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1 Introduction
During the development of LTE, RAN1 made the working assumption that the spectrum utilization of an LTE carrier was 90%, i.e., 10% of the channel bandwidth is unused to suppress out-of-band emissions. RAN4 used this figure to specify the number of resource blocks (RBs) for a given bandwidth [1]. As the 10% guard band figure is a relative measure, the absolute guard band size grows with the transmission bandwidths. It was noted both by RAN1 [2, footnote to Table 7.1.1-1 p. 20] and by RAN4 [3] that for the largest LTE transmission bandwidths, smaller guard bands could be utilized. Hence, this implies that LTE-Advanced should be able to increase its spectrum utilization compared to LTE.

At the RAN1#53bis meeting, carrier aggregation became the agreed technology for LTE-Advanced in order to extend the LTE downlink bandwidths and to enable spectrum aggregation over non-contiguous resources. While contiguous carrier aggregation can provide simple backwards compatibility and small standardization effort, it should be noted that as the channel bandwidth increases, the spectrum utilization could be improved compared to LTE by judiciously making use of guard bands between the carriers. In [4], it was suggested that the carriers should be time- and frequency synchronized, which allows for including additional resource blocks, dedicated to LTE-Advanced transmission. The principle of utilizing, or reducing, existing guard bands also appeared in [5]. If the constituent carriers have carrier frequencies that are located on a multiple of the 15 kHz subcarrier spacing and on the LTE 100 kHz carrier frequency raster (i.e., effectively on a 300 kHz grid), and their transmissions are time synchronized, which is typically the case when the carriers are transmitted from one eNodeB, the subcarriers can be regarded as being orthogonal among the carriers. Therefore additional subcarriers (or RBs), for LTE-Advanced, could be added to the LTE carriers for improving spectrum utilization without affecting backwards compatibility.   
In this contribution, we numerically evaluate how much the downlink spectrum utilization could be improved by adding additional RBs to the aggregated LTE carriers. This increase can be achieved by maintaining the structure with a limit of 110 RBs per carrier, which allows a theoretical maximum spectrum utilization improvement up to 10% compared to LTE.  

2 Numerical evaluations

2.1 Evaluation model

In the following we evaluate how many RBs that can be added to a set of aggregated LTE carriers. For simplicity, we only consider the addition of whole RBs and these are assumed to be inserted symmetrically to each existing LTE carrier, respectively, see Fig. 1. All carriers are also assumed to have the same number of RBs. The channel bandwidth is assumed to be symmetrically located around the center frequency of the transmission bandwidth. The number of RBs that can be added is determined by that;
· all RBs have 180 kHz bandwidth 

· not more than 110 RBs per carrier are used 

· the center frequencies of the constituent carriers are located on a 300 kHz grid, and

· the level of out-of-band emissions should fulfil prescribed limits [6].  
The maximum number of RBs subject to the first three conditions can be calculated directly and is summarized in Table 1. For the fourth condition, we will utilize the LTE spectral mask and perform corresponding simulations.
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Figure 1. An example depicting how two LTE carriers (illustrated by black colored subcarriers) can be extended with extra subcarriers (grey) to form the aggregated LTE-Advanced bandwidth. The spectral mask is applied to the channel edge.

From Table 1, it can be found that, based on the first three conditions, the maximum theoretical spectrum utilization, here defined as the ratio of data- to channel bandwidth, ranges from 97.2% to 99%. By data bandwidth we mean the number of RBs multiplied with the 180 kHz RB bandwidth. The table also contains the carrier frequency spacing ∆fc, the number of unused subcarriers located between the carriers and the resulting guard band (i.e., the difference between channel- and transmission bandwidth, divided by 2).
Table 1. Theoretical maximum number of RBs, resulting carrier frequency separation, number of unused subcarriers located between the carriers, guard band and resulting spectrum utilization.
	
	LTE
	LTE -Advanced

	Channel bandwidth
	20 MHz
	40 MHz
	60 MHz
	80 MHz
	100 MHz

	Max no. of RBs
	100

	2*110=220
	3*108=324
	4*108=432
	5*108=540

	∆fc [MHz]
	N/A
	20.1
	19.5
	19.5
	19.5

	No. of unused subc. between carriers 
	N/A
	19
	3
	3
	3

	Guard band [MHz]
	0.9925
	0.0425
	0.7725
	1.0225
	1.2725

	Spectrum utilization
	90%
	99%
	97.2%
	97.2%
	97.2%


For out-of-band power emission limit, we assume the spectral mask for 20 MHz, Cat A, (E-UTRA bands > 1 GHz) given in [6, Table 6.6.3.1-6] which in a multi-carrier system applies to the lowest and highest carrier channel bandwidth edges. The spectral mask is given in dBm and is obtained as the power output from a measurement filter applied to the power spectral density. 
Typically, an OFDM signal cannot be transmitted without some form of spectral shaping, e.g., transmit filtering or pulse shaping. In these evaluations we assume time-windowing with a raised-cosine pulse, which is a well-known method for suppressing out-of-band emissions. By periodically extending the useful part of the OFDM symbol, multiplying the symbol with the time window, and overlapping the extension into the guard interval of the succeeding symbol, a smooth signal transition is obtained. Thus, due to this artificially created ISI, part of the cyclic prefix is sacrificed for spectral shaping.

Fig. 2 shows the filtered power spectral density for a single 20 MHz carrier and the corresponding spectral mask. The discontinuity at ~20.5 MHz is due to the change to a wider measurement filter bandwidth according to the definition of the mask. It can be seen that the signal has low out-of-band emissions, and with as little as 1% of the guard interval used for overlap, the signal fulfills the spectral mask requirement. However, we will consider an implementation margin of 10 dB, which will require 14% overlap of the guard interval. In the following, we shall assume a 14% time windowing overlap for fair comparisons. 
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Figure 2. Power spectrum estimate for the different ratios 0, 0.01 and 0.14 of the time windowing overlap To to the guard time Tg.
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Figure 3. Evaluation model for signal generation of a multi-carrier signal comprised of M carriers and the associated receiver for carrier k.

The model used for simulations is depicted in Fig. 3 and assumes random QPSK symbols as data input. L is here an oversampling rate needed for evaluation purposes to avoid aliasing effects. At the receiver a lowpass filter is applied before downsampling, which is followed by the FFT and ideal equalization. We assume that the total transmit power scales linearly with the number of carriers. In practise, the total power may be fixed and less power per carrier becomes available, which would make the out-of-band emission requirements even less limiting.
The following table summarizes the evaluation settings.

Table 2. Simulation settings.
	Item
	Setting

	Oversampling rate, L
	16

	Symbol time, Ts
	66.67 μs

	Guard time, Tg
	4.69 μs

	Window overlap, To
	0.14∙ Tg

	Time windowing function
	Raised cosine

	Spectrum estimation method
	Welch w. Hanning window, length 4096, 512 overlapping samples

	Measurement filter
	Square

	Transmit power
	46 dBm/carrier

	Data
	Uncoded, QPSK symbols


2.2 Numerical results

Numerous experiments have been performed for different number of RB configurations and the maximum number of RBs that can be added subject to the spectral mask requirement was determined. Table 3 summarizes the findings from these evaluations.

Table 3. Simulation results assuming a 14% time windowing overlap.
	
	LTE
	LTE-Advanced

	Channel bandwidth 
	20 MHz
	40 MHz
	60 MHz
	80 MHz
	100 MHz

	Max no. of RBs
	100
	208
	318
	432
	540

	∆fc [MHz]
	N/A
	18.9
	19.2
	19.5
	19.5

	No. of unused subc. between carriers 
	N/A
	11
	7
	3
	3

	Guard band [MHz]
	0.9925
	1.1825
	1.2525
	1.0225
	1.2725

	Spectrum utilization
	90%
	93.6%
	95.4%
	97.2%
	97.2%


For the 80-100 MHz cases, the number of RBs was limited by the numerology (i.e., Table 1) and not the out-of-band emissions. For the 40 and 60 MHz cases, it would be possible to increase the number of RBs slightly, but to the cost of a larger portion of the guard interval used for time windowing. 
From this table we can conclude that increased spectrum utilization for LTE-Advanced is feasible. In principle even higher gains may be possible, if special sized RBs are used or if the aggregated carriers can have different number of RBs.  
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Figure 4. Symbol error rate as function of the per subcarrier SNR for two different transmission bandwidths using a receive filter designed for 100 RBs bandwidth.
The placing of the carrier frequencies on a subcarrier spacing and the time synchronization of the carriers, maintain subcarrier orthogonality and facilitate minimal impact to the LTE UEs. Fig. 4 contains the symbol error rate at the receiver output from a single 20 MHz carrier simulation, while detecting data from the central 100 RBs. Two curves are shown; one for a carrier comprising 100 RBs and one curve for a carrier comprising 108 RBs. The receive LPF is the same in both cases and designed so that the bandwidth of the passband corresponds to 100 RBs and the stopband starts outside the 20 MHz channel bandwidth. A FIR filter is used with an impulse response length equal to 10% of the guard interval. The results are plotted as function of the per subcarrier SNR to eliminate the effect of having different number of subcarriers. As can be seen there is no noticeable performance deterioration for reception of 100 RBs from the 108 RBs wide carrier. 
3 Conclusions and Text Proposal
This contribution verifies RAN1’s and RAN4’s previous findings from LTE that the spectrum utilization could be improved for the larger channel bandwidths. Hence, guard bands between the carriers can be exploited and additional resource blocks should be added to the legacy LTE carriers for maximizing the spectrum utilization of LTE-Advanced, forming an aggregation of extended LTE component carriers.

The following text proposal is suggested to capture this in Sec. 5 of TR36.XYZ “Further Advancements for E-UTRA Physical Layer Aspects”.
5
Support of wider bandwidth

Carrier aggregation, where two or more component carriers are aggregated, is considered for LTE-Advanced in order to support downlink transmission bandwidths larger than 20 MHz. 
-----------------------Start of text proposal---------------------------------------

The spectrum utilization of LTE-Advanced can be improved by aggregating extended LTE component carriers including additional resource blocks dedicated to LTE-Advanced transmissions.

-----------------------End of text proposal----------------------------------------
A terminal may simultaneously receive one or multiple component carriers depending on its capabilities:

· An LTE-Advanced terminal with reception capability beyond 20 MHz can simultaneously receive transmissions on multiple component carriers.

· An LTE Rel-8 terminal can receive transmissions on a single component carrier only, provided that the structure of the component carrier follows the Rel-8 specifications.
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� LTE is defined for up to 110 RBs, but a 20 MHz carrier only utilizes 100 RBs.





[image: image5.wmf]NL

nT

f

j

s

k

e

p

2

-

[image: image6.wmf]AWGN

[image: image7.wmf]NL

nT

f

j

s

e

1

2

p

[image: image8.wmf]NL

nT

f

j

s

M

e

p

2

_1277296106.unknown

_1277298100.unknown

_1277297195.unknown

_1277296104.unknown

