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1. Introduction
Introducing cyclic delay diversity (CDD) based antenna phase shifting as a form of precoding has been proposed and studied in [1]

 REF _Ref158613163 \n \h 
[2]

 REF _Ref158613166 \n \h 
[3], CDD-based precoding can be modeled using a diagonal phase-shift matrix and a fixed unitary precoding matrix. Depending on how fast the phase shifts due to CDD vary over frequency, it is claimed that gains can be achieved either from single link diversity, or from multi-user diversity when frequency domain scheduling is used. Large phase shift variations are targeted for multi-user diversity while small phase variations are aiming for multi-user diversity [2]. In this contribution, CDD-based precoding is investigated on system level for different antenna solutions and configurations including different transmit antenna separations, time and frequency domain schedulers, and with and without rank adaptation. In the evaluations, the focus is on a 2 Tx antenna and 2 Rx antenna setup assuming a suburban SCM scenario.
2. Precoding Schemes
Several precoding schemes are investigated - PARC and S-PARC with and without CDD and/or precoding. All the schemes are listed in Table 1.
1) In PARC [4]

 REF _Ref158613108 \n \h 
[5], link adaptation is performed individually for each stream. The total number of streams equals the number of transmit antennas, and the transmit power is uniformly allocated among all the transmit antennas.
2) In S-PARC [4]

 REF _Ref158613108 \n \h 
[5] and in SPARC with (fixed) precoding, the link adaptation has the freedom to select between using one or two layers and in case of one layer to which (virtual) antenna the layer is mapped to. The signal on a certain layer is individually encoded and MCS adapted. In S-PARC each layer maps directly to a corresponding transmit antenna while in S-PARC with precoding, the output of the S-PARC module is multiplied by a fixed unitary matrix so that the layers are mapped to virtual antennas instead of to the physical antennas.
3) S-PARC with (fixed) precoding and CDD corresponds to S-PARC with precoding followed by a diagonal CDD matrix which introduces a linearly increasing phase shift over the frequency band of the second antenna. 
Table 1:  Antenna algorithms in OFDM DL 2 tx antennas

	Antenna solutions
	Tx Rank
	Rank Codebooks
	Description

	S-PARC
	1
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	Channel dependent antenna selection is performed  
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	Referred to as PARC for tx rank two transmission

	S-PARC with precoding
	1
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	Referred to as PARC with precoding for tx rank two transmission

	S-PARC with CDD and precoding
	1
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	CDD-based precoding where the 1st antenna has no phase shift, but the 2nd antenna has phase rotation θ
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	Note:   k is the subcarrier index, and θ is the phase shift 


3. Models and Assumptions

The models and assumptions used in the simulations are listed in Table 2, and are aligned with those in [6]. A 2x2 system is used for the evaluation.
Table 2: 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, *0 for ISD=7500m

	Shadow fading
	Log-normal, 8dB standard deviation

	Multipath fading
	SCM Suburban Macro

	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
	Instant (no delay) ,   error-free feedback with 3 frames (1.5ms) feedback delay

	Reuse
	Uncoordinated reuse 1

	Traffic load
	{0.5 ,1,4,8,12} users per cell

	E-UTRA Characteristics

	OFDM Parameters
	According to [5]

	Transceiver antennas 
	(2x2)

	Tx antenna separation (wavelength)
	2, 10 (default)

	Overhead
	29% (1ms TTI)

	Receiver
	IRC (MMSE) receiver 

	Scheduler
	Round Robin,  proportional fair in both time and frequency domain (PFTF)

	Link adaptation
	Initial MCS selection with BLER target of 10%


4. System Level Simulation Results
Simulations have been conducted for the different schemes listed in Table 1. Round robin (RR) and proportional fair scheduling in both time and frequency domain (PFTF) have been evaluated. For CDD-based precoding, the 1st antenna has no phase shift, but the 2nd antenna introduces a phase rotation θ equal to 
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. Thus, the phase is increased by approximately 17 degrees from one resource block to the next (each resource block has 12 subcarriers). Two different transmit antenna separations, equaling 2 and 10 wavelengths are also evaluated, in order to investigate CDD-based precoding for different channel correlations. 
4.1 Instant CQI Feedback 
In this sub-section, the simulations are with ideal channel estimation and instant feedback. Figure 1 shows the mean and 5% user throughputs for 2x2 PARC with precoding for two different antenna separations (2 and 10 wavelengths) and with RR scheduling. It is evident that correlation has a heavy impact on PARC, the stronger the correlation is, the worse the performance gets. The graphs also show that the use of CDD results in a performance reduction in a strongly correlated scenario. Compared to PARC with precoding, the use of CDD means the two layers see different channels on different resource blocks. However on average over the whole scheduled bandwidth, this does not seem to improve the performance.
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Figure 1: Impact of transmit antenna separation on PARC with and without CDD precoding.
Figure 2 focuses on 10 wavelength antenna separation and compares PARC, SPARC, SPARC with precoding and in addition with and without CDD. As seen, CDD offers no significant gains even for the SPARC based schemes. This should perhaps come as no surprise considering that we use CDD with small phase shifts and thus expect gains from multi-user diversity rather than from single-user diversity, In other words, only a PFTF would be able to exploit the potential of CDD. To explore this, Figure 3 displays results also for PFTF scheduling. PFTF is seen to provide significant gains over RR. Thus, even though the suburban macro channel model has a rather small delay spread there still seems to be sufficient frequency-selectivity to create substantial gains with PFTF over RR with ideal link adaptation. However, introducing CDD is seen to still not give any additional gains.
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Figure 2: With RR scheduling, Comparison of PARC, S-PARC with/w.o CDD precoding.
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Figure 3: With PFTF scheduling, comparison of PARC, S-PARC with/w.o CDD precoding.
4.2 Impact of CQI Feedback Delay on PARC and S-PARC with/w.o Precoding
In this sub-section, the impact of CQI feedback delay on the different schemes is investigated. The simulations assume ideal channel estimation and 3 slot (1.5ms) CQI feedback delay. Figure 4 and Figure 5 show the impact of CQI feedback delay on PARC and S-PARC with and without precoding, respectively. When CQI feedback delay is present, performance is substantially reduced for all the schemes. However, precoding is seen to be the least robust. S-PARC with precoding is slightly better than S-PARC in an instant CQI feedback delay scenario since it can exploit transmit diversity. But since the precoding scheme is more sensitive to CQI feedback delay, S-PARC with precoding has worse performance than S-PARC without precoding when the CQI is delayed. The simulations results also show that introducing CDD doesn’t obtain any gain regardless of the scheme. 
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Figure 4: Impact of CQI feedback delay on PARC with and w.o CDD pre-coding.
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Figure 5: Impact of CQI feedback delay on S-PARC with and w.o CDD pre-coding.
5. Summary and Conclusions
This contribution presented system level simulation results for a 2x2 configuration comparing PARC, S-PARC and precoded S-PARC with and without CDD. The channel model was SCM suburban macro and CDD was used with a small phase shift (i.e., small delay). Performance results taking feedback delay into account were also included. The results show that:

· CDD-based precoding is sensitive to Tx antenna separation, CDD with small phase shift even results in performance losses in a strongly correlated scenario.
· For both instant and CQI feedback delay scenarios, with either RR or PFTF schedulers, introducing small delay CDD doesn’t show any interesting gain in an SCM suburban macro scenario.
· S-PARC with precoding exhibits slightly better performance than pure S-PARC in an instant CQI feedback delay scenario since it can exploit transmit diversity. However, when there is feedback delay, pure S-PARC is more robust than S-PARC with precoding.
Small delay CDD does not seem to give significant gains even under conditions of ideal link adaptation and PFTF scheduling in a SCM suburban macro scenario, a fading scenario which has a rather small delay spread. Because of this and because small delay CDD can be done outside the standard, we propose to not include explicit support of small delay CDD in LTE.
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