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1. Introduction

Frequency domain channel-dependent scheduling is beneficial in improving the user and cell throughput performance levels in the E-UTRA uplink using SC-FDMA radio access [1]-[4]. To achieve frequency domain channel-dependent scheduling, a reference signal (pilot channel) with a wider transmission bandwidth than that for the shared data channel is necessary for CQI measurement before transmitting the shared data channel. However, with the limited maximum transmission power of a UE, an excessively wide transmission bandwidth for a reference signal for CQI measurement brings about increased CQI measurement error, and degrades the gain in the frequency domain channel-dependent scheduling for a UE located near the cell boundary. Therefore, we proposed an adaptive transmission bandwidth for a reference signal for CQI measurement according to the path loss between a UE and a Node B. However, assuming the simultaneous multiplexing of a reference signal for demodulation, i.e., channel estimation for a shared data channel with that for CQI measurement using distributed FDMA transmission, the sequence length of the reference signals becomes short, leading to a reduction in the number of reference signal sequences accommodated. Therefore, to avoid the decrease in the number of reference signal sequences, this paper proposes group-wised frequency resource allocation of the reference signals for CQI measurement using an adaptive transmission bandwidth in the frequency domain channel-dependent scheduling in the SC-FDMA based uplink. 

2. Motivation of Group-wised Frequency Resource Allocation

2.1. Adaptive Transmission Bandwidth of Reference Signal for CQI Measurement

In the sub-frame format which was approved in SI discussions [5], there are two short blocks for reference signals, i.e., the pilot channel, within a 0.5-msec sub-frame. To obtain a small overhead for the reference signals, both the reference signal for demodulation, i.e., channel estimation, for shared data channel and that for CQI measurement should be multiplexed into the two short blocks. 


Meanwhile, the reference signal for CQI measurement must be transmitted with a wideband, which covers the entire bandwidth of frequency blocks to be scheduled for frequency domain channel-dependent scheduling in the uplink. We showed that the excessively wideband transmission of a reference signal for CQI measurement degrades the achievable throughput gain in frequency domain channel-dependent scheduling, particularly for a UE located near the cell boundary for two reasons. The first reason is increased inter-cell interference especially from the UE at the cell edge. The second is CQI measurement error due to the decreased received signal power density when the transmission power of the UE is restricted. Therefore, to address this problem, we proposed adaptively controlling the transmission bandwidth of the pilot channel for CQI measurement in frequency domain channel-dependent scheduling [6]. In this method, the transmission bandwidth of the reference signal for CQI measurement is adaptively selected among the pre-determined candidates according to the path loss between a UE and a Node B as shown in Fig. 1. Therefore, by avoiding excessively wide band transmission for the pilot channel, other-cell interference of the pilot channel and CQI measurement error are adequately suppressed. This brings about increased cell and user throughput especially at the cell edge.
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Figure 1 – Adaptive control of the transmission bandwidth for reference signal for CQI measurement

2.2. Number of Available Sequences for Reference Signal

Figure 2 illustrates an example of multiplexing three reference signals using the distributed FDMA transmission during the same short block: two reference signals for CQI measurement with different transmission bandwidths and one reference signal for demodulation. These three reference signals are transmitted from different UEs. 
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Figure 2 – Uniform frequency resource allocation in adaptive control of the transmission bandwidth for reference signal
As shown in Fig. 2, the number of combs is increased according to the increase in the number of multiplexed reference signals (note that the multiplexing of reference signals with different transmission bandwidths is possible only using FDMA). Accordingly, the reference signal sequence length becomes shorter as the number of combs increases. Here, assuming a CAZAC sequence, the number of available CAZAC sequences is reduced as the sequence length becomes shorter. The decrease in the available sequences for reference signals should be avoided to enable flexible sequence assignment in cellular systems. 

In essence, the number of available CAZAC sequences for reference signals is dependent on the following two factors.

· Transmission bandwidth: Narrower transmission bandwidth results in fewer CAZAC sequences

· The number of different transmission bandwidths for the reference signals that are simultaneously multiplexed within the same frequency band: Distributed FDMA, which reduces the number of CAZAC sequences, is needed for multiplexing reference signals with different transmission bandwidths.

In the contribution, we focus on the solution to the second problem. To avoid a decrease in the number of available CAZAC sequences for the reference signal, we propose group-wised frequency resource allocation according to the reference signal bandwidth for CQI measurement, i.e., corresponding to path loss. In the proposed group-wised frequency resource allocation, different frequency blocks are assigned to UEs with different reference signal bandwidths for CQI measurement.

3. Group-wised Frequency Resource Allocation 

The features of the proposed group-wised frequency resource allocation in the frequency domain are as follows.

· Multiple pilot channel (reference signal) transmission bandwidths for CQI measurement are defined. 

· The transmission bandwidth of the pilot channel for CQI measurement is assigned by a Node B according to the path loss between a UE and the Node B. In particular, a narrow transmission bandwidth such as 1.25 MHz is used for a UE located near the cell boundary.

· Different reference signals with different transmission bandwidths are multiplexed into different frequency bands using localized FDMA transmission, i.e., by group-wised frequency resource allocation in the frequency domain.

· Frequency blocks for UEs with reference signals for CQI measurement with different transmission bandwidth are adaptively allocated according to the number of UEs belonging to different path loss condition groups.

· Only a reference signal for channel estimation of the shared data channel is allowed multiplexing within the same short block. The multiplexing between the reference signal for channel estimation and that for CQI measurement is performed through by distributed FDMA transmission.

· Reference signals for CQI measurement with the same transmission bandwidth are multiplexed using CDMA employing the cyclic-shifted sequences originating from the same CAZAC sequence within the same short block.

Figures 3(a) and 3(b) show the proposed group-wised frequency resource allocation assuming two transmission bandwidths for reference signals for CQI measurement. Figure 3(a) indicates an example when frequency domain channel-dependent scheduling is applied. As shown in the figure, the UE with low path loss uses reference signals for CQI measurement with a wide transmission bandwidth such as 5 MHz. whereas a UE with high path loss, i.e., located near the cell boundary, employs a narrow transmission bandwidth such as 1.25 MHz for CQI measurement. By employing the narrow transmission bandwidth for CQI measurement for a UE near the cell boundary, the improvement in frequency domain channel-dependent scheduling by improving the CQI measurement accuracy exceeds the loss in frequency diversity effect. Furthermore, the reference signal for demodulation is multiplexed with only one reference signal for CQI measurement. 


Figure 3(b) shows an example when the frequency domain channel-dependent scheduling is not used, i.e., only time domain channel-dependent scheduling is used for a narrow-band UE. In this case, the reference signals for demodulation and that for CQI measurement are multiplexed through CDMA since the transmission bandwidths of the two reference signals are identical. 
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(a) Frequency scheduling is used for narrowband users
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(b) Frequency scheduling is not used for narrowband users
Figure 3 – Group-wised frequency resource allocation using adaptive transmission bandwidth for reference signals for CQI measurement


Figure 4 illustrates an example of frequency block separation in the group-wised frequency resource allocation using an adaptive transmission bandwidth for the reference signals for CQI measurement. The basic concept is that the wideband transmission bandwidth of the reference signal for CQI measurement is allocated in the central part of the entire system bandwidth, whereas the narrow transmission bandwidth is allocated at either end in the system bandwidth. By employing the frequency block application, the out-of-band emissions to the frequency band of either side can be reduced.
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Figure 4 – Example of frequency block separation in group-wised frequency resource allocation using adaptive transmission bandwidth for reference signals for CQI measurement
4. Options for Transmission Bandwidths of Reference Signals for CQI Measurement
As we addressed in Section 3, the frequency resource allocations of the reference signals with different transmission bandwidths for CQI measurement are adaptively updated according to the number of UEs employing the respective transmission bandwidths. Assuming adaptive frequency resource allocation, the following two options are considered for possible transmission bandwidths of the reference signals for CQI measurement: fixed transmission bandwidths among candidates corresponding to the bandwidths defined in the E-UTRA specification such as 1.25, 2.5, 5.0, 10.0, 15.0 and 20.0 MHz in FDD (Fig. 5) and variable transmission bandwidth according to the frequency block bandwidths of the respective reference signals (Fig. 6). The merits and demerits of the two options for available transmission bandwidths are as follows.

· Fixed transmission bandwidths among candidates corresponding to the bandwidths defined in the E-UTRA specification

· Merits: few options for transmission bandwidths for a UE. 

· Demerits: strict transmission bandwidth assignment using a small number of pre-decided candidates. Since the available transmission bandwidth is limited regardless of the allocated frequency block bandwidth, the gain of the frequency domain channel-dependent scheduling is not maximized.

· Variable transmission bandwidth according to the frequency block bandwidths of respective reference signals

· Merits: flexible assignment of transmission bandwidth of reference signal for CQI measurement according to the bandwidth of the respective frequency blocks. Accordingly, the gain of the frequency domain channel-dependent scheduling can be fully utilized 

· Demerits: increasing options for transmission bandwidths of a UE.

We will decide on either of the two options considering the aforementioned merits and demerits. 
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(a) Case of few UEs with wideband reference signal for CQI measurement
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(b) Case of many UEs with wideband reference signal for CQI measurement
Figure 5 –Transmission bandwidth for reference signals for CQI measurement in adaptive resource allocation (Fixed transmission bandwidth)
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(a) Case of few UEs with wideband reference signal for CQI measurement
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(b) Case of many UEs with wideband reference signal for CQI measurement
Figure 6 –Transmission bandwidth of reference signals for CQI measurement in adaptive resource allocation (Variable transmission bandwidth)
5. Simulation Setup
In this section, we evaluate the throughput performance using the group-wised frequency resource allocation by combining the system level simulation and radio link level simulation. More specifically, in the radio link level simulation, we measure the average packet error rate (PER) of each modulation and coding scheme (MCS) associated with turbo coding and iterative soft-decision turbo decoding against the instantaneous received SINR over one sub-frame at each resource block (RB). Then, in the system level simulation, the user throughput and cell throughput are calculated by adding random errors according to the mapping between the measured instantaneous received SINR and the PER performance derived from the link level simulation. We employed the actual value interface (AVI) method [7].
Table 1 lists the major parameters in the system-level simulation, which follow the agreed parameters given in [8]. The system bandwidth is 10 MHz. In the system-level simulation, we employ a three-sectored nineteen-hexagonal cell layout model with a sector antenna beam pattern with a 70-degree beam width. We set the inter-site distance (ISD) to 500 and 1732 m, and the corresponding cell radius is 289 and 1000 m, respectively. The number of UEs per sector is set to 16. The locations of the UEs are randomly assigned with a uniform distribution within each sector. However, we set the minimum distance between the cell site and a UE to 35 meters. The propagation model follows a distance-dependent path loss with the decay factor of 3.76, lognormal shadowing with a standard deviation of 8 dB, and instantaneous multipath fading. It is assumed that the distance-dependent path loss is constant during the throughput measurement period, while the shadowing and instantaneous fading variations are added. The penetration loss of 20 dB is included. The correlation values between the cell sites and that between sectors are 0.5 and 1.0, respectively. The six-ray Typical Urban (TU) model was assumed for the multipath delay profile with the root mean square (r.m.s.) delay spread of 1.06 sec and the maximum Doppler frequency of fD = 5.55 Hz (corresponding speed of 3 km/h at a 2-GHz carrier frequency). The maximum transmission power of a UE is 24 dBm with the antenna gain of 0 dBi. Meanwhile, the antenna gain at a the Node B is 14 dBi.
Table 1 – Major simulation parameters
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In the link-level simulations, the FFT window timing is actually detected by taking the cross-correlation between the received signal and pilot symbol replica. Moreover, the channel gain is estimated using the pilot symbols belonging to the two short blocks in the time domain. 

As link adaptation of the uplink data channel, the adaptive modulation and channel coding scheme (AMC) and slow transmission power control (TPC) are applied. The control interval of the MCS selection is set to 2.0 msec. 

We apply the fractional slow TPC [9] based on the average received SINR at the Node B, i.e., only the distance-dependent path loss and shadowing variations are compensated. We decide the target received SINR of the fractional TPC as follows. The region containing the UE is divided into eight groups according to the path-loss distribution as shown in Fig. 3. Then, within the same range in the path-loss between a UE and the Node B, the same target received SINR is used, which is decided based on the path-loss of the group. The target received SINR of the n-th group, TSINRn, is decided based on the following equation.

TSINRn (dB) = TSINR0 (dB) – n x TSINR (dB) ,   (1)

where the parameters of TSINR0 and TSINR are optimized so that the achievable user throughput is maximized. After the optimizations of these parameters, we employ TSINR0 = 12 dB and TSINR = 2 dB along with the number of groups of n = 0, 1, 2, …, 7 in the subsequent simulations. In the fractional TPC, we assume the ideal path-loss i.e., distance-dependent path-loss and shadowing variation, measurement.
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Figure 7 – Operation of fractional TPC method

Proportional fairness-based frequency domain channel-dependent scheduling [10] is used. In frequency domain channel-dependent scheduling, the UE transmits the pilot channel (reference signal). Then, based on the measured CQI, the Node B assigns the optimum RB to a UE according to the transmission bandwidth of the shared data channel. The control delay in the channel-dependent scheduling is set to 2.0 msec.

We apply Chase combining as hybrid ARQ with packet combining (round trip delay is 3.0 msec). Finally, we assume the full queue buffer traffic model. 
6. Simulation Results
Figures 8(a) and 8(b) show the CDF of the user throughput employing the group-wised frequency resource allocation with an adaptive transmission bandwidth of the reference signal for CQI measurement, when the ISD is set to 500 and 1732 m, respectively. For comparison, the performance using the uniform frequency resource allocation with adaptive transmission bandwidth and that using a fixed transmission bandwidth are also shown. In the adaptive control, the transmission bandwidth of the reference signal for CQI measurement is controlled based on the path loss between the cell site and a UE. In the evaluation, a narrow transmission bandwidth is assigned to a half or quarter of UEs with a large path loss. In the group-wised frequency allocation, two bandwidth combinations of for the frequency blocks are assumed as given below.

· One 5-MHz frequency block and four 1.25-MHz frequency blocks
· One 7.5-MHz frequency block and two 1.25-MHz frequency blocks
On the other hand, in the uniform frequency resource allocation, we control the transmission bandwidth of the reference signal for CQI measurement to 5 or 1.25 MHz. Note that Nx reprezents the number of UEs with a reference signal transmission bandwidth for CQI measurement of x-MHz per sector.
Figure 8 shows that when a fixed wide transmission bandwidth of 5 or 10 MHz is applied to the reference signal for CQI measurement, the user throughput is degraded at a low CDF region, i.e., near the cell boundary. Although, the uniform frequency resource allocation with an adaptive transmission bandwidth improves the user throughput in a low CDF region compared to that using a fixed wide transmission bandwidth of 5 or 10 MHz, the 5% CDF value is lower than that with a fixed transmission bandwidth of 1.25 MHz. On the other hand, the group-wised frequency resource allocation significantly improves the user throughput in a low CDF region compared to that with even a fixed narrow transmission bandwidth of 1.25 MHz. This is because, by using the group-wised frequency resource allocation, an effect similar to the interference mitigation [9] can be obtained due to the allocation of the same frequency band for UEs with similar path loss in each cell.
The 5% CDF value of the user throughput and sector throughput are summarized in Table 2. This table shows that by applying the group-wised frequency resource allocation with an adaptive transmission bandwidth of the reference signal for CQI measurement, a significant improvement in the 5% value of the user throughput is obtained while achieving the same level of sector throughput using the uniform frequency allocation with an adaptive transmission bandwidth.
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(a) ISD = 500 m
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(b) ISD = 1732 m
Figure 8 – Cumulative distribution of user throughput
Table 2 – Throughput performance comparison
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7. Conclusion

This paper proposed group-wised frequency resource allocation in the frequency domain for reference signals for CQI measurement in frequency domain channel-dependent scheduling in the SC-FDMA based E-UTRA uplink. In the proposed group-wised frequency resource allocation, the number of multiplexed reference signals in the same short block can become small, such as only two, i.e., one reference signal for demodulation and one reference signal for CQI measurement. Therefore, we can increase the the number of available CAZAC sequences for the reference signals since the number of multiplexed reference signals through distributed FDMA is minimized. The increased number of CAZAC sequences is beneficial to achieving a more flexible assignment of CAZAC sequences for the reference signals. Furthermore, based on system level simulations, we showed that the group-wised frequency resource allocation with adaptive control of the transmission bandwidth of the reference signal for CQI measurement can drastically improve the 5% value of the user throughput while achieving the same level of sector throughput using uniform frequency resource allocation.
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