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Introduction
	The paper highlights the need to define out of band blocking limits for user equipment (UE) “receiver characteristics” by considering filtering process for radio signals received by UE antenna in millimetre wave region. In section 2, the concept of out of band (OOB) blocking and the need for radio frequency (RF) filters is discussed. In section 3, we have proposed a logical design for UE RF band pass filter targeting 28GHz new radio (NR) frequency band and critical challenges to implement and integrate the filter hardware within UE are discussed. The proposal from this paper is to consider feasibility to place RF filters within UE (for NR bands in millimetre wave region) while defining OOB blocking limits. The aim is to invite further discussions from other companies.   
Discussion 
	Looking at RF front end system line-up as shown in figure 1, from [1], it is seen that filtering received (RX) radio signals is an important requirement for good receiver performance. As discussed in [2], self-rejection of harmonic blockers offered by antenna is not sufficient. When antenna receives unwanted blocker signals from other NR bands or non-cellular standards, it is possible that these blockers would get down-converted to base band along with wanted RX signal because of non-linear local oscillator. 
	The blockers above(harmonics) and below(sub-harmonics) the wanted RX signal are represented in figure 2, where Y1 is the signal strength of OOB blocker, Y2 is the signal strength of in-band blocker and Y3 is the level of wanted RX signal. Y3 level in figure 2 represents pass-band frequencies. For signals in RX pass-band, reference sensitivity (REFSENS) is a very important parameter which has to be published in NR specification. Depending on REFSENS values, the minimum required suppression from front-end RX system line up (including blocker suppression from RF filters) have to be calculated.  A simple procedure to calculate the required blocker suppression is given by (eq. 1). 
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Figure 1. Possible locations of RF filter placement [1]
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Figure 2. Signal strengths for wanted RX signal, OOB blocker and in-band blocker 

REFSENS = PRF (blocker) + suppression required + SNR_requirement_in_base-band ……… (eq.1)

	The main target is to suppress the level of OOB blocker signal from Y1 to at least Y3 (as that of wanted signal). Earlier discussions in [3] and [4] have designed generic filters for both UE and base-station (BS) but issues identified with filter performance from [3] and [4] is shown in figure 3. Unwanted pass-bands occur at 3rd harmonic range with respect to 28 GHz RX-pass band. 
	Also, another associated problem is the size of the proposed filter in [3] and [4] at 2x5 mm. The size may not be a problem for BS RF solution providers but with respect to UE, the best solution is to achieve smaller size for easy integration within the form factor. 
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Figure 3. RF filter performance from [3] and [4]    
RF filter design for 28 GHz NR band 
	In this section, we have proposed a logical band pass filter design as shown in figure 4. For 28 GHz NR band, the designed filter has to meet the following conditions: 
1. Low-insertion loss in pass-band frequency range 
2. Sufficient rejection of sub-harmonic and harmonic frequency range
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Figure 3. Logical design of BPF for 28 GHz NR band  

	The performance of the designed filter is shown in figure 4 and figure 5. It can be inferred from figure 4 that insertion loss obtained in pass band frequency range (denoted as ‘f’ in figure 2) is less than 1 dB and similarly, it can be inferred from figure 5 that suppression obtained in entire blocker frequency range (sub-harmonics denoted as ‘f/2’ and ‘f/3’ and harmonics denoted as ‘2f’ and ‘3f’ in figure 2) is at least 40 dB or higher. It should be noted that unwanted pass-bands do not occur in sub-harmonic or harmonic frequency range.  

	

	



	Figure 4. S11 and S21 for pass-band 
	Figure 5. S11 and S21 for wide frequency range


             
          
	Although the logically designed filter performance is good, in order to implement the physical hardware of RF filter, the following challenges have to be considered. 
1. If hardware is implemented for a single frequency band in distributed form of strip line or microstrip line, the size of RF filter would not be appropriate with respect to UE. 
2. Adding to size penalty would be a complex radio front end chain with numerous frequency bands above 6GHz as seen in [5]. 
3. Acoustic filters may not be suitable for NR frequency bands above 10 GHz.  
4. Lumped element based filter implementation should hold manufactural possibility with acceptable tolerance deviation and should be available with higher Q factors, else the insertion loss in pass-band frequency range would increase.   
Conclusion
Proposal 1: Feasibility to produce UE RF filters for NR frequency bands (in millimetre wave region) must be studied further. Possibility to integrate the RF filters within UE must be prioritized.    
Proposal 2: In scenarios where appropriate UE RF filters are not feasible, out of band blocking for UE receiver characteristics should be defined appropriately.   
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