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1. Introduction

In TR36.913 ‎[1], it is stated that LTE-Advanced should support wider bandwidth than LTE Rel-8, up to 100 MHz. Typically contiguous spectrum is used but ‎[1] states that non-contiguous spectrum should be supported considering reasonable UE complexity. Furthermore, it is stated that operation of LTE and LTE-Advanced should be possible in the same spectrum. This is similar to R99 and HSPA terminals sharing the same carrier.

In addition to fulfilling the requirement on spectrum compatibility, it is also desirable to, as much as possible, reuse LTE Rel-8 solutions also for LTE-Advanced and define new structures only when necessary. Apart from simplifying the 3GPP discussions and specification work, this also allows reusing existing Rel-8 implementations to a greater extent, thereby reducing the time to market for LTE-Advanced.

The rest of this paper discusses some high-level design aspects on LTE-Advanced, starting from the above principles.

2. Carrier Aggregation

Irrespective of the structure used to extend the (downlink) bandwidth beyond 20 MHz, backwards compatibility towards LTE Rel-8 terminals should be ensured. The obvious way of fulfilling this requirement is to use carrier aggregation, where multiple component carriers are aggregated to the desired LTE-Advanced system bandwidth. An LTE Rel-8 terminal can receive one of these component carriers, while an LTE-Advanced terminal can simultaneously access multiple component carriers. Compared to other approaches, carrier aggregation does not require extensive changes to the LTE physical layer structure and simplifies reuse of existing implementations.

Proposal: Extension to bandwidths beyond 20 MHz is done through carrier aggregation.

In principle, the component carriers can be either contiguous or non-contiguous in frequency. The latter is sometimes referred to as spectrum aggregation. It should be noted that, although straightforward from a baseband perspective, aggregation of non-contiguous spectrum fragments is challenging from an implementation perspective and feasibility heavily depends on the size and location of the spectrum fragments. It is proposed to adopt a similar approach as was used for handling different bandwidths in Rel-8, namely

· Adopt a structure agnostic to contiguous-vs-non-contiguous aggregation in RAN1.

· Define when/if non-contiguous operation is possible in RAN4.

Adopting such an approach also has the benefit of allowing implementations with a single wideband RF circuitry as well as RF-processing per component carrier also for the case of contiguous component carriers. 

Proposal: Adopt an agnostic approach in RAN1 towards contiguous-vs-non-contiguous component carriers.

The Rel-8 assumption of supporting different downlink and uplink bandwidths should be kept. In the framework of carrier aggregations, this implies that a different number of component carriers can be aggregated in downlink and uplink.  For example, two component carriers of 20 MHz each can be aggregated in the downlink to obtain a downlink system bandwidth of 40 MHz, while a single 20 MHz component carrier is used in the uplink. Furthermore, to handle system bandwidths not a multiple of 20 MHz, carrier aggregation should not be limited to the case of 20 MHz component carriers only but allow aggregation of smaller component carriers. However, it is probably reasonable to set some sort of limitation to what combinations should be allowed to not end up with an unreasonable amount of component carrier combinations. It could for instance be possible to limit the bandwidth difference between the component carriers to a maximum of a factor two. This would allow an aggregation of e.g. 20 MHz and 10 MHz carriers but not an aggregation of 20 and 1.4 MHz carriers. The question is if such constraints need to be reflected in RAN1 specifications or if it can simply be taken care of in the RAN4 specifications (limiting the number of combinations) while keeping  close to total flexibility in the RAN1 specifications.
Proposal: Different bandwidth in uplink and downlink should be supported. 

Irrespective of the system bandwidth, it should be kept in mind that many packets are small and may not benefit from a very wide bandwidth. Exampled hereof are TCP ACKs and various system messages such as paging and random-access response. LTE-Advanced should be designed such that transmission of small packets is at least as efficient as in LTE Rel-8, e.g, with respect to control signaling overhead.

Proposal: LTE-Advanced should be at least as efficient as LTE Rel-8 in supporting small packets.

In order to obtain spectrum compatibility in downlink it is necessary to make the extended LTE-advanced carrier fulfill a number of numerology criteria that have already been fixed in Rel-8. As an example, the subcarrier spacing of 15 kHz should be kept. Furthermore, component carriers should be placed on a 100 kHz grid to be visible to Rel-8 terminals. The exact component carrier spacing for aggregated spectrum configuration is up to RAN4 to specify. However, it is likely that RAN4 will in the case of adjacent component carriers specify it in a way so adjacent component carriers, in addition to the 100 kHz grid, also will be spaced a multiple of 15 kHz apart. This way the same FFT can be used for all component carriers. 

Proposal: Each component carrier has the same numerology as Rel-8.

3. MAC-PHY interface

With carrier aggregation, the single data stream needs at some point to be divided across the different component carriers. From a MAC perspective, (at least) two alternatives can be foreseen:

A. Aggregation of the data streams on the component carriers is done at the MAC layer

B. Aggregation of the data streams on the component carriers is done at the physical layer

The two alternatives are illustrated in Figure 1.
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Figure 1: Two alternatives for carrier aggregation.

The two alternatives have different properties. Properties of alternative A include:

· One transport block (two transport blocks in case of spatial multiplexing) per component carrier 

· Allows for selecting the transmission rank on a per-component carrier basis (different MIMO schemes for different component carriers).

· Allows for link adaptation per component carrier (different modulation schemes, different coding rates)

· Maintains the physical layer design for each component carrier

· Same transport-block sizes, soft buffer sizes, numerology etc per component carrier.

· LTE implementations (hardware, software) can be reused.

· Hybrid-ARQ retransmissions done per component carrier

· ACK/NAK feedback per component carrier (Rel-8 TDD structures can be reused for this)

· No/limited impact on MAC and RLC design

· Each RLC entity sees the same PDU sizes etc as in LTE Rel-8.

Properties of alternative B include:

· One transport block (two transport blocks in case of spatial multiplexing) in total
· Same transmission rank across all component carriers.

· Same modulation and coding scheme across all component carriers.

· Some redesign of the physical layer

· Additional standardization effort.

· May impact the possibility to reuse existing LTE Rel-8 implementations.

· Hybrid-ARQ retransmissions done across all component carriers

· Same principle as Rel-8

· Single ACK/NAK for all component carriers (1 or 2 bits, depending on spatial multiplexing)

· May impact the RLC and MAC design

· Significantly larger PDU sizes than in LTE Rel-8

From an implementation and standardization perspective, alternative A is clearly preferably as it allows for a greater reuse of existing structures and decisions. Furthermore, allowing for link adaptation, including rank adaptation, in the frequency domain, i.e., adaptation per component carrier, becomes increasingly important at higher bandwidths, especially if the component carriers are located in vastly different parts of the spectrum. This speaks in favor of alternative A.  Also, the very large transport block sizes resulting from a single transport block across all component carriers as in alternative B, is likely not efficient from a hybrid-ARQ protocol point-of-view. Thus, it is recommended to focus the work on structure A for further work on LTE-Advanced.

Proposal: Focus on alternative A for LTE-Advanced (HARQ per component carrier). 

4. Downlink Control Signaling

Downlink control signaling associated with downlink data transmission can be done in different ways. The choice of control signaling structure partially depends on the choice in Section ‎3.

At least four different alternatives can be envisioned, listed below and illustrated in Figure 2: 

I. PDCCH on same component carrier as the corresponding PDSCH (“self-contained” control signaling)

· Reuse of Rel-8 DCI formats

· Control overhead for a single UE scales with scheduled bandwidth

II. PDCCH may be on different  component carrier than PDSCH, multiple PDCCHs, one per component carrier scheduled

· New DCI formats needed, based on Rel-8 structure but with addition of “component carrier number”

III. PDCCH may be on different  component carrier than PDSCH, single PDCCH pointing to resources on all scheduled component carriers

· New DCI formats required (RBs numbered across all component carriers)

IV. PDCCH spans the full system bandwidth
· Basically an ‘upscaled’ Rel-8 structure

Alternative ‎I is straight-forward structure and is also well matched to per-component-carrier processing (alternative ‎A in Section ‎1

 REF _Ref199914369 \r \h 
‎3). The control channel overhead also scales as a function of the number of scheduled component carriers, which is desirable. 

Alternatives ‎II shares several properties with alternative ‎I, although it is questionable if it provides any benefits compared to ‎I. Extended DCI formats with explicit indication which component carrier the DCI related to are required as, unlike alternative ‎I, the component carrier number is not implicitly given by the component carrier upon which the PDCCH is detected. At first sight it might appear as alterative ‎II provides the possibility to monitor control information only on part of the cell bandwidth, which is advantageous for low terminal power consumption. However, for the receiver circuitry in the terminal to be turned on and oscillators etc to stabilize, control and data cannot be located in the same subframe as in Rel-8 with a corresponding negative delay impact
.

Alternative ‎III is related to alternative ‎II but the control signaling overhead may not scale well with the scheduled bandwidth as new, larger DCI formats capable of handling the larger RB addressing space across component carriers are needed. To avoid an increase in control signaling overhead, additional DCI formats, with the corresponding impact on blind decoding, are required.

Alternative ‎IV appears to be the least desirable candidate taking terminal power consumption into account as the terminal need to monitor control signaling over a larger bandwidth than in Rel-8 (see Section ‎5 for a discussion on power consumptions). Furthermore, not all LTE-Advanced terminals may be capable of the maximum system bandwidth, which may complicate the detailed structure of this alternative as some PDCCHs spans the full bandwidth while others span only part of the bandwidth.

Proposal: Adopt alternative ‎I; each component carrier includes control information related to downlink transmission on the same component carrier (“self-contained”)
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Figure 2: Control signaling for carrier aggregation.

5. DRX per component carrier

With the increased bandwidths supported by LTE-Advanced terminals, it becomes increasingly important to define mechanisms for efficient power savings at the terminal. In principle, the power consumed can be divided into three parts: analog front-end, analog-to-digital conversion and baseband processing. 

· Analog front-end: the power consumption roughly scales with the bandwidth. Some improvement can be expected as semiconductor technology advances (decreased linewidth, etc), but note that the performance for analog circuits generally does not improve as quickly as for digital processing.

· Analog-to-digital conversion: approximately double the power consumption for 100 MHz in 2014 compared to 20 MHz in 2009 can be expected based on ‎[2]. 

· Baseband processing: the power consumption is mainly related to the data rate and not to the actual transmission bandwidth. Decreased linewidth and lower supply voltage will also help in reducing the baseband power consumption.  Note that a higher data rate implies a faster transfer of a given amount of data and the terminal can thus return to power-efficient sleep states quicker.

Thus, it is expected that the analog front-end and analog-to-digital conversion will correspond to a larger part of the terminal power consumption in LTE-Advanced than in to LTE Rel-8. An estimate of the relative power consumption for the RF front-end and the ADC as a function of the cell bandwidth is shown in Figure 3.

From the above it is seen that efficient methods for receiving on a low bandwidth are essential for making LTE-Advanced terminals attractive from a power-consumption point-of-view. Constantly receiving signals on all component carriers is not power efficient. One possibility is to set DRX independently for different component carriers as illustrated in Figure 4. On one component carriers (the anchor carrier) a more frequent DRX cycle can be configured in the same way as for LTE, allowing for rapid access to a relatively large bandwidth. On the other component carriers a lower, possibly zero, duty-cycle DRX pattern is configured. Rules or mechanisms are then defined such that the base station can, on the anchor carrier, send information that releases the DRX cycles on the other component carriers. 

Proposal: Include mechanisms, e.g. DRX per component carrier, to allow an LTE-Advanced terminal to monitor a smaller bandwidth than the system bandwidth.
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Figure 3: An estimate of the relative front-end and ADC power consumption vs year.


[image: image4.emf] 

f

1

f

2

Monitor one component carrier only

f

3

subframe

Receive on all component carriers Receive on a single 

component carrier


Figure 4: DRX per component carrier.

6. Conclusion

The following proposals are made:

· LTE-Advanced should as much as possible rely on Rel-8 structures 

· Extension to bandwidths beyond 20 MHz is done through carrier aggregation.

· Adopt an agnostic approach in RAN1 towards contiguous-vs-non-contiguous component carriers.

· Different bandwidth in uplink and downlink should be supported. 

· Each component carrier has the same numerology as Rel-8.

· LTE-Advanced should be at least as efficient as LTE Rel-8 in supporting small packets.

· Focus on alternative A for LTE-Advanced (HARQ per component carrier).

· Adopt alternative ‎I for control signaling (each component carrier includes control information related to downlink transmission on the same component carrier)

· Include mechanisms, e.g. DRX per component carrier, to allow an LTE-Advanced terminal to monitor a smaller bandwidth than the system bandwidth.
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� It could be possible to define the timing such that the Rel-8 PDCCH-PDSCH timing is kept when the PDCCCH and PDSCH are located on the same compoentn carrier and to introduce a one subframe time offset between the two only when the PDSCH is lcoates on other componetn carriers than PDCCH. However, apart from complicating the overall design, it would only avoid the delay increase on some compoennt carriers.
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