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1. Introduction

One of the more challenging aspects of interband carrier aggregation between Band 5 and Band 12 is how to combine and split the two RF chains in the UE.  Band 5 and Band 12 are closely spaced low/low bands at 850 MHz and 700 MHz, respectively, making a diplexer design challenging.  Other alternative structures have been provided in [1] for consideration which advertise attractively low additional insertion losses.  In this contribution, we provide our thoughts for discussion on the ability and cost to aggregate these two closely spaced bands.
2. Discussion

The majority of work on interband carrier aggregation has so far centered around class A1 band combinations for which the carriers are widely spaced in frequency between high and low bands.  The wide separation between bands affords the use of a low-loss diplexer to separate/combine the bands to a common antenna feed.  The diplexer contains low-pass and high-pass filters to separate the two bands and is matched to 50 ohms at all of its ports with an insertion loss of approximately 0.5 dB – slightly lower in the low band port and slightly higher in the high band port – while providing 15 dB or better isolation between the two.  
In contrast, the proposed combination between Band 5 and Band 12 represents a low/low band combination where the frequency separation is relatively small.  Therefore, traditional diplexer solutions are challenged here.  This can be seen from one such diplexer with tentative data provided by the component vendor
Table 1.  Diplexer insertion loss value for CA_5_12 from component vendor C.

	
	Band 12 UL
	Band 12 DL
	Band 5 UL
	Band 5 DL

	Insertion Loss
	TBD, 1.2 dB typ
	1.8 dB
	2.3 dB
	1.8 dB

	Isolation
	TBD, 6.5 dB typ
	6.0 dB
	8.0 dB
	6.5 dB


The same vendor also provided tentative data for a quadplexing solution using a single inductive matching component.  Only typical values were provided.

Table 2.  Quadplexer insertion loss value for CA_5_12 from component vendor C.  Typical only.
	
	Band 12 UL
	Band 12 DL
	Band 5 UL
	Band 5 DL

	Insertion Loss
	TBD, 1.2 dB typ
	TBD, 0.5 dB typ
	TBD, 0.7 dB typ
	TBD, 0.8 dB typ


It is easily seen that the additional insertion losses are very large compared to those reported in [1].
2.1. Diplexing vs. Matching (Quadplexing)

Of course, insertion loss is but one parameter and only represents a small part of the story.  There is a philosophical difference between the operating principle of the matching circuit (one of the elements of a quadplexer) and a diplexer.  The diplexer provides isolation by filtering the two signals at different frequency.  When the separation is large, the filtering can be quite effective with minimum insertion loss over the passband.  On the other hand, the matching circuit provides isolation by adjusting the phase in such a way that the duplexer sees a high impedance, ideally an “open circuit,” at the frequency of the alternate band.  In practice, however, it is not possible to achieve the infinite input impedance across the entire band so there are reflections which results in a loss of energy across the bands.  Furthermore, the phase matching is highly sensitive to the duplexer impedance which in turn implies that the matching circuit must be finely tuned to a particular duplexer.  It has also been reported by a component vendor that the effectiveness of the match is also sensitive to the layout and in fact, in order to achieve the reported gains, the switches, matching, and duplexers must be integrated into a single module.  It can be understood that these are highly customized designs.
Initially, one of the filter vendors provided very attractive insertion loss values as quoted in [1].  However, upon further investigation with the component vendor, it was found that these initial values proposed may not actually be achievable in volume production.  More recent estimates obtained from this vendor indicate that the loss using this matching circuit can only be guaranteed to be 0.5 dB for the low band and 0.7 dB for the high band.  This represents a higher expected loss in Band 12, and a slightly lower expected loss in Band 5 than originally estimated.  However, there are further practical implementation considerations which may lead to even larger insertion losses in the end product.  

The performance of the inductive matching circuit in achieving good isolation and small insertion loss will in practice be sensitive to practical constraints due to layout, interaction with surrounding components including the effect of non-ideal 50 ohm loading.  Furthermore, due to the sensitivity of the design, the individual components are not separable, so much less flexibility and availability is afforded to the handset manufacturer in selecting components.  In one particular example where a similar matching circuit was proposed, it was found that while the reported insertion loss was very low, the other components in the module were not able to meet the requirements of the application so that an additional filtering element was required outside of the module.  This extra component, its size and loss were unacceptable for the application so the matching circuit was not able to be used and instead, a standard diplexing approach was used instead.  Thus, the reduced flexibility imposed by these highly customized designs may prohibit their applicability.
As a more specific example, it is antipated that the proponents of the CA_5_12 combination may also be interested in the CA_4_12 combination.  The CA_4_12 combination suffers from a 3rd harmonic interference term in a similar way that the CA_4_17 does [2], [3].  In order to combat this interference, component selection is critical to be able to ensure sufficient linearity in the Tx and Rx chains.  Using a particular inductive balancing circuit that is closely coupled to the duplexer may not enable the flexibility to select components with sufficient linearity.  Furthermore,such a combination requires an additional diplexing element between the antenna switch modules and the antenna to reject the 3rd harmonic generated by the switch.
2.2. Recommendation

The question remains on how to properly establish the specifications for these combinations where matching or quadplexing shows potential for smaller insertion losses, but also introduces risk, increased sensitivity to implementation, and subsequent loss of flexibility in the design.  The generally agreed approach for class A1 to formulating the specifications is to take the average value of reported diplexer/quadplexer additional insertion losses and allocate some portion that the UE should absorb in its implementation margin and some portion that the network link budget should absorb.  We can follow the similar approach here.  Taking the insertion loss values reported in [1] and those reported above, we have
Table 3.  Summary of additional insertion loss due to diplexing/quadplexing.  Data to be updated for ETC when made available from the component vendor.

	
	Band 12 UL
	Band 12 DL
	Band 5 UL
	Band 5 DL

	Vendor A (Quaplexer)
	0.2
0.5
	0.2
0.5
	0.8
0.7
	0.8
0.7

	Vendor B (Quadplexer)
	0.3
	0.3
	0.6
	0.7

	Vendor C (Diplexer)
	[1.2]
	1.8
	2.3
	1.8

	Vendor C (Quadplexer)
	[0.5]
	[0.5]
	[0.7]
	[0.8]

	Average (for illustration only!)
	[0.6]
	[0.8]
	[1.0]
	[1.0]


Note, however, that the average values in the above table are for illustration only and are under-estimated because some of the component values represent only typical conditions.  Worst case conditions are likely to be worse so that the values will increase.  We anticipate receiving this information from the vendor shortly, but unfortunately, not on time to include in this contribution.  We are also anticipating further updated input from Vendor B.
The agreed approach has been to take average values (at ETC) which we can adopt here as well.  However, it must be noted that for the reasons described above regarding the stringent linearity requirements to support the CA_4_12 combination, the quadplexer solutions shown above may not be the most desirable and may in fact be optimistic.  Furthermore, to mitigate the 3rd harmonic interference from Tx to Rx, a harmonic trap filter on the Band 12 Tx path and a diplexer at the antenna is required both of which will impose additional insertion loss in an additive manner [4].
Following the averaging approach (after values have been updated for ETC), we can then form the TIB and RIB relaxations.  For class A1 band combinations, the agreement was a relaxation in maximum output power and reference sensitivity according to TIB = 0.3 dB and RIB = 0.0 dB.  Since the high/low diplexer has an insertion loss of 0.5 dB, the implicit agreement is that the UE implementation should absorb 0.2 dB of loss in its implementation margin for Tx and 0.5 dB of loss in its implementation margin for Rx.  Applying those principles here, we have the results shown in Table 4 where the numbers are in square bracket to be adjusted after receiving the ETC values from the component vendors.
Table 4.  Proposed Tx and Rx relaxations for CA_5_12.  This table to be updated when ETC data is available from component vendors.

	
	TIB
	RIB

	Band 5
	[0.8]
	[0.5]

	Band 12
	[0.4]
	[0.3]


3. Conclusion
In this contribution, we have provide an analysis on the method to combine Band 5 and Band 12 using either a diplexer solution or an inductive matching circuit, equivalent to a quadplexer.  The quadplexer method can provide lower insertion loss, but at the loss of flexibility and loss of robustness to component layout.  An example of where this loss of flexibility intersects with reality is when it is desired to also aggregate Band 4 and Band 12.  The high linearity requirement will demand greater freedom and flexibility in component selection, which may be hampered by the quadplexer assumption.  However, disregarding that aspect in favor of being able to more quickly provide a proposal and following the spirit of a previously agreed approach for class A1 combinations, we have provided a table of insertion losses for different designs from different vendors.  Taking the average loss (to be updated when ETC data is available) and factoring in the shared-pain approach that the UE should absorb a proportion of the insertion loss, we propose the TIB and RIB in Table 4.
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