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1
Introduction
In [1], a CDD based precoding was proposed, which can provide a transmit diversity gain or a beamforming gain regardless of the spatial multiplexing rate, with a single precoding structure.
The CDD based precoding incorporates two types of cyclic delay (a large delay and a small delay) to maximize either the transmit diversity or the beamforming gain, depending on the channel environments. 

An exemplary application of CDD based precoding shown in [1] is as follows:

· Open-loop system (i.e., no PMI information is available)

1) High-mobility UE: Fixed large delay + Fixed Unitary Matrix

2) Low-mobility UE: Fixed small delay + Fixed Unitary Matrix

· Closed-loop system (i.e., PMI information is available)


Low-mobility UE: Fixed small delay + PMI

The CDD based precoding has a structural advantage that a single implementation can support most DL MIMO modes including the closed-loop spatial multiplexing, beamforming, open-loop spatial multiplexing, and open-loop transmit diversity. In this contribution, we focus on an operational advantage of the CDD precoding that minimizes the explicit mode switching and discuss a few related issues such as common pilot transmission, desirable delay values, and the others. 
2
Operation of CDD Based Precoding
There are several DL MIMO modes depending on the adaptation of MCS and the availability of PMI. The CDD based precoding provides a seamless mode switching through a choice of the cyclic delay parameter. The CDD based precoding structure is shown in Figure 1.
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Figure 1. CDD based precoding [1]
In general, when Node B has 
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 transmit antennas, the ith antenna may use an arbitrary cyclic delay value 
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, which also minimizes the signalling overhead. Then, the phase angle corresponding to the the ith antenna in Figure 1 becomes
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 where 
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 is the number of time-domain samples constructing an OFDM symbol (or, equivalently the FFT size).
As the delay spacing parameters, we consider 
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= 2 (small delay) and 
[image: image12.wmf]t

fft

N

N

 (large delay) in addition to 
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= 0 (no delay). In order to maximize a beamforming and frequency selective scheduling gain, a small delay is a proper choice. On the other hand, in order to maximize a transmit diversity gain, the largest delay spacing parameter is desirable, for which 
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 is a proper choice. Given that a large delay which is greater than the cyclic prefix length is included as an essential component of the CDD precoding, the common pilots should be inserted at the output of the CDD based precoding (i.e., at the input of the IFFT block in Figure 1) so that the channel estimation performance is not degraded. Therefore, each UE needs to transform the MIMO channel estimate to the CDD precoded MIMO channel estimate before applying it to data demodulation. 
In the following, we discuss the DL MIMO mode switching through a choice of the delay spacing parameter in the CDD precoding. 

2.1. Control Channel

The promising DL MIMO mode for the control channel is the open-loop transmit diversity mode. Only rank-1 and only a few MCS levels are available and the MCS may be slowly adapted.
 

PMI is not available for the control channel as multiple UEs need to decode it, and the large delay spacing parameter 
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 is a proper choice to maximize the transmit diversity.
2.2. Data Channel

The DL data channel transmission needs basic control parameters such as CQI for the MCS adaptation and rank indicator (RI) for the multiplexing order adaptation. Moreover, depending on the availability of the PMI parameter, it is operated either on the closed-loop mode (closed-loop spatial multiplexing for rank > 1, and beamforming for rank =1) or the open-loop mode (open-loop spatial multiplexing for rank >1, and transmit diversity for rank =1). The CDD based precoding introduces another control parameter (i.e., cyclic delay) which may further improve the data channel performance. In the following we discuss two promising operations of the CDD based precoding. 
2.2.1. UE Oriented Cyclic Delay Selection
In this scenario, the set of available precoding matrices is extended to include the cyclic delay parameter and each UE reports the index corresponding to the best cyclic delay, the best frequency-invariant precoding matrix, and the rank. More specifically, let us assume that we have Nc Fourier based frequency-invariant precoding matrices
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for 2 transmit antennas, and
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for 4 transmit antennas. Note that the open-loop mode simply means 
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. Then, the extended frequency-varying precoding matrix set of size 
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for the kth frequency tone, where 
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for 2 transmit antennas and 
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for 4 transmit antennas. For example, 
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, we assume that 
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 to support a zero delay, a large delay, and a small delay, respectively.
For a rank-R transmission (R <
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), it is assumed that only the first R column vectors of the precoding matrix 
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 are used with the transmit power of each layer boosted by 
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Each UE reports the best extended precoding matrix and the best rank (as well as the CQI values and the preferred sub-band) by evaluating 
[image: image33.wmf]t

c

d

N

N

N

´

´

candidate sub-matrices (for each sub-band) in terms of sum-capacity metric, feedback reliability (in consideration of latency, error, and possibly UE speed ), and the other factors.
Depending on the application and the uplink control signalling format, the cyclic delay information may be reported less frequently than other feedback information as it is likely to be slowly varying in most channel environments.   
Node B selects a rank and applies a frequency-varying precoding, which might be potentially different from the reported ones, and then transmits the data channel along with the control information including the selected rank, cyclic delay, precoding matrix, MCS, and time-frequency resources.   

2.2.2. Node B Oriented Semi-static Switching of Cyclic Delay
In this case, Node B semi-statically determines and switches the cyclic delay value in a long term basis. The semi-static switching can be applied commonly to all the UEs in a cell (i.e., cell based cyclic delay) or differently to individual UEs (i.e., UE based cyclic delay). An updated cyclic delay value is delivered to UEs through broadcasting or higher layer signalling.
When the feedback information is not reliable, Node B is likely to choose a large cyclic delay spacing 
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 to maximize the transmit diversity (regardless of spatial multiplexing order) and potentially reduce the number of precoding matrices (Nc ). On the other hand, when a frequency selective beamforming gain is desired, Node B chooses a small cyclic delay spacing.  

Each UE evaluates only a subset of the extended precoding matrix which corresponds to the semi-statically signalled cyclic delay parameter when selecting the best precoding matrix and rank.
3
Conclusions
In this contribution we discussed the operation of the CDD based precoding. With the CDD based precoding, we can select the best precoding for the data channel not only based on the sum capacity metric but also based on the feedback reliability. Therefore, by choosing a proper cyclic delay between a small delay (e.g., 
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), we can efficiently adapt to the proper MIMO mode with a single unified precoding structure. For the control channel which requires a high transmit diversity order, we can always use a large delay. 
The selection of the cyclic delay may be either UE oriented or Node B oriented, which needs a further study. 
The common pilots should always be inserted at the output of the CDD based precoding not to hurt the channel estimation performance when a large delay is used.     
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