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UL Multiple Access for 802.16m 

HanGyu Cho, Minseok Noh, Sungho Park, Heejeong Cho, and Jin Sam Kwak
LG Electronics
Abstract

This contribution compares OFDMA and SC-FDMA in various aspects such as multiplexing, scheduling, post-equalization SINR, UL MIMO support, interoperability with legacy system, and PAPR. We conclude that PAPR loss of OFDMA could be possibly offset by the overall link performance gain.
Introduction
In order to increase uplink performance and meet some requirements specified in the 802.16m SRD, the following characteristics will be desirable for UL multiple access scheme:

· Flexibility in channel design, multiplexing, and scheduling
· Support for time-domain and frequency-domain channel-dependent scheduling
· Various QoS support (data rates, delay sensitivity, …)
· Support for high mobility UE
· Support for CSM to increase UL sector throughput
· Interoperability with legacy systems
· Low-complexity frequency domain equalization
· Same commonality as DL
· Orthogonal UL transmission
· Low/moderate PAPR
Considering desirable UL characteristics such as low-complexity frequency domain equalization, commonality with DL, orthogonal UL transmission, OFDMA and SC-FDMA (generated in frequency-domain) are main candidates. In this contribution, we compared two candidates in various aspects and observed the following points:

· SC-FDMA has the only advantage in PAPR/CM.

· But, SC-FDMA has many restrictions on multiplexing scheme for control signaling, data, and pilot to maintain single carrier property.

· SC-FDMA will get through some performance loss interoperating with legacy OFDMA system.
· DFT-spreading of SC-FDMA invokes equalization loss in frequency selective channel and makes it infeasible to use MLD in CSM.

· OFDMA has maximum flexibility, based on the fact that different types of waveforms (pilot tones, control channel segments, etc) can be frequency-multiplexed. 
· OFDMA can maximize channel-dependent scheduling gain based on fine granularity.
Comparison in view of multiplexing scheme for control signaling, data and pilot and interoperability with legacy system
Restriction of SC-FDMA on pilot design
To maintain PAPR advantage, SC-FDMA pilot is designed to have low PAPR and flat p.s.d. and is generally time-multiplexed with data. This restriction on pilot design may result in lower flexibility than OFDMA, especially for high mobility. Moreover, the use of low PAPR pilot sequences requires careful cell planning.
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Figure 1. TDM-based multiplexing for SC-FDMA

Restriction of SC-FDMA on multiplexing of control signaling
When users have simultaneous uplink data and control transmission, control signaling is multiplexed with data prior to the DFT to maintain the single-carrier property. In the absence of uplink data transmission, control signaling is transmitted in a reserved frequency region. That is, to preserve single-carrier property, time division multiplexing of data and control is adopted even for this reserved frequency region, which results in a link budget hit because of a reduced duty cycle. Moreover, it is difficult to obtain additional diversity gain for the control region. 
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Figure 2. Time- and frequency-multiplexed control region for SC-FDMA
Flexibility of OFDMA
OFDMA has no restriction on time- and frequency-multiplexing of control signaling, data, and pilot. This flexibility can be exploited to improve control-channel link budget, overhead, handoff performance, etc. 
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Figure 3. OFDMA transmission based on fine time/frequency granularity.
Interoperability with legacy system
Since the interoperability with legacy OFDMA system is an issue as specified in 802.16m SRD, we try to check if any problem or restriction occurs when SC-FDMA coexists with legacy system. 

First, we examine interoperability with legacy system in view of pilot design. In reality, SC-FDMA pilot signal is carefully designed to have low PAPR and flat P.S.D. to reduce inter-cell interference while OFDMA randomizes interference. Generally, SC-FDMA pilot is time-multiplexed sequence while OFDMA pilot is symbol pattern scattered in time and frequency. When SC-FDMA region and OFDMA region in different cells meet in the same time/frequency resource unit, channel estimation performance of SC-FDMA degrades due to inter-cell interference from OFDMA structure. The reason is because channel estimation performance of SC-FDMA is degraded since the cross-correlation between pilot sequence of SC-FDMA and OFDMA signal is higher than that of between pilot sequences designed for SC-FDMA. 
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Figure 4. Interoperability with legacy system in view of data channel

In Fig. 5, we compare the following two cases; one case is that SC-FDMA and SC-FDMA coexist and the other case is that SC-FDMA and OFDMA coexist. For two cases, we show FER of SC-FDMA data channel in Fig. 5. Simulation parameters are shown in Table I. We assumed that a data channel consists of 7 OFDM symbols including one pilot symbol in the center. As mentioned before, channel estimation performance of SC-FDMA pilot sequence degrades when coexisting with legacy OFDMA. From the simulation results, we can observe approximately 1dB performance degradation of SIR at FER 10-1 level due to inter-cell interference from coexisting legacy OFDMA system.
Table I. Simulation parameters

	Parameters
	Value

	Carrier frequency
	2GHz

	System Bandwidth
	5MHz

	Modulation & Channel  coding
	QPSK, Turbo code R=1/2

	Number of allocated subcarriers
	12 sub-carriers

	SNR
	10dB

	Channel estimation
	DFT based interpolation

	Channel model/speed
	Ped B / 30km/h

	Number of antennas
	Tx1, Rx 2 (MMSE receiver)
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Figure 5. Performance comparison of SC-FDMA data channel when coexisting with legacy OFDMA and SC-FDMA 
We also examine the interoperability issue of CDM-based control channel for SC-FDMA. In SC-FDMA, control channels for multiple users are frequency- and time-multiplexed with data to maintain single-carrier property. Pilot sequence of control channel is carefully designed to have low PAPR and flat P.S.D. to reduce intra-cell interference and inter-cell interference.
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Figure 6. Interoperability with legacy system in view of CDM-based SC-FDMA control channel
Fig. 7 shows FER performance degradation of SC-FDMA control channel due to inter-cell interference from OFDMA structure. As shown in Fig. 6, we consider the control channel structure for SC-FDMA which consists of 3 pilot symbols and 4 control data symbols as used in 3GPP LTE ACK/NACK control channel for simple comparison. The other simulation parameters are shown in Table I. For control channel, in addition to the performance degradation of channel estimation due to interference from legacy OFDMA, control data symbol, which is CDM-multiplexed, is also degraded by legacy OFDMA. Performance degradation of SC-FDMA control channel due to legacy OFDMA is shown to be 2.5 dB at BER of 10-2. 

In other aspect, it is worth nothing that 802.16m system shall not degrade the performance of legacy OFDMA system as specified in the system requirement document (SRD). The performance of legacy OFDMA, however, may also be degraded due to high interfering power from CDM-multiplexed SC-FDMA control channel.

We can conclude that legacy OFDMA system would add some restriction or performance loss on the design of pilot sequence and multiplexing for SC-FDMA if SC-FDMA was adopted as the multiple access scheme for 802.16m.
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Figure 7. Performance comparison of SC-FDMA control channel when coexisting with legacy OFDMA and SC-FDMA
Comparison in view of equalization performance and frequency-domain channel-dependent scheduling
Post-Equalization SINR loss of SC-FDMA in frequency-selective channel
After FFT processing of received signal in BS, equalization process is performed. For OFDMA, equalization (generally, one-tap linear equalization) is done per subcarrier maintaining orthogonality. 
For SC-FDMA, DFT-spreading block distorts the orthogonality and the post-equalization SINR is given by [1]
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[image: image9.wmf]                            (1)

assuming MMSE equalization.
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(a) OFDMA
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(b) SC-FDMA

Figure 8. Receiver structure
As frequency selectivity increases, the loss of orthogonality due to DFT-spreading for SC-FDMA also increases, which results in performance loss of around 1dB for DFT-spreading size of 16 and 3dB for DFT-spreading size of 32 when system BW is 5MHz, FFT size is 512 and Ped B channel is used as shown in Fig. 9.
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Figure 9. Post-MMSE SINR of SC-FDMA
Channel-dependent scheduling gain of OFDMA
Frequency-domain channel-dependent scheduling is particularly important for users who cannot fully obtain time-domain channel-dependent scheduling gain, e.g., delay-sensitive users and cell edge users who need to transmit with high duty cycle [2]. 
In reality, SC-FDMA has restriction on sub-carrier mapping to maintain “single-carrier property”. As shown in Fig. 10, when a SC-FDMA user is assigned multiple sub-bands, they should be contiguous, which is not the case for OFDMA. This restriction of SC-FDMA may reduce frequency-domain channel-dependent scheduling gain. In addition, it would not be easy for BS to obtain out-of-band channel quality information, particularly for FDD.
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Figure 10. Allocation of multiple sub-bands for SC-FDMA and OFDMA
For OFDMA, there is no restriction on sub-carrier mapping. Therefore, it is possible to maximize gain from time- and frequency-domain channel-dependent scheduling. With some approximation, capacity obtained from frequency-domain channel-dependent scheduling is given by
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where N denotes the total number of sub-bands and n denotes number of sub-bands per UE. The comparison based on the above analysis result is shown in Fig. 11. 
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Figure 11. Aggregate user throughput for 1 user based on (2) and (3). 

For more practical comparison, we conducted simple simulation where we used the parameters shown in Table II and adopted scheduling to select sub-bands and adopted Shannon’s capacity formula to calculate throughput. It is shown in Fig. 12 that for frequency-selective channels like TU and Ped B, the throughput gain of OFDMA is approximately 50%. More details could be found in another contribution we submitted [3].
Table II. Simulation parameters

	Center frequency
	2.3 GHz

	System Bandwidth
	5 MHz

	FFT size
	512

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

	Sub-carrier spacing
	10.94 kHz
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Figure 12. Aggregate user throughput for 1 user based on simple simulation.

Comparison in view of collaborative spatial multiplexing (CSM)
Collaborative spatial multiplexing (CSM) was specified in SRD to increase UL sector throughput. It is well known that MLD has gain over MMSE. Due to M-point DFT-spreading block, MLD matrix size of SC-FDMA becomes infeasible. For OFDMA, however, MLD per subcarrier is feasible, which results in performance gain.  Comparison between OFDMA and SC-FDMA in view of UL MIMO support is shown in Fig. 13 using the parameters shown in Table III. 
It is shown that for MMSE receiver, OFDMA shows about 3.3 ~ 3.8 dB and 3.8 ~ 4.8 dB gain for QPSK and 16QAM, respectively. Moreover, if ML receiver is used for OFDMA, the performance gain increases to about 5 ~ 5.6 dB and 5.4 ~ 6 dB for QPSK and 16QAM, respectively. More details could be found in another contribution we submitted [4]. 
Table III. Simulation parameters

	Center Frequency
	2.5 GHz

	System BW/FFT size
	10 MHz /1024

	MIMO Scheme
	1 x 2 Open-loop CSM (virtual 2 x 2)

	Multiple Access
	OFDMA
	SC-FDMA

	Resource Allocation
	Distributed Subcarrier Allocation
	Localized Subcarrier Allocation

	Mod. & Coding
	QPSK, 16 QAM / CTC, R=1/2

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

	Receiver Type
	MMSE / ML
	MMSE

	Channel estimation
	Ideal Channel Estimation
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Figure 13. Link performance of uplink CSM
Comparison in view of PAPR/CM
As shown in the following figure and the table summarizing the result of figure, OFDMA has PAPR/CM performance loss [5].
Even if OFDMA has some disadvantage in PAPR/CM, it is worth noting that

· Considering power control for UL, users inside the sector/cell with good channel condition will not transmit at their maximum power level and PAPR/CM is not an issue [6, 7].

· In view of spectral mask margin, PAPR disadvantage of OFDMA does not affect its power efficiency, when users are allocated away from the edge of spectrum .[7]
· PAPR disadvantage of OFDMA gets smaller due to power amplifier (PA) cost down while the link performance gain of OFDMA gets higher.
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Figure 14. PAPR and CM results of uplink MA schemes without pulse shaping filter
Table IV. PAPR/CM comparison

	　
	PAPR [dB]
	CM [dB]

	QPSK 
	OFDMA
	8.5
	3.3

	
	SC-FDMA
	6
	1.07

	16QAM
	OFDMA
	8.5
	3.3

	
	SC-FDMA
	6.5
	1.84


Conclusions

This contribution has compared two multiple access candidates - OFDMA and SC-FDMA in view of multiplexing, scheduling, post-equalization SINR, interoperability with legacy system, UL MIMO, and PAPR. The overall comparison is provided in Table V. 

As shown in Table V, link performance gain of OFDMA comes in many aspects such as frequency-domain channel-dependent scheduling gain, MLD gain, post-equalization gain, and interoperability with legacy system. Although we cannot purely add up all the gains, we can strongly infer that PAPR loss of OFDMA could be offset by the overall link performance gain. 

Based on this contribution, we conclude that OFDMA shall be selected as the 802.16m UL multiple access scheme.
============================== Start of Proposed Text =================================
11. Physical Layer 

11.x. Multiple Access 

OFDMA as the uplink (UL) multiple access scheme for 802.16m has interoperability with WirelessMAN-OFDMA reference system. UL OFDMA has also commonality with DL OFDMA system. In addition to orthogonal uplink transmission and simple frequency domain equalization, OFDMA has flexibility in channel design, multiplexing, and scheduling based on frequency-multiplexing of multiple waveforms and fine granularity. OFDMA also makes it possible to adopt maximum-likelihood detector (MLD) as a receiver, which is desirable, especially for UL MIMO scheme. Even if OFDMA yields some power efficiency loss due to high PAPR/CM, the power efficiency loss of OFDMA could be possibly offset by overall link performance gain. Therefore, OFDMA shall be adopted as the multiple access scheme for 802.16m. 
=============================== End of Proposed Text ===============================
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Table V. Comparison of OFDMA and SC-FDMA

	
	OFDMA
	SC-FDMA
	Performance comparison

	Multiplexing of control signal, data, and pilot
	Flexibility based on frequency-multiplexing of multiple waveforms
· Scheduling/resource allocation efficiency
	Restriction to maintain single-carrier property

· Pilot design

· Control channel

· Sub-carrier mapping
	OFDMA will have potential gain


	Scheduling
	Maximum scheduling gain based on fine granularity
	Reduced frequency-domain scheduling gain
· Multiple tones and sub-bands should be contiguous
	Simple simulation has shown that OFDMA has about 3dB gain when a UE gets 16 sub-bands out of 64 sub-bands 

	UL MIMO
	MLD feasible
	MLD infeasible
· Matrix size increase due to DFT-spreading 


	Simulation has shown that MLD OFDMA has 5~6 dB gain for QPSK over MMSE SC-FDMA when CSM is used.

	Post-equalization SINR
	No loss in frequency selective channel
	Post-equalization SINR loss in frequency selective channel

	Simulation has shown that SC-FDMA has about 3dB loss for DFT size of 32 when total FFT size is 512 and Ped B CH is used.

	Interoperability with legacy system
	No problem
	Problematic interoperability with legacy OFDMA 
· Performance of near-orthogonal sequence designed to reduce intercell interference will be degraded

· CDM-multiplexed signal of SC-FDMA will degrade the performance of legacy OFDMA  
	· Simulation has shown that SC-FDMA has about 1dB loss for data channel and 2.5dB loss for control channel when interoperating with a legacy OFDMA system.
· Possible performance degradation of legacy OFDMA due to interference from CDM-multiplexed SC-FDMA

	PAPR/CM
	Higher PAPR/CM due to frequency-multiplexing of multiple waveforms
	Lower PAPR/CM due to single carrier property
	Simulation has shown that SC-FDMA has 2-2.5dB gain for QPSK and 1.5-2dB gain for 16QAM
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