM symbol is used in other sub-frames. In addition to above common pilot, dedicated pilot is inserted in the resource block where UE which need dedicated pilot for demodulation of user data (shared data channel), e.g. UE with dedicated beamforming, high mobility, low SNR. 

3.2. Scattered pilot
Scattered pilot is investigated in [4]. Benefit of scattered pilot is as follows. 

· Good channel estimation accuracy could be obtained by advanced channel estimator where the receiver buffers the received pilots and performs two-dimensional higher order interpolation. 
Figure 2 shows an example of scattered pilot. 
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Figure 2 Example of scattered pilot
4. Simulations
We have done link level simulations to investigate the performance of TDM pilot and scattered pilot with simple channel estimation method. Simulation results are shown in this section.
4.1. Simulation assumptions
Pilot mapping and channel estimation method 
Pilot mappings assumed in the simulation are below. Pilot overhead is same (7.14%) for all cases. 
· TDM pilot with 1 OFDM symbol (figure 3(a)) 
Pilot symbols are mapped on every 2 sub-carriers in 1st OFDM symbol in sub-frame. 

· TDM pilot with 2 OFDM symbols (figure 3(b))
Pilot symbols are mapped on every 4 sub-carriers in 1st and 5th OFDM symbols in sub-frame.

· Scattered pilot (figure 4)
Pilot symbols are mapped on every 8 sub-carriers for 1st and 5th OFDM symbol, and mapped for 3rd and 7th OFDM symbol with 4 sub-carrier shift.
Channel estimation with averaging and linear interpolation is assumed in the simulation for all pilot mappings. We chose the channel estimation method because of its simplicity. More advanced channel estimation method, e.g. higher order interpolation, should be studied considering both performance and complexity. 
Figure 3 shows channel estimation method for TDM pilot. 

(1) interpolation in time domain

Linear interpolation is performed using pilot in current sub-frame and pilot in 1st OFDM symbol in next sub-frame.

(2) averaging in frequency domain 

The resulting value of (1) is averaged over adjacent M sub-carriers. 
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(a) TDM pilot with 1 OFDM symbol                  (b) TDM pilot with 2 OFDM symbols
Figure 3 channel estimation for TDM pilot
Figure 4 shows channel estimation method for scattered pilot. 

(1) interpolation in time domain

Linear interpolation is performed using pilot in last OFDM symbol in previous sub-frame, pilot in current sub-frame and pilot in 1st OFDM symbol in next sub-frame. 

(2) averaging in frequency domain

The resulting value of (1) is averaged over adjacent M sub-carriers.
[image: image7.emf]P

P

P

P

P

Freq.

Time

P

s

u

b

f

r

a

m

e

P P

P

Interpolation

Averaging 


Figure 4 channel estimation for scattered pilot
Number of averaged pilot symbols is different for each pilot mapping. For TU model, coherent bandwidth (50%) is about 188 kHz. Therefore averaging range should be below 188 kHz. We chose 9 sub-carriers (135 kHz), i.e. M=9 in above explanation, for averaging range for the simulations for both pilot mappings. This means that 5 pilot symbols are averaged in TDM pilot with 1 OFDM symbol, and 3 pilot symbols are averaged in TDM pilot with 2 OFDM symbols and scattered pilot. 
Numerical assumptions 

The simulation assumptions are as shown in Table 1.

Table 1 Simulation assumptions
	Transmission BW
	10MHz

	Sub-frame duration 
	0.5 ms

	Sub-carrier spacing
	15kHz

	Sampling frequency 
	15.36 MHz

	FFT size
	1024

	Number of occupied sub-carriers
	601 (DC sub-carrier is null)

	Number of OFDM symbols per sub -frame
	7

	Power ratio of pilot to data
	0 dB

	Pilot overhead
	7.14% 

	Channel coding
	Turbo code 

	Modulation
	QPSK and 16QAM 

	Channel environments
	Typical Urban (TU 3km/h, TU120km/h, and TU350km/h)

	Antenna configuration
	1 transmit antenna, 2 receive antennas

	Channel estimation
	Real (with pilot) or ideal

	Decoder algorithm
	Max-Log-MAP with 8 iterations


4.2. Simulation results
Figure 5, figure 6 and figure 7 show BLER performance for QPSK, R=1/3 case for TU3km/h, 120km/h and 350km/h, respectively. Figure 8, figure 9 and figure 10 show those for 16QAM, R=1/2 case. “TDM PL(1st)“ in the caption denotes TDM pilot with 1 OFDM symbols (pilot are mapped in 1st OFDM symbol in sub-frame). “TDM PL(1st and 5th)“ in the caption denotes TDM pilot with 2 OFDM symbols (pilot are mapped in 1st OFDM symbol and 5th OFDM symbol in sub-frame). Table 2 and table 3 summarize required SNR at BLER=0.1 for QPSK,R=1/3 and 16QAM,R=1/2 respectively. 
For QPSK,R=1/3, TDM pilot with 1 OFDM symbol gives 0.8 dB better performance at BLER of 0.1 in 3km/h and 120km/h, and 0.5 dB better in 350km/h. For 16QAM, R=1/2, TDM pilot with 1 OFDM symbol gains by 1 dB for 3km/h, 120km/h and 0dB (no gain) for 350km/h. Above results are because TDM pilot with 1 OFDM symbol can use sufficient pilots for averaging compared to scattered pilot or TDM pilot with 2 OFDM symbols under coherent bandwidth of TU model. 

Because TDM pilot with 1 OFDM symbol has less tracking ability for time domain channel variance, the performance in 350km/h degrades from 3km/h and 120km/h, however, the required SNR value is better than other pilot mappings. The reason is the gain to noise obtained by averaging would be more sensitive for channel estimation accuracy in this environment than tracking ability for time domain channel variance.
TDM pilot with 2 OFDM symbols shows similar performance to scattered pilot.

Table 2 Required SNR@BLER=0.1 for QPSK,R=1/3
	
	TU 3km/h
	TU 120km/h
	350km/h

	TDM pilot with 1 OFDM symbol
	3.5 dB
	3.4 dB
	3.6 dB

	TDM pilot with 2 OFDM symbols
	4.3 dB
	4.2 dB
	4.1 dB

	Scattered pilot
	4.3 dB
	4.2 dB
	4.1 dB


Table 3 Required SNR@BLER=0.1 for 16QAM,R=1/2

	
	TU 3km/h
	TU 120km/h
	350km/h

	TDM pilot with 1 OFDM symbol
	11.2 dB
	11.2 dB
	12.1 dB

	TDM pilot with 2 OFDM symbols
	12.2 dB
	12.2 dB
	12.1 dB

	Scattered pilot
	12.2 dB
	12.2 dB
	12.1 dB
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Figure 5 simulation results (QPSK, TU 3km/h)
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Figure 6 simulation results (QPSK, TU 120km/h)
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Figure 7 simulation results (QPSK, TU 350km/h)
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Figure 8 simulation results (16QAM, TU 3km/h)
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Figure 9 simulation results (16QAM, TU 120km/h)
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Figure 10 simulation results (16QAM, TU 350km/h)

5. Conclusion
We have compared TDM pilot and scattered pilot. According to the simulation results for QPSK and 16QAM, TDM pilot with 1 OFDM symbol shows better BLER performance than scattered pilot when channel estimation with linear interpolation between averaged pilot symbols is assumed. In addition to the performance comparison, TDM pilot has a merit of earlier detection of shared control channels. Therefore we propose to adopt TDM pilot for downlink OFDM.
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