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UL Multiple Access in view of Frequency-Domain Channel-Dependent Scheduling 

HanGyu Cho and Jin Sam Kwak
LG Electronics
Abstract

This contribution shows that frequency-domain channel-dependent scheduling gain of OFDMA is much larger than that of SC-FDMA, based on simple analysis and simulation. Since system BW considered for 802.16m is expected to be wider than legacy BW, channel-dependent scheduling in frequency domain gets much attraction and the advantage will be significant.
Introduction

SC-FDMA generally adopts the localized sub-carrier mapping which is easier in channel estimation and is less sensitive to frequency offset than the distributed sub-carrier mapping. Moreover, the distributed sub-carrier mapping cannot utilize frequency-domain scheduling gain since the transmission is spread out across the available spectrum. Suppose that one sub-band consists of multiple consecutive sub-carriers. If the number of supportable sub-carriers for a user is larger than that in one sub-band, the user could be assigned multiple sub-bands which are contiguous in frequency-domain to maintain a low PAPR [1]. That is not the case for OFDMA, where the best discontinuous sub-bands could be selected for a user. Figure 1 illustrates the allocation of multiple sub-bands for SC-FDMA and OFDMA, where n contiguous sub-bands are allocated for a SC-FDMA user while discontinuous n sub-bands are allocated for an OFDMA user.  
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Figure 1. Allocation of multiple sub-bands for SC-FDMA and OFDMA
Simple analysis for single-user case 
Suppose that there are N sub-bands with channel being flat in each sub-band and being uncorrelated from sub-band to sub-band. A user is supposed to be assigned n sub-bands. We also assume that N is large enough to be 
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SC-FDMA 
In this case, the user selects the best band among 
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 bands, each of which consists of n contiguous sub-bands 1. Based on the assumptions we made, we can use asymptotic result for selection diversity, i.e. for large K, the capacity of selection diversity from an uncorrelated set with size K is LogLog K, where the base of log function is 2 unless specified [2]. Considering the band consists of n sub-bands, the throughput is given by 2

[image: image4.wmf]).

(

1

,

n

N

nLogLog

C

user

FDMA

SC

»

-

                                   (1)
OFDMA 
In this case, the user selects the best n sub-bands among N sub-bands, i.e.
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where the approximation error becomes negligible, based on the assumption 
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 also makes it possible to rewrite (2) as follows 3
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Compared to the throughput of SC-FDMA given in (1), the diversity order of OFDMA is n times larger, which means that the restriction of SC-FDMA to maintain “single-carrier property” reduces the diversity order obtained from channel-dependent scheduling. 

Figure 2 compares the throughput of SC-FDMA and OFDMA for 1 user case assuming total sub-band size N is 64 and spacing between sub-band is 1Hz. It is shown that the aggregate throughput of OFDMA linearly increases with the number of allocated sub-band n. This is because OFDMA user can obtain frequency-domain scheduling gain for each sub-band and the diversity order for each sub-band is approximately the same. For SC-FDMA, however, the throughput per sub-band decreases with n because the diversity order decreases with n.
1: Without loss of generality, we assume that 
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2: In reality, the performance is a bit different from what we are showing due to the following two reasons; first, the user selects the best band consisting of contiguous n sub-bands based on the channel value averaged over n sub-bands; second, since channel is selective in contiguous n sub-bands, SC-FDMA has equalization loss [3].

3: While (3) is the upper bound, the lower bound is given by 
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. It can be shown that their performance difference is negligible when 
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Figure 2. Aggregate user throughput for 1 user case when total number of sub-bands N is 64. 
Simple analysis for multi-user case 
Suppose that there are N sub-bands with channel being flat in each sub-band and being uncorrelated from sub-band to sub-band. For simplicity, we assume that K (
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) users are supposed to be equally assigned n sub-bands. 
SC-FDMA 
In this case, the first user selects the best band among 
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 bands, each of which consists of n contiguous sub-bands and the second user selects the best band among (
[image: image15.wmf]n

N

/

-1) bands except for the band assigned to the first user and the process is repeated in the same manner until K users are all assigned. Then, the throughput of SC-FDMA for multi-user case is given by
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OFDMA 
Same as the case for SC-FDMA, users are alternately allocated n sub-bands. Unlike SC-FDMA, however, each user selects the best n sub-bands among unallocated ones. Then, the throughput of OFDMA for multi-user case is given by
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Compared to the case for SC-FDMA given in (4), the diversity order of each user is n times larger, which is consistent with the single-user case.
Figure 3 compares throughput of SC-FDMA and OFDMA for multi-user case assuming total sub-bands size N is 128. It is shown that throughput increasing rate of OFDMA versus number of users K is larger than that of SC-FDMA. It is also shown that the difference in increasing rate increases with the number of allocated sub-bands n.
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Figure 3. Aggregate throughput for multi-user case when total number of sub-bands N is 128.
Simulation in practical environment
Previous analysis includes some asymptotic approximation. In addition, for OFDMA we applied more approximation to equation (2) for simplicity, i.e., we ignored the effect of the sub-bands which have been selected previously. For helping understanding, consider the case of the second sub-band selection. Since the first sub-band is the best and has been selected before the second sub-band, the second sub-band is worse than the first sub-band, which has not been reflected in equation (2). 
Moreover, to check if the analysis is precise and can be applied to practical channel environment, we conducted simple simulations with the parameters shown in Table I. Although Shannon’s capacity formula is also adopted here for throughput calculation, this simple simulation makes it possible for us to observe the effect of

· Frequency selectivity of real channel
· Post-equalization performance

· Correlation between selected sub-bands 

· Averaging of channel gain over one or multiple sub-bands.
Assuming one sub-band consists of continuous s sub-carriers, the throughput of OFDMA is obtained as follows
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where i denotes the sub-band index and B denotes the best sub-band set with size n and 
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 denotes SNR for j-th sub-carrier of sub-band i which is given by 
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 denotes the channel gain and 
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 denotes the transmit power (which is assumed to be the same for each sub-carrier) and 
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 is the noise variance. The (8) assumes that each sub-band selects its own MCS level.
If common MCS level is selected through the sub-band set, the throughput of OFDMA is given by
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Noting that one best band consisting of contiguous n sub-bands is selected, the throughput of SC-FDMA is given by [3]
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where 
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 denotes the i-th sub-carrier of the selected best-band and MMSE receiver is assumed.
Fig. 4 compares the aggregate throughput when the number of sub-carriers per sub-band is 8. In order to reveal the post-MMSE SINR loss of SC-FDMA, we also showed the performance of OFDMA which selects contiguous n sub-bands like SC-FDMA. It is shown that for frequency-selective channels like TU and Ped B, the throughput gain of OFDMA is approximately 50% except for small number of sub-bands. The overall gain is sum of the following two gains; first, OFDMA is able to select the best n sub-bands without any restriction such as “being contiguous” (the gain is difference between OFDMA (9) and OFDMA (contiguous sub-bands)); second, SC-FDMA has post-MMSE SINR loss (the loss is difference between OFDMA (contiguous sub-bands) and SC-FDMA). The reason why OFDMA (9) always beats OFDMA (8) is because log function has convexity (The result could be different if channel encoder and decoder were really applied, but, since it is only related to OFDMA, we guess that it doesn’t affect the comparison between OFDMA and SC-FDMA).  
Table I. Simulation parameters

	Center frequency
	2.3 GHz

	System Bandwidth
	5 MHz

	FFT size
	512

	Channel model
	Ped A, Ped B, TU (3km/h for all)

	Sub-carrier spacing
	10.94 kHz
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(a) TU
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(b) Ped B
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Fig. 4. Aggregate throughput comparison when the number of sub-carriers per sub-band is 8.

Fig. 5 compares the results for TU and Ped B channels. It is shown that for two channels, OFDMA has significant frequency-domain scheduling gain over SC-FDMA.
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Fig. 5. Aggregate throughput comparison for TU and Ped B channels.

Fig. 6. shows the effect of the number of sub-carriers per sub-band. It is shown that the performance gain of OFDMA is obtained irrespective of the number of subcarriers per sub-band. This means that for real environment where one sub-band consists of multiple consecutive sub-carriers and channel average is applied, frequency-domain scheduling gain of OFDMA can be maintained.
[image: image33.emf]5 10 15 20 25 30

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

# of sub-carriers per sub-band

Aggregate throughput (Mbps)

 

 

OFDMA (9)

OFDMA (8)

OFDMA (contiguous sub-bands)

SC-FDMA (10)

# of sub-bands per UE = 8

TU channel


Fig. 6. Aggregate throughput comparison versus the number of sub-carriers per sub-band.
Comments on MCS level selection
Since we used Shannon’s capacity formula in simple simulation, we can not examine the exact effect of MCS level selection when using real channel encoder and decoder. But, it is worth noting that since OFDMA selects the best n sub-bands while SC-FDMA selects n contiguous sub-bands, the similarity of channel values of OFDMA could be larger than that of SC-FDMA especially for channels with large frequency-selectivity, which is good in view of MCS-level selection and decoding performance.
Converting throughput gain into power gain 

It is shown in Fig. 4(a) that for the number of sub-bands per UE 
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, for example, the spectral efficiency of OFDMA is about 1.95 bps/Hz (2.444Mbps/1.25MHz) and that of SC-FDMA is about 1.32 bps/Hz (1.6463Mbps/1.25MHz). A closer look at Fig. 7 Shannon’s capacity formula reveals that the spectral efficiency gain of OFDMA for 
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 case can be converted into approximately 3dB power gain (1.95 bps/Hz for 4.7dB and 1.32 bps/Hz for 1.8dB). Since PAPR gain of SC-FDMA is known to be 2-2.5dB for QPSK modulation, we infer that PAPR loss of OFDMA, in some cases, could be possibly offset by scheduling gain.   
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Figure 7. Shannon’s capacity formula

Conclusions

We have shown that frequency-domain channel-dependent scheduling gain of OFDMA is much larger than that of SC-FDMA, based on simple analysis and simulation. Combined with other advantages of OFDMA such as flexibility in multiplexing/channel design and UL MIMO support, this advantage of OFDMA in view of scheduling gain supports OFDMA as the multiple access scheme for 802.16m.   
============================== Start of Proposed Text =================================
11. Physical Layer 

11.x. Multiple Access 

Ideally, OFDMA can maximize scheduling gain based on fine granularity and multiplexing of multiple waveforms. As system bandwidth is expected to be wider for 802.16m, the significance of frequency-domain channel-dependent scheduling gain becomes larger. Therefore, OFDMA, which yields a large frequency-domain scheduling gain, shall be adopted as the multiple access scheme for 802.16m.

=============================== End of Text Proposal ===============================
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