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1. Introduction

In this document, we explore briefly the impact on system operation and UE/eNB implementation if OFDMA is introduced as an optional scheme to compliment SC-FDMA [1]. Recognizing that the system impact depends on the detailed design of such a hybrid approach, we discuss, as an initial attempt, various options and their potential system design impact. 
2. System Operation with Hybrid OFDMA/SC-FDMA
In general, hybrid operation has been discussed in the context of the eNB configuring cell-edge UEs to use SC-FDMA UL transmission and nearby UEs (i.e., UEs in high geometry) to use OFDMA [2]. More specifically, the eNB needs to take the following elements into consideration when deciding the transmission mode for a UE:
· An UE in SC-FDMA mode can always transmit ΔCM dB (i.e., CM difference between SC-FDMA and OFDMA) more power than in OFDMA, if it is deemed helpful by eNB. With such an increase in effective TX power for SC-FDMA, the power consumption is the same for both modes.  Clearly, such a TX power increase is deemed useful for cell-edge UEs, even more so in a noise-limited environment. While in an interference-limited environment additional transmit power from UE may not improve the CINR.
· For the same power consumption (i.e., with the increased TX power for SC-FDMA), the mode that provides the highest spectral efficiency should be selected. Conversely, if a fixed link efficiency is desired, the mode that consumes the least amount of power should be chosen. 

· An optimized mode switching strategy may indeed need to be dependent on the modulation order and coding rate. However, a too dynamic mode switching behavior may cause power control issues at both eNB and UE. Adjusting to different CM during mode switching in a UE is not much different than optimizing the PA operating point in regular power control.  Due to the analog components involved, power control has certain accuracy and the error occurring at each adjustment step can accumulate. More frequent “power control” due to waveform switching could indeed cause larger error at the UE side. At the very least, UE’s seeking to optimise power calibration now need to deal with an additional OFDMA waveform (or set of waveforms) beyond the SC-FDMA waveforms (for PUCCH, PUSCH, SR etc.) supported today. At the eNB side, eNB may have difficulty in averaging over frames, or indeed supporting multi-frame channel estimation, to accurately track the UL CINR for closed-loop power control purposes.  It may be more reasonable to configure the transmission mode based on long-term channel condition such as pathloss/geometry. Accordingly, any decision to adopt OFDMA as a supported waveform should be combined with an additional decision that any waveform switching should be done on the basis of infrequent updates – e.g. changing with UE mobility.
3. Multiplexing SC-FDMA and OFDMA Transmissions
One challenge to realize the potential gain of a hybrid OFDMA/SC-FDMA scheme over the existing SC-FDMA scheme is the efficient multiplexing of these two types of transmissions. In order to maintain the low CM property in SC-FDMA, a block of consecutive subcarriers (multiples of RBs) is assigned to each UE for either PUSCH-only or PUCCH-only transmission. The joint coding of starting RB position and the allocation size is signaled in the UL grant for a UE. UL resource allocation hopping (Intra-subframe between the two slots of a subframe or Inter-subframe hopping) can also be enabled/disabled in the UL grant.  To multiplex the OFDMA and SC-FDMA UEs, a few different options with different level of system impact are:

1. The simplest approach is to follow the same existing rule of assigning consecutive subcarriers in OFDM RBs, with hopping enabled or disabled. The change needed in the specification could be as simple as an indication in UL grant of OFDMA/SC-FDMA.The principles of multiplexing PUSCH and PUCCH for SC-FDMA in LTE Rel-8 can be maintained for OFDM resulting in minimal impact on specifications. The drawback of this approach could be the concern that the “constrained” OFDM transmission may not be able to fully exploit the potential OFDM frequency diversity gain, given that the CM value is the same no matter whether RBs are distributed across the entire band or confined to consecutive subcarriers. The diversity concern is understandably more important for smaller packet with small bandwidth occupancy. The level of frequency diversity can be increased as in Rel-8 with the inter-slot/inter-subframe hopping enabled.
2. To further increase the level of frequency diversity that can be exploited by OFDM in addition to what can be derived from hopping, the OFDM resource allocation can be “distributed” such that it can co-exist (no collision) with existing PRB used in SC-FDMA allocation. Some techniques for achieving the frequency-diverse allocation include:

· Similar to Rel-8 DL Type 0 or Type 1 resource allocation, the RA in the UL Grant can indicate the RBG (RB group) or RB subset assigned. Preferably, the RA for the SC-FDMA UEs (contiguous RBs) is such that they occupy an integer number of RBGs in case of Type 0 allocation.   

· Indicate or signal the PRBs that can be allocated for OFDM (or non-Rel8 SC-FDMA) UEs either semi-statically or dynamically. The granularity of the signaling can be at a RB or a group of RBs. A VRB-to-PRB mapping can be implicitly defined for the signaled PRBs where the VRBs are consecutive in the “virtual” domain. The contiguous resource allocation in the UL Grant can then indicate the RBs allocated in the virtual domain with the actual PRBs used a function of the VRB-to-PRB mapping. Any hopping bit information in the resource allocation is applicable to all the VRBs in the allocation.    Channel estimation at the eNB may need to be restricted to on a per-RB basis due to potentially only one PRB being allocated in a portion of the bandwidth due to VRB-to-PRB mapping.  

· The RA indicates allocations in a number of regions, Nr (e.g. up to 4) with the RA in each region being contiguous. The regions may not be of equal size. To limit the growth in the number of RA bits needed as a function of the number of regions, the RA in each region can be restricted, e.g., the number of contiguous RBs that can be allocated in each region is limited to NRB / Nr, the starting RB positions are restricted to start to only values occurring every Nr steps (similarly defined in DCI Format 1C).  The RA restriction is such that the number of RB RA bits is invariant to number of regions supported. Thus, the RA for the case of one region has no restriction (i.e., all combinations of RB start and number of contiguous RBs are allowed), with more restrictions in RA for each region with increasing Nr (~ 1/ Nr of the RA bits used to indicate the allocation in the region). Any hopping bit information is applicable to all the VRBs in the allocation and can be in addition to the RA allocation bits.
3. 
To further increase the frequency diversity for OFDM, especially for small bandwidth occupancy such as a single RB, it might be necessary to consider breaking the RB into smaller basic blocks as proposed previously for downlink operation. This option can be considered as an extension of option-2 above as an even more general VRB-to-subcarrier mapping. The design challenge presented to option-2 is also applicable here.
At the heart of the problem is packing efficiency. In the case when SC-FDMA (or OFDM) allocation causes fragmentation of the resource, it is generally difficult to efficiently assign the rest of resources to OFDM (or SC-FDMA). In order to avoid potential collision on resource mapping when constructing VRB, the eNB scheduler can pre-divide the total available uplink resource into OFDM and SC-FDMA segments. But such a pre-defined segmentation generally suffers from reduced packing efficiency when the “left-over” resources can not be assigned to any UE.  

At this point, it might be worthwhile to also discuss the question of how much frequency diversity is enough. 
· The design philosophy of providing frequency diversity as much as possible contradicts the other philosophy of frequency selective transmission and scheduling. For scenarios of low-speed channel condition, the latter might be more desirable. For channel conditions that favor OFDM, we may also more likely see low-mobility channels at the same time. In general, any VRB allocation with a predefined distributed VRB-to subcarrier mapping cannot match well to the time-frequency selective up-fades. .
· On the other hand, OFDM can be designed to exploit more frequency diversity, which could be important to cases when it is critical to build robustness against down-fades on a block of subcarriers due to outdated or inaccurate knowledge on selectivity. However, it is worthwhile to consider the potential performance loss in VRB-based reception because practical channel estimation could reduce the theoretical diversity gain as seen in theory with fine granularity of an allocation. For example, a channel estimator optimized for an entire block of consecutive subcarriers (and therefore generating a localised time-frequency channel estimate) might be able to exploit more frequency-domain correlation and eliminate the effect of poor channel estimation on the RB edge subcarriers, compared to a per-RB based channel estimation that has to be implemented as a results of distributed VRB allocation.   
4. Rules for Multiplexing Control and Data in OFDM PUSCH 

The other challenge to support a hybrid OFDMA/SC-FDMA scheme is support of concurrent transmission of UL PUCCH and PUSCH multiplexing. Rel-8 UL control messaging includes ACK/NACK, RI, CQI/PMI feedback, etc.  The existing rule of embedding PUCCH within PUSCH is carefully designed to maintain the CM property. However, in the case of OFDMA based PUSCH, it is possible to simultaneously transmit OFDM PUSCH and UL control on SC-FDMA PUCCH  without having to increase the CM, which means it is possible in theory to deviate from the existing control/data multiplexing rule in PUSCH.  Therefore, we can see two options below:

· Existing multiplexing rule still applies. This approach allows potentially the smallest amount of specification change. Power allocation between embedded UL control information and PUSCH data is well defined and the existing formula can still be applicable when determining resources for UL control information relative to PUSCH data.

· Keeping PUSCH for data traffic only and maintaining UL control information (ACK/NACK, RI, CQI/PMI) transmission on PUCCH transmission where it seems that the existing PUCCH waveform can be kept unchanged (at least the benefit is unclear as to whether PUCCH design should be affected by the introduction of OFDM). One of the issues with this concurrent transmission is power control, i.e., the distribution of transmit power among PUCCH and PUSCH, especially when the UE reaches its maximal transmit power. One may think that SC-OFDMA is more proper for the case that UE is likely to max out the PA power. However, given the likely semi-static mode switch between OFDMA and SC-FDMA, such a event may still occur for OFDMA UEs. At least there will be some additional specification development needed to clarify power control behavior in those cases. 
5. UE and eNB Baseband Implementation Impact 

The UE baseband implementation to support both OFDM and SC-FDMA is moderate (the impact on transceiver operation was discussed above in the context of PA operating point change and is considered non-trivial), the added complexity to the eNB comes from the area of UL OFDM demodulation, channel estimation, and scheduler decisions related to mode switching. Within the OFDM demodulation function, if the RS pattern is kept the same and if the simplest approach of option-1 for OFDM/SC-FDMA PUSCH multiplexing (i.e., contiguous RB allocation as in Rel8) is assumed, the same eNB channel estimator may be used. Of course, OFDM has the potential to boost RS power relative to the data subcarriers if the RSs are scattered across frequency and time in an RB, which could be beneficial for interference limited case. Nevertheless, there will be additional complexity incurred at eNB to support both waveform types.    
6. Conclusion

In this discussion, we explore the impact of the introduction of OFDMA as an optional scheme to compliment SC-FDMA. There are clearly a large number of options applicable to any hybridization of SC-FDMA and OFDMA, and the underlying issues including methods of multiplexing OFDM and SC-OFDM, implementation complexity, demodulation and channel estimation performance, and scheduler design should be studied further before any conclusions are reached.
7. References

[1] R1-083820, “Uplink Access for LTE-A – Non-aggregated and Aggregated Scenarios,” Motorola, RAN1#54bis, Prague, Czech Republic, September 2008.
[2] R1-083682, “Views on UL Hybrid Radio Access Scheme in LTE-Advanced,” NTT DoCoMo, RAN1#54bis, Prague, Czech Republic, September 2008.
PAGE  
1

