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1 Introduction
In RAN #52, the LTE carrier aggregation (CA) enhancement WI was approved to include the definition of generic framework for UE and BS core requirements for non-contiguous (NC) intra-band CA [2]. In RAN #53, a new WI concerning the intra-band NC CA for Band 25 was approved [3]. In RAN4 #60bis, some UE RF aspects were discussed, which include the proposal of transmitter and receiver architectures [4].
In this contribution, we consider the scenarios for the LTE NC intraband CA and discuss the impact on the UE receiver performance.
2 Scenarios
Before going into the details, it is necessary to introduce the following definitions in [1].

· Sub-block: This is one contiguous allocated block of spectrum for use by the same Base Station. There may be multiple instances of sub-blocks within an RF bandwidth.
· Sub-block bandwidth: The bandwidth of one sub-block.
· Sub-block gap: A frequency gap between two consecutive sub-blocks within an RF bandwidth, where the RF requirements in the gap are based on co-existence for un-coordinated operation. 
We expect RAN4 to narrow down the scope of the scenarios for this WI, based on the operators’ feedback, as the scenarios for NC 4C-HSDPA were identified by the operators [6]. In this contribution, for simplicity’s sake, we assume only 2 sub-blocks in a frequency band. In addition, it is worth clarifying the following definitions.
· Symmetry: A scenario is called symmetric, if the 1st sub-block is of the same bandwidth as the 2nd sub-block.  On the other hand, it is called asymmetric, if the 1st sub-block is not of the same bandwidth as the 2nd sub-block.

· Receiver type: A receiver type with a RF local oscillator (LO) per sub-block is called a dual receiver. On the other hand, a receiver type with a single RF LO is called a single receiver. 

The UE core requirements for NC intra-band CA are also being discussed in RAN4 in the context of NC 4C-HSDPA [5]. Much of the technical discussion is readily applicable to the LTE intra-band NC CA. However, the following differentiating factors should be noted for the scenario discussion.
· Channel bandwidth: While a fixed channel bandwidth of 5 MHz is supported for HSPA, a total of 6 different channel bandwidths are supported for LTE. Since a channel bandwidth of up to 20 MHz is supported, the sub-block bandwidth is in general wider than for HSPA, which implies that the reuse of the existing channel selection filters for a single receiver (e.g., 20 MHz for NC 4C-HSDPA) is not always possible.
· Sub-block gap bandwidth: In principle, the sub-block gap bandwidth is unconstrained except that it is upper-bounded by the frequency band (since the sub-blocks are within the same frequency band). 

· Inter-carrier spacing: An inter-carrier spacing of an integer multiple of 300 kHz facilitates the use of single FFT operation, when the frequency range processed simultaneously is relatively narrow, e.g., the sub-block gap bandwidth is negligible to the whole frequency range.   

· Uplink CA: Both the uplink (UL) and the downlink (DL) should be covered in this WI, as pointed out in [4]. It is unclear that the UE TX-RX frequency separation is assumed to be fixed. 
For convenience of presentation, the following notations are used in this contribution.
· An uppercase letter refers to the sub-block bandwidth. Different letters are used for different bandwidths (e.g., ‘C’ and ‘D’). 
· A lowercase letter ‘x’ refers to the sub-block gap bandwidth smaller than or equal to TBD. A lower case letter ‘y’ refers to the sub-block gap bandwidth larger than TBD.   

Based on these notations, the scenarios under consideration can be summarized as shown in Table 1. 

	Symmetry
	Sub-block gap bandwidth
	Scenarios
	Example (MHz)

	Symmetric
	≤ TBD
	CxC
	5-25-5

	
	> TBD
	CyC
	5-45-5

	Asymmetric
	≤ TBD
	CxD
	5-25-10

	
	> TBD
	CyD
	5-45-10


Table 1. Scenarios for LTE NC intra-band CA.
For the scenarios listed in Table 1, we analyze the impact of NC intra-band CA on the UE receiver performance. Noting that the UE receiver performance is highly dependent on the receiver architecture, it makes sense to assume a certain receiver type in defining the UE receiver requirements. As in NC 4C-HSDPA [7], it is suggested that two receiver types, i.e., a dual receiver and a single receiver, should be considered in RAN4 for this WI. A dual receiver is equipped with two RF LOs. The center frequency of each RF LO is set to the center of a sub-block. Thus a dual receiver down-converts each sub-block to baseband separately. In other words, only a contiguous frequency range is down-converted by a single LO. (This helps to mitigate the image problem, as will be discussed later.) One example of a dual receiver is a receiver where a homodyne receiver is dedicated to each sub-block. On the other hand, a single receiver is equipped with a single RF LO. The center frequency of RF LO is set to the center of the whole frequency range spanning all the desired CCs. For example, in the case of ‘5-25-5’, the center frequency of RF LO is set to the center of the 25 MHz gap. In the case of 5-25-10’, the center frequency of RF LO is set to the 60-th percentile of the 25 MHz gap (instead of the center of the gap). Thus a single receiver down-converts two non-contiguous sub-blocks to IF simultaneously. One example of a single receiver is a single wideband homodyne receiver that processes the down-converted frequency range (including two sub-blocks at IF) as a single carrier signal. Another example is a heterodyne receiver where an IF receiver is dedicated to each sub-block. These two receiver types are illustrated in Figure 1 and Figure 2. 
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Figure 1. Dual receiver.
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Figure 2. Single receiver.
3 Implications in UE receiver performance
3.1 Frequency conversion

It is most likely that the support of NC intra-band CA necessitates the integration of multiple LOs. The simultaneous operation of multiple high-frequency LOs on the same die poses non-trivial design challenges to the UE receiver. For example, the coupling between LOs may cause a significant level of LO leakage (from one LO to the other LOs). After passing through nonlinear component (e.g., LO buffer), each LO signal contains the intermodulation distortion (IMD) components. Recall that each IMD component of the LO signals falls at a distance of integer multiples of the LO frequency difference from the LO center frequencies. Consequently, when a strong interfering signal is located at the IMD frequencies, the receiver down-converts the interfering signal as well as the desired CCs. Such an unwanted frequency conversion due to the LO coupling becomes more detrimental, for example, when a dual receiver uses a dedicated RF LO for each sub-block for the scenarios with a wide sub-block gap bandwidth such as ‘CyC’, since the frequency conversion may occur to the UL CC frequencies.
Another problem occurs when the harmonics of a LO signal down-converts a strong interfering signal to baseband. The widely-used switched mixer typically leads to non-negligible conversion at harmonics of a LO signal frequency. If the harmonic frequencies are within the frequency band (e.g., the transmit/receive band) and a strong interfering signal happens to be located at the frequencies, it may lead into unwanted frequency conversion down to baseband. This is often the case, if a low-frequency LO is fed into a switched mixer, for example, a single receiver uses a dedicated IF receiver for each sub-block. 
3.2 Image rejection

The image comes from the frequencies that are symmetric to the desired signal frequencies around the LO center frequency. If a strong interfering signal (e.g., 33 dB higher than the desired CC) is present at the image frequencies, the image rejection of a conventional UE receiver is typically not strong enough to guarantee reasonable UE performance.

Such a serious image problem may occur, when a single receiver is used. For asymmetric scenarios such as ‘CxD’ and ‘CyD’, the two sub-blocks are not symmetric around the LO center frequency. A fraction of the desired sub-block may interfere with the image of a strong interfering signal inside the sub-block gap (in-gap interfering signal), as illustrated in Figure 3. However, a single receiver can be readily applicable to symmetric scenarios such as ‘CuC’ and ‘CxUxC’ without having to enhance the image rejection ratio (IRR) of a conventional UE receiver, since the image always comes from the other CCs whose power level is more or less similar (with negligible power imbalance between CCs assumed). This is illustrated in Figure 4.
When a dual receiver is used, the UE receiver requirements are not much affected by the NC intra-band CA, regardless of the scenario, since the frequency range down-converted by an LO is always contiguous. 
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Figure 3. Image with a single receiver for asymmetric scenarios (‘CxD’ and ‘CyD’).
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Figure 4. Image with a single receiver for symmetric scenarios (‘CxC’ and ‘CyC’).

3.3 Channel selectivity

Regardless of a receiver type, it is desirable to filter out the interfering signals in order to avoid unnecessary power consumption and circuit saturation (e.g., ADC).
One problem is to support a large number of different filter bandwidths. In the legacy single carrier case, a UE receiver typically has 6 different filter bandwidths (i.e., one for each channel bandwidth). In the NC intra-band CA case, the number of required filter bandwidths depends on the frequency range processed simultaneously. For example, if a dual receiver is used and each sub-block consists of a single CC, the legacy filter bandwidths may suffice. On the other hand, if a dual receiver uses a dedicated homodyne receiver for each sub-block consisting of more than one CCs, a few additional filter bandwidths are needed to support different combinations of contiguous CCs. This is illustrated in Figure 5. It is worth mentioning that the filter bandwidth for contiguous intra-band CA may be reused. However, it may be impossible to reuse the existing filter bandwidths, if a single receiver processes uses a single wideband homodyne receiver, because of unconstrained sub-block gap bandwidth. In addition, in case that a single receiver processes the whole frequency range simultaneously (as illustrated in Figure 6), a strong in-gap interfering signal may cause unnecessary power consumption and circuit saturation. 
It should also be noted that the presence of UL CCs closer to the receive band may demand higher channel selectivity, compared to the legacy single carrier case. Specifically, the minimum distance between an UL CC and a DL CC is no longer the TX-RX frequency separation and it may amount to, e.g., the gap bandwidth between the transmit/receive band in the worst case. The channel selectivity is more demanding for a single receiver with a wideband homodyne receiver, since the filter specification in general becomes more stringent for a wider filter bandwidth.
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Figure 5. Channel selectivity with a dual receiver.
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Figure 6. Channel selectivity with a single receiver
3.4 Intercarrier spacing

As mentioned previously, an inter-carrier spacing of an integer multiple of 300 kHz facilitates the use of single FFT operation, when the frequency range processed simultaneously is relatively narrow, e.g., the gap bandwidth is negligible, compared to the whole frequency range. This is specified in 3GPP for the contiguous intraband CA case where the inter-carrier spacing is adjusted to any multiple of 300 kHz less than the nominal channel spacing [9]. 
For the NC intra-band CA case, the adjustment of inter-carrier spacing is not so straightforward [8]. For example, the shift of the center frequency toward the gap may end up being more susceptible to the in-gap interferers. Therefore, if the use of a single FFT is still preferred for the NC intra-band CA case, the UE core requirement related to the adjacent channel (e.g., ACS) may be affected substantially. 
3.5 UL CA setting

Even though we focus on the DL throughout the contribution, it is necessary to consider the impact of UL CA on the UE receiver requirements, since the presence of UL CCs may cause an interfering signal into the receive band. For example, when the upper UL sub-block is located at a distance of the inter-carrier spacing from the lower DL sub-block (as illustrated in Figure 7), the IMD components due to the two UL sub-blocks fall into the receive band, in particular, on top of the DL sub-blocks. Thus, it is of primary importance to specify a condition of the UL CA in defining the UE receiver requirements. Note that this is not problematic for the contiguous in-band CA, since the IMD components do not fall into the receive band. The unwanted frequency conversion of UL CCs mentioned in Section 3.1 also justifies the need for specifying the UL CA configuration.
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Figure 7. IMD due to two UL CCs.
4 RRM strategy for handling in-gap interference 

As implied in the previous section, the impact of NC intra-band CA on the UE receiver requirements is complicated.  We believe it is possible to avoid unnecessary stringent UE requirements provided there is robust RRM strategy to mitigate the impact of an in-gap interfering signal. 
In [5], it was suggested that a UE should use the RRM techniques to cope with the image due to in-gap interfering signals. The UE measurement, which takes into account the image from in-gap interfering signals, when reported to network, can enable the network to take an appropriate action e.g. deactivate a secondary CC, if the signal quality is poor. In detail, a single receiver is less immune to an in-gap interfering signal, because of image problem, as discussed in Section 3.2. Therefore, the relevant UE receiver requirements (e.g., ACS) need to be less stringent, compared to the legacy UE core requirements, if we are interested in having a single receiver as a low-cost option. Otherwise, the UE with a single receiver may fail to pass the stringent requirements, in the presence of a strong in-gap interfering signal. However, with the help of the aforementioned RRM strategy, eNB can prevent a UE with a single receiver from supporting the NC intra-band CA in the presence of strong in-gap interfering signals [5]. Such an RRM strategy can be beneficial even for a dual receiver. For example, if a UE equipped with multiple RF LOs can operate as a single receiver (i.e., by turning off all RF LOs except one of them), it helps to reduce the power consumption and avoid the LO coupling, when the in-gap interfering signals are negligible. 
5 Summary

In this contribution, the scenarios for the LTE NC intra-band CA were considered, assuming 2 sub-blocks in a frequency band. The impact of NC intra-band CA on the UE receiver performance was discussed. In more detail, the implications of frequency conversion, image rejection, channel selectivity, inter-carrier spacing and UL CA setting were discussed. Which of these problems deteriorates the UE receiver performance most may depends on the implementation choice (e.g., the receiver type) and this needs to be further investigated in RAN4. Lastly, the relevant RRM strategy that helps to relax the requirements was suggested. 
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