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1. Introduction

The cyclic delay diversity (CDD) method is a very simple transmit diversity scheme that is suited to OFDM radio access. CDD achieves the transmit diversity effect by increasing frequency diversity from an artificially increased delay spread. In [1] and [2], an effective combination of CDD and frequency domain channel dependent scheduling was proposed. In the method, the multiuser diversity effect from frequency domain channel dependent scheduling can be increased through the generation of an appropriate delay spread (frequency selectivity of the channel) by controlling the delay value depending on the raw channel conditions. In [3], we proposed closed-loop (CL) multi-degree CDD with frequency domain channel dependent scheduling and showed based on link-level simulations that a further increase in throughput is achieved by employing the proposed method. In this contribution, we evaluated the system-level throughput performance of the proposed method by adaptively selecting the best set of delay values from multiple candidate sets.

2. CDD with Frequency-Domain Channel Dependent Scheduling
2.1. Single-Degree CDD with Frequency-Domain Channel Dependent Scheduling
A single-degree CDD scheme with frequency-domain channel dependent scheduling was proposed in [1] and [2]. In frequency domain channel-dependent scheduling, when the delay spread is small, sufficient multiuser diversity gain is not obtained since the difference in the received signal-to-interference plus noise power ratio (SINR) among resource blocks (RBs) becomes very small. Therefore, the single-degree CDD scheme with frequency domain channel-dependent scheduling controls the delay values of CDD in order to increase the delay spread in such a small delay spread environment. Figure 1 shows the transmitter structure of the single-degree CDD scheme. In the figure, NUE is the number of UEs in each cell, and Nsub is the number of sub-carriers. The principles of this scheme are as follows.

· The delay values of CDD, m (m = 1, 2, …, Nt (Nt is the number of transmitter antennas)), are pre-determined so that the delay spread of the composite channel from two transmitter antennas with different delays becomes appropriate for achieving the maximum multiuser diversity by frequency-domain channel dependent scheduling.
· However, the delay values of CDD are based on the cell environment such as the average multipath delay profile (delay spread) and are constant throughout the time-domain and frequency-domain, i.e. all sub-frames and RBs.
The merit of the single and constant set of delay values is the small signaling overhead for the pilot channel and control signaling channel, since the common pilot channel without delay diversity can be used for channel quality indicator (CQI) measurement taking into account the informed set of the delay values.
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Figure 1 – Node B transmitter structure with single-degree CDD scheme
2.2. Closed-Loop Multi-Degree CDD with Frequency-Domain Channel Dependent Scheduling
If we allow UEs to select the delay values from multiple candidates to increase the SINR for each RB, we can expect a larger multiuser diversity gain. We proposed a CL multi-degree CDD scheme with frequency domain channel-dependent scheduling [3]. The features of the CL multi-degree CDD scheme are as follows.

· Node B prepares for multiple sets of delay value candidates for CDD.
· All UEs measure the CQI value assuming all the delay value candidates. Then, the UE selects the best delay values for each RB, b,m(n) (b = 1, 2, …, NRB, m = 1,2, …, Nt (NRB is the number of RBs and n is the sub-frame index)) from the L candidates, which maximize the CQI value, and feeds the selected delay values with the CQI for the respective RBs to the Node B.
· Therefore, different from the single-degree CDD, the CDD delay values can be changed throughout each sub-frame and RB.
Figure 2 shows the Node B transmitter structure with CL multi-degree CDD. Based on the feedback information of the delay value for each RB from UEs, the Node B controls the phase rotation value for each RB of each transmitter antenna. Phase rotations are derived using the delay value in time domain with/without a phase shift in the frequency domain. Therefore, CL multi-degree CDD can be classified into a kind of pre-coding method. Serial-to-parallel conversion is performed after phase rotation, and inverse fast Fourier transform (IFFT) and cyclic prefix (CP) insertion are performed for each transmitter antenna. 
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Figure 2 – Node B transmitter structure with CL multi-degree CDD scheme
The merit of the CL multi-degree CDD over single-degree CDD is a larger multiuser diversity gain, while the disadvantage of the CL multi-degree CDD is an increased uplink signaling overhead in order to inform the selected delay values from all UEs to the Node B. In addition, when the multiple sets of delay value candidates are dynamically changed, CL multi-degree CDD may further require a dedicated pilot channel for each delay value for CQI measurement and delay selection or downlink control signaling overhead to inform the UEs of delay value candidates to be used.

In the CL multi-degree CDD, space division multiple access (SDMA) can be performed when multiple data streams are transmitted using the same RBs with different degrees of CDD. However, in this contribution, we assume that only one data stream is transmitted from each RB for the initial evaluation.

3. Simulation Conditions

We evaluated the system-level throughput performance of the proposed method. Table 1 gives the major simulation parameters, which are based on the agreed simulation parameters given in [4]. We assumed two transmission antennas at the Node B (Nt = 2). Cell throughput (capacity) is calculated from the instantaneous received SINR based on the Shannon formula assuming adaptive modulation and coding (AMC) assuming a degradation factor of 4 dB [5] and quantified by the spectral efficiency values of each modulation and coding set shown in Table 2. Hybrid ARQ is not assumed in this evaluation. 
Table 1 – Simulation parameters

	System bandwidth
	10 MHz

	Carrier frequency
	2 GHz

	Number of sub-carriers (Nsub)
	600

	Sub-carrier spacing
	15 kHz

	RB bandwidth
	375 kHz

	Sub-frame length
	0.5 msec

	Number of Node B antennas (Nt)
	2

	Total transmission power of Node B
	46 dBm

	Node B antenna pattern / antenna gain
	70-degree sectored beam / 14 dBi

	Cell layout
	Hexagonal grid, 19 cell sites, 3 cells per site

	Inter-site distance (ISD)
	1732 m

	Distance-dependent path loss
	128.1 + 37.6log(r)

	Penetration loss
	20 dB

	Shadowing standard deviation
	8 dB

	Correlation distance of shadowing
	35 m

	Shadowing correlation
	0.5 (intersite) / 1.0 (intrasite)

	Channel model
	6-ray Typical Urban

	Fading correlation between antennas
	0.0 (transmitter / receiver)

	Number of UE antennas
	2

	UE antenna gain
	0 dBi

	UE noise figure
	9 dB

	Thermal noise density
	-174 dBm/Hz

	Scheduling algorithm
	Frequency domain channel dependent scheduling based on proportional fairness

	Traffic model
	Full buffer traffic


Table 2 – Sets of modulations and channel coding schemes
	Modulation
	Coding rate
	Spectral efficiency (bps/Hz)

	QPSK
	1/3
	0.67

	QPSK
	1/2
	1.00

	QPSK
	2/3
	1.33

	QPSK
	3/4
	1.50

	QPSK
	4/5
	1.60

	16QAM
	1/2
	2.00

	16QAM
	3/5
	2.40

	16QAM
	2/3
	2.67

	64QAM
	1/2
	3.00

	64QAM
	3/5
	3.60

	64QAM
	2/3
	4.00

	64QAM
	3/4
	4.50

	64QAM
	4/5
	4.80


4. Simulation Results

Figure 3 shows the cumulative distribution function (CDF) of the measured average received SINR of the scheduled UEs for different transmitter diversity schemes under the condition that NUE = 10. In Fig. 3 from left to right in sequence are the single antenna transmission scheme, the single-degree CDD scheme, and the CL multi-degree CDD schemes in the case of L = 4 (b,m(n) = -1, 0, 1, 2 (samples)) and that of infinite L candidates, respectively. From this figure, the achievable SINR using the CL multi-degree CDD is increased by approximately 1 - 2 dB compared to the single-degree CDD. Furthermore, the degradation in CL multi-degree CDD with L = 4 compared to that with infinite L candidates is only less than 0.5 dB. 
Figure 4 shows the spectrum efficiency (cell throughput) as a function of NUE. The figure shows that all the schemes achieve higher throughput as the NUE value is increased due to the increasing multiuser diversity effect. The CL multi-degree CDD schemes perform better than the single-degree CDD schemes. This is because each UE can select the best delay value providing the highest received SINR for each RB for the CL multi-degree CDD schemes. Among the four curves, the CL multi-degree CDD scheme with infinite delay candidates achieves the best performance, since the optimum CDD delay values are always selected for each RB. Although the capacity using the CL multi-degree CDD with L = 4 is lower than that employing the multi-degree CDD with an infinite L value, the degradation is relatively small, i.e., within 10%. Furthermore, the CL multi-degree CDD with L = 4 achieves much higher than that of single-degree CDD and a single antenna transmission. Here the delay value for single-degree CDD is selected so that the achievable capacity is the largest; however, no throughput gain over a single Tx antenna is observed due to the channel condition in this evaluation. Note that the capacity employing single-degree CDD outperforms single antenna transmission when a line-of-sight (LOS) path exists.
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Figure 3 – Cumulative distribution function of measured average received SINR of scheduled UEs
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Figure 4 – Spectrum efficiency as a function of number of UEs per cell
5. Conclusion
We proposed the CL multi-degree CDD scheme with frequency domain channel dependent scheduling. In the CL multi-degree CDD scheme, multiple delay (or phase rotation) value are adaptively selected for each RB. The system-level simulation results show that the CL multi-degree CDD can increase the sector throughput compared to the single antenna transmission and single-degree CDD by selecting the best set of delay (phase rotation) values. We also find that the performance degradation using the CL multi-degree CDD scheme with L = 4 compared to that with infinite L candidates is relatively small despite the relatively small overhead loss.
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