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1. Introduction

The topic of channel estimation in OFDM attracted a lot of well-deserved attention in recent RAN1 meetings. In this contribution, we discuss a number of problem areas related to channel estimation in OFDM, and recommend what in our view should be the preferred way forward. Most importantly, we recommend that a reference pilot grid (OFDM CPICH) is agreed for the OFDM SI to enable a thorough investigation of the channel estimation penalty.

2. Discussion and Recommendations
2.1. Channel Estimation in WCDMA and OFDM

The very need for studying the effects of channel estimation in the OFDM SI is occasionally queried in RAN1 discussions. After all, perfect channel estimation is often assumed in CDMA-specific studies within RAN1. However, such an approach can be justified when comparing two very similar CDMA systems, where realistic channel estimation is expected to lead to the same performance bias. However, where two radically different radio interfaces are compared, we believe it mandatory to study the impact of realistic channel estimation. Unless channel estimation penalty of both systems is demonstrated to be similar, channel estimation bias should be included in system level simulations.
It should be noted that the channel estimation penalty should be evaluated not only under AWGN, but also under realistic intercell interference.
Recommendation: The study of channel estimation effects should be an integral part of the OFDM SI.
2.2. The Need for a Reference Pilot Grid

We believe that the OFDM SI would benefit from agreeing a reference pilot grid. The study of channel estimation must clearly be performed in the context of a specific pilot structure, and the usage of a reference OFDM CPICH would enable different parties to align their simulation results. At first sight, the number of degrees of freedom available in designing the pilot channel may seem large. However, after the design requirements are set (as described see below), the number of possible solutions is significantly reduced.

Given that the selected pilot grid meets well defined design requirements, it is unlikely that major improvements could be obtained by using alternative grids, designed by some (yet to be defined) optimization process. Nevertheless, it should be understood that the adoption of a reference pilot channel at this stage would not preclude the introduction of new optimized pilot structures in future. Indeed, the reference CPICH could form the basis for any future optimization.
Recommendation: A reference OFDM CPICH should be adopted.
2.3. OFDM CPICH Design
Assuming pilot-based channel estimation, pilot spacing 
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 in the time domain should be sufficient to cope with the combined effect of the maximum HSDPA UE speed of 120 km/h [1] and the base station frequency drift of 0.1 ppm [2]. Based on these inputs and the 2.1 GHz carrier, the application of the sampling theorem yields the maximum pilot spacing of 
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. In practice, pilot spacing must be considerably reduced (say by a factor of 2..4) to allow for receiver imperfections. Additionally, it is desirable to allow a margin for potential system migration to higher Doppler frequencies. In the case of OFDM, the smallest achievable spacing is equal to symbol duration, namely 74 us (set 1) and 167 us (set 2). In this context, pilot spacing equal to 
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 (1…4 OFDM symbols) appears reasonable for OFDM parameter set 1, and 
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 (1…2 OFDM symbols) appears reasonable for OFDM parameter set 2. It should be noted that WCDMA CPICH is a continuous pilot with a 66.(6) us sampling interval, and the highest reference UE speed is equal to 250 km/h [ref 1, Case 6 channel].
Pilot spacing 
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 in the frequency domain should be obtained with the same approach as used for time domain pilots. Namely, the maximum channel delay that a system is to tolerate should be derived from the guard interval, e.g. 
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. The maximum pilot spacing 
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 should be derived through the application of the sampling theorem, and finally an implementation margin should be added.
Recommendation: Time domain pilot spacing for OFDM channel estimation should be in the range of 1…4 symbols (set 1) and 1..2 symbols (set 2). Frequency-domain pilot spacing should be designed based on the maximum delay spread, derived from the guard interval parameter of OFDM.
2.4. The DC Subcarrier
Pilot (or other data) placement on the DC subcarrier should be avoided to simplify the hardware design, as is the usual practice in existing OFDM standards [3][4].
Recommendation: Pilot placement on the DC subcarrier should be avoided.
2.5. Intercell Interference
As a recent contribution demonstrated [5], for power-constrained interference, the impact of intercell can be more detrimental than the impact of AWGN. In this light, it is crucial that the penalty of channel estimation is evaluated not only under idealized AWGN interference, but also in the presence of intercell interference from neighbouring OFDM basestations, assuming a reuse factor of 1. The CPICH (with an appropriate power offset) should be present in the victim as well as interfering cells.

As a minimum, the intercell interference study should be performed at the link level for a number of UE locations (e.g. cell centre, cell edge etc.) as well as a number of representative interferer scenarios (e.g. 1, 2 dominant interferers etc.) under full cell load. Depending on the outcome of the link level study, the results (i.e. quantified power penalty offsets) should be then translated into the system level simulation.
Recommendation: The penalty associated with channel estimation should be studied not only under AWGN, but also under realistic intercell interference from neighbouring cells.
2.6. The Effect of Long Delay Spreads
The HSDPA reference propagation conditions comprise PA3, PB3, VA30 and VA120 channels [1]. At the same time, it should be noted that WCDMA FDD is designed to cope with stricter propagation conditions, viz. the Case 2 channel with a maximum delay span of 20 us [1]. While we do not suggest that Case 2 should be included in the HSDPA reference channel set, we believe that the impact of the channel delay spread stretching beyond the guard interval should be investigated for completeness. This could be accomplished using the simple two-path channel, for different time spans between the two paths.
Recommendation: The impact of delay spreads exceeding the guard interval should be investigated.
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