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Design Considerations of Pilot Structures for Uplink MIMO Transmission
Chih-Yuan Lin, Pei-Kai Liao, Ciou-Ping Wu, and Paul Cheng
MediaTek Inc.

1. Introduction
This contribution discusses the design considerations of uplink pilot structures and provides some pilot structure examples for exposition. In the following sections, some implementation issues, such as pilot collision avoidance and PAPR reduction, are summarized in order to determine the design criteria. Based on these criteria, two pilot pattern examples are then correspondingly developed for two different resource block (RB) sizes. Finally, numerical simulations will be shown to justify the channel estimation performance of the proposed pilot structure examples, and to support the design considerations discussed in this contribution.
2. Design Considerations of Uplink MIMO Pilot Structure
2.1 Pilot Collision
    Since channel estimation (CE) quality is quite critical for data recovery, pilot tone is in general power boosted over data tone to enhance channel estimation. However, in such a way, if pilots of different users collide, channel estimation quality severely degrades, since with respect to each user’s pilot other users’ pilots, compared with their data, are relatively stronger interferences. As a result, we should take the pilot collision issue into consideration when designing the uplink pilot patterns. In uplink transmissions, the multiuser synchronization error causes overlapping of the resource blocks of the uplink users (see Figure 1). If the pilot tones are not properly arranged, pilot collision would occur in the overlapped region. To avoid such a pilot collision, one should reserve a buffer region, in which no pilot is located, within each RB, in order to absorb the signal leakage from the adjacent RB.
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Figure 1: Illustrations of pilot collision .
2.2 PAPR Issue


PAPR is always a critical issue in OFDM based systems. Especially, high PAPR level seriously harms MS, since it results in saturation of an amplifier or alternatively encourages use of large back-off, leading to power inefficiency (battery life shortening) and transmission distance reduction. As a result, when designing uplink pilot patterns, one should impose a constraint to reduce power fluctuation across symbols. In general, putting more pilots in a single symbol results in more seriously increasing in the peak power value of that symbol. To satisfy the mentioned constraint, one possible way is to scatter the pilots over symbols and to make sure that no more than one pilot is located in a single symbol within a resource block.
2.3 Interpolation and Extrapolation Channel Estimation Methods

To obtain the channel parameters on each data tone, the most popular method is to weight and sum the channel information estimated on some pilot tones. The weighting coefficients depend on channel estimation method (either interpolation or extrapolation) and on the assumption of channel variation model. From the perspective of numerical analysis, extrapolation is in general considerably more hazardous than interpolation under the same channel variation model [1]. As a result, the desired pilot arrangement should be in such a pattern that most of the data tones are in-between the pilots so as to largely avoid channel extrapolation.
3. Proposed Pilot Structures
We first determine the RB size for uplink transmission. Based on the SRD document, the uplink spectral efficiency is about one-third of the downlink one, and hence the number of subcarriers in each uplink RB is reasonable to be about one-third of that in each downlink RB. Moreover, since MS is power limited in each OFDM symbol, time-domain-first subcarrier assignment allows data to share more power, so as to enhance transmission distance. Based on the above considerations, we suggest that the RB sizes for uplink be 3-by-6 or 6-by-6 (if the DL RB size is decided to be 9-by-6 or 18-by-6, respectively). In this section, we will propose two design examples of uplink pilot pattern, which base respectively on the two RB sizes. Based on the design considerations discussed in Sections 2.1~2.3, the proposed pilot pattern examples for the two-data-stream case are shown in Figure 2. It is noted that each transmit antenna should put nulls on those locations which are reserved as the pilot tones for the other antenna, in order to maintain pilot orthogonality between the two transmit antennas. On the other hand, for one-data-stream case the proposed pilot pattern examples are shown in Figure 3. For simplicity, in the followings the pilot patterns shown in Figures 2(a), 2(b), 3(a) and 3(b) are denoted as 2TX 3-by-6, 2TX 6-by-6, 1TX 3-by-6, 1TX 6-by-6, respectively.
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Figure 2: Pilot pattern examples for (a) 3-by-6 and (b) 6-by-6 RBs (two-data-stream case).
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Figure 3: Pilot pattern examples for (a) 3-by-6 and (b) 6-by-6 RBs (one-data-stream case).
Discussions:
1. As shown in Figure 2, the proposed pilot patterns frame most of the data tones. As a result, reliable channel estimation can be achieved via interpolation (see Section 2.3) at most of the data tones in each single RB without any aids of adjacent ones. This feature allows the proposed pilot patterns to maintain the channel estimation quality for the distributed subchannelization scenario as in uplink transmissions.
2. As illustrated in Figure 4, the proposed examples shown in Figure 2 also provide a tolerance of one-subcarrier synchronization error, which is much larger than the accuracy of the current synchronization techniques, against pilot collision. Similarly, the examples for one-data-stream case have the same features. As a result, the proposed examples are expected to be quite effective to avoid the pilot collision caused by multiuser synchronization error (see Section 2.1).
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Figure 4: Illustrations of pilot collision avoidance for (a) 3-by-6 and (b) 6-by-6 RBs (two-data-stream case).
3. The pilot density comparison between the conventional 16e uplink tile and the proposed examples is given in Table I. It can be seen that the proposed examples, except the 2TX 3-by-6 example, have relatively lower pilot density (and hence better spectral efficiency). However, as will be shown in the simulation section, for two-data-stream case both of the proposed examples provide better CE mean square error (MSE) performance. For single-data-stream case, the MSE performances of the proposed examples are comparable to that of the conventional uplink tile, although with relatively lower pilot density.
Table I: Pilot density comparison.
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4. Simulation Results
This section provides several simulations to illustrate the CE MSE performance of the proposed pilot pattern examples. We respectively consider a 
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 spatial multiplexing MIMO-OFDM system and a SISO OFDM system, both with FFT size 512. The source symbols are drawn from the QPSK constellation, and the pilot tone is 2 dB power boosted. For the low speed scenario, the channel impulse response follows the ITU pedestrian B channel model with a walking speed of 3 km/h. For the high speed scenario, each channel tap is drawn from the ITU vehicular A power delay profile with a vehicle speed of 120 km/h. The channel time variation characteristics follow the well-known Jakes’ model. In the following simulations, we use 2-D MMSE on a per-RB basis to obtain the channel estimates.
A. Performances under 
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 MIMO Configuration
Figures 7 and 8 show the CE MSE comparison under the low-speed and the high-speed scenarios, respectively. For the low-speed scenario, as expected all methods perform comparably well. For the high-speed scenario, it can be seen that the proposed 2TX 3-by-6 example can outperform the conventional tile structure when SNR is over 15 dB. Moreover, the 2TX 6-by-6 example is also seen to perform best over all SNR values, although with relatively lower pilot density (see Table I). These simulation results justify the effectiveness of the proposed pilot pattern examples.
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Figure 7. CE MSE performances of the proposed examples and the conventional tile structure under the low-speed scenario (MIMO case).
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Figure 8. CE MSE performances of the proposed examples and the conventional tile structure under the high-speed scenario (MIMO case).
B. Performances under SISO Configuration

This subsection redoes the simulations as in the previous subsection under the SISO system configuration. Again, for the low-speed scenario (see Figure 9), all methods operate reliably. However, in the high-speed environment (see Figure 10), the proposed examples instead perform worse than the conventional tile structure. The reason behind is that the proposed examples trade some MSE performance loss for reduction of pilot overhead (see Table I) and for pilot arrangement flexibility to mitigate the pilot collision (see Discussion 2 of Section 3).
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Figure 9. CE MSE performances of the proposed examples and the conventional tile structure under the low-speed scenario (SISO case).
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Figure 10. CE MSE performances of the proposed examples and the conventional tile structure under the high-speed scenario (SISO case).
5. Conclusion
This contribution provides some design considerations for uplink pilot pattern design, which include
(a) Pilot patterns should be designed to avoid pilot collision due to multiuser synchronization error, in order to ensure channel estimation quality.
(b) Pilot tones in a RB should be scattered across symbols, such that the symbol power fluctuation (and hence PAPR) is reduced.
(c) Pilot tone should frame most of the remaining data tones, as possible as we can, in order to avoid channel extrapolation.
Based on the above considerations, we propose two pilot pattern examples under 3-by-6 and 6-by-6 RB sizes, respectively, for one- and two-data-stream MIMO systems. The simulation results also show the effectiveness of the proposed pilot examples in the high- and low-speed communication scenarios.
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