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1. Introduction

Frequency domain channel-dependent scheduling is beneficial in improving the user and sector throughput performances in the E-UTRA uplink using single-carrier (SC)-FDMA radio access. However, to perform this, pilot channel (reference signal) transmission with a wideband that covers the entire assignment bandwidth is necessary for channel quality indicator (CQI) measurement. This increases the overhead. Thus, we proposed a frequency domain channel-dependent scheduling scheme employing an adaptive transmission bandwidth of the pilot channel with the minimum chunk bandwidth of 1.25 MHz. This paper investigates the optimum transmission bandwidth of the pilot channel in frequency domain channel-dependent scheduling from the viewpoint of the achievable user and sector throughput values considering CQI measurement error and overhead (i.e., interference) due to pilot channel. 
2. Frequency Domain Channel-dependent Scheduling in Uplink SC-FDMA

In the E-UTRA uplink narrow bandwidth transmission of 1.25 MHz or narrower is necessary considering the support of low-rate traffic such as voice. We consider the frequency domain channel-dependent scheduling scheme as shown in Fig. 1. The system bandwidth is divided into multiple frequency blocks. The system bandwidth is 20 MHz in the example in Fig. 1. Here, each block is sufficiently wide such that frequency selectivity is averaged within the entire frequency block. The block bandwidth is 5 MHz in the example in Fig. 1. For frequency domain channel-dependent scheduling in the uplink, the pilot channel must be transmitted with a wideband, which covers the entire frequency block. From the measured CQI over the assigned frequency block, Node B assigns the transmission band to each set of user equipment (UE) according to the transmission bandwidth, which accommodates the amount of traffic requested from each set of UE. However, we must consider restricting the maximum transmission power of the UE based on battery use in the uplink. By using limited transmission power, the CQI measurement error increases according to the increase in the transmission bandwidth of the pilot channel due to the reduction in the received signal power density under noise-limited conditions. CQI measurement error brings about false assignment of the transmission band for succeeding data channels. Accordingly, the user and sector throughput performances are decreased. Therefore, transmission of the pilot channel with an unnecessary wideband offset decreases achievable multiuser diversity in frequency domain channel-dependent scheduling.
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Figure 1 –  Frequency domain channel-dependent scheduling in uplink SC-FDMA

We consider two types of transmission methods for the pilot channel.

1) Transmission with a fixed bandwidth that covers the entire frequency block

2) Transmission with an adaptive bandwidth [1]

In the adaptive pilot transmission bandwidth method, the following two transmission bandwidths are defined in which a set of UE reports to the Node B in advance.

· Payload transmission bandwidth

· This indicates the maximum transmission bandwidth of the subsequent data channel.

· The bandwidth is decided by the UE capability, amount of traffic, and/or data rate.

· Pilot transmission bandwidth

· This indicates the maximum transmission bandwidth of pilot channel for CQI measurement.

· This bandwidth is equal to the payload transmission bandwidth or wider.

· The bandwidth can dynamically vary at each sub-frame.

· This bandwidth is decided based on the UE capability, the amount of traffic, and transmission power margin.

Based on the reported pilot transmission bandwidth, the Node B assigns a frequency band for pilot channel transmission to each set of UE. According to the assigned frequency band, sets of UE transmit the pilot channel. There are two transmission methods for the pilot channel over the assigned bandwidth as shown in Fig.3: distributed FDMA and CDMA. Figure 3(a) shows an example of the pilot channel transmission employing distributed FDMA. Each set of UE transmits the pilot channel using the assigned distributed FDMA frequency according to the reserved pilot bandwidth. In this case, orthogonality among the simultaneously transmitted pilot channels is achieved. Meanwhile, Fig. 3(b) shows the pilot channel transmission employing CDMA. Each set of UE transmits the pilot channel using a different spreading code within the assigned bandwidths. In the proposed method, the pilot transmission bandwidth is different even with the same transmission bandwidth of the data channel. 
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Figure 2 –  Pilot channel transmission example in frequency domain-channel dependent scheduling using adaptive pilot transmission bandwidth
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(a) Distributed FDMA 
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(b) CDMA
Figures 3 –  Pilot channel structures
3. Optimum Transmission Bandwidth of Pilot Channel for CQI Measurement

We investigated the optimum transmission bandwidth of the pilot channel in frequency domain channel-dependent scheduling from the viewpoint of the achievable user and sector throughput considering the CQI measurement error and overhead due to pilot channel. Table 1 lists the radio parameters in the link-level simulations.  Table 2 shows the system-level simulation parameters. In this contribution, we use received signal power as CQI, because in uplink, received signal-to-interference plus noise power ratio (SINR) is affected by discontinuous variation of interference due to changing assigned UE. In the simulation, we added CQI measurement error by the following way. First, we evaluated distributions of measurement error of the received signal power as a parameter of ideal instantaneous SNR by link level simulation. By using equation (1), the received signal power is obtained by power averaging after coherent averaging over M-carrier for complex vector,  = {,,}, derived by multiplying complex conjugate of frequency response of CAZAC sequence and the received signal after fast Fourier transform operation, as shown in Figs. 4 and 5.
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Figure 4 –  Signal for measuring
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Figure 5 –  Measurement scheme for received signal power
On the other hand, ideal received signal power is calculated from ideal channel gain in frequency domain, h = {h0, h1, …} by using equation (2).
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(2)

Let Smeasure be measured received signal power in one recourse block over one sub-frame in the link-level simulation. Then, measurement error of received signal power is calculated as Smeasure / SIdeal. In system level simulation, we calculate instantaneous received SINR, SINRInst and instantaneous received signal power. Here, the SINRInst value is defined as the ratio between received signal power of the target UE and inter-cell interference plus background noise power. Then, we add random errors following log-normal distribution to instantaneous received signal power. In the distribution, we set that average and variance are average and variance of Smeaure/Sideal.
Table 1 – Link-level simulation parameters

	Transmission scheme
	Localized FDMA

	Transmission bandwidth
	5 MHz

	Pilot sequence
	CAZAC (151 symbols)

	Sampling rate
	7.68 Msps

	Sub-frame length
	0.5 msec

	Pilot block size
	33.33 sec / 256 samples

	Sub-carrier spacing
	30 kHz for pilot block

	Cyclic prefix duration
	4.04 sec / 31 samples

	Receiver
	2-branch receiver reception

	Channel estimation
	Real estimation (Time domain)

	Channel model
	Typical Urban channel model (v = 3 km/h)


Table 2 – System-level simulation parameters

	System bandwidth
	10 MHz

	Sub-frame length
	0.5 msec

	Chunk bandwidth
	1.25 MHz

	Cellular layout
	19-cell (3-sector / cell)

	Inter site distance (ISD)
	500 m, 1732 m

	Maximum UE transmission power
	24 dBm

	Distance dependent path loss
	128.1+37.6log10(r)

	Penetration loss
	20 dB

	Shadowing standard deviation,
Correlation (between cells/sectors)
	8 dB,
0.5/1.0 

	Channel model
	Typical Urban channel model
(v = 3 km/h)

	Control delay (scheduling, AMC)
	2.0 msec

	Round trip delay of Hybrid ARQ
	3.0 msec

	Number of branches of node B receiver
	2-branch

	Traffic model
	Full queue model

	Channel dependent scheduling algorithm
	Proportional Fairness


3.1. Investigation on CQI Measurement Error
In performing frequency domain channel-dependent scheduling in the uplink, wideband transmission of the pilot channel for CQI measurement is necessary to select the optimum narrow bandwidth. However, unlike in the downlink, a noise-limited situation frequently occurs using the limited transmission power at a set of UE near the cell boundary. As a result, the CQI measurement error is increased. We investigate influence of the transmission bandwidth on the CQI measurement error. In this contribution, we use received signal power as CQI, as mentioned above. Figure 6 shows the probability distribution function (PDF) of the measurement error of the received signal power in a 1.25-MHz bandwidth for a six-ray Typical Urban (TU) channel model with the fading maximum Doppler frequency of fD = 5.55 Hz. The PDF is plotted with the range of the ideal SNR as a parameter. The figure shows that the measurement error of received signal power is increased according to the decrease in the SNR value. The average and variance in the measurement error of the received signal power are summarized in the table to the right of the figure for the respective ideal SNR ranges.
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Figure 6 – PDF of measurement error of received signal power

Assuming the same maximum transmission power of 24 dBm, the average received signal density of a 5-MHz transmission is approximately 1/4 that of the 1.25-MHz transmission. Accordingly, it is estimated that the CQI measurement error is increased in the case of the 5-MHz transmission compared to the 1.25-MHz transmission. Figure 7 shows the cumulative distribution function (CDF) of the received SINR of the 1.25 and 5-MHz transmissions when the receiver bandwidth is 1.25 MHz, i.e., received SINR over the 1.25-MHz bandwidth. Figures 7(a) and 7(b) show the performances with the inter site distance (ISD) of 500 m (i.e., cell radius is 289 m) and 1732 m (1000 m), respectively. Figure. 7(a) shows that the received SINR at the CDF of 10% of the 5-MHz transmission is reduced by approximately 6 – 7 dB compared to that of the 1.25-MHz transmission due to the degradation in the received signal power density. Thus, we see that the CQI measurement accuracy is degraded with the 5-MHz transmission compared to the 1.25-MHz transmission under noise-limited conditions particularly for a set of UE located near the cell boundary. 
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(a) ISD = 500 m
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(b) ISD = 1732 m

Figures 7 -  CDF of received SINR of pilot channel with 1.25 and 5-MHz bandwidths

From Fig. 6 and 7, we see that the CQI measurement error is increased when the pilot channel is transmitted with a wideband transmission such as 5 MHz particularly for sets of UE near the cell boundary. Meanwhile, the user throughput for these sets of UE is increased by exploiting of frequency domain channel-dependent scheduling. Therefore, the influence of the CQI measurement error must be investigated from the viewpoint of the sector and user throughput. Figures 8(a) and 8(b) plot the sector throughput based on the system-level evaluation when the number of sets of UE per sector is 16 and 32, respectively, for the ISD of 500 m. The horizontal axis represents the target SINR in the open-loop transmission power control (TPC), in which the target SINRs both of pilot and data channel are set to the same value. Parameters NNP and NWP represent the number of sets of UE per sector, who transmit the pilot channel using the 1.25 and 5-MHz bandwidths. We see from Fig. 8 that according to the increase in the target SINR value, the sector throughput is first increased since a more efficient modulation and channel coding scheme (MCS) can be used. Nevertheless, the sector throughput is decreased due to the increasing other-cell interference if the target SINR is further increased. As a result, the sector throughput is maximized at the target SINR of around 16 dB when the number of sets of UE is 16 or 32. Moreover, Fig. 8(a) shows that the sector throughput using the pilot channel with the 5-MHz transmission is increased by approximately 800 kHz compared to that with the 1.25-MHz transmission. This is because the user throughput of sets of UE located near the cell sites are increased by using frequency domain channel-dependent scheduling. We also see the benefit of the 5-MHz transmission in the increase in the sector throughput for the case of 32 sets of UE in Fig. 8(b). Figures 9(a) and 9(b) plot the sector throughput for the ISD of 1732 m when the number of sets of UE is 16 and 32, respectively. The same tendency as in Fig. 8 is observed, although the achievable sector throughput is reduced. 
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Figures 8 – Sector throughput as a function of target SINR (ISD is 500 m)
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(a) 16 sets of UE
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Figures 9 – Sector throughput as a function of target SINR (ISD is 1732 m)

As shown in Figs. 8 and 9, the sector throughput is increased by using the pilot channel with the 5-MHz bandwidth and by the multiuser diversity effect in frequency domain channel-dependent scheduling even when including the CQI measurement error and overhead of pilot channel. However, the influence of the CQI measurement error on the user throughput must be investigated. Figures 10(a) and 10(b) show the X% value in the CDF of the user throughput as a function of the X value with 16 and 32 sets of UE per sector, respectively for the ISD of 500 m. We find that there is influence from the increasing CQI measurement error in the 5-MHz transmission compared to the 1.25-MHz in the small X-value region, i.e., near cell boundary. We see that the user throughput using the 1.25-MHz transmission at the 5% CDF is increased by approximately 20 and 40% compared to that with the 5-MHz transmission for 16 and 32 sets of UE, respectively, for the ISD of 500 m. Similarly, Figs 11(a) and 11(b) plot the X% value in the CDF of the user throughput for 16 and 32 sets of UE per sector for ISD of 1732 m. The situation in Fig. 11 is more noise-limited similar to that in Fig. 10 due to the increase in the ISD. Accordingly, Fig. 11 shows that the user throughput using the 1.25-MHz transmission at the 5% CDF is increased by approximately 20 and 70% compared to that with the 5-MHz transmission for 16 and 32 sets of UE, respectively, for the ISD of 1732 m. As a result, we conclude the following 
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Figures 10 – X % value in CDF of user throughput (ISD is 500 m)
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Figures 11 – X % value in CDF of user throughput (ISD is 1732 m)

4. Conclusion

This paper investigated the influence of transmission bandwidth of pilot channel on the CQI measurement accuracy and achievable sector and user throughput performances from the viewpoint of CQI measurement error for SC-FDMA in E-UTRA uplink. Simulation results elucidated that the narrow transmission bandwidth of pilot channel is beneficial to increasing user throughout at cell boundary such as 5 % CDF value, since CQI measurement accuracy is improved in the noise-limited environments.
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