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1. Introduction
LTE specs currently supports a MIMO transmission mode utilizing small delay CDD on top of rank adapted spatial multiplexing with channel dependent precoding. Small delay CDD introduces subcarrier dependent phase shifts on each of the antenna ports. The phase shifts are linearly varied with respect to the subcarrier index using an antenna port specific phase shift slope. This can be seen as a blind frequency dependent precoder, which alternatively can be absorbed into the physical channel creating an effective channel with increased frequency-selectivity. By exploiting the frequency-selectivity in a frequency domain scheduler, multi-user diversity gains are claimed to be achieved in high load situations where the original channel is close to be being frequency-flat.

Previous contributions have reported system throughput gains on the order of 5% compared to fixed channel independent precoding ‎[1]
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‎[2]. The present contribution takes a renewed look at small delay CDD when the inter-cell interference and the impact of outdated CQI values is accurately modeled and investigates the gains also relative channel dependent precoding using a single precoding matrix over the entire system bandwidth. A 2Tx and 2 Rx antenna setup is considered and the gains of small delay CDD are seen to be negligible.

2. Precoding Schemes
In the evaluation to follow, two different transmission modes are considered

1. Rank adapted spatial multiplexing with channel dependent precoding. This mode is alternatively referred to as zero delay CDD in the specs. The UE recommends a single precoder from the 2 Tx precoding codebook for the entire system bandwidth. A single transmission rank is also recommended. 

2. Small delay CDD combined with rank adapted spatial multiplexing with channel dependent precoding. The delay parameter is according to specs and corresponds to two samples in the FFT. The UE recommends precoders for the effective channel resulting from the CDD operation with a frequency granularity of 1 RB. Such a fine frequency granularity is not supported by the standard so the performance should be seen as an upper bound to the performance of the small delay CDD scheme supported by the standard. Similarly as for mode one, the UE recommends a single transmission rank.

3. Models and Assumptions

Table 1: Models and assumptions.
	Traffic and Mobility Models

	User distribution
	Uniform

	Terminal speed
	3 km/h

	Data generation
	Full buffer, number of users varied to vary the load

	Radio Network Models

	Distance dependent path loss
	L = 15.3+20*+37.6*log(d), d = distance in meters

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	Spatially uncorrelated and flat fading

	Cell layout
	Hexagonal grid, 3-sector sites, 21 sectors in total

	Inter-Site Distance (ISD)
	500m

	General System Models

	Spectrum allocation
	5MHz

	Base station power
	20W

	Max antenna gain
	14dBi

	Modulation and coding schemes
	QPSK, 16QAM, and 64QAM, Rel-6 turbo codes, rates 0.1, 0.14, 0.2, 0.25, 0.33, 0.4, 0.5, 0.6, 0.67, 0.75, 0.8, 0.89

	Channel estimation
	Ideal

	Channel quality estimation
	error-free feedback with 3 subframes  feedback delay

	Reuse
	Uncoordinated reuse 1

	Traffic load
	{2, 5, 10} users per cell

	HARQ
	Yes, non-blanking

	CQI granularity
	1 RB

	Feedback delay
	3 subframes

	E-UTRA Characteristics

	OFDM Parameters
	According to [5]

	Transceiver antennas 
	2x2

	Receiver
	MMSE receiver 

	Scheduler
	Proportional fair in both time and frequency domain (PFTF)

	Link adaptation
	Initial MCS selection with BLER target of 10%


4. System Level Simulation Results
Figure 1 shows system throughput as a function of the number of users per cell. Small delay CDD is seen to be about 1% better than no delay CDD. This is easy to understand since the no delay mode performs channel dependent precoding which raises the SINR over the entire bandwidth while the small delay CDD implements a blind frequency-selective precoder which raises the SINR for a subset of the system bandwidth and lowers for the rest. The gain of small delay CDD can be attributed to the quantization loss of the channel dependent precoding which means that the peak values of the SINR are somewhat higher for small delay CDD than for the no delay CDD mode. An ideal PFTF scheduler can schedule the users on their peak values and thus achieve some limited gain. Although the CQI is delay and thus suffers from bursty inter-cell interference, these results assume the CQI values to be free from quantization or estimation errors meaning that it will be more difficult exploiting the multi-user diversity gains of small delay CDD in practice. 

Although not presented here, simulations have also been conducted using the SCM channel model with various configurations. Because of the frequency-selectivity in these models, small delay CDD showed no visible gains.
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Figure 1: System throughput versus number of users per cell.
5. Summary and Conclusions
This contribution presented system level simulation results for a 2x2 configuration comparing no delay with small delay CDD. Special attention was paid to accurately modeling the properties of the inter-cell interference. As expected, small delay CDD was observed to provide negligible gains over no delay CDD with frequency-nonselective precoding, even in the considered flat fading scenario, which is supposed to be the most favorable for small delay CDD. When accurately modeling inter-cell interference, we have not been able to reproduce previously reported gains of around 5%. 

It should also be pointed out that small delay CDD can be implemented transparently outside the LTE standard by performing the CDD operation also on the common reference signals.  In fact, because of transmitter time-misalignments among the different NodeB antenna ports, it is likely that a CDD like processing is performed in any case. It appears slightly ironic that in order to perform small delay CDD as intended by the present specs, very accurate antenna array calibration is required in order to first remove the naturally occurring CDD effect, just so that it can be artificially reintroduced according to specs. The additional complexity required for accurate antenna array calibration is clearly not motivated for such a scheme which does not bring substantial gains. This has also been noted by RAN4 which has sent an LS ‎[3] to RAN1 concerning, among other things, how small delay CDD is affected by transmitter time misalignments.

Because of the negligible gains of the small delay CDD mode, we recommend RAN1 to simplify the specs and reduce the number of RAN4 test cases by removing small delay CDD from the LTE standard.
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