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1
Introduction

In Release-7 of UMTS, the Single Cell Downlink MIMO (SC-MIMO) feature was introduced. This feature allows a NodeB to transmit two transport blocks to a single UE from the same sector on a pair of transmit antennas thus improving data rates at high geometries and providing a beamforming advantage to the UE in low geometry conditions.
In Release-8 and Release-9 of UMTS, the Dual Cell HSDPA (DC-HSDPA) and Dual Band DC-HSDPA features were subsequently introduced. Both these features allow the NodeB to serve one or more users by simultaneous operation of HSDPA on two different frequency channels in the same sector, thus improving the user experience across the entire cell.
The common part of these features is that they allow for simultaneous downlink reception of two independent transport blocks at the UE, where the transport blocks are transmitted on the HS-DSCH by a single NodeB sector. In this contribution, we identify and discuss yet another technique to transmit two independent transport blocks to the UE, wherein the transport blocks are transmitted from different NodeB sectors on a single frequency. The concept is a simple extension of the DC-HSDPA feature to networks in which a single carrier frequency is deployed or in networks in which HSDPA operation is limited to a single carrier frequency. Furthermore, we provide some preliminary system results to highlight the potential gains associated with this feature.

2
Motivation behind SFDC-HSDPA

The established concept of DC-HSDPA with minor modifications could easily be extended to operate on a single carrier frequency in two different sectors that may belong to the same NodeB (also referred to as Intra-NodeB) or that may belong to two different NodeBs (also referred to as Inter-NodeB), termed here as the Single Frequency Dual Cell HSDPA (SFDC-HSDPA) feature and in the rest of the document. In this section, we provide some motivation or justification for SFDC-HSDPA.

2.1
Single Frequency networks

It is expected that for many years to come, HSPA networks would still contain a majority of macro-cellular sites where a single carrier frequency is deployed for HSDPA. The restriction to single frequency operation could be due to the fact that an operator has limited spectrum (a single 5 MHz carrier) or due to a deployment where voice users are allocated on one frequency and data users are allocated on another frequency. In these single carrier frequency networks where DC-HSDPA capable UEs become available, the current UMTS specifications do not allow for such UEs to receive two transport blocks simultaneously from two different sectors on the same frequency. As a consequence, the second receive chain of the DC-HSDPA UE would remain idle in these networks.
2.2
Asymmetric Loading

In a realistic deployment, the system is infrequently fully utilized. A partially loaded system is a common scenario in practice. If a DC-HSDPA UE falls into the softer or soft handover coverage region of two sectors, when the sector corresponding to the link from the non-serving cell in it’s active set is partially loaded, i.e. the non-serving cell has available power and codes that are not fully utilized on the HS-PDSCH, it could also perform channel-state sensitive scheduling to this UE by taking advantage of the UE receiver capability and translate the available resources into an aggregate thoughput gain for such a UE.
2.3
Distributed NodeB architecture

With the advent of remote radio equipment (RE) [1] in macro-cellular networks, there is the possibility to control transmission and reception of data from non-colocated cell sites via a single equipment controller (REC) or baseband unit (BBU) that resides in a conveniently accessible site. The BBU contains the control and baseband signal processing for these sites. In these types of NodeB architectures, the potential softer handoff area is larger and therefore a larger percentage of UEs that are in softer handover with 2 sectors (possibly non co-located) of the same NodeB could possibly benefit from the SFDC-HSDPA operation.
2.4
Advanced Receivers
When both sectors send independent data to the UE in the same frequency, one natural concern would be the interference caused by each of the 2 sectors. However, it is highly likely that a UE capable of receiving two transport blocks simulatenously, will also contain a basic Type3i or MIMO receiver that would be capable of rejecting a strong interferer and be able to successfully decode the two transport blocks simultaneously. Hence, we could take advantage of the capability of such advanced receivers and need not rely on a new class of UEs that can perform more advanced interference cancellation to avail the benefits of this feature.
2.5
Minor enhancements to RLC and Iub interface

To further realize the benefits in conventional macro-cellular networks where the NodeBs are concentrated (BBU and RE are co-located), in addition to softer handover UEs, it would be desirable to also extend the potential benefit of this feature to soft handover UEs. Minor changes to the RLC layer along with a tighter flow control between RNC and NodeB on the Iub interface could allow for this possibility i.e. HS-DSCH reception from two different NodeBs. 
3
Extension of DC-HSDPA concept to SFDC-HSDPA

In this section we describe further how this feature can be extended to accommodate simultaneous HS-DSCH reception of two transport blocks from two different sectors on the downlink, when a single frequency system is deployed

3.1
Basic Concept

To support the DC-HSDPA operation, a DC-HSDPA capable UE needs to have two receive chains in order to support simultaneous HS-DSCH reception of two transport blocks on two adjacent downlink frequencies. We focus on the case when Rel-8 DC-HSDPA UEs are deployed in a single frequency system. Under this scenario, since this is a single carrier system, the UE could only be scheduled packets from the serving HS-DSCH cell while the second receive chain of the UE would remain idle and so we explore scenarios where this idle receiver can be utilized to improve such a UE’s user experience.
The SFDC-HSDPA feature is a simple extension to the Rel-8 DC-HSDPA feature, where we allow two sectors to schedule independent transport blocks to the UE in the same frequency. Conceptually, the major difference between SFDC-HSDPA and DC-HSDPA operation is that the secondary transport block is scheduled to the UE from the weaker sector on the same frequency as the primary transport block and potentially with a slightly different timing offset compared to the radio frame timing of the serving HS-DSCH cell. On the uplink, feedback information (HARQ-ACK and CQI) needs to be received in each of these sectors. Figures 1 through 3 illustrates the high level concept of the SFDC-HSDPA operation for the following cases respectively:
· UE is in softer handover with 2 co-located sectors of a NodeB. This corresponds to the case when the radio equipment controller (REC) or baseband unit (BBU) and the radio equipment (RE) are co-located in a conventional NodeB (concentrated NodeB).

· UE is in softer handover with 2 non co-located sectors of a NodeB. This corresponds to the case when the BBU and the RE are physically separated i.e., the RE may be close to the antenna, whereas the BBU may be located in a conveniently accessible site.
· UE is in soft handover with 2 non co-located sectors that belong to different NodeBs. In this case the BBU and REC of each NodeB are assumed to be co-located.
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Figure 1: SFDC-HSDPA for Softer Handover scenario; Co-located sectors 
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Figure 2: SFDC-HSDPA for Softer Handover scenario; Non co-located sectors, BBU not co-located with RE
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Figure 3: SFDC-HSDPA for Soft Handover scenario; Non co-located sectors, BBU or REC co-located with RE
As seen in each of these cases, the UE has at least two links in its active set that connect to two different sectors in the same or different NodeB on a single frequency. 

3.2
Modifications to the DC-HSDPA feature
In the following, we identify some modifications needed with respect to the DC-HSDPA feature to allow for SFDC-HSDPA operation.
3.2.1
Determination of Secondary Serving HS-DSCH cell

The determination of the secondary serving HS-DSCH cell is linked to legacy mobility procedures. For example, the network may need to sort active set cells based on pilot strength measurements reported by the UE and determine the second strongest cell as the secondary serving HS-DSCH cell. Furthermore, depending on whether the network supports SFDC-HSDPA across non-colocated sectors,  it may need to restrict the determination to cells that belong to the same NodeB as the serving HS-DSCH cell.

3.2.2
Secondary Serving HS-DSCH Cell Frequency

As discussed in the previous section, the frequency of the secondary serving HS-DSCH cell is the same as that of the serving HS-DSCH cell. 

3.2.3
Secondary Serving HS-DSCH Cell Timing
In order to avoid having overlapping SCHs in different cells belonging to the same NodeB, a timing delay denoted by T_cell [2] is introduced in each cell of a NodeB to delay the start of SCH, CPICH and the DL Scrambling Code(s) in that cell. In the case of transmissions from different NodeBs to a single UE, since the NodeBs are asynchronous with respect to each other, the timing difference on the HS-PDSCH between 2 different NodeBs can be aligned to within a 2ms sub-frame. Mechanisms currently used within the network to determine τDPCH  for users in soft handover on the DCH could be used to determine this timing offset.
Furthermore, in DC-HSDPA, the UE shall not assume the presence of any common physical channel from that cell other than CPICH. Also the radio frame timing and timing reference for a secondary serving HS-DSCH cell is the same as that of a serving HS-DSCH cell. Hence in order to derive frame timing and timing reference for the secondary serving HS-DSCH cell by reusing a DC-HSDPA UE receiver, the network could signal the timing offset of the secondary serving HS-DSCH cell relative to the serving HS-DSCH cell to the UE.
3.2.4
HS-SCCH from serving and secondary serving HS-DSCH cells.

The control channel signaling in the downlink would remain exactly as is today for DC-HSDPA. On each sector, the UE would receive scheduling information – when it gets scheduled – on one HS-SCCH per sector. The number of HS-SCCH to monitor can be reused from DC-HSDPA i.e. monitor a maximum of 6 HS-SCCH across both sectors plus one HS-SCCH from the non-serving cell (this may not necessarily be the secondary serving HS-DSCH cell)  for the purpose of enhanced serving cell change.
3.2.5
HS-DPCCH
In Rel-8 DC-HSDPA, channel state information for each frequency channel (CQI feedback as well as PCI feedback in case of MIMO) needs to be transmitted by the UE to the Node B in order to allow the Node B scheduler to decide on which of the frequencies the UE should be scheduled. In principle it does not matter whether the feedback information relates to two different frequency channels on the same sector or to two different sectors on the same frequency. So, the exact same feedback mechanisms could be used to describe the channel state in two different sectors on the same frequency.

Due to the potential timing difference between the two softer or soft HO links, the ACH/NACK and CQI timing may need some modification or reinterpretation to enable SFDC-HSDPA operation. As of Release-8, it was specified to use only one frequency channel in the uplink to provide the channel state feedback for the two different frequency channels in the downlink. This design could be completely reused to provide sufficient feedback for SCDC-HSDPA operation. In this case, the uplink signal from the UE could be received by both sectors (it is just scrambled with a UE specific scrambling code). Note that in the case of softer handover, the reception of HS-DPCCH is already performed at the NodeB in both the serving and non-serving sectors to allow for soft combining gain, such that the reliability of the uplink reports gets improved. 
In addition, for SFDC-HSDPA to work efficiently and allow for a less complex implementation, it would be beneficial if the uplink sub-frame timing of the HS-DPCCH in the two sectors is synchronous - up to a certain tolerance – because then it would be simple to avoid any ambiguity in matching ACK/NACK reports in the uplink with the corresponding transport blocks transmitted in the downlink. Also for the CQI reporting a sub-frame synchronization would be helpful. Of course a sub-frame synchronization of HS-DPCCH also implies a sub-frame synchronization of HS-PDSCHs. Although beneficial, synchronization on a sub-frame level would not be obligatory. There would probably also be ways to implement a SFDC-HSDPA operation without sub-frame synchronization of HS-PDSCHs. However, in such a scenario, more problems have to be solved (e.g. matching between joint ACK/NACK reports on HS-DPCCH and asynchronous HS-PDSCH TTIs, possible need for more HARQ instances due to longer delay between HS-PDSCH transmission and ACK/NACK feedback than today, and different off-sets between CQI reports and HS-PDSCH TTIs).

3.2.6
UE Receiver Implementation Impact
Figure 4 illustrates a high level block diagram of a DC-HSDPA UE with Rx diversity enabled, while Figure 5 illustrates a block diagram of it’s RF/Front end. Figures 6 and 7 illustrate the case when SFDC-HSDPA is enabled in the UE. As seen in Figures 6 and 7, the modifications needed to support SFDC-HSDPA are quite trivial. In fact the RF/Front end is identical to a SC-HSDPA UE. As shown in Figure 6, the major change relative to a DC-HSDPA UE is to connect the SC-HSDPA RF/Front end output to both the base-band receiver chains and rely on single carrier functions in the base-band of one of the receiver chains to control the RF/Front end.
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Figure 4: DC-HSDPA UE Receiver: High Level Block Diagram
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Figure 5: DC-HSDPA Receiver: RF/Front End Block Diagram
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Figure 6: SFDC-HSDPA UE Receiver: High Level Block Diagram
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Figure 7: SFDC-HSDPA Receiver: RF/Front End Block Diagram

3.2.7
NodeB MAC-e scheduler modifications
With the introduction of SFDC-HSDPA feature, care must be taken to ensure minimal impact to NodeB MAC-e scheduler implementation as well as to ensure that the performance of the legacy UEs is not impacted.
A simple scheduler that aims to meet the above objectives can be described as follows:

· For each cell, during scheduling, we define two classes of UEs.

· Class A: UEs that has this cell as serving (via strongest link).

· Class B: UEs that do NOT have this cell as serving (via weaker link).

· Class B UE has absolute lower priority compared with class A UE

· Unless Class B UE has pending retransmission in which case it will be treated the same as a Class A UE.

3.2.8
Upper Layer enhancements to support Inter-NodeB SFDC-HSDPA operation

The DC-HSDPA feature hinges on the assumption that a single queue is maintained for each DC-HSDPA UE in the NodeB.  If the SFDC-HSDPA feature were to be applied to aggregation of cells across non-colocated NodeBs (Figure 3) then this feature differs from Rel-8 DC-HSDPA, given that data is now maintained in 2 independent queues. It is envisaged here that some minor upper layer enhancements may be needed at both UE and RNC along with tighter flow control on the Iub interface between RNC and NodeB to support the SFDC-HSDPA operation across independent queues.
4
Preliminary System Simulation Results
Table 1 lists the system simulation assumptions used to study the performance of SFDC-HSDPA for both Intra-NodeB alone and Intra-NodeB +Inter-NodeB aggregation across a total of 2 cells. This corresponds to evaluating the scenarios shown in Figure 1(softer only ) and  Figures 1/3 (softer or soft) respectively. The performance of each of these scenarios is compared against a baseline SC-HSDPA scenario where the aggregation feature across two sectors (SFDC-HSDPA) is not available.
Table 1: System Simulation Assumptions for SFDC-HSDPA

	Parameters
	Comments

	Cell Layout
	Hexagonal grid, 19 Node B, 3 sectors per Node B with wrap-around

	Inter-site distance
	1000 m

	Carrier Frequency
	2000 MHz

	Path Loss
	L=128.1 + 37.6log10(R), R in kilometers

	Log Normal Fading 
	Standard Deviation : 8dB

Inter-Node B Correlation:0.5

Intra-Node B Correlation :1.0
Correlation Distance: 50m 

	Max BS Antenna Gain
	14 dBi 

	Antenna pattern
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	Channel Model
	PA3 

	CPICH Ec/Io
	-10 dB

	Total Overhead power
	30%

	UE Antenna Gain
	0 dBi

	UE noise figure
	9 dB

	UE Receiver Type
	Type 3i

	Maximum Sector

Transmit Power
	43 dBm 

	Traffic
	Bursty Traffic Source Model

File Size: Truncated Lognormal,  
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	Flow control on Iub
	Ideal and instantaneous

	HS-DPCCH Decoding
	Ideal on both sectors


Figure 8 shows the CDF of the average burst rate per user for 1 user/cell. As seen in the figure, there is a significant improvement of user experience due to both types of aggregation.
Figure 9 shows the average user burst rate as a function of long term geometry for the 1 user/cell case. Figure 10 shows the gain in average user burst rate as a function of long term geometry for the two types of aggregation for the 1 user/cell case. As seen in these figures, the gain for low to medium geometry users is up to 20% for the Intra-NodeB aggregation scenario and up to 50% for the Intra+Inter NodeB aggregation. Also it is important to note that users that do not avail of this feature (non-SHO users) do not experience performance degradation due to the enabling of this feature in the handover regions of the system.
Figure 11 shows the average user burst rate for softer handover users as a function of number of users per cell due to both types of aggregation. Figure 12 shows the average user burst rate for soft handover users as a function of number of users per cell due to both types of aggregation. Figure 11 confirms our intuition that softer handover users benefit in both aggregation schemes while Figure 12 confirms our intuition that soft handover users should not benefit from the Intra-NodeB aggregation scheme.
Figures 13 and 14 show a significant gain in average user burst rate for softer and soft handover users respectively as a function of number of users per cell 
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Figure 8: CDF of Average Burst Rates
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Figure 9: Burst Rate v/s Geometry
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Figure 10: Gain in Average Burst Rate v/s Geometry
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Figure 11: Average Burst Rate v/s Number of Users/Cell, Softer Handover UEs
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Figure 12: Average Burst Rate v/s Number of Users/Cell, Soft Handover Ues
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Figure 13: Gain in Average Burst Rates for Softer Handover Ues
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Figure 14: Gain in Average Burst Rates for Softer Handover Ues

5
Conclusions

In this contribution, we have introduced the concept of operating DC-HSDPA UEs in a single frequency network a.k.a SFDC-HSDPA. The concept is a straightforward extension of the DC-HSDPA operation with fairly minor changes to specifications as well as UE and NodeB implementation. As seen in the preliminary system study performed here for balanced load scenarios (same number of users in every cell), the gain in user experience is significant for users in the handover regions of the system without causing any degradation to the non-SHO users. It is expected that for scenarios with  uneven user loading, gains will be even higher at larger offered loads due to implicit load balancing.
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