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1 Introduction
In this document we give some considerations on LTE uplink pilot design and investigate the pilot performance by link level simulation. We study the pilot multiplexing for distributed channel and the pilot efficiency for localized FDMA.
2 Pilot multiplexing for distributed channel
In [1], the basic sub-frame structure for the uplink SC-FDMA evaluation is given using two or three short blocks (SB) per sub-frame respectively. The short block can be filled with pilot symbols or data symbols. The same sub-frame format should be applied for both localized and distributed FDMA cases.
The sub-carrier spacing is inverse proportional to the block length. Short block length for pilot and long block length for data therefore results in that the sub-carrier spacing of the pilot is larger than that of the data. When frequency domain equalizer is used for localized FDMA, pilot efficiency for frequency equalizer can always be guaranteed because there is no multiplexing of multi-user data in the same sub-band, while for distributed FDMA, user multiplexing for pilot and for associated data should be done carefully to match with each other and to guarantee the efficiency and accuracy of channel estimation. 
First we investigate how the channel estimation quality depends on alignment of pilot sub-carriers and data sub-carriers.

Here we use the proposed uplink numerology in [1] for evaluation and the detailed simulation parameters are shown in Appendix. Assume there are Q users in the same sub-band multiplexed by distributed FDMA. Each user has a data block of N symbols to be transmitted within a long block (LB), that is, each user’s data block occupies N equal-distance sub-carriers. The whole sub-band is divided into Q*N sub-carriers for user data. Each user’s associated pilot symbols in SB occupy N/2 equal-distance sub-carriers and the same sub-band is divided into Q*N/2 sub-carriers for user pilot.

User multiplexing can be implemented by repeating one data block Q times and multiplying by different phase factors in time domain processing as in [2], or by different mapping offsets in frequency domain processing, as shown in [3].  
Take frequency domain processing as an example, one user’s N symbols after DFT should be mapped into N equal-distance sub-carriers. Mapping offset for user k’s data symbol is also denoted by
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Sub-carrier mapping of data and pilots for Q=4 are illustrated in Figure 1. The sub-frame structure is shown in Appendix. Each user has two pilot blocks in one sub-frame. Pilot 1 is transmitted at the beginning of the sub-frame and Pilot 2 is transmitted at the end of the sub-frame. The two pilots are mapped in the same way. The middle SB is used to transmit user data mapped in the same way as Pilot 1. 
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Figure 1  Data and pilot multiplexing for 4 users 
The simulation results are shown in Figure 2 for a UE speed of 120km/h. There is no significant performance difference among these 4 users, which shows that the channel estimation quality is independent of the alignment mode of pilot sub-carriers and data sub-carriers in this case. 
[image: image6.emf]8 9 10 11 12 13 14 15

10

-3

10

-2

10

-1

10

0

EbN0

BLER

k=0

k=1

k=2

k=3

.
Figure 2  Performance of different pilot-data alignments
Now we investigate the channel estimation quality for different number of simultaneous users in the same sub-band. The data rate per user is decreased along with the increased number of users. The mapping offset of the pilot symbols is the same as in the previous example. Simulation results are shown in Figure 3.
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Figure 3 Impact of number of users
It can been seen from the figure that the performance is degraded when the number of simultaneous users is increased. For 8 users the degradation is significant, which indicates that the number of simultaneous distributed users (Q) should be limited. 
In order to improve the interpolation efficiency, we change the mapping mode for Pilot 2 and make it staggered relative to Pilot 1, see below:
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Figure 4 Staggered pilot mapping
The staggered pilots can be regarded as an increase of pilot density in frequency domain during one short sub-frame. The simulation results show that staggered pilots can outperform aligned pilot if the number of simultaneous users number is large. Figure 5 shows that there is a certain performance improvement of staggered pilots with Q=8.  
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Figure 5 Improvement of staggered pilots
3 Pilot design for localized FDMA
In this section we study the impact of the density of pilot sub-carriers on channel estimation quality for localized FDMA.
Here we still use the parameters as in section 2. Two pilots in one sub-frame are used and the vehicle speed is 30km/h. We have found that such a short pilot still has a certain degree of redundancy, even in propagation channels with large delay spread, such as TU. 
The following figure shows the performance for different pilot densities. The total pilot power in one pilot block is always the same. Pilot density =1/n means that only a fraction, 1/n, of the sub-carriers are occupied by pilot sub-carriers in a pilot block. The pilot power is always the same in one pilot block and “Eb” refers to the energy for transmitting a data bit only, i.e. omitting the pilot energy.
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Figure 6 Performance for different pilot densities
The results suggest that it is sufficient to use only part of the available sub-carriers for the pilot to enable channel estimation for the whole sub-band occupied by data symbols. Remaining frequency resources can be released for other purposes, e.g., for transmitting training information for other users’ uplink frequency scheduling, or to transmit other uplink control information.
4 Conclusion

We investigate the pilot multiplexing for distributed channel and the pilot efficiency for localized FDMA It is seen that channel estimation quality is independent of the alignment mode of pilot sub-carriers and data sub-carriers. Staggered pilot symbols can improve the interpolation for the distributed channel, especially when the number of simultaneous users is large. For the localized channel, it is sufficient to transmit pilots on a fraction of the sub-carriers to enable accurate channel estimation for the whole sub-band occupied by data symbols. Hence, the remaining frequency resources can be used e.g. to transmit training information for other users’ uplink frequency scheduling.

Appendix A: Simulation parameters 
The simulation parameters are listed in Table 1. 
The sub-frame format is taken from [1]. The same sub-frame format is used for both localized and distributed FDMA cases. The sub-frame contains six long blocks (LBs) comprising 256 symbols/samples per block and three short blocks (SBs) comprising 128 symbols/samples per block for pilot and/or data. In all the simulations 2 short blocks SB#1 and SB#3 are used for pilots.
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Table 1 Simulation parameters
	Carrier frequency
	2.4GHz

	System bandwidth
	5MHz

	Long Block size
	62.50/256(us/symbol)

	Short Block size 
	31.25/128(us/symbol)

	Vehicle speed
	120km/h (Distributed channel)/30km/h (Localized channel)

	Sample rate
	4.096Msmp/s

	Channel mode
	Typical Urban channel


We applied frequency domain channel estimation algorithm with MMSE frequency domain equalization.
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