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1. Introduction

High delay CDD combined with rank adapted spatial multiplexing was adopted as a working assumption in RAN1 meeting #48. This contribution discusses the benefits of such a transmission mode and also gives a more explicit description of the transmission structure needed to realize the full potential inherent in the mode. 

2. High Delay CDD with Rank Adapted Spatial Multiplexing

During the RAN1 #48 meeting it was decided that high delay CDD is to be conducted among the virtual antennas. This working assumption implies the transmission structure illustrated in Figure 1. Codewords are here mapped to r layers and the resulting r-element symbol vector for subcarrier k
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is put through a high delay CDD operation. The variable r denotes the transmission rank. The task of CDD is to mix all the layers together and distribute them in equal proportion on all the virtual antennas. This means all layers see the same channel quality. Such an averaging is beneficial since it provides the opportunity to minimize signaling overhead. For example, with a LMMSE receiver, only a single CQI needs to be feedback and DL control signaling can also be reduced as there is no need to reallocate HARQ retransmissions on different layers. These benefits motivate the present working assumption of tailored signaling.. 

The averaging also provides increased robustness against imperfect link adaptation, a situation which will be very common in practice due to bursty inter-cell interference, feedback delay and CQI estimation noise. 

The virtual antenna signals in 
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resulting from the CDD operation are subsequently mapped onto the NT antenna ports by means of a channel dependent NT x r precoder matrix
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. Prior to IDFT, the antenna port signals for subcarrier k are thus described by
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Figure 1: High delay CDD combined with rank adapted spatial multiplexing.

In the case of a transmission rank r smaller than the number of transmit antennas, the precoder’s main target is to ensure that the transmitted energy is focused into the active eigen modes of the channel, thus avoiding wasting energy by transmitting along the null space of the channel matrix. For full-rank transmission, the precoder strives for orthogonalizing the channel.
[image: image6.emf]r r

k j

k j

r

e

e





























U

1

2

0 0 0

0

0 0

0 0 1





  






Figure 2: Internals of CDD block.
The actual CDD operation is rather straightforward. Figure 2 illustrates the internals of the CDD block. Combining Figure 1 and Figure 2 shows that the transmitted vector for subcarrier k can be written as
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As seen, the symbol vector is first multiplied by an r x r unitary matrix 
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 which for a given rank is constant. The matrix serves to distribute each layer onto all virtual antenna dimensions and those dimensions are thereafter rotated by frequency dependent phase shifts contained in the diagonal matrix 
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. This means that the l:th symbol is mapped onto the virtual antennas via an open-loop frequency varying beamformer 
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where 
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is the l:th column of 
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. Depending on the exact phase shifts 
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, it is possible to make the quality of all layers equal as seen over one RB.

3. An Alternative High Delay CDD Structure

The working assumption concerning tailored signaling means that not only the value of the delay parameter but also the signaling will be different from the zero and low delay CDD RASM schemes. Since the transmission format and the signaling are intimately tied together, it is important to realize that HD-CDD+RASM is a separate transmission mode and should hence not be viewed as a parameterized version of zero or low delay CDD+RASM. We thus see no reason to force HD-CDD+RASM into the same transmission structure as is used for these other modes. However, in ‎[1], an alternative transmission structure for combining CDD with precoding and RASM is proposed which actually views zero, low and high delay cases as a single parameterized transmission mode. This motivates a brief discussion on the implications of such an alternative transmission structure.

The alternative structure is similar to the one in Figure 1 except that the channel dependent precoding is now moved to the same place as where the unitary mixing was performed. This is illustrated in Figure 3 where 
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 performs layer mixing as well as channel dependent precoding.
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Figure 3: Alternative structure for high delay CDD combined with rank adapted spatial multiplexing. Joint mixing matrix and channel dependent precoding.
In contrast to the previous structure, mixing is now done on the antenna port dimension rather than among the virtual antennas. Another difference is that mixing and precoding is conducted in the same block. Performing such channel dependent precoding before diagonal CDD operation however incurs some serious drawbacks. The fundamental problem is that the CDD operation now transmits energy in all eigen-directions of the channel matrix, including its null-space. Energy is thus wasted on directions which are not heard by the receiver and hence only contribute to the inter-cell interference. To see this, consider the spatial covariance of the transmit vector 
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Since 
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is a tall matrix, it does not cancel from the expression and hence the transmit covariance varies from one subcarrier to the next, unless full-rank transmission is used. This is in fact the whole point of high delay CDD and as seen over one RB (or the smallest allocation unit whatever its size) the transmit energy is supposed to be distributed iso-tropically in space. In contrast, channel dependent precoding strives to match the precoder matrix basically to a single channel realization. Thus channel dependent precoding and CDD contradicts each other with the alternative structure since the precoder sees the effective channel 
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 is the true MIMO channel matrix, and this effective channel varies from one subcarrier to the next. It is hence apparent that performance of channel dependent precoding, or even rank adaptation will be severely compromised due to such kind of CDD operation. In addition, interference rejection techniques will also be harmed substantially since they can no longer rely on stationarity of the inter-cell interference even over one RB

By a clever choice of the CDD parameters 
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 and in conjunction with specific codebooks, most notably DFT based, it may sometimes be possible to avoid some of the problems associated with the alternative structure, but at the cost of seriously limiting the precoding gains. This would degrade the potential inherent in high delay CDD for RASM. The 4 Tx case is particularly problematic in this respect since CDD operation would need to be turned off for all ranks except full-rank signaling in order to avoid emitting energy into the null-space of the channel. 

To illustrate the problem, consider the 2 Tx codebook adopted as the working assumption. With the first structure, the channel dependent precoder can take on any of the elements. In the alternative structure 
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cannot be set to the identity matrix as this would imply no CDD at all for full-rank transmission. This simple example illustrates how for the alternative structure, the presence of CDD immediately affects the choice of precoder codebook – in direct violation of one of the working assumptions from RAN1 #48 meeting. 

In contrast, the transmission structure in Figure 1 does not suffer from these problems at all. The mixing matrix is then square and hence the whole CDD operation vanishes from the transmit covariance expression as is evident from
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Obviously, the covariance is unaffected by the presence of CDD. Basically, the channel dependent precoding improves the quality of the effective channel and CDD then mixes all layers onto this improved channel to save signaling overhead and offer better robustness.

Thus, compared to the previous structure, we only see drawbacks with the alternative structure and no benefits.
4. Simulation Results

To illustrate the performance impact of combining CDD with RASM, link level simulations have been conducted for a 2x2 MIMO system. Throughput curves versus SNR with and without CDD where computed. In both cases, the channel dependent precoding is kept at a minimal level so as to isolate the effects of CDD. Thus, without CDD, rank one transmission is pure antenna selection whereas rank two transmission uses the fixed precoder matrix
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This simple kind of precoding is re-used for the CDD enabled scheme. Hence, pure antenna selection is carried out for rank one while the vector
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is transmitted for rank two. The latter is seen to fit well with both of the previously described transmission structures for HD-CDD+RASM. 

When rank adaptation is used, a single rank is reported for the whole bandwidth. Remaining simulation assumptions are presented in Table 1.
Table 1: Simulation assumptions.
	Antenna configuration
	2x2 

	System bandwidth
	1.25 / 5 MHz

	FFT size
	128 / 512

	Tone Spacing
	15 KHz

	RB size 
	12 tones (180 KHz)

	Frame duration 
	10 ms

	Subframe duration
	1 ms

	Slot duration
	0.5 ms

	# OFDM symbols per each subframe
	14

	TTI duration
	1 ms

	BLER target
	10%

	Feedback delay for CQI
	3 ms

	UE speed
	3/30 km/h

	Receiver type
	LMMSE

	HARQ delay
	4 TTI

	Channel estimation
	Yes

	CDD phase shift
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	Modulation format:   

Coding rates:
	QPSK

0.2, 0.25, 0.33, 0.4, 0.5, 0.6 0.67, 0.75

	Modulation format:   

Coding rates:
	16QAM

0.4, 0.45, 0.5, 0.55, 0.6, 0.67 0.75, 0.8, 0.83

	Modulation format:   

Coding rates:
	64QAM

0.6, 0.625, 0.67, 0.7, 0.75, 0.8, 0.83


4.1. Results and Discussion

Figure 4 displays throughput results for a scenario with flat and spatially uncorrelated fading and a scheduled bandwidth of 6 RB. The UE speed is 3 km/h and RASM with and without high delay CDD for rank 2 are compared. HD-CDD+RASM is seen to show some gain at high geometries. However, the gain is modest. For low SNR values, rank one transmission is mostly selected so it is not surprising that the two schemes perform similar in those geometries. If however the transmission rank would be fixed at two, the transmission would differ over the whole SNR range. Such a comparison is shown in Figure 5 and it is interesting to note that for low SNR, HD-CDD+RASM exhibits a significant gain over pure RASM. This is explained by the quality of the CQI estimates which are much worse at low geometries. Adding HD-CDD thus mitigates link adaptation impairments by providing diversity. This demonstrates the robustness offered by HD-CDD in conjunction with RASM.
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Figure 4: Flat fading, 3 km/h UE speed. Rank adaptation is used.
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Figure 5: Flat fading, 3 km/h UE speed. Transmission rank always two (PARC).

Figure 6 show simulation results for a modified SCM-A suburban macro scenario where the user is scheduled on all RBs. The modification concerns the use of two Tx antennas and two Rx antennas instead of four. Cross-polarized antennas are used at both sides of the link. The channel now exhibits substantial frequency-selectivity. Thus both schemes enjoy strong frequency diversity which facilitates link adaptation. The frequency diversity is beneficial for robustness and it is therefore not surprising that CDD does not have a significant impact on the performance.
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Figure 6: SCM-A for 2 Tx (only polarized antennas), 3 km/h UE speed, 5 RB used as precoder granularity.
5. Summary and Conclusions

This contribution investigated the performance impact of the working assumption for combining high delay CDD (HD-CDD) with rank adapted spatial multiplexing (RASM). A detailed transmission structure with separate channel dependent precoding and CDD mixing was described and compared with an alternative structure involving joint precoding and CDD mixing. We note the following:

· Combining HD-CDD and RASM gives similar or slightly better performance than pure RASM.

· HD-CDD+RASM provides some diversity which is beneficial when link adaptation is imperfect. 

· The presence of HD-CDD mixes the layers so that their qualities become similar. Hence considerable DL and UL signaling can be saved.

· Separate precoding and CDD mixing structure is clearly preferable over the alternative structure with joint precoding and CDD mixing since

· it allows decoupling of the precoding codebook and the CDD operation

· it avoids wasting energy into null-space of channel matrix.

· It preserves transmit covariance thereby not harming interference rejection gains.

Thus based on the above, we see HD-CDD+RASM as important for achieving robustness and reducing signaling overhead. Furthermore, separate precoding and CDD mixing is viewed as the only viable transmission structure.
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