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1. Introduction
In the MIMO conventional CDD schemes described thus far, signals are transmitted from several antennas with  inserted signal delays between the antennas, which appears at the receiver to increase the frequency selectivity of the channel, and thus to generate a  frequency diversity effect [2][3][4]. However, when the reference symbols are located with a larger spacing between consecutive reference symbols, the performance of CDD suffers because the Channel Estimation Error (CEE) becomes large.
In the Tallinn meeting, we proposed to apply a Sub-carrier Grouping method to the conventional CDD schemes [5], where a grouping of adjacent sub-carriers is used to implement a scheme to reduce the CEE. We showed that the performance degradation of CDD due to channel estimation error is effectively eliminated if a constant phase rotation is applied to all the sub-carriers within one sub-carrier group. In [5], we also evaluated the performance of the Sub-carrier grouping scheme by applying linear interpolation as the simplest channel estimation method. In this contribution, we apply more advanced channel estimation methods and evaluate their performance with realistic channel estimation errors, as a response to comments received in Tallinn on [5].
In section 2, we briefly explain the proposed “Sub-carrier grouping CDD” (“SGCDD”) scheme from [5] with linear interpolation. In section 3, we explain the applied advanced channel estimation methods for  the Sub-carrier grouping scheme and compare it with the conventional CDD scheme with the applied advanced estimation methods, show the simulation results, and show a comparison of the channel estimation complexity for both schemes. 
This contribution also uses common reference symbols for channel estimation, as a response to comments received in Tallinn on [5], and [7].

2. CDD with sub-carrier groups using linear interpolation
In this section, we show the  proposed “Sub-carrier Grouping CDD” (SGCDD) and the performance comparison between conventional CDD and Sub-carrier Grouping CDD when applying the linear interpolation as the channel estimation method. 
(We showed these results and the description of linear interpolation in the previous contribution [5], and it is repeated here in this Section 2 for reading convenience.)
2.1. Transmitter Structure of conventional and Sub-carrier Grouping CDD
The frequency domain representation of the conventional CDD is described in Figure 1a. The CDD signal is obtained by multiplying the symbol, at sub-carrier k for transmit antenna m, with a phase sequence Tm, defined as
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The selection of the frequency 
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is a design parameter which corresponds to the time delay in the time domain representation [4]. 

The application of subcarrier grouping to the conventional CDD is accomplished as shown in Figure 1b. In order to make the equivalent channel after CDD encoding flat across one sub-carrier group, we proposed a different phase sequence cm in [5], 
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where SGnum is the number of sub-carriers included in one sub-carrier group, i.e. the sub-carrier group width. Thus we can make the equivalent channel after CDD encoding flat across one sub-carrier group.
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Figure 1a. Tx structure-frequency domain　　　　　　 　　Figure 1b. Tx structure-frequency domain 

representation of conventional CDD (from [4]) 　　　          representation of proposed SGCDD (from [5])
2.2. Performance improvement by using Sub-carrier Grouping CDD with linear interpolation
In this section, we describe the performance improvement of the Sub-carrier Grouping CDD scheme by using the linear interpolation scheme from [5], described in the previous section 2.1.
Figure 2 (a) shows an example of the channel response and the estimated channel response observed by a UE under conventional CDD. Figure 2 (b) shows an example of the channel response and the estimated channel response observed by a UE for the SGCDD scheme.

As shown in Figure 2(a), under conventional CDD, the channel response changes for each sub-carrier. When we estimate the channel response by using interpolation between estimated channel responses based on reference symbols separated by larger spacing, there will be severe channel estimation error, causing severe performance degradation.
On the other hand, as shown in Figure 2(b), with the SGCDD scheme, the channel response will be nearly flat across the subcarriers in one sub-carrier group; thus we can avoid severe performance degradation with widely-separated reference symbols.
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Figure 2  Comparison of the Channel response between conventional CDD, and SGCDD
2.3. Simulation Results with Linear Interpolation
In [5] we compared the average BLER performance for a single Tx antenna (non-CDD) scenario, conventional CDD with ideal channel estimation, conventional CDD with non-ideal channel estimation, and the SGCDD scheme, to evaluate the transmit diversity gain resulting from the linear interpolation method. We show the simulation parameters in Appendix 1.
We assumed that we estimate the channel response without noise, to evaluate the interpolation error between staggered pilots in this simulation.

In Figure 3 and 4, the UE bandwidth was set to 5MHz and 1.25MHz, respectively. For the case of the conventional CDD with ideal channel estimation, the delay value between antennas is set to 20 FFT sampling points, to prevent performance degradation by channel estimation error.

Figure 3 demonstrates that the conventional CDD with the ideal channel estimation case is better than the single Tx antenna (non-CDD) case by 2dB at BLER=10-2.  The conventional CDD with non-ideal channel estimation case is better than the single Tx antenna case by only 1dB.

For the SGCDD scheme with non-ideal channel estimation, the diversity gain over the single Tx antenna case is 1.5 dB and the diversity gain over the conventional CDD is 0.5 dB. The difference between the SGCDD scheme with non-ideal estimation and the conventional CDD scheme with ideal channel estimation is very small (within 0.5 dB) - in other words the SGCDD scheme with non-ideal channel estimation approaches the performance of the conventional CDD with ideal channel estimation.

Figure 4 shows a similar trend when the UE bandwidth is 1.25MHz. Figure 4 shows that the conventional CDD with ideal channel estimation case is better than the single Tx antenna (non-CDD) case by 2.5dB at BLER=10-2, and the conventional CDD with non-ideal channel estimation case is better than the single Tx antenna case by only 1dB.

For the SGCDD scheme, the diversity gain against the single Tx antenna case is 2 dB and the difference between the SGCDD scheme with non-ideal channel estimation and the conventional CDD with ideal channel estimation is very small (within 0.5 dB).
These simulation results show that by applying the SGCDD scheme to a system with large-spacing pilots and non-ideal channel estimation, we can get essentially the same performance as in the conventional CDD case with ideal channel estimation.
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Figure 3 SNR vs. BLER performance                        Figure 4 SNR vs. BLER performance


   with linear interpolation



   with linear interpolation
(UE bandwidth: 5MHz)                                               (UE bandwidth: 1.25MHz)

3. Comparison between Conventional CDD and the Sub-carrier Grouping CDD method with an advanced channel estimation scheme
In the previous section 2, we showed the performance comparison from [5] between Conventional CDD and the Sub-carrier Grouping CDD method by applying linear interpolation, as the simplest channel estimation methods. In this section, we apply the IFFT time windowing channel estimation method to the conventional CDD, and FIR filtering in the frequency domain as a simple and effective channel estimation method to the SGCDD scheme and compare the performance with [5].
3.1. IFFT Time-windowing Channel Estimation Method applied to Conventional CDD

We explain the channel estimation method applied to conventional CDD in this section. As shown in Figure 2, we assume that reference symbols are inserted every three sub-carriers. As shown in Figure 5, we retain only the reference symbols every three subcarriers and insert zeros in the remaining symbols. After IFFT processing, we apply time window and the FFT process. Through these processes, we can estimate the channel response. In these processes, time window length should depend on the cyclic prefix length and the delay value of CDD.
We can suppress the noise and simultaneously compensate between staggered sub-carriers with this scheme.
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Figure 5 Channel Estimation Method in Conventional CDD

3.2. FIR Filtering Channel Estimation Method applied to the Sub-carrier Grouping CDD method
We explain the channel estimation method applied to the proposed SGCDD “Sub-carrier Grouping CDD scheme” in this section. In this scheme, since correlation is high within the same sub-carrier group, we can suppress the noise effectively by using FIR filtering, because we can shorten the time window length compared with the conventional CDD case. In the SGCDD scheme, correlation is low between the different sub-carrier groups. So we repeat the signals in the frequency domain between the sub-carrier groups and apply FIR filtering. But because of the discontinuity between sub-carrier groups at the sub-group boundaries, the Channel estimation error increases in inter-sub-carrier groups by applying FIR filtering across the boundaries. In this contribution, we evaluate the performance when applying a nine tap FIR filter.
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Figure 6 Channel Estimation Method in SGCDD (Proposed)

3.3. Simulation Results of the FIR Filtering Channel Estimation for the Sub-carrier Grouping and IFFT Time-windowing Channel Estimation for the Conventional CDD
As shown in Figures 7 and 8, when we apply FIR filtering as the channel estimation to the Sub-carrier Grouping scheme, we can achieve nearly the same performance as conventional CDD with the advanced channel estimation method.

In conventional CDD, if we apply a large delay, we cannot apply a small time window in the channel estimation process because of the presence of the delay wave. It means that the performance will be degraded by the channel estimation error. So we have to apply a small delay value, i.e. 10 FFT sampling point, to get the best performance in conventional CDD. Because of this, the frequency diversity effect becomes small in conventional CDD. In this section, we changed the delay value in conventional CDD from section 2.3 to get the best performance, because there is a trade off between channel estimation error and frequency diversity.
As shown in Figures 7 and 8, we get nearly the same performance in the conventional CDD and the SGCDD scheme.
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Figure 7 SNR vs. BLER performance                        Figure 8 SNR vs. BLER performance


   with advanced CE




   with advanced CE
(UE bandwidth: 5MHz)                                               (UE bandwidth: 1.25MHz)

3.4. Comparison of Channel Estimation Complexity of the FIR Filtering Channel Estimation for the Sub-carrier Grouping and IFFT Time-windowing Channel Estimation for the Conventional CDD
In this section, we show the comparison of channel estimation complexity for the CE schemes shown in the previous section.

In the channel estimation method applied to conventional CDD, the major part of the computation complexity is the process of IFFT and FFT.  Complexity is taken to be the relative number of multiply operations.   Thus for the IFFT method the complexity goes as
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In this equation, N represents the number of IFFT and FFT points.

In the channel estimation method applied to the SGCDD scheme, the complexity depends on  the number of sub-carriers and FIR filter’s tap and defined as
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In this equation, 3.17 represents the average number of multiplies to calculate the channel response of a sub-carrier under the simulation parameters shown in Appendix 2.

In Figure 9, the horizontal axis represents the number of sub-carriers and the vertical axis represents the channel estimation complexity, i.e. the number of multiplies. As shown in this figure, when the number of sub-carriers is increased, the complexity is increased rapidly in conventional CDD, whereas the complexity is increased only slightly in the SGCDD scheme.
In table 1, the proportion of channel estimation complexity is shown for several UE bandwidth cases. As shown in the 1.25MHz bandwidth case in this table, if we use the SGCDD scheme, we can reduce the channel estimation complexity to only 0.133 that of the conventional CDD case. And in the 20MHz bandwidth case, we can reduce the channel estimation complexity to only 0.084 that of the conventional CDD case.

When we consider the decoding of L1/L2 signaling, we should decode the 20MHz bandwidth, regardless of dedicated UE bandwidth in unicast [6]. So the channel estimation complexity in 20MHz case in table 1 is the valid comparison.
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Figure 9 Comparison of Channel Estimation Complexity
(The number of subcarriers vs. the complexity of channel estimation)
Table 1: Comparison of Channel Estimation Complexity for conventional CDD with Subcarrier Grouping for advanced estimation
	
	1.25MHz
	5MHz
	10MHz
	20MHz

	Number of subcarrier
	75
	300
	600
	1200

	Number of FFT points
	128
	512
	1024
	2048

	Complexity of conventional CDD
	1792
	9216
	20480
	45056

	Complexity of SGCDD(Proposed)
	237
	950
	1900
	3800

	Proportion of complexity (SGCDD/conventional)
	0.133 
	0.103 
	0.093 
	0.084 


4. Conclusions
In this contribution, we proposed to apply Sub-carrier Grouping to the conventional CDD and apply more sophisticated FIR Filtering Channel estimation rather than straight linear estimation. From the simulation results, we confirmed as follows :
· In the proposed Sub-carrier Grouping scheme, correlation becomes high within a sub-carrier group, so we can suppress the noise effectively by applying FIR filtering.
· We can achieve improved performance with the subgrouping with FIR Filtering compared to the the conventional CDD scheme, while reducing the Sub-carrier Grouping channel estimation complexity to 0.133 to 0.084 that of the conventional CDD case. 
· Thus we have confirmed that we can reduce the UE complexity by using the subgrouping with FIR Filtering scheme.
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Appendix 1: simulation conditions（section 2.3）
Table 2 simulation parameters

	Basic Parameter
	Table 7.1.1.1-1 of [1]

	System Bandwidth
	5MHz, 1.25MHz

	Sub-carrier spacing
	15kHz

	Sub-frame length
	0.5ms (7 OFDM symbols)

	CP length
	72 points (4.69 ms)

	Data modulation
	QPSK

	Channel coding
	Turbo code(K=4) R=1/3 Max-Log-MAP decoding(6 iteration)

	Number of Tx antenna
	2 / 1 (Single Tx antenna case)

	Number of Rx antenna
	1

	delay value between antenna
	80 points (SGCDD) / 20 points (CSD w/non-ideal CE)

	FFT timing detection
	Ideal

	Channel compensation
	MRC

	Path model
	6-ray Typical Urban

	Sub-carrier group width
	6


Appendix 2: simulation conditions（section 3.3）

Table 3 simulation parameters

	Basic Parameter
	Table 7.1.1.1-1 of [1]

	System Bandwidth
	5MHz, 1.25MHz

	Sub-carrier spacing
	15kHz

	Sub-frame length
	0.5ms (7 OFDM symbols)

	CP length
	72 points (4.69 ms)

	Data modulation
	QPSK

	Channel coding
	Turbo code(K=4) R=1/3 Max-Log-MAP decoding(6 iteration)

	Number of Tx antenna
	2 

	Number of Rx antenna
	1

	delay value between antenna
	10 points (conventional CDD)

120 points (SGCDD) 

	FFT timing detection
	Ideal

	Channel compensation
	MRC

	Channel estimation
	IFFT-Time domain Filterling-FFT(w/ conventional CDD)

9 tap FIR filterling in Freq. domain( w/SGCDD)

	Path model
	6-ray Typical Urban

	Sub-carrier group width
	12
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