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1. Introduction

This contribution considers the potential use of frequency-dependent scheduling for an evolved UTRAN uplink based on OFDMA. The use of frequency-dependent scheduling provides “multiuser diversity” since the uplink frequency bins are only utilized by users with good SNRs in those bins. This type of frequency-dependent multiuser diversity is particularly important for users who cannot fully exploit the multiuser diversity available from time-dependent scheduling, such as delay-sensitive users and users at the cell edge who need to transmit with very high duty cycle (due to transmit power constraints). Thus, frequency-dependent uplink scheduling is a potentially critical source for maximizing the coverage and throughput of the evolved UTRAN uplink. Simulation results presented here indicate coverage gains of 4 dB and more for a simple frequency-based uplink scheduling scheme. 

The current 3GPP study on Evolved UTRAN is considering several different multiple access (MA) schemes for the uplink, including OFDMA and single-carrier techniques such as FDMA and interleaved FDMA (IFDMA). It is important to note that these single-carrier techniques cannot easily take advantage of frequency-based uplink scheduling. In the case of FDMA, the fact that the Node-B requires out-of-band pilot transmissions from the users would change the character of the uplink transmission to that of multi-carrier (thus, creating the same PAPR issues that FDMA is supposed to avoid). In the case of IFDMA, the transmission is spread out across the entire available spectrum and thus, cannot utilize frequency-dependent scheduling. The ability of OFDMA to exploit frequency-based multiuser diversity, in addition to its inherent same-cell orthogonality, and combined with PAPR reduction techniques (e.g., [1]), makes OFDMA coverage performance very attractive for evolved UTRAN. 

2. Frequency-Based Multiuser Diversity in the Uplink
In a typical OFDMA uplink network, many users share the same time and frequency resources. For each frequency sub-band and for each time-slot the users will have a variety of SNR values. The Node-B can exploit this multiuser diversity by scheduling each time/frequency allocation to a user with a good SNR in that slot/sub-band. This enables significant throughput and coverage gains in the network. As pointed out in the introduction, however, not all users can take full advantage of time-dependent scheduling. This is the case, for example, for users of delay-sensitive services that cannot afford the latency associated with time-dependent scheduling, e.g., Max-SNR or proportional-fair scheduling. Users near the cell edge also have difficulty utilizing time-dependent scheduling because of the associated reduced duty cycle that results. The transmit power constraints of these cell-edge users make it preferable to spread out their transmissions in time (high duty cycle) in order to maximize coverage. Frequency-dependent scheduling enables a Max-SNR scheduling approach in the frequency domain, without the increased latency or decreased duty cycle associated with time-dependent scheduling.

To illustrate the basic concept behind frequency-based multiuser diversity, two typical instantiations of the frequency response of the ITU Pedestrian B channel profile are presented in Figure 1. Each instantiation is associated with a different UE, denoted as User 1 and User 2 in the figure. It can be observed that two different sub-bands can be selected, such that the response of User 1 is strong in the first while that of User 2 is strong in the second. Thus, if this type of sub-band allocation is used rather than some randomly selected sub-band allocation, the SNRs of the received uplink signals are considerably improved. For the case where several UEs have their maximum SNR in the same sub-band, simple algorithms can be applied to “resolve the conflict” and allocate the frequency sub-bands such that performance is still better than in the case of random allocation.

The main ingredients of the proposed approach are listed below:

1. The UEs must transmit “extra” pilot symbols throughout the whole frequency band, not only in the sub-band used for data transmission, in order to allow the receiving Node-B to estimate the channel response across the band. 

2. The Node-B analyzes the (estimated) channel responses of all the UEs, and optimizes the time-frequency allocation accordingly. For example, the Node-B can maximize the total over-the-air cell throughput or alternatively maximize a particular user’s throughput.
3. The Node-B must then transmit control-feedback to the active UEs, containing scheduling information regarding the timing and sub-band allocated for their subsequent transmission.
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The first point above is what makes OFDMA a natural candidate for exploiting the potential benefits of frequency-based multiuser diversity. A selection of OFDMA frequency bins spread across the available spectrum can easily be used to broadcast the necessary pilot symbols. In contrast, as previously noted, implementing frequency-dependent scheduling in FDMA and IFDMA MA schemes would be much more difficult.
3. Feedback Delay Considerations

Frequency-dependent scheduling is impacted by feedback delay, i.e., the time it takes for the Node-B to estimate and analyze the different user channels and to convey the scheduling information to the UE. For high-speed users, the fast time variations of the channel make the scheduling information received at the UE irrelevant once feedback delay is taken into account. For low-speed users, however, the fact that the channel changes slowly enables effective scheduling even in the presence of reasonable feedback delay. 

Figure 2 depicts the index of the optimal frequency bin (i.e., the bin in which the maximum frequency response is obtained) as a function of time, for an ITU pedestrian B channel at 3 km/hr. It demonstrates that the correlation between the optimal frequency bins at short time differences is relatively high, thus, enabling frequency-dependent scheduling under feedback delay conditions typical of cellular networks.
[image: image2.png]Bin Index of Max(|H(H}

300

250

200

150

100

50

PedestrianB

=

|

i
100

i
200

i
300

Il
400
Time [ms]

I
500

i
600

i
700

800




Figure 3 presents the SNR degradation as a function of the delay between the channel realization used by the Node-B for determining the optimal bin and the channel realization actually used by the UE for its subsequent transmission. It is calculated for three channel types at a speed of 3 km/hr. The SNR degradation was computed according to the following formula:
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Eq. 1

where, Ht(f) is the channel frequency response at time t and ft is the frequency bin that yields the maximum frequency response at time t.
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For the ITU Pedestrian B channel profile, it may be observed that at the speed of 3 km/hr and a delay of 10 ms, the SNR degradation is about 0.2 dB. For users at higher speeds the losses are larger, and thus, frequency-dependent scheduling would not be recommended. 

4. Discussion of Simulation Results 

The basic OFDM(A) parameters used in the simulations are similar to those in [2], and are listed in Appendix A.

The BLER was estimated according to the effective SIR mapping of [2]. The baseline system used as reference for the performance comparison is based on a conventional textbook OFDMA scheme, where frequency bins are randomly assigned to the users. We note that the simulation results given here are based on a known channel response.  The scheduling is done by the Node-B in a sequential fashion, where each UE in turn is allocated the best frequency bin cluster from the set of clusters not yet allocated.

Two examples of modulation and coding scheme (MCS) are considered here – QPSK with rate 1/3 coding, and QPSK with rate 4/5 coding. Two multipath channel profiles are considered – the ITU Pedestrian B and the ITU Vehicular A, both at 3 km/hr and at 2 ms and 10 ms feedback delays. We note that the benefits of frequency-dependent scheduling are reduced in channels that are less rich in multipath structure, such as the ITU Pedestrian A channel. The results are presented in Appendix B and summarized in Table 1, where the SNR improvement is listed for a target BLER of 10%. We see that large gains of about 4 dB and 8 dB are obtained for the code rates of 1/3 and 4/5, respectively. This translates to very significant coverage gains. We also conclude from the figures in Appendix B that a 10 ms feedback delay provides performance gains close to that of a 2 ms feedback delay, for the 3 km/hr speed considered.

	Channel Type
	Improvement [dB] @ BLER=10-1

	
	R = 1/3
	R = 4/5

	Pedestrian B
	4.0
	8.0

	Vehicular A
	4.3
	8.1


Table 1: Performance improvement at 10% BLER for two ITU channels (at 3 km/hr and 10 ms feedback delay), using QPSK at two different code rates 
5. Conclusions

This contribution has presented simulation results illustrating the significant potential benefits of frequency-dependent uplink scheduling. The use of this type of scheduling enables the network to exploit frequency-based multiuser diversity to maximize throughput and coverage performance. This type of technique is particularly important for cell-edge users who cannot fully benefit from time-dependent scheduling (due to power constraints and latency requirements). 

In contrast to single-carrier MA techniques, OFDMA is naturally suited for the implementation of frequency-dependent uplink scheduling. The exploitation of frequency-based multiuser diversity, together with PAPR reduction techniques and OFDMA’s inherent same-cell orthogonality, yield attractive coverage performance for a potential EUTRAN OFDMA uplink.
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Appendix A: Simulation Assumptions
The simulation parameters and assumptions are presented in Table A.1.

	Number of total subcarriers
	512

	Number of useful subcarriers
	299

	Available BW [MHz]
	4.48

	Subcarrier separation [KHz]
	15.0

	Carrier frequency [GHz]
	2.0

	Channel profile
	Pedestrian B, Vehicular A

	Channel Estimation
	Ideal (Known)

	Mobile speed [Km/hr]
	3.0

	Modulation
	QPSK

	Code Rate
	1/3, 4/5

	Feedback delay [ms]
	10.0

	Number of frequency bins allocated per user 
	5

	Frequency cluster allocated to user per OFDM symbol [KHz]
	75.0

	Number of UEs
	25


Table A.1: OFDM(A) parameters used in simulations
Appendix B: Simulation Results
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Figure 1: Two typical sample frequency responses of the ITU Pedestrian B channel profile


. 





Best SNR for User 1





Best SNR for User 2





Figure 2: Maximum SNR frequency bin location as a function of time.
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Figure 3: SNR degradation due to feedback delay 


 








Fig B.2 Rate 4/5 BLER curves for the Pedestrian B channel.





Fig B.1 Rate 1/3 BLER curves for the Pedestrian B channel. 





Fig B.4 Rate 4/5 BLER curves for the Vehicular A channel





Fig B.3 Rate 1/3 BLER curves for the Vehicular A channel.
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