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1
Introduction
It is stated in [1] that LTE-Advanced will support wider bandwidth (up to 100 MHz) than LTE Rel-8. Carrier aggregation is considered as a superior approach to defining new bandwidth modes in fulfilling this requirement. This is because it does not require extensive changes to the LTE physical layer structure, provides for bandwidth scalability and maintains backwards compatibility [2][3]. In RAN4, the complexity and cost analysis for UEs supporting bandwidth beyond 20MHz is currently being performed. On the other hand, the system level performance improvement by UEs supporting a larger bandwidth should also be studied to justify their usage, apart from the fact that they can support a higher peak data rate. An evaluation methodology of carrier aggregation in LTE-A system is proposed in [4]. This contribution provides some preliminary system simulation results on carrier aggregation in LTE-A system. In particular, we evaluated the downlink performance gain of carrier aggregation, relative to the simple approach of deploying multiple independent carriers on the eNodeB. Specifically, the two approaches studied in this contribution are described as follows. 
· Independent carrier (IC)

This is the most straightforward approach for the eNodeB to support multiple carriers. The different carriers on the same eNodeB operate independently without cooperation with each other. No change for the UEs is required, i.e., the UE can receive data only on one of the carrier frequencies at a time and moving UEs across carriers is a slow procedure. When a new UE arises, the eNodeB assigns suitable carrier frequencies to it according to different criteria, e.g., load balancing etc. The UE stays in the allocated carrier frequency for a relatively long period of time until intra-frequency handover is performed.

· Carrier aggregation (CA)

Different from the independent carrier approach, carrier aggregation allows the eNodeB to use the different carriers flexibly. A UE can simultaneously access multiple carriers and no intra-frequency handover is required. The resource blocks on all the component carriers are allocated to the UEs as one large resource pool. The UEs can be scheduled to its best resources irrespective of whether these resources are within the same one or multiple component carrier(s) or not.
2 Simulation Parameters
The system-level performance of Independent Carrier approach is impacted due to both less frequency-selective scheduling gain and trunking efficiency. The loss in trunking efficiency is because of the delay in switching a UE from one component carrier to another, which may cause some component carriers standing idle or partially utilized, while there are still data waiting to be transmitted on other component carriers. However, the trunking gain cannot be evaluated by the full buffer model, which is widely used in LTE system simulation. Therefore, the finite buffer model proposed in [5] is used in our simulation.
The specific simulation parameters are given in Table 1. 
Table 1. Simulation Parameters

	Parameter
	Value

	User Traffic Model
	Finite Buffer, File size = 1Mbits

	Site Layout
	3-sectorized Hexagonal grid with 7 cells wrap-around

	Site-to-site distance
	NGMN reqirement ISD=500m

	Carrier frequency
	2GHz

	Operating Bandwidth
	10MHz for TDD deployment

	Lognormal shadowing
	Gaussian distribution with zero mean and standard deviation 8 dB

Normalized correlation function: 
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	Penetration loss
	20dB

	Horizontal antenna pattern for 3-sector cell sites with fixed antenna patterns
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	User location
	Uniformly dropped in all cells

	UE speeds of interest
	3km/h

	Total BS Tx power
	46dBm (40W)

	antenna configuration
	1*2

	UE Tx power
	24dBm (250mW)

	Channel Model
	TU

	Minimum distance between UE and cell
	35m

	Thermal noise spectral density
	-174 dBm/Hz


3
Results
The following performance metrics are obtained:

· Average user throughput and delay at different traffic load (user arrival rate)

· User throughput distribution (CDF)
· User Number Variation with Simulation Time
· Total system throughput
The first two performance metrics are compared in two ways:

Method 1: At the same traffic load, compare the user delay and throughput of CA and IC.
Method 2: At the same mean throughput (or throughput of 90% satisfied users), compare the supported traffic load of CA and IC.

The latter two performance metrics are used to analyze whether the system works under a light or heavy traffic load, and whether the system is overload that it goes into an unstable state, i.e., the user number increases monotonically with the simulation time.
3.1
Average User Delay and Throughput
At the same traffic load (user arrival rate), it can be observed in Fig.1 that when the arrival rate is below 8, CA can improve the average delay and throughput performance by approximately 80% compared to IC. However, when the arrival rate is larger than 8, the performance of CA and IC become closer.

At the same mean user throughput/delay, the performance improvement of CA decreases quickly with the increase of traffic load. For example, it is shown in Fig.1 that to achieve a mean user throughput of 4Mbps in light traffic condition, the supported user arrival rate is improved by 530% using CA compared to IC. However, if the traffic load is heavier and the aim is to guarantee a mean user throughput of 1Mbps, the supported user arrival rate is improved by only 7% using CA compared to IC.
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Fig.1 User throughput vs. arrival rates
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Fig.2 User delay vs. arrival rates (a) lower traffic load; (b) higher traffic load
3.2
User Throughput CDF 
At the same traffic load (user arrival rate), it can be observed from Fig.3 that when the arrival rate is below 8, CA can improve the 10% CDF user throughput (or 90% user throughput) performance by approximately 80%~100% compared to IC. For example, when the arrival rate is 1, the 10% CDF user throughput of CA and IC are 2 and 1, respectively. However, when the arrival rate is larger than 8, the performance of CA and IC become closer. For example, the 10% CDF user throughput of both CA and IC are approximately the same.
At the same 10% CDF user throughput, the performance improvement of CA decreases quickly with the increase of traffic load. For example, it is shown in Fig.3 that to achieve a 10% CDF user throughput of 1Mbps in light traffic condition, the supported user arrival rates of CA and IC are 4 and 1, respectively. Therefore, the gain of CA over IC in terms of supported traffic load (arrival rate) is improved by 300%. However, when the traffic load is heavier and the aim is to guarantee a 10% CDF user throughput of 500kbps, the supported user arrival rates of CA and IC are approximately 7 and 5, respectively. Therefore, the gain of CA over IC in terms of supported traffic load (arrival rate) is about 40%. Finally, when the traffic load is even heavier and the aim is to guarantee a 10% CDF user throughput smaller 250kbps, the supported user arrival rates of CA and IC are almost the same. Note that we assume the bandwidth of each component carrier is only 5MHz in the simulation. However, if the bandwidth of each component carrier is larger (e.g., 20MHz), the gain of CA over IC in terms of supported traffic load (arrival rate) at the same 10% CDF user throughput (e.g., 1MHz etc.) is envisioned to become smaller.
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(a) CA                                        (b) IC
Fig.3 User throughput CDF
3.3
User Number Variation with Simulation Time
This section shows whether the system is in a stable state or not. If the system is overload and works in an unstable state, the user number will increase monotonically with the simulation time. When the arrival rate reaches 12, this trend can be observed. We have only shown the system performance under stable state in terms of the average and 10% CDF user throughput/delay above.
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(a) arrival rate = 2                            (b) arrival rate = 6
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(e) arrival rate = 8                              (f) arrival rate = 10
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(f) arrival rate = 12

Fig.4 User number vs. simulation time
3.4
Total System Throughput 

It can be observed in Fig.5 that the system throughput increases with the user arrival rates, although it is always smaller than that of the full buffer. In order for the system to work under the stable state, the system throughput cannot reach that of the full buffer. Note that the total system throughput is still smaller than that of full buffer when the arrival rate reaches 12 and the system already works under the unstable state as shown in section 3.3. This is because when the system reaches unstable state, the users with good geometries can finish data transmission more quickly and leave the system. Therefore, most of the users left in the system are those with bad geometries.
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Fig.5 System throughput vs. arrival rates
4
Conclusion

From the above simulation results, the following conclusions can be drawn
· At the same light or median traffic load, the mean user throughput of CA is approximately twice that of IC, while the mean delay of CA is approximately half that of IC. However, if the traffic load grows heavier and the system is on the verge of overload, the performance of CA and IC becomes almost the same.
· At the same mean throughput/delay (or throughput/delay of 90% satisfied users), the gain of CA over IC in terms of supported traffic load decreases quickly with the increase of the traffic load.
Therefore, CA has little system performance improvement over IC when the traffic load is heavy. What’s more, the traffic load threshold at which the system becomes overload is not increased by CA compared to IC.
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