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1 Introduction
A simple approach based on the Adaptive Cyclic Delay Diversity (ACDD) concept for enhanced frequency diversity and scheduling Performance in Evolved UTRA is introduced in [1] [2].  The ACDD approach artificially introduces frequency selectivity in the channel by transmitting cyclically delayed signals from multiple transmit antennas. The delay values are determined on a user-by-user basis based on the user channel profile and velocity etc. The frequency-selectivity is then exploited by using frequency-selective multi-user scheduling or frequency-diversity. The frequency-selective multi-user scheduling provides opportunistic beamforming gains for low to medium mobility users. The frequency-diversity provides robustness against fading for high-mobility users by mapping FEC coded modulation symbols to distributed OFDM/DFT-S-OFDM subcarriers within the transmission bandwidth.

In this paper, we provide system performance of ACDD with frequency-selective multi-user scheduling.

2 Simulation Assumptions
We considered a 2x2 and 4x2 downlink MIMO system using SCM channel model. The system simulation parameters are provided in Table 1.

Table 1. System simulation parameters
	Parameter
	Assumption

	TTI
	0.5ms

	Transmission bandwidth 
	5MHz

	FFT size
	512

	Number of subbands
	16

	Cellular layout
	Hexagonal grid, 19 cell sites, 3 sectors per site

	Inter-site distance
	2.0km

	Minimum distance between UE and cell
	10 m

	Number of UEs per sector
	variable

	Distance dependent path loss
	34.5 + 35log10(R), R in meters

	Antenna pattern
	3-sector SCM antenna pattern

	Standard deviation of slow fading
	8 dB

	Shadowing correlation between cells / sectors
	0.0 / 1.0

	Carrier frequency
	2000 MHz

	Thermal noise density
	-174 dBm/Hz

	Control delay in scheduling and AMC
	0.0 msec

	Scheduling algorithm
	Proportional Fairness

	Hybrid ARQ
	No

	Number of receiver antennas
	2

	Traffic model
	Full queue traffic

	Frequency re-use
	1

	Base station transmit power
	20 Watts

	Number of drops
	150

	TTIs per drop
	100

	Channel model
	SCM

	Transmit antenna spacing
	10

	Receive antenna spacing
	0.5

	UE speed
	3 km/h

	Antenna Topology
	One Linear Array per sector

	ACDD Antenna Element Delay
	1 sample delay compared to neighbouring element


2.1 Calculation of spectral efficiency
We calculate the SINRSC(n) on the n’th sub carrier in a sub channel, which we convert to a capacity per sub carrier using Shannon’s Capacity formula: 
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Scheduling is done on a per sub channel (subband) basis, where we would use the Average Capacity in Sub Channel:
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where there are N sub carriers in a sub channel. The mobile knows the delay introduced on each antenna and calculates the CQI per sub channel while considering this delay. All the plots of SINR on the following pages are thus of the Effective SINR in Sub Channel which is calculated as follows:
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(3)
The SINR’s in the figures are only the effective SINR’s of scheduled users. Spectral efficiency is calculated on a per sub channel basis using the average capacity as calculated in (2). Only the centre sector BS has an antenna array and all the interfering Sectors use a single Transmit antenna. Each antenna element is delayed by one sample compared to it’s neighbouring element, these delays are fixed for all users. 
3 System Performance Results
The spectral efficiency as a function of number of UEs is shown in Figure 1 for the case of a flat-fading channel (denoted as 1 path) and frequency selective SCM channel (denoted as 6-path). Moreover, we provide performance for ACDD for both the 2-Tx antennas and the 4-Tx antenna cases. For the 16 UEs case in a flat-fading channel, the ACDD scheme provides 17% and 34% improvement in overall system spectral efficiency for 2 and 4 transmit antennas case respectively. The gains are relative to the 1x2 baseline approach. For the 16 UEs case in 6-path SCH channel, the ACDD scheme provides approximately 6% and 10% improvement in overall system spectral efficiency for 2 and 4 transmit antennas case respectively. The relatively smaller gains in 6-path SCM channel are due to the fact that 6-path SCM channel is already a frequency selective channel and adding additional frequency selectivity via ACDD provides smaller incremental gains.
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Figure 1 Spectral efficiency as a function of number of UEs

Table 2. Total Spectral Efficiency 
	
	System Spectral efficiency [bps/Hz]

	Case\Users
	1
	2
	4
	8
	16 

	Base Freq. Select fading
	1.64
	2.10
	2.55
	2.58
	2.73

	Base Flat fading
	1.81
	1.93
	2.22
	2.22
	2.22

	ACDD 4Tx, Freq. Select fading
	1.57
	2.10
	2.63
	2.7610
	2.98

	ACDD 4 Tx, Flat fading
	1.62
	2.03
	2.63
	2.8230
	2.97

	ACDD 2Tx, Freq. Select fading
	1.61
	2.11
	2.61
	2.6736
	2.87

	ACDD 2Tx, Flat fading
	1.71
	2.02
	2.51
	2.5565
	2.59


The SINR distributions for the ACDD (with 4 Tx antennas) and the baseline (denoted as Base) schemes are shown in Figure 2 and Figure 3 for the case of 6-path SCM and flat-fading channels respectively. Moreover, the SINR distributions are given for 1, 2 and 16 UEs. It can be noted that for the 16 user case, the ACDD approach provides significant benefit in terms of SINR as seen by the users. It can also be seen that multiple users are required in order for ACDD to exploit the frequency-selective multi-user scheduling gain. In case of a single user, the scheduler needs to schedule the user over the whole bandwidth and increased frequency-selectivity due to ACDD may also degrade performance a little bit. This is because the largest theoretical capacity is achieved when channel variations are smaller across the modulation symbols transmitted. Therefore, in case of a single user, a flat-fading channel would provide the highest capacity.
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Figure 2 SINR distribution for Adaptive CDD (4 Tx) and the baseline scheme for 6-path SCM channel model
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Figure 3 SINR distribution for Adaptive CDD (4 Tx) and the baseline scheme for 1-path flat-fading channel
The SINR CDF for the Adaptive CDD and the baseline schemes are shown in Figure 4 and Figure 5 for the case of 6-path SCM and flat-fading channel (1 path) respectively. 
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Figure 4 SINR CDF for Adaptive CDD (4 Tx) and the baseline scheme for 6-path SCM channel model
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Figure 5 SINR CDF for Adaptive CDD (4 Tx) and the baseline scheme for 1-path flat-fading channel
The normalized user spectral efficiency CDF is shown in Figure 6. It can be seen that the ACDD approach provides as good or better fairness compared to the baseline scheme. It should be noted that the weak users in the system benefit the most from ACDD. From the SINR distributions, we note that ACDD provides the SINR benefit. Also, from information theory, we know that increase in capacity is almost linear with SINR at lower SINR values. However, for good users already experiencing higher SINR, increase in SINR due to ACDD translate into only logarithmic increase in capacity. This indicates that weak users should benefit more from ACDD improving the system fairness.
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Figure 6 Normalized user spectral efficiency CDF
3.1 Performance at cell-edge
The CDF of user spectral efficiency (bps/Hz) for 16 UEs case is given in Figure 7. The spectral efficiency at 5% CDF point are given in Table 3. It can be noted that the ACDD with 2 transmit antennas in a flat-fading channel can provide approximately 80% and 169% improvement in spectral efficiency at the 5% CDF point for the 2 and 4 transmit antennas case respectively. This large gain is explained by the fact that improvement in SINR of the served user for weak users translate linearly into spectral efficiency. The gain of ACDD at 5% CDF point in a 6-path SCM channel is approximately 12% and 24% for the 2 and 4 transmit antennas case respectively. A relatively lower gain is observed because cell-edge users already benefit from SINR gain due to frequency-selective multi-user scheduling in a 6-path SCM channel.
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Figure 7 User spectral efficiency CDF
Table 3. Spectral efficiency at 5% CDF point
	Scheme
	Spectral efficiency [bps/Hz] at 5% CDF point

	Baseline 1-path (flat-fading)
	0.0036

	Baseline 6-path SCM 
	0.0073

	ACDD 1-path flat-fading (2-Tx)
	0.0065

	ACDD 6-path SCM (2-Tx)
	0.0082

	ACDD 1-path (4-Tx)
	0.0097

	ACDD 6-path SCM (4-Tx)
	0.0091


4 Conclusion
We have provided system performance for the adaptive CDD (ACDD) scheme for the case of frequency-selective multi-user scheduling. Our results indicate that ACDD scheme can provide 17-34% improvement in overall system spectral efficiency in a flat-fading channel. In the frequency selective SCM channel, we observed 6-10% improvement in overall system spectral efficiency.  

In terms of improvement in cell edge capacity, the ACDD scheme in a flat-fading channel provides 80% and 169% gains at the 5% CDF point for the 2 and 4 transmit antennas case respectively. This large gain is explained by the fact that improvement in SINR of the served user for weak users translate linearly into spectral efficiency. The gain of ACDD at 5% CDF point in a 6-path SCM channel is approximately 12% and 24% for the 2 and 4 transmit antennas case respectively. A relatively lower gain is observed because cell-edge users already benefit from SINR gain due to frequency-selective multi-user scheduling in a 6-path SCM channel.
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