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1. Introduction

For the Evolved UTRA (E-UTRA) uplink, we proposed a joint text proposal on single-carrier FDMA (SC-FDMA) radio access with an advantageous low PAPR feature to achieve wide coverage provision [1].  On the other hand, channel-dependent scheduling is very beneficial technique for increasing the user and sector throughput. Therefore, this paper presents frequency domain channel-dependent scheduling employing adaptive transmission bandwidth of pilot channel for uplink single-carrier FDMA radio access with minimum chunk bandwidth of 1.25 MHz.

2. Considerations on Channel-dependent Scheduling for Single-Carrier FDMA
Channel-dependent scheduling in the uplink is roughly categorized into following two schemes [2].

· Method 1: Time domain channel-dependent scheduling using pre-assigned frequency bandwidth

· Method 2: Frequency and time domain channel-dependent scheduling

For the two methods, we clarified following results

· Channel-dependent scheduling is beneficial to improving sector throughput for single-carrier FDMA radio access 
· In the frequency and time domain channel-dependent scheduling method [e.g. 2, 3, 4], the further improvement in sector throughput by exploiting frequency domain is small due to the restriction of single-carrier signal assignment
· In the time domain channel-dependent scheduling using the pre-assigned transmission bandwidth, the sector throughput is degraded according to the reduction of the transmission bandwidth due to the reducing multiuser diversity effect caused by a small number of users within the pre-assigned bandwidth. However, when the transmission bandwidth (i.e., chunk bandwidth) is approximately 5 MHz, the almost the same sector throughput as that with frequency and time domain channel-dependent scheduling is achieved.   

Furthermore, in the frequency and time domain channel-dependent scheduling, pilot channels must be transmitted from all UEs over all chunks (over the entire channel bandwidth) in advance for CQI measurement at a Node B. This brings about large pilot channel overhead for CQI measurements. Therefore, it is considered that the time domain channel-dependent scheduling using the pre-assigned transmission bandwidth is more promising than frequency and time domain scheduling.


However, we must consider narrow transmission bandwidth such as 1.25 and 2.5 MHz in the Evolved UTRA and furthermore, 5-MHz transmission bandwidth is wide for low-rate traffic. Considering these issues, we think that the minimum chunk bandwidth for channel-dependent scheduling should be the same as the minimum transmission bandwidth, i.e., 1.25 MHz. In the case, the achievable sector throughput using the time domain channel-dependent scheduling with 1.25-MHz pre-assigned chunk bandwidth is degraded compared to that with 5-MHz chunk bandwidth. Therefore, we propose hybrid of Method 1 and Method 2 (i.e., exploitation frequency domain channel-dependency) with the minimum chunk bandwidth of 1.25 MHz to improve achievable sector throughput.

3. Proposed Concept for Frequency Domain Channel-dependent Scheduling Using Adaptive Pilot Transmission Bandwidth

Following the discussions in Section 2, we propose following channel-dependent scheduling method for single-carrier FDMA in uplink.

· Minimum chunk bandwidth: Minimum chunk bandwidth is 1.25 MHz

· Use frequency and time domain channel-dependent scheduling: As we have indicated in [2], channel-dependent scheduling employing only time domain with 1.25 MHz bandwidth degrades achievable sector throughout compared to that of frequency and time domain scheduling. Thus, frequency and time domain channel-dependent scheduling is used to obtain high multiuser diversity effect.
· Adaptive transmission bandwidth of pilot channel: Current proposal for uplink radio access in Group 1 is SC-FDMA with dynamic transmission bandwidth. Meanwhile, pilot channel transmission with wide bandwidth is necessary for CQI measurement of multiple chunks in frequency domain channel-dependent scheduling. However, pilot channel transmission by wide bandwidth, e.g., 5 MHz, regardless of transmission of data channel degrades achievable user and sector throughput due to large overhead of pilot channel and increases power consumption at a UE. Therefore, we propose adaptive transmission bandwidth of pilot channel according to the data rate and transmission bandwidth of data channel, UE capability, etc.

· Definition of two transmission bandwidths: In order to receive and measure CQI using pilot channel quickly at the Node B, we define two transmission bandwidths: pilot transmission bandwidth and payload transmission bandwidth.
4. Proposed Scheduling Methods

Based on the afore-mentioned concept, we propose two methods; (1) Adaptive frequency domain channel-dependent scheduling and (2) Combination of time-domain channel-dependent scheduling and frequency hopping.

4.1. Proposed Method 1 (frequency domain channel-dependent scheduling with adaptive pilot transmission bandwidth)

In this method, we define the following 2 transmission bandwidths that a UE reports to Node B in advance.

· Payload transmission bandwidth

· This indicates maximum transmission bandwidth of following data channel

· The bandwidth is decided by UE capability, traffic size, and/or data rate

· Pilot transmission bandwidth

· This indicates maximum transmission bandwidth of pilot channel for CQI measurement
· This bandwidth is equal to payload transmission bandwidth or wider 
· The bandwidth can dynamically vary at each sub-frame

· This bandwidth is decided by UE capability, traffic size, and transmission power margin
Based on reported pilot transmission bandwidth, the Node B assigns frequency band for pilot channel transmission to each UE. According to assigned frequency band, UEs transmit pilot channel. There are 2 transmission methods for pilot channel over the assigned bandwidth as shown in Fig. 1: distributed FDMA and CDMA. Figure 1(a) shows the example of the pilot channel transmission employing distributed FDMA. Each UE transmits pilot channel by the assigned distributed FDMA frequency according to the reserved pilot bandwidth. In the case, orthogonality among simultaneously transmitted pilot channels is achieved. Meanwhile, Fig. 1(b) shows the pilot channel transmission employing CDMA. Each UE transmits pilot channel using different spreading code within the receptive assigned bandwidths. In the proposed method, the pilot transmission bandwidth is different even with the same transmission bandwidth of the data channel. 

[image: image1.wmf]UE1

UE2

UE3

UE4

UE5

UE6

UE7

UE8

UE9

UE10

Frequency

Assigned 

bandwidth 

for each UE

Minimum bandwidth

= 1.25 MHz

UE1

UE2

UE3

UE4

UE5

UE6

UE7

UE8

UE9

UE10

Frequency

Assigned 

bandwidth 

for each UE

Minimum bandwidth

= 1.25 MHz

                    

(a) Distributed FDMA 
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(b) CDMA 
Figure 1 –  Pilot channel structures

Node B receives pilot channel and measures CQI over the reserved pilot transmission bandwidth of each UE. Then, based on the CQI over the pilot transmission bandwidth, Node B assigns the optimum chunk(s) to each UE according to the requested transmission bandwidth of data channel, which provides maximum CQI. Therefore, by transmitting pilot channel with basically wider bandwidth than that of data channel, frequency domain channel-dependent scheduling is conducted. Our proposed scheme is hybrid scheme of frequency domain scheduling and only time domain scheduling. When the transmission bandwidth of the pilot channel is wide, larger multiuser diversity gain is obtained. Therefore, in the scheduler, high priority is provided to a UE, which transmits the pilot channel with wide transmission bandwidth. Thus, by introducing frequency domain channel-dependent scheduling, sector throughput is significantly improved compared to the case using only time domain channel-dependent scheduling.


Furthermore, we can consider two pilot channel transmission methods as shown in Figs. 2 and 3. In the example (1) in Fig. 2, the frequency of each pilot channel for CQI measurement is pre-assigned. Meanwhile, in the example (2) in Fig. 3, each pilot channel for CQI measurement is frequency-hopped using pre-determined manner. Frequency hopping pattern can be different for different UEs. Compared to example (1), example (2) can achieve better frequency utilization for entire bandwidth and may achieve larger multiuser diversity gain. However, note that Figs. 2 and 3 only show the pilot channels for CQI measurement and the pilot channels for demodulation of the shared data channel are not shown. In example (1), pilot channel for demodulation can be same as the pilot channel for CQI measurement. However, in example (2), for the UE to which the shared data channel is assigned, wider single-carrier pilot channel, which covers both the frequency of shared data channel and that of pilot channel for CQI measurement, must be transmitted. Otherwise, that UE should be out of scheduling during the shared data channel reception.

[image: image3.wmf]Frequency

UE2

UE3

MS1

UE4

Pilot channel for CQI 

measurement

Shared data channel

Scheduling

UE4

Minimum bandwidth

= 1.25 MHz

UE2

UE1

Frequency

Frequency

UE2

UE3

MS1

UE4

Pilot channel for CQI 

measurement

Shared data channel

Scheduling

UE4

Minimum bandwidth

= 1.25 MHz

UE2

UE1

Frequency


Figure 2 –  Pilot channel transmission example (1) in proposed frequency domain-channel dependent scheduling using adaptive pilot transmission bandwidth

(Note: this figure only represents the frequency band of each physical channel. As pilot channel configuration, both distributed FDMA and CDMA can be applied)
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Figure 3 –  Pilot channel transmission example (2) in proposed frequency domain-channel dependent scheduling using adaptive pilot transmission bandwidth

(Note: this figure only represents the frequency band of each physical channel. As pilot channel configuration, both distributed FDMA and CDMA can be applied)
Figure 4 shows the operational flow of the proposed frequency domain channel-dependent scheduling with adaptive pilot transmission bandwidth.
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Figure 4 – Control flow of proposed frequency domain-channel dependent scheduling using adaptive pilot transmission bandwidth
4.2. Proposed Method 2 (Combination of time-domain channel-dependent scheduling and frequency hopping)

This method is alternative scheduling method by combining time domain channel-dependent scheduling and frequency hopping.  In the method, multiple UEs simultaneously transmit pilot channel with narrow bandwidth, e.g., 1.25 MHz as shown in Fig. 4. In the example, system bandwidth is assumed to be 5 MHz. Then, the transmission band of pilot channels for multiple UEs is cyclically shifted at every sub-frame, i.e., frequency hopping is applied to simultaneous multiple pilot channels. Then, in the example of Fig. 4, since UE3 provides highest CQI for the first chunk, the first chunk is assigned to UE3. Similarly, 2.5-MHz band over second and third chunks is assigned to UE2, based on the measured CQIs at second and third attempts.  The merit of the method is such that UE doesn't have to transmit pilot channel with wide transmission bandwidth. However, as we see in Fig. 4, control delay in the channel-dependent scheduling becomes longer compared to the method 1 (frequency domain scheduling with adaptive pilot transmission bandwidth).  In the example of Fig. 4, CQI of each chunk is measured at every 4 sub-frame. Thus, during 4 sub-frame duration, the same UE is assigned to each chunk in principle. Thus, the tracking ability of channel variation in time domain is degraded in the scheduling scheme. Note that similar to Figs. 2 and 3, Figure 5 only shows the pilot channels for CQI measurement and the pilot channels for demodulation of the shared data channel are not shown. For the UE to which the shared data channel is assigned, wider single-carrier pilot channel, which covers both the frequency of shared data channel and that of pilot channel for CQI measurement, must be transmitted in this method. Otherwise, that UE should be out of scheduling during the shared data channel reception.
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Figure 5 – Combination of time-domain channel-dependent scheduling and frequency hopping
(Note: this figure only represents the frequency band of each physical channel. As pilot channel configuration, both distributed FDMA and CDMA can be applied)
Figure 6 shows the operational flow of the proposed combination of time-domain channel-dependent scheduling and frequency hopping.

[image: image7.wmf]UE

Node B

Request for data transmission

Inform to each UE

•

Frequency Hopping pattern

Transmit pilot channel 

according to indicated 

hopping pattern with 

bandwidth of 1.25 MHz

•

Receives pilot channel and 

measures CQI

•

Performs channel

-

dependent 

scheduling at the frequency

Transmit data channel

•

Decide frequency of pilot signal for 

each UE (based on UE grouping)

Inform scheduling results

UE

Node B

Request for data transmission

Inform to each UE

•

Frequency Hopping pattern

Transmit pilot channel 

according to indicated 

hopping pattern with 

bandwidth of 1.25 MHz

•

Receives pilot channel and 

measures CQI

•

Performs channel

-

dependent 

scheduling at the frequency

Transmit data channel

•

Decide frequency of pilot signal for 

each UE (based on UE grouping)

Inform scheduling results

        

Figure 6 – Control flow of proposed Combination of time-domain channel-dependent scheduling and frequency hopping
5. Conclusion

In the contribution, we proposed frequency domain channel-dependent scheduling method with adaptive pilot transmission bandwidth for single-carrier FDMA in uplink. The features of proposed method are followings 

· Chunk bandwidth (minimum assigned bandwidth) of 1.25 MHz

· Use frequency-selectivity in frequency domain

· Adaptive transmission bandwidth of pilot channel based on UE capability, traffic size, and transmission power margin
· Definition of two transmission bandwidths; pilot transmission bandwidth and payload transmission bandwidth.
The proposed channel-dependent scheduling method can be assumed as a hybrid scheme of frequency domain scheduling and only time domain scheduling. When the transmission bandwidth of pilot channel is wide, large multiuser diversity gain is obtained. Thus, by introducing frequency domain channel-dependent scheduling, sector throughput is significantly improved compared to the case using only time domain channel-dependent scheduling.
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