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1. Introduction
The OFDMA downlink pilot structure is an open issue [1] and suggested configurations include scattered [2] and TDM based formats [3]. In this contribution we examine the attributes of each solution using the metrics of performance, complexity, and decoding latency for the shared data and shared control channels. One scattered and two TDM pilot formats are considered. The shared control channel is preferably mapped to the first OFDM symbol in every TTI [4]. This will allow the UE to conserve power by avoid performing signal processing associated with the shared data channel reception (e.g. demodulation, decoding, etc.) when it is not scheduled in the corresponding TTI. Channel estimation with the scattered pilot format is considered for two distinct cases, depending on whether the UE RF, in addition to baseband signal processing, shuts down when the UE is not scheduled during a TTI.  

The remaining of the contribution is as follows. Section 2 presents the examined pilot formats and outlines the simulation assumptions. Section 3 presents the performance of the shared data channel for 3 different TTI sequences, depending on whether any of the consecutive TTIs of interest corresponds to a Multicast TTI. Section 4 presents the performance for the shared control channel. Section 5 summarizes the numerous performance results. Finally, Section 6 presents the conclusions of this contribution regarding the performance, implementation, and design issues for the OFDM Downlink pilot format.         

2. Pilot Formats and Simulation Assumptions
The examined scattered and two TDM pilot formats are shown in Figures 1a, 1b and 1c, respectively, for 7 OFDM symbols per TTI based on the agreed numerology in [1]. The scattered [2] and first TDM pilot formats place the pilot sub-carriers in the first OFDM symbol. This allows the decoding of the shared control channel to commence immediately upon the TTI reception. The second TDM pilot format [3] places the pilot sub-carriers in the second OFDM symbol. Decoding of the shared control channel incurs latency of one symbol but, as it is later shown, this TDM pilot format may offer small performance improvements relative to the first TDM pilot format for high UE speeds. The pilot overhead is the same for both scattered and TDM pilot formats and equals 7.14%. Extensions for the scattered pilot format for 2 and 4 transmitter antennas are given in Appendix A. Additional simulation assumptions are given in Table 1.
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 Figure 1a – TTI structure for scattered pilot format [2].


[image: image2]
Figure 1b – TTI structure for TDM pilot format 1.
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Figure 1c – TTI structure for TDM pilot format 2 [3].

	Parameter
	Assumption

	Bandwidth
	5 MHz (2.6 GHz)

	Channel Model
	TU, various UE speeds

	Shared Data Channel
	Rate 1/2 Turbo Code, 7 OFDM symbols 

	Shared Control Channel
	Rate 1/3, K=9 Convolutional Code, 12 CRC bits, 

8 Tail Bits, 1 OFDM symbol

	Antenna Configuration
	1 at Transmitter, 2 at Receiver

	Channel Estimation
	Time Interpolation/Averaging
	Linear – Doppler dependent coefficients

0-25 Kmph, 25-120 Kmph, >120 Kmph

	
	Frequency Interpolation
	Least Squares

	Buffering for  Channel Estimation
	Shared Data Channel
	Current and/or Preceding and/or Succeeding TTIs

	
	Shared Control Channel
	Only current control OFDM symbol or only current control OFDM symbol and preceding TTI


Table 1: Simulation Assumptions for Performance Evaluation with Scattered and TDM Pilots.
For all pilot formats, time interpolation was performed first followed by frequency interpolation. Time interpolation was based on simple averaging or linear interpolation, depending on the UE speed. Frequency interpolation was based on the least-squares method. It is assumed that for channel estimation, the UE can obtain Doppler estimates determining corresponding speeds of 0-25 Kmph, 25-120 Kmph, and larger than 120 Kmph. Considering the shared data channel, for UE speeds less than 25 Kmph, time averaging provides the best performance. For UE speeds between 25-120 Kmph, linear interpolation was applied. For UE speeds above 120 Kmph, the closest pilot symbols to each OFDM symbol were used. The Tables in Appendix B provide the exact values of the corresponding time interpolation coefficients for each UE speed range, including the cases where the preceding or succeeding TTI is a Multicast one.

For the two TDM pilot formats, whenever applicable, all pilot sub-carriers from the preceding, current, and succeeding TTIs were utilized for channel estimation. Two distinct cases are examined for the scattered pilot format. The first assumes that either the UE RF remains on even after the UE determines that is not scheduled during a TTI or that the UE was scheduled during the preceding TTI. The second assumes that both the UE RF shuts down after the UE determines that is not scheduled during a TTI and that the UE was not scheduled during the preceding TTI. 

Moreover, for the scattered pilot format and the pilot sub-carriers in the succeeding TTI, only the ones in the first OFDM symbol are used in order to obtain the same decoding latency as for the first TDM pilot format (the second TDM pilot format has an additional decoding latency of 1 OFDM symbol). Therefore, channel estimation with the scattered pilot format utilizes somewhat less pilot power than with the two TDM pilot formats. The cases that the TTI of interest is preceded or succeeded by a Multicast TTI will also be addressed.

3. Shared Data Channel: Performance Results and Discussions
The shared data channel is assumed to comprise of all 7 OFDM symbols in order to achieve the same payload for all pilot formats. As mentioned in [2], the pilot design in the time and frequency domain should respectively consider the coherence time and coherence bandwidth of the channel. Using the TU channel as the exemplary reference, the 50% correlation coherence bandwidth is 
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 is the RMS delay spread (1.07 sec for the TU channel). For 15 KHz sub-carrier spacing [1], both examined pilot formats comfortably satisfy the coherence bandwidth requirement. Considering 350 Kmph as the upper value in the UE speed range of interest, the 50% coherence time is 
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 is the Doppler shift at 2.6 GHz. Clearly, since the TTI duration is 0.5 msec, if pilot sub-carriers from the succeeding TTI are not available, as in the case of a Multicast succeeding TTI, the TDM pilot formats will lead to significant performance losses, especially for the higher order modulation schemes, even for UE speeds considerably lower than 350 Kmph. Moreover, even if the succeeding TTI is a Unicast one, significant performance losses will still occur at high UE speeds. These observations will be further confirmed by the simulation results.
3.1.1. Unicast Preceding and Succeeding TTIs

We first consider the case of 3 successive Unicast TTIs. If either the UE RF does not shut down or the UE was scheduled during the preceding TTI, all pilot sub-carriers in the preceding Unicast TTI, the pilot sub-carriers only in the first OFDM symbol of the succeeding TTI and all pilot sub-carriers in the middle TTI of interest are available for channel estimation (Figures 2a, 2b and 2c). If both the UE RF shuts down and the UE was not scheduled during the preceding Unicast TTI, the later arriving pilot sub-carriers in the preceding TTI for the scattered pilot format are not available for channel estimation (Figure 2d). Notice that channel estimation is performed with 16.67% less power for the scattered pilot format than for the two TDM pilot formats in the first case (Figure 2a) in order for the scattered pilot format to have the same (first TDM format) or smaller (second TDM format) decoding latency and it is performed with 33.33% less power in the second case (Figure 2d). Figures 3, 4 and 5 show the performance at various UE speeds with QPSK, 16QAM, and 64QAM, respectively.

[image: image1]
Figure 2a: Scattered Format: Pilot sub-carriers available for channel estimation. RF does not shut down.
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Figure 2b: TDM Format 1: OFDM Symbols for pilot sub-carriers available for channel estimation.
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Figure 2c: TDM Format 2: OFDM Symbols for pilot sub-carriers available for channel estimation.
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Figure 2d: Scattered Format: Pilot sub-carriers available for channel estimation. RF does shut down.
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Figure 3: FER for Scattered and TDM Pilot Formats. QPSK Modulation. 10, 150, 30 and 350 Kmph.
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Figure 4: FER for Scattered and TDM Pilot Formats. 16QAM Modulation. 10, 150, 30 and 350 Kmph.
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Figure 5: FER for Scattered and TDM Pilot Formats. 64QAM Modulation. 10, 150, 30 and 250 Kmph.

With QPSK and the first channel estimation setup for the scattered pilot format (Figure 2a), there is practically no performance difference at low to medium UE speeds between the two TDM and the scattered pilot formats despite the fact that the latter uses somewhat less pilot power for channel estimation as only half the pilot sub-carriers (the ones in the first OFDM symbol) in the succeeding TTI are utilized. Relative to perfect channel estimation, the performance loss at low to medium UE speeds is only about 0.4 dB.
 The performance difference among the pilot formats remains negligible at 150 Kmph while at 350 Kmph, the scattered pilot format outperforms by about 0.8 dB. For the second channel estimation setup for the scattered pilot format (Figure 2d), there is a 0.2-0.3 dB degradation at low to medium UE speeds. No appreciable performance loss occurs at high UE speeds as the missed pilot sub-carriers were used for the channel estimation of only the first two OFDM symbols in the TTI of interest and the corresponding interpolation coefficients were small.

With 16QAM and the first channel estimation setup for the scattered pilot (Figure 2a), similar observations as for QPSK apply with the scattered pilot outperforming by about 0.1 dB at 150 Kmph and by at least 2 dB at 350 Kmph. As expected, this trend is further magnified for 64QAM with the scattered pilot format exhibiting small fractional gains of 0.3-0.4 dB even at low to medium UE speeds (the corresponding gain for 16QAM is about 0.1 dB). The scattered pilot format outperforms by about 0.5 dB at 150 Kmph and the performance of both TDM pilot formats saturates at 250 Kmph. Relative to perfect channel estimation, the loss at low to medium speeds is only about 0.4 dB for both 16QAM and 64QAM. For the second channel estimation setup for the scattered pilot (Figure 2d), there is about 0.1 dB degradation at low to medium UE speeds for both 16QAM and 64QAM and, as for QPSK, no appreciable change exists at high UE speeds.

The need for a scattered pilot format at high speeds is evident even for QPSK and under the favorable assumption of 3 consecutive Unicast TTIs. At low to medium speeds, the performance of all pilot formats is practically the same with the scattered one offering fractional dB gains for 64QAM. The performance of the two TDM pilot formats is practically identical in all cases.

3.1.2. Multicast Preceding TTI and Unicast Succeeding TTI

The case of a Multicast TTI preceding the Unicast TTI of interest is now examined. Clearly, channel estimation with the scattered pilot is not affected by whether or not the UE RF shuts down. Channel estimation is performed with 25% less power for the scattered pilot format than for the two TDM pilot formats as the latter still have available all the pilot power in the first or second symbol of the succeeding TTI (Figures 6a, 6b and 6c). Figures 7, 8, and 9 show, respectively, the performance with QPSK, 16QAM, and 64QAM modulations at various UE speeds.
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Figure 6a: Scattered Format: OFDM symbols for pilot sub-carriers available for channel estimation.
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Figure 6b: TDM Format 1: OFDM symbols for pilot sub-carriers available for channel estimation.

Figure 6c: TDM Format 2: OFDM symbols for pilot sub-carriers available for channel estimation.
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Figure 7: FER for Scattered and TDM Pilot Formats. QPSK Modulation. 10, 150, 30 and 350 Kmph.
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Figure 8: FER for Scattered and TDM Pilot Formats. 16QAM Modulation. 10, 150, 30 and 350 Kmph.
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Figure 9: FER for Scattered and TDM Pilot Formats. 64QAM Modulation. 10, 150, 30 and 250 Kmph.

Similar behavior as in the case of all Unicast TTIs is observed. With QPSK and low to medium UE speeds, the two TDM pilot formats marginally outperform by about 0.1-0.2 dB. Moreover, the performance loss relative to perfect channel estimation is also marginally increased to about 0.7 dB. At 150 Kmph, all pilot formats achieve practically identical performance while at 350 Kmph, the scattered pilot format still offers gains of at least 0.5 dB. 

For 16QAM and low to medium UE speeds, all pilot formats practically achieve identical performance. Relative to perfect channel estimation, the performance loss is about 0.6 dB. At 150 Kmph, the first TDM pilot format outperforms the scattered one by about 0.1 dB and the second TDM one by about 0.2 dB. At 350 Kmph, the performance of both TDM pilot formats saturates. For 64QAM and low to medium UE speeds, the scattered pilot format outperforms the two TDM formats by about 0.1 dB. Relative to perfect channel estimation, the performance loss is about 0.7 dB. At 150 Kmph, the first TDM and the scattered pilot formats outperform the second TDM one by 0.2-0.3 dB. At 250 Kmph, the performance of both TDM pilot formats saturates. Among the two TDM formats, the first one shows marginal gains in performance and tolerance to increasing UE speeds.

3.1.3. Unicast Preceding TTI and Multicast Succeeding TTI

The case of a Multicast TTI succeeding the Unicast TTI of interest is now examined. This is the most difficult scenario for all pilot formats. If either the UE RF does not shut down or the UE was scheduled during the preceding Unicast TTI, the scattered pilot format uses the same amount of pilot power for channel estimation as the two TDM pilot formats (Figures 10a, 10b and 10c). If both the UE RF shuts down and the UE was not scheduled during the preceding Unicast TTI (Figure 10d), the scattered pilot format uses 25% less pilot power for channel estimation.

For the scattered pilot format, channel estimation for the last three OFDM symbols has to be strictly causal. For the first TDM pilot format, channel estimation has to be causal for all OFDM symbols while for the second TDM pilot format, it has to be strictly causal for all but the first OFDM symbol. 

Figures 11, 12, and 13 show, respectively, the performance for QPSK, 16QAM, and 64QAM at various UE speeds. Comparing the performance to the previously examined cases clearly demonstrates the need for utilizing the pilot sub-carriers from the succeeding TTI, whenever possible, and thus using possibly different interpolation filters for different OFDM symbols.
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Figure 10a: Scattered Format: Pilot sub-carriers available for channel estimation. RF does not shut down.
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Figure 10b: TDM Format 1: OFDM Symbols for pilot sub-carriers available for channel estimation.
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Figure 10c: TDM Format 2: OFDM Symbols for pilot sub-carriers available for channel estimation.
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Figure 10d: Scattered Format: Pilot sub-carriers available for channel estimation. RF does shut down.
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Figure 11: FER for Scattered and TDM Pilot Formats. QPSK Modulation. 10, 150, 30 and 250 Kmph.
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Figure 12: FER for Scattered and TDM Pilot Formats. 16QAM Modulation. 10, 150, 30 and 250 Kmph.
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Figure 13: FER for Scattered and TDM Pilot Formats. 64QAM Modulation. 10 and 30 Kmph.

With QPSK and the first channel estimation setup for the scattered pilot format (Figure 10a), the performance of all pilot formats is practically the same at low to medium UE speeds. The gap from perfect channel estimation increases to about 0.7 dB. At high UE speeds, both TDM pilot formats completely fail while the scattered one only suffers an additional 0.5-1.0 dB loss. 
The susceptibility of the TDM pilot formats to increasing UE speeds is further exaggerated for the higher order modulation schemes. For 16QAM, small losses relative to the scattered pilot format appear at low to medium UE speeds. For 64QAM, the losses of the best performing TDM pilot format relative to the scattered one at 10 Kmph and 30 Kmph become, respectively, 0.2 dB and 0.6 dB (at 10% FER). All pilot formats experience performance failure at high speeds (not shown for 64QAM) but the scattered one has better tolerance to increasing UE speeds. For the second channel estimation setup for the scattered pilot format (Figure 10d), there is a 0.1-0.3 dB degradation at low to medium UE speeds. No significant performance change occurs at high speeds (0.1 dB or less) for all modulation schemes.

The scattered pilot format can mitigate the performance losses for the present scenario by increasing the power allocated to the second OFDM symbol carrying pilot sub-carriers and proportionally decreasing the power allocated to the first one. In general, the scattered pilot allows for dynamic power allocation between the two OFDM symbols carrying pilot sub-carriers. No such ability exists for the TDM pilot format which is destined to experience substantial performance losses under the present scenario. 

4. Shared Control Channel: Performance Results and Discussions 

The shared control channel is assumed to be located at the first OFDM symbol in each TTI (except for the second TDM pilot format), employ QPSK modulation, and convolutional coding. Because the TDM and scattered pilot formats have different number of available data sub-carriers for the shared control channel, for the scattered pilot format the simulations assume that some of these sub-carriers artificially carry dummy information (e.g. they may be allocated to the shared data channel) in order to evaluate the relative performance with the same payload and code rate. The locations of the dummy sub-carriers are defined as the ones corresponding to a pilot sub-carrier in the TDM pilot formats and a data sub-carrier in the scattered pilot format. This is further illustrated in Figure 15. A convolutional code with rate 1/3 and constraint length K=9 was considered. For a 12-bit CRC and 8 tail bits, the raw information payload is 130 bits for all pilot formats.
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Figure 14: Control Symbol for Scattered Pilot Format for Case 2.

4.1. Unicast Preceding TTI

Similarly to the shared data channel, channel estimation for the present scenario is based on the pilot sub-carriers in the preceding TTI and the pilot sub-carriers in the shared control symbol of the current TTI (Figures 15a, 15b, 15c, and 15d), depending on whether the UE RF shuts down and the UE was not scheduled during the preceding Unicast TTI for the scattered pilot format. Figure 16 shows the FER performance for four indicative UE speeds (10, 30, 150, and 350 Kmph). If either the UE RF does not shut down or the UE was scheduled in the preceding TTI, the gains with the TDM pilot formats over the scattered one with the RF on (SCT1) are only 0.1 – 0.2 dB for almost all UE speeds. The only exception occurs at 350 Kmph, where the TDM pilot formats outperform by about 0.7-0.8 dB. If both the UE RF shuts down and the UE was not scheduled in the preceding TTI, the gains of the TDM pilot formats over the scattered one are 0.5-0.8 dB for all UE speeds.
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Figure 15a: Scattered Format: Pilot sub-carriers available for channel estimation. RF does not shut down.
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Figure 15b: TDM Format 1: OFDM symbols for pilot sub-carriers available for channel estimation.
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Figure 15c: TDM Format 2: OFDM symbols for pilot sub-carriers available for channel estimation.

Figure 15d: Scattered Format: Pilot sub-carriers available for channel estimation. RF does shut down.
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Figure 16: FER for Scattered and TDM Pilot Formats. Unicast Preceding TTI.

4.2. Multicast Preceding TTI
Channel estimation for the present scenario is based only on the pilot sub-carriers in the shared control symbol of the current TTI (Figures 17a, 17b and 17c). The FER performance is given in Figure 18 for four indicative UE speeds (10, 30, 150, and 350 Kmph). The gain with the TDM pilot format over the scattered one is about 0.7-0.8 dB for all UE speeds. 
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Figure 17a: Scattered Format: OFDM symbols for pilot sub-carriers used for channel estimation.
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Figure 17b: TDM Format 1: OFDM symbols for pilot sub-carriers used for channel estimation.
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Figure 17c: TDM Format 2: OFDM symbols for pilot sub-carriers used for channel estimation.
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Figure 18: FER for Scattered and TDM Pilot Formats. Multicast Preceding TTI.

5. Summary of Performance Results
The performance gains/losses of the scattered pilot format for the shared data and control channels are summarized in Tables 2-5, as a function of the modulation and the UE speed. For simplicity and clarity, the gains/losses are shown relative to the first TDM pilot format since the two TDM formats have similar performance while the first one better achieves the objective of minimizing latency.

Table 2: Shared Data Channel: RF does not shut down or UE was scheduled during preceding Unicast TTI. Scattered Pilot Performance Gains over TDM Pilot (first format).
	
	QPSK

low-medium 
	QPSK

high
	16QAM

low-medium 
	16QAM

high
	64QAM

low-medium 
	64QAM

high

	3 Unicast TTIs
	0.0 dB
	0.5 dB

(350 Kmph)
	0.1 dB
	> 2dB

(350 Kmph)
	0.3-0.4 dB
	0.5 -  >2dB

	Multicast Preceding TTI
	(0.1-0.2) dB
	0.5 dB

(350 Kmph)
	0.0 dB
	TDM Fails

(350 Kmph)
	0.1 dB
	TDM Fails

(250 Kmph)

	Multicast Succeeding TTI
	0.0-0.1 dB
	TDM Fails

(150 Kmph)
	0.1-0.3 dB
	TDM fails at  lower speeds
	0.2-0.6 dB
	TDM fails at lower speeds


Table 3: Shared Data Channel: RF shuts down and UE was not scheduled during preceding Unicast TTI. Scattered Pilot Performance Gains over TDM Pilot (first format).
	
	QPSK

low-medium 
	QPSK

high
	16QAM

low-medium 
	16QAM

high
	64QAM

low-medium 
	64QAM

high

	3 Unicast TTIs
	(0.2) dB
	0.5 dB

(350 Kmph)
	(0.0-0.1) dB
	> 2dB

(350 Kmph)
	0.1-0.2 dB
	0.5 - >2dB

	Multicast Succeeding TTI
	(0.0-0.1) dB
	TDM Fails

(150 Kmph)
	0.0-0.2 dB
	TDM fails at  lower speeds
	0.1-0.5 dB
	TDM fails at lower speeds


Table 4: Shared Control Channel: RF does not shut down or UE was scheduled during preceding Unicast TTI. Scattered Pilot Performance Losses over TDM Pilots (first format).
	
	QPSK

low-medium speeds
	QPSK

high speeds

	Unicast Preceding TTI
	0.15 dB
	0.3-0.7 dB

	Multicast Preceding TTI
	0.7-0.8 dB
	0.7-0.8 dB


Table 5: Shared Control Channel: RF shuts down and UE was not scheduled during preceding Unicast TTI. Scattered Pilot Performance Losses over TDM Pilots.
	
	QPSK

low-medium speeds
	QPSK

high speeds

	Unicast Preceding TTI
	0.6 dB
	0.7-0.8 dB 


6. Conclusions
This contribution presented performance comparisons and design issues for the OFDMA downlink candidate scattered and TDM pilot formats. The main conclusions can be summarized as follows:

· Use of Preceding and Succeeding TTIs

Both TDM and scattered pilot formats need to exploit pilot sub-carriers from preceding and succeeding TTIs, whenever applicable, to appreciably improve the resulting performance. It is therefore necessary to potentially apply different interpolation filters to different OFDM symbols within each TTI for both scattered and TDM pilot formats.

· Decoding Latency for Shared Control and Shared Data Channels 

The latency requirements to decode the shared data and control channels are the same for the scattered and first TDM pilot formats. The second TDM format has additional latency of 1 OFDM symbol.

· Shared Data Channel and Low to Medium UE Speeds

For the shared data channel and low to medium speeds, both TDM and scattered pilot formats practically achieve the same performance. Consequently, both formats achieve the same throughput regardless whether the RF shuts down or not. 

· Shared Data Channel and High UE Speeds

For the shared data channel and high UE speeds, complete performance failures can occur with the TDM pilot formats even for QPSK modulation and UE speeds well below the maximum considered one of 350 Kmph. In such cases, the only remedy for any TDM pilot format is to revert to a scattered one (e.g. through the introduction of dedicated pilot sub-carriers for high speed UEs). The UE will then need to support both TDM and scattered pilot formats, thereby eliminating any potential implementation advantage one may have over the other, increasing the UE channel estimation complexity, and doubling number of required TTI structures.

· Adaptive Pilot Power Allocation for Scattered Format

The scattered pilot format has the intrinsic capability of adaptively allocating the total power of pilot sub-carriers. This can provide further performance improvements. For example, when the preceding/succeeding TTI is a Multicast one, the power allocated to the earlier/later pilot sub-carriers can be increased and the power allocated to the later/earlier pilot sub-carriers can be proportionally decreased to improve channel estimation in these more critical cases.

· Shared Control Channel 

For the shared control channel, the gains of the TDM pilot format over the scattered one for a Unicast preceding TTI range from 0.15 dB for the vast majority of UE speeds, when either the UE RF does not shut down or the UE was scheduled during the preceding TTI, to 0.6-0.8 dB when both the UE RF shuts down and the UE was not scheduled during the preceding TTI. For a Multicast preceding TTI, the TDM pilot format outperforms the scattered one by 0.7-0.8 dB for all UE speeds. Since the L1 control channel is a small part of the TTI (for example 1/2 of an OFDM symbol), this loss is equivalent to a 0.01 to 0.07 dB loss for the entire TTI. In other words, coding for the control channel could be increased in the case of the staggered pilot, so that there is no performance difference relative to the TDM pilot, for a corresponding coding loss of only 0.01 to 0.07 dB for the shared data channel.
· Overall Conclusion

Both scattered and first TDM pilot formats can decode the shared control channel without latency. No throughput difference exists between the two formats for the shared data channel and the decoding latency is only one OFDM symbol. The only advantage of the TDM pilot format is a 0.15-0.8 dB gain for the shared control channel, depending on the channel estimation setup for the scattered one. Alternatively, the same shared control channel performance is achieved for a 0.01 to 0.07 dB loss for the shared data channel with the scattered pilot. At high UE speeds, the TDM pilot format fails and needs to revert to a scattered one by supplementing a dedicated pilot to the UE. This will substantially increase the UE channel estimation complexity relative to a scattered pilot format, double the number of necessary TTI formats, require additional pilot overhead at the detriment of throughput, and introduce additional signaling, albeit at a low rate, to communicate to the UE the information regarding a dedicated pilot. 

Therefore, the scattered pilot format offers a better alternative as it satisfies provides greater flexibility, fewer TTI formats, no additional signaling, and lower channel estimation implementation requirements while achieving the same latency, power savings, and shared data channel throughput and shared control channel performance than the TDM pilot format. 
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APPENDIX A

Extensions of the scattered pilot format for 2 and 4 transmitter antennas are respectively provided in Figures A1 and A2.
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 Figure A1 – TTI structure for scattered pilot format and 2 transmitter antennas.
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Figure A2 – TTI structure for scattered pilot format and 4 transmitter antennas.

APPENDIX B

Table B1: Shared Data Channel: Interpolation Coefficients with Scattered and TDM Pilots. 

Unicast Preceding and Succeeding TTIs.
	Speed Range
	Coefficient Values

	0-25 Kmph
	Scattered RF On (all symbols): [1/3 1/2 1/3 1/2 1/3 0] 

	
	Scattered RF Off (all symbols): [1/3 0 1/3 1 1/3 0]

	
	TDM Formats 1 and 2 (all symbols): [1/3 1/3 1/3]

	25-120 Kmph
	Scattered RF On
	Symbols 1 and 2: [1/6 1/2 2/3 1/2 1/6 0]

Symbol 3: [0 1/3 2/3 2/3 1/3 0]

Symbols 4 and 5: [0 1/6 1/2 5/6 1/2 0]

Symbols 6 and 7: [0 0 1/3 1 2/3 0]

	
	Scattered RF Off
	Symbols 1 and 2: [1/6 0 2/3 1 1/6 0]

Symbol 3: [0 0 2/3 1 1/3 0]

Symbols 4 and 5: [0 0 1/2 2 1/2 0]

Symbols 6 and 7: [0 0 1/3 1 2/3 0]

	
	TDM Format 1
	Symbols 1 and 2: [1/4 1/2 1/4]

Symbol 3: [1/6 1/2 1/3]

Symbols 4 and 5: [0 1/2 1/2]

Symbols 6 and 7: [0 1/3 2/3]

	
	TDM Format 2
	Symbol 1: [1/3 1/2 1/6]

Symbol 2: [1/4 1/2 1/4]

Symbol 3: [1/6 1/2 1/3]

Symbol 4: [0 2/3 1/3]

Symbols 5 and 6: [0 1/2 1/2]

Symbol 7: [0 1/3 2/3]

	> 120 Kmph
	Scattered RF On
	Symbol 1: [0 1/2 1 1/2 0 0]

Symbol 2: [0 3/8 1 5/8 0 0]

Symbol 3: [0 1/8 6/8 7/8 2/8 0]

Symbol 4: [0 0 5/8 1 3/8 0]

Symbol 5: [0 0 3/8 1 5/8 0]

Symbol 6: [0 0 2/8 1 6/8 0]

Symbol 7: [0 0 0 1 1 0]

	
	Scattered RF Off
	Symbol 1 and 2: [0 0 1 1 0 0]

Symbol 3: [0 0 6/8 1 2/8 0]

Symbol 4: [0 0 5/8 1 3/8 0]

Symbol 5: [0 0 3/8 1 5/8 0]

Symbol 6: [0 0 2/8 1 6/8 0]

Symbol 7: [0 0 0 1 1 0]

	
	TDM Format 1
	Symbol 1: [0 1 0]

Symbol 2: [0 7/8 1/8]

Symbol 3: [0 6/8 2/8]

Symbol 4: [0 5/8 3/8]

Symbol 5: [0 3/8 5/8]

Symbol 6: [0 2/8 6/8]

Symbol 7: [0 1/8 7/8]

	
	TDM Format 2
	Symbol 1: [1/8 7/8 0]

Symbol 2: [0 1 0]

Symbol 3: [0 7/8 1/8]

Symbol 4: [0 6/8 2/8]

Symbol 5: [0 5/8 3/8]

Symbol 6: [0 3/8 5/8]

Symbol 7: [0 2/8 6/8]


Table B2: Shared Data Channel: Interpolation Coefficients with Scattered and TDM Pilots.

 Multicast Preceding and Unicast Succeeding TTIs.
	Speed Range
	Coefficient Values

	0-25 Kmph
	Scattered RF On or Off (all symbols): [0 0 1/2 1 1/2 0] 

	
	TDM (all symbols): [0 1/2 1/2]

	25-120 Kmph
	Scattered 

RF On or Off
	Symbols 1, 2, and 3: [0 0 2/3 1 1/3 0]

Symbols 4 and 5: [0 0 1/2 1 1/2 0]

Symbols 6 and 7: [0 0 1/3 1 2/3 0]

	
	TDM Format 1
	Symbols 1, 2, and 3: [0 2/3 1/3]

Symbols 4 and 5: [0 1/2 1/2]

Symbols 6 and 7: [0 1/3 2/3]

	
	TDM Format 2
	Symbols 1, and 2: [0 3/4 1/4]

Symbols 3 and 4: [0 2/3 1/3]

Symbols 5 and 6: [0 1/2 2/2]

Symbol 7: [0 1/3 2/3]

	> 120 Kmph
	Scattered 

RF On or Off
	Symbols 1 and 2: [0 0 1 1 0 0]

Symbol 3: [0 0 7/8 1 1/8 0]

Symbol 4: [0 0 5/8 1 3/8 0]

Symbol 5: [0 0 3/8 1 5/8 0]

Symbol 6: [0 0 1/8 1 7/8 0]

Symbol 7: [0 0 0 1 1 0]

	
	TDM Format 1
	Symbol 1: [0 1 0]

Symbol 2: [0 7/8 1/8]

Symbol 3: [0 6/8 2/8]

Symbol 4: [0 5/8 3/8]

Symbol 5: [0 3/8 5/8]

Symbol 6: [0 2/8 6/8]

Symbol 7: [0 1/8 7/8]

	
	TDM Format 2
	Symbols 1, and 2: [0 1 0]

Symbol 3: [0 7/8 1/8]

Symbol 4: [0 6/8 2/8]

Symbol 5: [0 5/8 3/8]

Symbol 6: [0 3/8 5/8]

Symbol 7: [0 2/8 6/8]


Table B3: Shared Data Channel: Interpolation Coefficients with Scattered and TDM Pilots.

Unicast Preceding and Multicast Succeeding TTIs.
	Speed Range
	Coefficient Values

	0-25 Kmph
	Scattered RF On (all symbols): [1/2 1/2 1/2 1/2 0 0] 

	
	Scattered RF Off (all symbols): [3/8 0 5/8 1 0 0]

	
	TDM Formats 1 and 2 (all symbols): [1/2 1/2 0]

	25-120 Kmph
	Scattered RF On
	Symbols 1, and 2: [1/3 1/2 2/3 1/2 0 0]

Symbols 3, 4 and 5: [1/4 1/3 3/4 2/3 0 0]

Symbols 6 and 7: [0 1/4 1 3/4 0 0]

	
	Scattered RF Off
	Symbols 1, and 2: [1/3 0 2/3 1 0 0]

Symbols 3, 4 and 5: [1/4 0 3/4 1 0 0]

Symbols 6 and 7: [0 0 1 1 0 0]

	
	TDM Format 1
	Symbols 1, 2 and 3: [1/3 2/3 0]

Symbols 4 and 5: [1/4 3/4 0]

Symbols 6 and 7: [0 1 0]

	
	TDM Format 2
	Symbols 1, 2, 3 and 4: [1/3 2/3 0]

Symbols 5 and 6: [1/4 3/4 0]

Symbol 7: [0 1 0]

	> 120 Kmph
	Scattered RF On
	Symbols 1 and 2: [0 1/2 1 1/2 0 0]

Symbol 3: [0 1/4 1 3/4 0 0]

Symbols 4, 5, 6, and 7: [0 0 0 1 0 0]

	
	Scattered RF Off
	Symbols 1 and 2: [0 0 1 0 0 0]

Symbol 3: [0 0 1 1 0 0]

Symbols 4, 5, 6, and 7: [0 0 0 1 0 0]

	
	TDM Format 1
	All Symbols : [0 1 0]

	
	TDM Format 2
	All Symbols : [0 1 0]


Table B3: Shared Control Channel: Interpolation Coefficients with Scattered and TDM Pilots.   Unicast Preceding TTI.
	Speed Range
	Coefficient Values

	0-25 Kmph
	Scattered RF On: [1/2 1 1/2 0 0 0] 

	
	Scattered RF Off: [3/8 0 5/8 0 0 0]

	
	TDM Formats 1 and 2: [1/2 1/2 0]

	25-120 Kmph
	Scattered RF On
	[1/3 1/2 2/3 0 0 0]

	
	Scattered RF Off
	[1/3 0 2/3 0 0 0]

	
	TDM Formats 1 and 2
	[1/3 2/3 0]

	> 120 Kmph
	Scattered  RF On
	[0 1/4 3/4 0 0 0]

	
	Scattered  RF Off
	[0 0 1 0 0 0]

	
	TDM Formats 1 and 2
	[0 1 0]
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� This contribution is a resubmission of the R1-050778 one which was not presented in the RAN1 #42 meeting.


� The FER for perfect channel was evaluated at 30 Kmph. Small differences were observed at other UE speeds as the raw BER increased with the UE speed but the FER remained practically unchanged because of interleaving gains.  
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