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1
Introduction
At RAN#39, a study item was opened on Dual-Cell HSDPA (DC HSDPA)[1]. Subsequently, at RAN #40 DC-HSDPA was converted to a work item [2]. Performance evaluations have been discussed and summarized so far in [3]. 

The scope of DC-HSDPA has the following limitations: 

· the carrier aggregation is limited to two downlink carriers; 

· the two carriers are adjacent; 

· MIMO can not be configured simultaneously with dual-carrier operations. 

It is desirable to extend the DC-HSDPA beyond such limitations. As seen in the DC-HSDPA performance evaluations [3] in terms of user experience, DC-HSDPA provides both throughput increase and latency reduction. For a given level of user experience in bursty traffic scenarios, the system capacity (number of users supported) increases significantly .More importantly, users in the entire coverage area enjoy these benefits. In terms of system performance, DC-HSDPA offers efficient load balancing across carriers and some capacity gain. 

All these gains could be further extended. Furthermore, the achievable peaks on both the downlink and uplink could be increased, too. In this contribution, the following extensions will be discussed: 
· Inter-Band downlink carriers

· More than two downlink carriers

· Non-adjacent downlink carriers

· Two downlink carriers with MIMO

· Two uplink carriers

· Mobility Enhancements

· DC-HSDPA in CELL_FACH

Each of the extensions are discussed in Section 4 through 9..
2
Achievable Peak Rates
On the downlink, the achievable peak rate is 21 Mbps * (number of carriers) without MIMO in each carrier. As MIMO and 64-QAM are combined in Release 8, if MIMO is allowed on multiple carriers, the achievable downlink peak rate will reach 42 Mbps * (number of carriers). 

On the uplink, the achievable peak rate from two carriers will be 23 Mbps based on 16-QAM modulation in each carrier.
3
Simulation Assumptions
The assumptions in the performance simulation are the same as in [4] unless specified otherwise. Here is a list of values we have chosen for those optional parameters. 
Table 1: MC-HSDPA Simulation Assumptions

	Parameters
	Comments

	Channel Model
	PA3

	UE Receiver Type
	Type 3 (LMMSE with RxD)

	HS-DSCH Power
	Maximum Power = 70% of Node B transmit power (SIMO), 60% (MIMO)
HS-SCCH power decided by a 1% HS-SCCH BLER

HS-DSCH power margin driven by an outer loop (10% BLER after 1st Tx, Max 4 HARQ Transmissions)

	Other Sector Transmit Power
	OCNS = 1 (all other sectors always transmit at full power) for full buffer

OCNS = 0 (partial loading taken into account) for Bursty Traffic.

	Fading Across Carriers
	Uncorrelated

	Channel Estimation
	Realistic

	ISD [km]
	1 (MIMO+MC-HSPA), 2.8 (otherwise)

	Burst Size
	1 Mbit (fixed)

	Burst Inter-Arrival Time
	Exponential Distributed (Mean = 5 sec)

	Proportional Fair scheduling time constant
	1.5 sec


4
More than 2 downlink carriers
4.1 
Motivation

Compared to DC-HSDPA, with 3 or 4 carriers on the downlink, apart from the peak rate increases, user data rates increase and latency reduction will be provided to users throughout the sector. For a given level of user experience in bursty traffic scenarios, the system capacity (number of users supported) increases significantly. Furthermore, in best effort scenarios, the spectral efficiency will also see some improvement from multi-user diversity.
4.2 
Full buffer performance
The following figure shows the sector capacity gains from multi-carrier aggregation with same number of users in the geographical area. 

In a single carrier system with multiple 5MHz bandwidth, each user has to be statically associated to a carrier. We assume that this association is random and balanced so that all the carriers are evenly loaded. In a multi-carrier system, each user will be associated with multiple carriers. In this simulation, we assume each user is allocated with all the 2, 3, 4 carriers available. The Node B proportional fair scheduler can choose from more users each time it schedules. This leads to multi-user diversity gain in the multi-carrier system. This gain is increasing with number of carriers. Note that multi-user diversity gain is significant with a small number of users and decreases with increasing number of users in the sector. 
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Figure 1 Sector throughput with 2,3 and 4 carrier aggregation.

The following figure presents the same data in different light. The user throughput is plotted against the throughput per sector per carrier. As we see, with a small number of users per sector, there is significant gain in the user throughput at the same sector throughput. 
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Figure 2 User throughput versus sector throughput per carrier.

To illustrate the universal nature of user throughput gain, the user throughput gain versus user throughput percentile is plotted in the figure below. The comparison is done with 4 users per sector per carrier, namely, there are 4 users in the baseline single-carrier system, 8 users with 2 carriers, 12 users in 3 carriers and 16 users in 4 carriers. All the users experience higher throughput. Furthermore, cell edge users, namely, the users at low throughput percentile, experience larger gains. This is a consequence of the channel sensitive proportional fair scheduler. In the simulation, all the users have the same fading model but different geometries. The proportional fair scheduler provides higher gain to users with higher variability as shown in [6]. 
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Figure 3  Gain in the user throughput vs user throughput percentile.

4.3
Performance with Bursty Data Sources

For bursty traffic, DC-HSDPA provides 2x gain in the burst rate [4] defined as the ratio of the burst size and its total time in the system including the transmission time and queuing time [5]. Based on queuing theory [7], when N carriers are available, with the same number of users in the sector, allocating all N carriers to all the users provide N times the burst rate as separating users into each carrier. If the same user experience is maintained in term of burst rate, the multi-carrier system can support much more users per carrier. The following plot shows the simulation result.
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Figure 4 Bursty traffic performance of multi-carrier.

5
Downlink multi-carrier in multiple frequency band
In DC-HSDPA, the two downlink carriers must be adjacent to each other. This restriction simplifies certain aspects of the implementation. On the other hand, operators may have bandwidth spread out in the spectrum. Therefore, DC-HSDPA could be extended to allow the multiple carriers to be non-adjacent. One important aspect of this extension is to allow multiple carriers to reside in different frequency bands. This would maximize the utilization of the operator’s spectrum asset. 

We have simulated the system performance with 2 carriers in the UMTS 1900 MHz band and 1 or 2 carriers in the 850 MHz band.. In our simulations, the path model for 1900 MHz band is specified in [4](which follows TR25.814) for the 1900 MHz band, and the path loss model for 850 MHz is directly from TR 25.814: 

L=I + 37.6log10(.R), R in kilometers, I=128.1 for 2GHz,   I=120.9 for 900MHz (directly used for 850MHz). 

10 dB penetration loss is assumed. 

Under this model, the user geometry in each band is almost identical, as seen in the following graph. Consequently, the performance with full buffer and bursty traffic is almost identical to those scenarios with the same number of adjacent carriers. Therefore, the detailed results are not presented here. 
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Figure 5 CDF of user geometry in 850 and 1900 MHz bands.

If a different path loss model is adopted, especially the one with different path loss exponents for differnet bands, user geometry may differ significantly across band. The per carrier performance would be significantly different. 

A unique aspect of inter-band operation is the uplink carrier association. If only one uplink carrier is allowed, some optimization in associating users with carriers can trade off coverage versus capacity. The carrier association also impacts the baseline single carrier result in downlink performance comparison. 

6
Multi-carrier with MIMO
In the conquest of higher data rates, a combination of both multi-carrier and MIMO offer their help by occupying extra bandwidth versus extra antenna hardware. They can be combined to boost the peak rate. Another motivation is to maximize the diversity in both frequency and space. 

6.1
Simulation assumptions

Extra assumptions are needed for the MIMO simulation. We assume the fading between each transmit and receive antenna pair is independent. The secondary CPICH channel is assumed to occupy 10% power. 64-QAM is allowed in MIMO per Rel. 8.

6.2
Performance with full buffer 

The following figure show the sector capacity with 2x single-carrier, 2x single-carrier with MIMO in each carrier, DC-HSDPA, dual-carrier aggregation with MIMO in each carrier. As can be seen, the addition of MIMO to each non-MIMO configuration improves spectrum efficiency. With 16 users per sector, the MIMO gain is around 20%. 
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Figure 6  Full buffer performance of multi-carrier with MIMO.

6.3
Bursty traffic 

Similar gain can also be seen with bursty traffic. Note that the addition of a carrier increases the burst rate by 2 fold due to statistical multiplexing. The inclusion of MIMO provides burst rate gain comparable to cell capacity gain in full buffer. 
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Figure 7 Burst rate comparison with multi-carrier and MIMO.

7
Multi-carrier uplink
Obviously the uplink peak rate will be increased linearly with the number of carriers. 
With bursty uploading traffic, like e-mails, multi-carrier uplink will offer the gain in user experience, or burst rate gain in the same manner as the multi-carrier downlink does to the bursty downloading traffic. Although the allowable maximum transmit power on the uplink is the same regardless of the number of carriers, our previous simulations indicate that most of the users are not transmit power limited, even in the loaded macro system. Therefore, the benefit of higher burst rates with bursty traffic can be enjoyed by most of the users.

Another benefit of multiple carriers on the uplink is the Eb/No efficiency gain. This can be seen as coverage extension for high data rates. 

8
Mobility Enhancements
The mobility in DC-HSDPA is based on the anchor carrier [3]. Going forward to multi-carriers on the downlink an cross-band operations, it would be of interest to study potential enhancements to this rule by allowing the mobility events to be based on certain quantities dependent on multiple downlink carriers. 

The motivations for such mobility enhancements for multi-carrier HSPA are multifold. While mobility based solely on a particular (or anchor) carrier may be representative when all conditions impacting performance are relatively equal or highly correlated or well balanced across carriers, this assumption may be generally untenable even if there is correlation between channel conditions (fading) across the carriers. 

· First, the existence of single-carrier or legacy UEs in a multi-carrier system may create a loading or interference difference between carriers. For example, there may be more single-carrier UEs on one cell on a particular carrier. 

· Second, the existence of both single and multi-carrier network nodes in proximity of one another may also create an interference difference between carriers. For example, a multi-carrier node’s coverage range may fall off sharply on the shared frequency but extend considerably on the unshared frequency. This may arise in homogeneous macro deployments near hot-spot multi-carrier coverage or at the border of single-carrier and multi-carrier coverage (in phases of roll out for example). However, this may also arise with heterogeneous deployments, such as with single-carrier relays or micro or pico cells within broader multi-carrier macro coverage (or vice versa). 

· Furthermore, while intra-frequency events may be configured to detect the best intra-frequency cell and inter-frequency events may be configured to detect, typically subject to some latency, a change in the best frequency, selecting the best cell comprehensively, i.e. across multiple carriers, is the optimal objective. 

· If multiple downlink carriers are from different frequency band, then the path losses in each band could be significantly different. Therefore, it may be beneficial to consider combined channel quality. 
9
DC-HSDPA in CELL_FACH

A UE capable of dual-cell operation in CELL_DCH state should be capable of dual-cell operation in CELL_FACH or CELL_PCH states. Allowing a UE to operate in dual-cell mode in CELL_FACH can provide the following potential benefits:
· Additional flexibility to the NodeB scheduler in terms of reacting to sudden DL load in the network and scheduling dual cell capable CELL_FACH UEs on the lightly loaded carrier. 
· Uplink load balancing. 
· A UE may tune it’s UL frequency depending on which DL carrier is assigned as the anchor carrier thereby achieving UL load balancing
· Better user experience in CELL_FACH and CELL_PCH states.
· Transmit larger amounts of data to UEs in CELL_FACH without the need to transition to CELL_DCH.

On the other hand, demodulating multiple carriers in CELL_FACH or CELL_PCH state all the time could be wasteful in terms of UE battery life. Hence, simple rules could be introduced as to when a UE could tune to dual carriers. For example, when a UE is paged, and after it responds to the page with an UL transmission, it could re-tune the receiver to multiple carriers at that time. This can lead to a suitable trade-off between UE battery life and enhanced DL performance in CELL_FACH state

Another important issue to consider from the UTRAN point of view is that currently, NodeBs are not aware of the UE capability in CELL_FACH state and hence some changes would be needed on the Iub interface to allow for this feature.
10
Conclusions

In this contribution, we have discussed some of the possible extensions to Rel. 8 DC-HSDPA. We have also presented simulation results for some of the features. These features have the potential of further extending the DC-HSDPA gain in terms of both user experience and system performance.
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