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Introduction

In previous RAN4 meeting, the filtering aspects for 20 GHz example frequencies considering PCB integrated as well as LTCC filter technology was presented [1]. In addition, a general description of dependencies between different filter parameters were given.
In this paper, we further elaborate on filtering aspect for example frequencies of 10 GHz and 15 GHz and present preliminary simulation results and performance for LTCC filter technology. As the possible future frequency bands and needed attenuation towards their adjacent systems is not known at this stage, the filter bandwidths and guards are chosen to indicate the feasibility and performance of the filters. The attenuation requirements for 10 GHz and 15 GHz bands were assumed to be similar to EESS protection but roughly scaled to capture the different propagation conditions for the corresponding example frequency resulting in assumed attenuation of 30 dB and 40 dB for 15 GHz and 10 GHz example frequencies respectively (Note that the attenuation requirements was assumed to be ~25 dB at 20 GHz example frequency). 
Discussion
In [1], an equivalent model based on RLC-resonators was used to estimate the performance of a 6 pole LTCC filter with bandwidth of 2 GHz, Q value of 200 and attenuation requirement of 25 dB was shown.
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Figure 1
Estimated characteristics of a bandpass filter based on LTCC for example frequency of 20 GHz

Considering a tolerance/drift-related frequency shift of +/-250 MHz for LTCC filters, we observe the following key parameters:

· Guard band: ~1.1 GHz

· Insertion loss: ~3.5 dB (at edges, with worst case frequency error)
For 15 GHz example frequency considering the assumed attenuation requirements of 30 dB, two example 6 pole LTCC filters with bandwidth of 1 GHz and 1.5 GHz respectively were analyzed, assuming a Q-value of 190, and a tolerance/drift related frequency shift of 1 % (150 MHz). Two transmission zeros were used in an attempt to minimize the guard band. One should be aware that transmission zeroes tend to increase the sensitivity to manufacturing errors and may require more margin for tolerance/drift related frequency shift than what was assumed here. Requiring a worst-case insertion loss of 3 dB (at the band edge for a worst-case batch translation of the pass-band) we find a required guard band around 0.6 GHz in both cases.  The filter response of the two example filters is presented in Figure 2.
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Figure 2
Estimated characteristics of a bandpass filter based on LTCC for example frequency of 15 GHz, 1.0 GHz bandwidth (left) and 1.5 GHz bandwidth (right)
As shown in Figure 2, the key characteristics for the two example filters are as following: 

· Guard is ~0.6 GHz and 

· Insertion losses are ~3 dB 

For 10 GHz example frequency considering the assumed attenuation requirements of 40 dB, several example filters were investigated with Q-value of 150, 300 and 600, without considering any particular technology. An attempt was first made to meet very sharp slopes to handle a 0.2 GHz guard band, and achieve 2 dB insertion loss, and we tested filter with 8 poles and 2 transmission zeroes, with bandwidths of 0.6 GHz and 1 GHz. Figure 3  shows the result of this investigation. Different traces in the plots correspond to different Q-values. For 0.6 GHz bandwidth we find that it would require a Q-value of 600, or actually 1000 to get the insertion loss down to 2 dB, and a frequency tolerance better than 60 MHz. For 1 GHz bandwidth the result is similar, except that the mid band insertion loss is somewhat lower, while the required tolerances are even tighter. From this investigation we conclude that it is not feasible to have 0.2 GHz guard at 10 GHz with any established technology that is suitable in array systems.
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Figure 3
Principle investigation of what it would take to achieve a 0.2 GHz guard band, indicating that it is not feasible, neither for 0.6 GHz bandwidth (left) nor for 1 GHz bandwidth (right).
As a next step we increase the guard band to 0.5 GHz, and look at 6 pole filter with 2 transmission zero filter with bandwidth of 1 GHz. This gives the filter response shown in Figure 4. It is found that a frequency tolerance better than 1 % (100 MHz) is required, and that the worst case insertion loss is close to 5 dB for a Q-value of 150 (the lowest blue trace). This is roughly what we believe could potentially be achieved with an LTCC filter in best case. We note that the insertion loss does not meet the goal. To get the worst-case insertion loss down to desired 2 dB one would have to find an implementation that provides a Q-value better than approximately 400, which is very challenging in array systems.
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Figure 4
Estimated characteristics of a LTCC filter with 1 GHz bandwidth and 0.5 GHz guard band, for example frequency of 10 GHz.
As a final step, filters with bandwidth increased to 2 GHz, still assuming 0.5 GHz and attenuation of 40 dB, were investigated, one 6-pole filter and one 8-pole filter. 2 transmission zeroes were used in both cases. The filter characteristics are presented in Figure 5. We find that the 6 pole filter requires a frequency tolerance of 50 MHz, and a Q-value around 300 to get 2 dB insertion loss in worst case, while the 8 pole filter requires a frequency tolerance of 1% (100 MHz), and the same Q-value. According to our estimations, a LTCC filter could potentially achieve roughly the performance for the 8-pole filter, for the case with a Q of 150, and would give up to 4 dB insertion loss in worst case (at edge of the band for the worst sample/batch of filters).
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Figure 5
Estimated characteristics of a 2 GHz bandpass filter based on LTCC for example frequency of 10 GHz, 6 poles /zero (left) and 8 pole /2 zero (right).

The above predictions would have to be verified in experiments, considering the uncertainty regarding impact of manufacturing tolerances, temperature drift, and insertion loss.

One should also note that we ignored the degradation in return loss that appears due to tolerance errors, especially for uncorrelated errors. This effect can be significant but is difficult to model in a general and simple way. Additional margins in terms of guard band should be considered to handle this.

To summarize, we find the following:

· A guard band of 0.2 GHz appears un-realistic for 10 GHz, regardless of bandwidth, and filter technology, due to the extreme requirements on frequency tolerance, and Q-value.

· A guard band of 0.5 GHz is potentially feasible with a LTCC filter, preferably with a relatively large bandwidth, around 1-2 GHz, in order to keep insertion loss down below 4 dB close to the band edges.

As elaborated in [1], Manufacturing tolerances and temperature drift will have a significant impact on performance and must be accounted for by addition of sufficient design margin. 
In summary, the filter examples investigated in this paper imply the need to have reasonably large guard-band taking to account the tolerances and drift in frequency due to e.g. temperature etc.

There are other filter technologies which could potentially be suitable for the 7-24 GHz frequency range such as ceramic wave-guide filters which can possibly be further investigated in the future work items when specific frequency bands in this range is under standardization.
Conclusion
In this paper, several example LTCC filters for 10 GHz and 15 GHz example frequencies were investigated. Despite that there are no frequency bands specified for 7-24 GHz frequency range, the EESS protection levels were scaled to define assumed attenuation for 10 GHz and 15 GHz example frequencies. By no means, this paper intends to present a thorough investigation of needed protection and attenuation, rather make reasonable assumptions to conduct the feasibility studies for filters suitable for 7-24 GHz frequency range.

The results indicated that for example frequencies of 10 GHz and 15 GHz, there is a need for reasonably high level of guard to provide assume attenuation of 30 dB and 40 dB respectively.
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