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1. Introduction
In 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 provisioning [1]. This paper investigates the optimum link adaptation method for SC-FDMA packet radio access in the E-UTRA uplink.

2. Candidates for Link Adaptation in E-UTRA Uplink
According to the channel variation in the time and frequency domains, we can adaptively change the following three radio parameters as indicated in Fig. 1.
· Transmission power ( transmission power control (TPC)

· Modulation scheme and channel coding rate ( adaptive modulation and coding (AMC)

· Transmission bandwidth ( adaptive transmission bandwidth (ATB) 

The three types of link adaptation are performed according to the channel condition, the UE capability such as the maximum transmission power and maximum transmission bandwidth etc., and the required QoS such as the data rate, delay, and packet loss rate etc. In particular, the three schemes are controlled by channel variation. That is, when the channel conditions are good, i.e., the CQI is high, the transmission power is controlled to a low level, the modulation and coding rate scheme (MCS) is controlled to be high, and the transmission bandwidth is controlled to be wide. TPC guarantees the required packet error rate (PER) and is beneficial in suppressing interference to the surrounding cells. Meanwhile, AMC and ATB controls the achievable data rate, i.e., adaptive rate control according to the UE channel conditions.

All three link adaptation techniques should be effectively combined in the SC-FDMA-based Evolved UTRA uplink.
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Figure 1 – Link adaptation in Evolved UTRA uplink
3. TPC in Uplink
As is well known, in order to maintain the same received SINR, a high transmission power is necessary according to the increase in the UE-to-Node B distance. However, when a UE located at the cell boundary transmits an uplink channel with a high transmission power, this leads to severe other-cell interference. Accordingly, the system capacity is reduced, which is shown in e.g [2],[3]. This means that in the uplink, control of the constant received SINR such as that for a dedicated channel is not always beneficial in improving the system capacity. Therefore, we categorize the TPC methods into the following three candidates.      
(1) Fairness priority TPC (Fig. 2(a))
· In the fairness priority TPC scheme, the target SINR is set to be common for all UEs.
· The highest level of fairness is achieved in terms of user throughput and packet error rate.
· However, the scheme brings about severe other-cell interference and, consequently the system capacity decreases.
(2) Capacity priority TPC (Fig. 2(b))
· The transmission power is constant for all UEs.
· The scheme achieves (nearly) the best capacity (frequency efficiency).
· However, the scheme brings about unfairness among UEs for the achievable data rate and throughput , i.e., the achievable data rate at the cell boundary is low.
(3) Hybrid priority TPC (Fig. 2(c))
· Basically the same target SINR is set among simultaneously accessing UEs, but a higher target SINR is set for the UEs near the cell site.
· This scheme achieves a compromise between capacity and fairness for the achievable data rate.
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Figure 2 – TPC methods. (a) Fairness Priority, (b) Capacity Priority, (c) Hybrid Priority
Among the three TPC schemes mentioned above, we think that the hybrid priority TPC is the most appropriate for the uplink shared data channel. This is based on the tradeoff relationship between the system capacity and the fairness of the achievable data rate (user throughput). Therefore, we propose a hybrid priority TPC scheme, which is expressed in the following equation.
Target SINR = Min(X(path loss) + Y(shadowing loss) + Z(instantaneous fading loss), UE capability)
where functions X(x), Y(x), and Z(x) are in inverse proportion to the x value.
The detailed control method is FFS.  Special cases in the hybrid priority TPC are as follows.

(1) Different settings of the target SINR according to path loss (= distance-dependent path loss and shadowing)
· The target SINR is controlled based on the average uplink CQI at the Node B. Alternatively, the target SINR may be controlled based on the average downlink CQI at the UE.
· Uplink control signaling to convey the downlink average CQI is required when the target SINR is set by Node B. Otherwise, downlink broadcasting of the target SINR as a function of the average CQI is required to select the target SINR at UE.
(2) Maximum transmit power constraint according to transmission bandwidth
· In the scheme, the maximum transmission power is limited according to the transmission bandwidth.
· The same target SINR can be used for all UEs with the same transmission bandwidth.
· Downlink signaling of maximum uplink transmit power is required.
4. Combination of AMC, TPC, and ATB
The optimum combination of AMC, TPC, and ATB should be investigated.     
4.1. Basic concept
The proposed concepts for the combination of AMC, TPC, and ATB are as follows.
· Control intervals of TPC and AMC must be different (i.e., the same control interval for AMC and TPC is meaningless)
· (Fast) ATB is a part of (fast) frequency domain channel dependent scheduling

4.2. Candidates for combination of AMC, TPC, and ATB
Here, we define the control speed in the link adaptation.

· Slow control means a speed that tracks the variations in the distance-dependent path loss and shadowing, e.g., several 10-100 msec. 

· Fast control means a speed that tracks the instantaneous fading variation, e.g., 0.5 - 10 msec.
The candidates for the combination of AMC, TPC, and ATB are as follows.

(1) Slow TPC + Fast AMC and ATB 

· Fast ATB is performed as a part of the fast frequency domain channel dependent scheduling.
· AMC is performed for residual path loss and instantaneous fading variation.
· Since the data rate is controlled by both AMC and ATB, the time variation in the data rate may be very large.
· The scheme achieves the highest capacity compared to other schemes. 

· The demerit of the schemes is a large control signaling over head.
(2) Slow TPC and ATB + Fast AMC

· Unlike Scheme (1), both the transmission power and bandwidth are controlled based on the average CQI.
· The achievable capacity of the scheme becomes less than that of Scheme (1), however, it may be greater than a slow AMC case.
· The time variation of the data rate is large.
· The control signaling overhead is smaller than those for Schemes (1) and (3).
(3) Slow AMC + Fast TPC and ATB
· Fast ATB is performed as a part of the fast frequency domain channel dependent scheduling

· The achievable capacity of the scheme becomes less than that for Scheme (1).
· The time variation of the data rate is large.
· The control signaling overhead is large.
(4) Slow AMC and ATB + Fast TPC

· Both the MCS and bandwidth are controlled based on the average CQI.
· The achievable capacity is small.
· The time variation of the data rate is small.
· The control signaling overhead is smaller than those for Schemes (1) and (3).
As an example, Fig. 3 shows the conceptual operational flow at Node-B to achieve Scheme (1), i.e., Slow TPC + Fast AMC and ATB. In this example, after the CQI measurement results using the uplink pilot channel are averaged, the transmission power or target SINR of each UE is determined while considering other information, such as the pilot transmission power, the transmission power margin, and the required QoS of the corresponding UE. After that, by using instantaneous CQI and determined transmission power, transmission bandwidth and MCS are selected. Fig. 4 shows an example of the flow to determine the transmission bandwidth and MCS, which is based on the expected received SINR calculated from the CQI and transmission power of each UE.
In all schemes, the downlink control signaling for the uplink transmission power, MCS, and transmission bandwidth (assigned resource blocks) may be required. Among the four schemes, the transmission interval and required number of bits for each signaling bit are different.
Among the above-mentioned candidates for the combination of AMC, TPC, and ATB, we think that Scheme (1), Slow TPC + Fast AMC and ATB, is the most promising for the following reasons.

· AMC is more appropriate than TPC for packet-based access employing a part of the time duration of a broad shared data channel

· Fast ATB has affinity to fast frequency domain channel dependent scheduling 
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Figure 3 – Operation of slow TPC + fast AMC and ATB (conceptual)
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Figure 4 – Example of AMC and ATB
5. Conclusion

In this contribution, link adaptation methods in the Evolved UTRA uplink are discussed. Link adaptation should effectively utilize a combination of the transmission power control, the adaptive modulation and channel coding rate, and the adaptive transmission bandwidth accompanied with channel-dependent scheduling.
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