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1 Introduction

The use of intercell interference cancellation is important for the E-UTRA DL cell edge performance and is considered as one approach to intercell interference mitigation [1]. In [2], Motorola showed that ideal interference rejection combining (IRC) gives 6% average user throughput and 17% cell edge user throughput increase for the small (500m ISD) cell size case. It was thus concluded that intercell interference cancellation is critical for cell edge user performance. When constructing the transmission signal format, it must therefore be ensured that good performance of IRC receivers is obtained. A cornerstone for spatial interference cancellation receivers [3] such as IRC is the spatial interference plus noise covariance matrix, which must be estimated by the UE and the quality of its estimate have a large impact on the IRC performance. 

Furthermore, open loop cyclic delay diversity (CDD)- based transmit diversity schemes with a short delay has been proposed for E-UTRA downlink as a simple approach to increase the frequency selectivity of the channel, which then is exploited by the channel code to obtain diversity. Recently, CDD with a short delay has also been suggested as a precoding scheme for spatial multiplexing of the shared data channel [4]. Although an increased frequency selectivity gives gain when studied on the link, the rapid signal power fluctuations in the frequency domain may create difficulties for users in adjacent cells to properly perform IRC. The reason is that with a CDD-type of interferer, the estimation of the spatial interference plus noise correlation matrix by averaging in the frequency domain as suggested in [5],[6] does not improve the covariance matrix estimate. A remedy to this problem is to generalize CDD and use phase shift diversity [7],[8] (PSD) as follows: describe CDD by a linear phase shift in the frequency domain for transmit antenna m and subcarrier k 
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where 
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 is the CDD phase slope that corresponds to a delay in time domain. The expression (1) can now be generalized to 
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(2)
With Q=1 in (2) we have CDD and with Q>1 we have PSD transmission. In PSD, the phase shift is a staircase function and each “step” has a width of Q subcarriers which makes (in a flat channel) the equivalent channel constant over Q subcarriers. 

This makes the covariance matrix well-defined over a group of Q subcarriers and therefore enables receivers to perform more accurate covariance matrix averaging over these Q subcarriers of each “step”. To illustrate the benefits of PSD, an example is given in Figure 1 below, showing how the received signal power fluctuates for a cell edge UE when PSD is used with Q=12 compared to CDD. Clearly, the received signal in PSD is more suitable for frequency domain averaging. 
In this contribution, frequency domain averaging is performed over groups of 
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 subcarriers for CDD and PSD and we make the natural selection to equal the PSD step size and averaging bandwidth, i.e. 
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. We have analyzed by simulations the performance of PSD for various settings of 
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 in a system level simulator with realistic interference, and with real estimation of the spatial covariance matrix used in a IRC receiver. We also compare with CDD using IRC and with the maximum ratio combining (MRC) receiver.     
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Figure 1  An example of the total received signal power as a function of subcarrier index using CDD (A) and PSD (B) with step size Q=12 subcarriers. The left plots shows the phase weight angle applied to antenna 2 in CDD (top) and PSD (bottom)  and the corresponding right plots shows examples of the received power per subcarrier in a Pedestrian A channel.
2 Simulation assumptions and simulator setups
Both link and a system simulations were performed, see Appendix II for the simulator assumptions. When PSD is introduced, there is potentially loss in frequency diversity gain compared to CDD since the phase is a staircase function. The aim of the link simulation was thus to asses this loss in diversity gain when increasing the step size Q in (2) from Q=1 (CDD) to Q>1 in an AWGN channel. 
The purpose of the system simulation was to create a realistic intercell interference environment so the IRC algorithm could be evaluated with a realistic estimator of the spatial interference plus noise covariance matrix.  It was assumed that the whole 5 MHz bandwidth were used for the transmission and the IRC or MRC receiver filters were calculated subcarrier by subcarrier. For details about the IRC and MRC receivers, see the Appendix I. The effective post-IRC/MRC-receiver SINR were then calculated using the EESM metric.  When a scheme (PSD/CDD) were analyzed, it was assumed that this scheme was used in all cells.
3 Results

3.1 Comparing PSD and CDD in AWGN
As discussed in the introduction, a PSD with step size 
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 will reduce the frequency selectivity but improve interference rejection capabilities for an IRC receiver. To assess the loss in diversity gain we performed a link level simulation of CDD and compared with PSD for different step sizes 
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. In this simulation, interference was modelled as white in both time and frequency so only the frequency selectivity gain is analyzed in this simulation and a MRC receiver was used. 

In Figure 2 and Figure 3 the results are shown for the Pedestrian A and TU channel respectively. Clearly, the loss in frequency diversity when using PSD with step size Q up to 12 subcarriers is negligible but in the TU channel, a small diversity loss is visible for Q=24.
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Figure 2 Link level simulation in 2x2 Pedestrian A channel, 30 km/h.
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Figure 3 Link level simulation in 2x2 Typical Urban channel, 30 km/h.
3.2 Comparing PSD and CDD with realistic interference
In this section, results for the system simulator are shown in form of post-receiver SINR (after IRC) and also average covariance matrix estimation error, where the error is defined as the normalized squared Frobenius norm of the difference between the true covariance matrix 
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(3)

This error will depend on the averaging interval P and the step size Q. For PSD, Q=P was used.
The EESM metric based post receiver SINR was analyzed for different averaging intervals P in Figure 4 for a Pedestrian A channel. In Figure 5, the average estimation error is shown as a function of P. Clearly, an increased averaging interval P gives better performance both in average SINR and for the 5% “worst SINR” from the post-receiver SINR distribution, and for PSD, a larger averaging interval reduce the estimation error significantly. This is not true for CDD due to the low correlation between the received signals on adjacent subcarriers, which makes frequency domain averaging useless.  Furthermore, it seems that an averaging interval of one PRB (P=12) is sufficient to capture most of the averaging gain. 
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Figure 4 Post receiver SINR for different subcarrier averaging intervals P . An IRC receiver is assumed. For PSD, the step size Q = P. Pedestrian A channel. 
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Figure 5 Average estimation error of the spatial covariance matrix for different subcarrier averaging intervals P. Pedestrian A channel.
Figure 6 and Figure 7 show the corresponding results in a Typical Urban channel which is highly frequency selective (and thus the need for CDD/PSD is lower since the channel inherently has a lot of frequency diversity). Here the difference between PSD and CDD on average SINR is small but there is still some small gain for PSD on the 5th percentile SINR. Also due to the increased frequency selectivity of the channel, averaging over an interval wider than 12 subcarriers increase the covariance estimation error (Figure 7).  
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Figure 6 Post receiver SINR for different subcarrier averaging intervals P when estimating the spatial covariance matrix. An IRC receiver is assumed. For PSD, the step size Q = P. TU channel.
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Figure 7 Average estimation error of the spatial covariance matrix for different subcarrier averaging intervals P. Typical Urban channel.
In Table 1 and Table 2 the results are summarized assuming Q=12 (one PRB) and also compared to the ideal IRC receiver (using true spatial covariance matrices), the MRC receiver and the 1x2 SIMO scheme. 
In the Pedestrian A channel, which has a large coherence bandwidth, diversity is very useful for cell edge users (5th percentile) and the gain of PSD over CDD + IRC is 0.5 dB and CDD + MRC is 0.8 dB. The PSD is actually only 0.1 dB from using CDD with ideal IRC receiver. Also, we can conclude that the use of IRC receivers is very beneficial for these worst SINR users (cell edge users) if compared to the MRC receiver.
Worth noting is also that transmit diversity has no benefit for average SINR, only for UEs close to the cell edge, where on the other hand the benefits are very large.  In the TU channel, the MRC receiver gives best performance for the average user but for the 5th percentile user PSD + IRC has 0.3 dB advantage over CDD + IRC.
Table 1 Comparison in a Pedestrian A channel

	Scheme
	Average SINR
	5th percentile SINR
	Average estimation error
[image: image22.wmf]e



	1x2 – IRC – Q=12
	6.7 dB
	-2.7 dB
	0.02

	CDD – MRC
	6.3 dB
	-1.9 dB
	N/A

	CDD – IRC – Q=12
	5.4 dB
	-1.6 dB
	0.78

	PSD – IRC – Q=12
	6.5 dB
	-1.1 dB
	0.03

	CDD – IRC- Ideal
	7.5 dB
	-1.0 dB
	N/A

	PSD – IRC- Ideal
	7.3 dB
	-1.1 dB
	N/A


Table 2 Comparison in a Typical Urban channel

	Scheme
	Average SINR
	5th percentile SINR
	Average estimation error 
[image: image23.wmf]e



	1x2 – IRC – Q=12
	5.2 dB
	-0.8 dB
	0.10

	CDD – MRC
	6.4 dB
	-1.0 dB
	N/A

	CDD – IRC – Q=12
	5.6 dB
	-0.8 dB
	0.80

	PSD – IRC – Q=12
	5.4 dB
	-0.5 dB
	0.10

	CDD – IRC- Ideal
	7.5 dB
	-0.1 dB
	N/A

	PSD – IRC- Ideal
	7.2 dB
	-0.4 dB
	N/A


4 Conclusion and decision

It has been shown that using an IRC type of receiver and using the generalized open loop CDD, with a step size Q>1 gives large benefits for the UE’s with low post-receiver SINR such as the cell edge users.  This enables averaging of the covariance matrix estimator in frequency domain with very good performance. It was shown that with CDD, the covariance estimate does not improve with increasing averaging bandwidth. We therefore propose that 

· RAN1 decides to use the generalized open loop CDD (i.e. PSD)  with Q>1 for all possibly adopted CDD-based precoding schemes with short delay (intended to increase the frequency selectivity)
· The value Q=12 corresponding to one PRB is used as a working assumption
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Appendix I
The received signal at the UE on subcarrier k and OFDM symbol l is modelled as  the 
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where 
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is the equivalent MIMO channel matrix obtained after CDD-based precoding
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and where 
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 is the physical MIMO channel matrix. For rank 1 transmission and 2 transmitter antennas, the CDD precoding matrix is [4]
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The receiver filter on subcarrier k is in the case of MRC
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and in the case of IRC
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where 
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is the spatial covariance matrix and 
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 is the interference plus noise covariance matrix. The spatial covariance matrix must be estimated, using averaging over P subcarriers and L OFDM symbols as
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hence the estimated 
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 is assumed to be constant in a frequency time grid of 
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The receiver SINR, denoted 
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which then used in the EESM metric.

Appendix II

Simulator assumptions
Link simulator
	Transmission BW
	5 MHz

	Carrier frequency
	2 GHz

	Slot duration 
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Sampling frequency 
	7.68 MHz

	FFT size
	512

	Transmission Scheme
	Distributed

	Channel Estimation
	Ideal Estimation

	Modulation
	QPSK

	Channel Coding
	Turbo r=1/3

	Channel environments
	Pedestrian A and Typical Urban

	Antenna signal correlation
	0.0 (TX) and 0.0 (RX)

	Intercell interference
	Modelled as AWGN

	Antenna configuration
	2 transmit antennas, 2 receive antennas 

	CDD/PSD slope 
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System simulator

	Cellular Layout
	Hexagonal grid, 19 sites, 3 sectors per site

	Inter-site distance
	500 m

	Transmission BW
	5 MHz

	Carrier frequency
	2 GHz

	Slot duration 
	0.5 ms

	Sub-carrier spacing
	15 kHz

	Sampling frequency 
	7.68 MHz

	FFT size
	512

	Number of occupied sub-carriers
	301 (DC sub-carrier is null.)

	Channel Estimation
	Ideal Estimation

	Modulation
	BPSK, QPSK, 16QAM, 64QAM 

	Channel environments
	Pedestrian A and Typical Urban

	Antenna signal correlation
	0.0 (TX) and 0.0 (RX)

	Intercell interference
	Modelled using fast fading channels from 8 strongest interfering NodeB’s

	Antenna configuration
	2 transmit antennas, 2 receive antennas 

	Covariance matrix estimation
	P subcarriers and L=5 OFDM symbols

	CDD/PSD slope 
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