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1. Introduction
We proposed employing an orthogonal pilot channel among sectors in the same Node B in the downlink OFDM based radio access [1], [2]. In [2], we proposed using the combination of a frequency division multiplexing (FDM) based orthogonal structure for separating streams, i.e., transmission antennas, and a code division multiplexing (CDM) based structure for sectored beams. This paper presents a detailed design of the orthogonal pilot channel structure and its validity from the viewpoint of channel estimation accuracy in the E-UTRA downlink OFDM based radio access. 

(Note) In this contribution, we define a cell in the same Node B as a sector. 

2. Orthogonal Common Pilot Channel Structure

We generate intra-Node B orthogonal pilot channels using the combination of FDM and CDM in OFDM radio access. Figure 1 show the basic orthogonal channel structures using distributed FDM (1(a)) and CDM (1(b)).
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(b) CDM

Figure 1 – Basic orthogonal channel structures using FDM and CDM

Our proposed orthogonal pilot channel structure is as follows.

· Combination of FDM and CDM

· Distributed FDM Based Structure for Streams (Transmission Antennas)

Employing an orthogonal pilot channel is necessary in MIMO transmission including transmit diversity to separate multiple streams transmitted from different antennas. In the cell with MIMO transmission, all sets of UE within a cell must be supported. UE with large delay spreads should be supported when transmit diversity is used, although MIMO multiplexing is used in short delay spreads such as indoors typically. Moreover, when MIMO multiplexing is applied to achieve a high data rate, the required received signal-to-noise power ratio (SNR) becomes higher than that of the single-antenna transmission. Therefore, accurate orthogonality among orthogonal pilot channels is necessary to separate streams (antennas). The typical number of multiplexing for streams is two and the maximum is four. 

· CDM Based Structure for Sectored Beams

The percentage of intra-Node B macro diversity sets of UE within the entire cell is approximately 7%.  Furthermore, in the intra-Node B macro diversity area, the required SNR is low in general. Thus, the accuracy of orthogonality for sectored beams is not as strict as for streams. Instead, accurate tracking of the channel estimation is possible using the CDM structure particularly for the one-link connection UE far from sector borders, since the pilot signal is continuously multiplexed in the frequency domain. The typical number of multiplexing for sectored beams is 3 with a single-antenna transmission.

Figure 2 shows the proposed orthogonal pilot channel structure employing FDM among streams and CDM between sectored beams. In the CDM, frequency domain spreading is used by adding phase rotation. The phase rotation of 0, 2/3, and 4/3 is added at every 4 sub-carriers to sectored beam 1, 2, and 3, respectively. 
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Figure 2 – Proposed orthogonal pilot channel structure using the combination of FDM and CDM
In Figure 2, only frequency domain spreading is employed in CDM. However, fluctuation of the received level in the time domain is slight in typical low mobility environments. So, we propose a CDM based orthogonal pilot channel structure using frequency and time domain spreading as shown in Fig. 3. Figures 3(a) and 3(b) indicate the CDM based orthogonal pilot channel structure for one stream and two streams, respectively. As shown in the figures, by taking advantage of the time domain spreading in addition to that in the frequency domain, a large number of or well-orthogonal CDM based orthogonal pilot channels can be generated. Typical environments where MIMO transmission is applied, are lower mobility speed than approximately a few tens kilometer per hour. Therefore, time domain spreading in addition to that in the frequency domain is beneficial particularly in MIMO transmission. 
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(a) One stream (transmission antenna)
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(b) Two streams (transmission antennas)

Figure 3 – CDM-based orthogonal pilot channel structure using frequency and time domain spreading

3. Simulation Evaluations

In order to verify the proposed orthogonal pilot channels for sectored beam and streams (transmission antennas), we investigate the effect of the FDM and CDM based structure from the viewpoint of the channel estimation error. 

Table 1 gives the simulation parameters that follow those in [3]. We use a TDM-based pilot channel structure, in which the pilot symbol is multiplexed into the first OFDM symbol position at each sub-frame. We assume ideal FFT timing detection. Then, we calculate the mean square error (MSE) of the channel impulse response, which is used to obtain the orthogonal pilot channel. The channel gain in the frequency domain is obtained by converting the cross-correlation of the received sequence and cyclic-shifted pilot sequence within the FFT window in the time domain by FFT. We investigate MSE for a six-ray Typical Urban (TU) model (r.m.s. delay spread value is  = 1.06 sec), Vehicular-B model ( = 4 sec), and six-ray exponentially decayed (2 dB) model with  value as a parameter.  

Table 1 – Simulation Parameters
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3.1. Required Sub-carrier Spacing of Distributed FDM Based Orthogonal Pilot Channel 
In this section, we investigate the required sub-carrier spacing, F, of one FDM based orthogonal pilot channel from the viewpoint of the MSE. Here, the degradation in the MSE of the real channel estimation from the ideal channel estimation depends not only on the signal-to-interference plus noise power ratio (SINR) of the pilot signal but also on the SINR of the data signal, which is multiplexed with the pilot channel by TDM. To focus on only the influence of the pilot channel structure on the degradation in the channel estimation, we define the normalized MSE as shown in Fig. 4, in which the MSE of the pilot signal is normalized by the interference plus noise power of the data-symbol part. Model 1 in Fig. 4(a) corresponds to the condition of single-user MIMO multiplexing and to intra-Node B macro diversity using fast cell selection (FCS) between sectors within the same Node B. In single-user MIMO multiplexing, transmitted signals from other antennas are the target signals to be separated. Thus, the signals are not intra-sector interference. In the intra-Node B macro diversity with FCS, either of two sectors transmits the downlink shared data channel. In Model 1, no data signal is transmitted, i.e., no intra-sector interference for the data channel. On the other hand, we use Model 2 for a set of UE with one-link connection, i.e., without macro diversity. Thus, we define the normalized MSE as MSE / (N + Iself) in Model 1 and as MSE / (N + Iself + Iother) in Model 2. Here, N, Iself, and Iother denote the powers of the background noise, multipath interference beyond the cyclic prefix, and inter-sector interference, respectively. We define the ratio of the received interference power per orthogonal channel and received desired signal power to be PI /PS. 
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(a) Model 1                                                   (b) Model 2

Figures 4 – Definition of normalized MSE

Figure 5 plots the normalized MSE of the distributed FDM based orthogonal pilot channel as a function of the r.m.s. delay spread value, , of a six-ray exponentially decayed channel model, with sub-carrier spacing of one orthogonal channel associated with each of the two antenna F values as a parameter. The number of orthogonal channels is set to Nmux = 2. The performance with F = 2 and Nmux = 1, i.e., two-sub-carrier spacing for one-antenna transmission, is also plotted as a reference. The performance using the six-ray TU and Vehicular-B channel model are also given in the figure. The average received signal energy per symbol-to-noise power spectrum density ratio (Es/N0) is set to 5 and 15 dB. Parameter PI /PS is set to 0 dB. We see from Fig. 5 that the normalized MSE with F = 3 and 4 is degraded distinctly when the r.m.s. delay spread value is longer than approximately 3 sec. The degradation with F = 3 and 4 is also seen in the Vehicular-B model. Thus, when two-antenna MIMO transmission is applied, the F value should be two, i.e., four sub-carrier spacing for each orthogonal channel, to support the r.m.s. delay spread of up to approximately 3 sec. Furthermore, when the r.m.s. delay spread is greater than 5 sec, which is observed in a large cell size or the MBMS channel, one-antenna transmission (including cyclic delay diversity) with F = 2 will be a safe choice.
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Figure 5 – Required sub-carrier spacing in distributed FDM-based orthogonal pilot channel (normalized MSE)

Next, the average PER performance of the distributed FDM based orthogonal pilot channel using an exponentially decayed channel model is plotted in Fig. 6 as a function of the average received Es/N0 per antenna. Data modulation and the channel coding rate of the Turbo code are 16QAM and R = 1/2, respectively. The PER performance using the TU, six-ray exponentially decayed model with  = 3 sec, and the Vehicular-B channel models are given in the figure. We see from the figure that the PER performance with F = 3 and 4 is degraded in the exponentially decayed model with  = 3 sec and the Vehicular-B channel model. Thus, we see that the F value should be two to achieve robustness against delayed paths. 
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Figure 6 - Required sub-carrier spacing in distributed FDM-based orthogonal pilot channel (average PER performance)

We show the influence of the efficiency of pilot symbol overhead on the capacity based on the Shannon formula. Figure 7 show the Shannon capacity with the F value as a parameter, and as a function of the average received Es/N0. The vertical axis is calculated using the following equation.
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where Rloss = 1/(7F), and Eoffset = 10log(13F / (14F – 2)). The Eoffset represents the offset value of Es/N0 when power boosting is applied to the pilot channel assuming constant transmission power over all sub-carriers and one sub-frame duration. 4 dB is a certain degradation factor from the Shannon limit [4]. Here, we assume that the transmission power of the pilot channel is 7.14% of the total transmission power irrespective of F. We see from Fig. 7 that distinct capacity degradation is observed for F = 1 due to larger pilot symbol overhead such as 14.3%. It is observed, however, that the capacity difference among F = 2, 3, and 4 is slight. Therefore, we see that F = 2 is appropriate in the distributed FDM based orthogonal pilot channel among streams, i.e., transmission antennas from the robust feature for delayed paths.
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Figure 7 – Influence of pilot symbol overhead on Shannon capacity

3.2. Comparison FDM- and CDM-Based Orthogonal Pilot Channel among Streams 
We compare the FDM and CDM based orthogonal pilot channel for streams, i.e., transmission antennas. Figure 8 shows the normalized FDM and CDM based orthogonal pilot channel as a function of the PI /PS value in the TU and Vehicular-B channel models. The number of orthogonal channels, i.e., antennas is Nmux = 2 and F of two is assumed from the results in Section 3.1. We find that the FDM based orthogonal pilot channel provides almost a constant normalized MSE regardless of the received power ratio of the interfering signal to the desired signal PI /PS, since orthogonality between two channels for MIMO transmission is perfectly achieved. Meanwhile, the normalized MSE using CDM based orthogonal pilot channel is degraded in the high received Es/N0 case, when the received interference power is high, i.e., high PI /PS. The required average received Es/N0 in 2-by-2 MIMO multiplexing becomes greater than 15 dB [5]. Thus, we see that the FDM based orthogonal pilot channel structure is more promising than the CDM based structure, since high accuracy in orthogonality is necessary to perform signal detection in the MIMO transmission.
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Figure 8 – Comparison between FDM- and CDM-based orthogonal pilot channel structure among streams

3.3. Comparison FDM- and CDM-Based Orthogonal Pilot Channel for Sector Beams
We compare the FDM and CDM based orthogonal pilot channel structure for sectored beams in the same Node B. Figure 9 shows the normalized MSE using the FDM and CDM orthogonal pilot channel with Nmux = 3 and 6 assuming the TU channel model. Nmux = 3 and 6 corresponds to 3 and 6-sectored beams in the same Node B. Since every other sub-carrier mapping is employed, F = 2 is assumed, and the sub-carrier spacing of one orthogonal pilot channel becomes 6 (12) for Nmux = 3 (6) in the FDM case, respectively. Here, we consider the received PI /PS at the sector boundary. When the FCS is applied as intra-Node B macro diversity, the received PI /PS value becomes less than 0 dB, since the sector that provides greater received signal power is selected at each sub-frame. Therefore, we see from Fig. 9 that the CDM based pilot channel structure is more promising than the FDM based structure in such a PI /PS region. 
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Figure 9 – Comparison between FDM- and CDM-based orthogonal pilot channel structure between sectored beams (intra-Node B macro diversity UE)

Finally, we investigate the influence of the FDM and CDM based orthogonal pilot channel structures for sectored beams on the normalized MSE of a set of UE with one link connection. Figure 10 shows the normalized MSE using the FDMA and CDM orthogonal pilot channels for sectored beams as a function of the PI /PS value. The six-ray TU channel model and F = 2 are assumed. Since we assume one-link connection UE, i.e., non-handover UE, a non-orthogonal data channel is simultaneously transmitted from different sectors in the same Node B. Then, we use Model 2 in Fig. 4(b) and evaluate the case of a relatively small PI /PS value, since the inter-sector interference is basically suppressed by the sectored beam. We see from Fig. 10 that the CDM based orthogonal pilot channel for the sectored beam exhibits better performance than the FDM based one. This is because the CDM based structure provides better tracking ability for the channel fluctuation in the frequency domain, since the pilot channel is multiplexed continuously in the frequency domain. Consequently, we conclude that the CDM based orthogonal pilot structure is also more promising than the FDM based structure for sectored beams in the case of the UE with a one-link connection.  
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Figure 10 – Comparison between FDM- and CDM-based orthogonal pilot channel structure between sectored beams (UE with one-link connection)

In conclusion, we proved the validity of the proposed orthogonal pilot channel structure in Section 2: FDM-based multiplexing among streams (transmission antennas) and CDM-based multiplexing between sectored beams. 

4. Conclusion

This paper verify the effectiveness of the proposed orthogonal pilot channel structures using distributed FDM among multiple streams (transmission antennas) and CDM between sectored beams for OFDM based radio access in E-UTRA downlink.
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