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1. Introduction
Last RAN4 and TSG RAN meetings have introduced the 3.5GHz (3.3GHz to 4.2GHz) and 4.5GHz (4.4GHz to 4.99GHz) frequency ranges, in [2] and [3] respectively, as part of the priority spectrum for sub-6GHz NR specification. In the present contribution a number of implementation aspects for the UE and BS are discussed.
2. Discussion
In the context of the RAN4 and TSG RAN discussions on sub-6GHz NR spectrum [2,3] a strong support has been given to prioritize two frequency ranges around 3.5GHz and 4.5GHz:
· 3.3GHz to 4.2GHz aggregating legacy LTE spectrum and new 5G spectrum with close WW footprint
· 4.4GHz to 4.99GHz aggregating new 5G spectrum in Japan and China.

It is to be noted that these are frequency ranges and not bands and target the similar band clustering that has already been agreed for Bands 42, 43 and 48. This contribution provides points to be considered when NR bands will be defined in those ranges taking into account coexistence to incumbent technology, existing LTE bands and associated CA combinations, NR NSA operation and LAA/eLAA support. There are also regional differences in the deployment of incumbent services other than IMT; an effort should nevertheless be made to achieve harmonized band arrangements with large geographical footprints. 
2.1. 2.5GHz to 6GHz Spectrum
2.1.1. Legacy LTE, New NR Bands and Incumbent Applications
In order to understand how to define the band implementation within the 3.5GHz and 4.5GHz spectrum it is useful to have a look at bands and applications in the 2.5GHz to 6GHz range as presented in Figure 1, focusing on those that have a fairly global footprint.
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Figure 1: 2.5GHz to 6GHz spectrum with new and legacy bands.
Figure 1 presents the 2.5GHz to 6GHz spectrum with the current LTE spectrum, the new NR bands together with different 3.5GHz and 4.5GHz NR frequency range arrangement. In order to judge RF front-end feasibility aspects, percentage bandwidths for bands and gaps are provided. Gaps are colored from dark green to red depending on feasibility of separation via filtering (at least for the UE). The NR bands or frequency ranges are coloured in light blue if sufficiently separated from other critical bands, and in dark blue when zero or small separation is available.
The first thing to be noted is that the NR 3.3-4.2GHz and 4.4-4.99GHz frequency range is separated by a 200MHz gap (in purple in the middle) that is almost fully occupied by a very sensitive and world-wide aircraft safety application: the aircraft altimeters (3 per commercial airplane). This application is further described in next paragraph. It is to be noted that today’s LTE bands at 3.5GHz (bands 42, 43, 48, 38) have a 400MHz gap (10% bandwidth) to this aircraft altimeter band offering a safe option to protect this band with simple filtering where both proposed NR frequency ranges have zero separation to this critical safety band.
Secondly, the NR 3.3-4.2GHz and 4.4-4.99GHz frequency range is bounded below by the 2.6GHz LTE bands (Bands 7, 38, 41) with a safe 600MHz gap (20% bandwidth) which is not so different than today’s separation between Band 42 and Band 41 allowing duplexing for both LTE CA combinations and NR NSA operation between LTE bands bellow 2.7GHz (purple band on the left) and NR 3.3-4.2GHz and 4.4-4.99GHz frequency ranges.
Thirdly, the NR 3.3-4.2GHz and 4.4-4.99GHz frequency range is bounded above by the 5.15-5.925GHz unlicensed band used by WiFi and LAA/eLAA, which has a global footprint. The 4.4-4.99GHz frequency range has only a 151MHz gap (3% bandwidth) to this band, which is challenging to offer any separation via filtering.

Table 1 below summarizes the available separation to the critical band s other than NR in the 2.5GHz to 6GHz frequency range:

· Separation to LTE bands below 2.7GHZ for legacy LTE CA and NR NSA operation

· Separation to critical aircraft safety 4.2-4.4GHz band

· Separation to >5.15 unlicensed band for legacy LTE LAA/eLAA CA, Wi-Fi IDC and future unlicensed band NR.

Table 1: frequency separation to critical <2.7GHz, 4.2-4.4GHz and >5.15GHz bands
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Finally, the 3.3-4.2GHz 900MHz frequency range is up to 24% bandwidth which is far above the widest supported band today which is Band 46 which is 15% bandwidth. The 4.4 to 4.99GHz with 13% bandwidth is comparable to Band 46.

Observation 1: 
· 3.3-4.2GHz and 4.4-4.99GHz NR frequency ranges offer no separation to critical 4.2-4.4GHz WW aircraft safety band
· 3.3-4.2GHz NR frequency range offer good separation to LTE bands <2.7GHz

· 4.4-4.99GHz NR frequency range does not offer good separation to 5.15-5.925GHz unlicensed band

· 3.3-4.2GHz NR frequency range is significantly larger than today’s largest supported UE band.

2.1.2. 4.2GHz to 4.4GHz Aircraft Altimeter Band
The band 4.2-4.2 GHz is allocated to the aeronautical radio navigation service (ARNS) and is reserved exclusively for radio altimeters installed onboard aircraft and for the associated transponders on the ground by Radio Regulations footnote No. 5.438 (hence global allocation). Radio altimeters are an essential component of aeronautical safety-of-life systems, including precision approach, landing, ground proximity and collision avoidance system; radio altimeters are essential for landing on autopilot and in low-visibility conditions.
The following excerpt from ITU-R Rec. M.2059-0 [6] describes the operation of radio altimeters:  
“The basic function of a radio altimeter is to provide accurate height measurements above the Earth surface with a high degree of accuracy and integrity during the approach, landing, and climb phases of aircraft operation representing a wide variety of reflectivity. Such information is used for many purposes and the high degree of accuracy and integrity of those measurements must be achieved regardless of the Earth surface, such as during final approach and flare guidance in the last stages of automated approach to land. It is also used to determine the particular altitude in which the aircraft can safely land and as an input to the terrain awareness warning system (TAWS), which gives a “pull up” warning at a predetermined altitude and closure rate; and as an input to the collision avoidance equipment and weather radar (predictive wind shear system), auto-throttle (navigation), and flight controls (autopilot). Radio altimeter systems are designed to operate for the entire life of the aircraft in which they are installed. The installed life can exceed 30 years, resulting in a wide range of equipment age, performance and tolerance.”
Radio altimeters typically have a measurement range from –6 meters to 6 000 meters, but there are exceptions where some altimeters have a greater measurement range. Hence, from a coexistence standpoint, the probability of line-of-sight to the altimeters from aggressor transmitters can be high due to the nature of the application.
Radio altimeters in use today utilize two types of radar waveform modulation methods known as linear frequency modulation – continuous wave or LFMCW or FMCW and pulsed modulation. These altimeters have sensitive receivers with minimum detection thresholds as shown in Tables 2 and 3 for representative analogue and digital altimeters, respectively [6]. The basic FMCW radio altimeter consists of a “homodyne” system that samples a fraction of the currently transmitted waveform and supplies it as a reference to the receiver mixer. More recent radio altimeter implementations apply digital signal processing of the down-converted and digitized signal. 

Table 2: Analogue altimeters
	
	A1
	A2
	A3
	A4
	A5
	A6
	

	Modulation
	FMWC
	FMWC
	FMWC
	Pulsed
	Pulsed
	Pulsed
	Modulation

	Peak TX Power (W)
	0.6
	1
	0.1 – 0.25
	100
	5
	40
	Peak TX Power (W)

	Unwanted emission (dBm/MHz)
	-10.0
	-10.0
	-10.0
	0.0
	-10.0
	-4.0
	Unwanted emission (dBm/MHz)

	-3 dB Intermediate Frequency (IF) bandwidth (MHz)
	2
	0.25
	2
	9.2
	6.0
	16
	-3 dB Intermediate Frequency (IF) bandwidth (MHz)

	Receiver NF (dB)
	10
	6
	6
	3
	3
	3
	Receiver NF (dB)

	Antenna Gain (dBi)
	10
	10
	10
	13
	11
	11
	Antenna Gain (dBi)

	Cable loss
	6
	6
	2
	6
	6
	6
	Cable loss

	Interference power threshold (dBm/bandwidth)
	-107.0
	-120.0
	-111
	-107.4
	-109.2
	-105
	Interference power threshold (dBm/bandwidth)

	Input Power Threshold Receiver Overload (dBm)
	-30
	-53
	-56
	-40
	-40
	-40
	Input Power Threshold Receiver Overload (dBm)


Table 3: Digital altimeters

	
	D1
	D2
	D3
	D4

	Modulation
	FMCW
	FMCW
	FMCW
	Pulsed

	Peak TX Power (W)
	0.4
	0.1
	0.1 – 1.0
	5

	Unwanted emission (dBm/MHz)
	-10.0
	-10.0
	-10.0
	-10.0

	-3 dB Intermediate Frequency (IF) bandwidth (MHz)
	0.312
	1.95
	2
	30

	Receiver NF (dB)
	8
	9
	8
	3

	Antenna Gain (dBi)
	11
	10
	11
	13

	Cable loss
	6
	0
	2
	0

	Interference power threshold (dBm/bandwidth)
	-117.1
	-108.1
	-109
	-102.2

	Input Power Threshold Receiver Overload (dBm)
	-30
	-43
	-53
	-40


Apart from the risk of altimeter receiver desensitization by aggressor transmitters, it is observed that the receiver overload threshold (blocking) levels in a range that can by exceeded by a nearby BS -- and perhaps also UE – transmitters.
2.1.3. Operation Assumptions
To further study potential implementation aspects of the proposed 3.3-4.2GHz and 4.4-4.99GHz NR frequency ranges, it is very important that the supported operating modes for both UE and BS are considered. 

Given that NR in its first deployments will be intimately related to LTE and most probably attached to a UE that will cover most advanced LTE features, we propose that the following system operations to be considered when defining the band definitions in the 3.3-4.2GHz and 4.4-4.99GHz NR frequency ranges:

· NSA operation of 3.5 and 4.5GHz bands with LTE bands <2.7GHz 
· Protection of Aircraft Altimeter band

· Legacy LTE CA combination are preserved 
· LAA/eLAA CA combination are preserved 
· 5GHz Wi-Fi IDC is considered (UE)

· Future NR operation in unlicensed band is not precluded
Observation 2: Supported operating modes assumptions are critical to 3.3-4.2GHz and 4.4-4.99GHz NR frequency ranges bands definitions.
2.2. Co-existence Aspects
2.2.1. Aircraft Altimeter Band Coexistence
It is to be noted that coexistence with the aircraft altimeter 4.2-4.4GHz band is very critical for NR for a number of points:

· Some new NR spectrum has no separation from this band in contrast to current 3.5GHz LTE bands that can benefit from filter attenuation

· The wider channel bandwidths foreseen for NR will result in wideband interference to this band where the wide bandwidth nature of the altimeter system makes it more susceptible to wide band interference.

· In the case of bands that do not have separation to this band, significant guard band and/or A-MPR may be required.
· Significant separation distances may be required for BS with limited guard band and deployed in the vicinity of airports, notwithstanding the terrain awareness functionality (TAWS) that must be protected everywhere. 

2.2.2. WiFi/LAA/eLAA Band in Device Coexistence
In the UE case the 4.4 to 4.99GHz NR frequency range cannot be easily separated from the unlicensed 5.15-5.925GHz band making any combinations of those two highly challenging since no synchronization mechanism is feasible and filtering is challenging. In order to maintain Wi-Fi concurrent operation, legacy LAA/eLAA combination and future NR use in this band with at least the 3.5GHz range, separation via filtering must be considered. It is also to be noted that NR operation in un-licensed band is foreseen.
2.2.3. 3.5GHz and 4.5GHz Concurrent Operation
Given the above considerations NR CA between 3.3-4.2GHz range and 4.4-4.99GHz range may be feasible with synchronization but does not allow NSA operation of the 4.5GHz range with LTE bands in the 3.5GHz band unless there is diplexing filter possibility. This may advocate for combination of the 4.4-4.99GHz range with the unlicensed 5.15-5.925GHz band. 
2.2.4. 3.5GHz Legacy CA Combinations
Table 2 enumerates the current LTE and LAA/eLAA CA combinations in the 2.5GHz to 6GHz range. As can be seen from this table and assuming a single antenna it already requires tri-plexing of the <2.7GHz, 3.4-3.8GHz and >5.15GHz frequency ranges in the UE. It is to be noted that such tri-plexing also enables concurrent 5GHz WiFi which is a key feature for high-end phones. It would be beneficial that NR band/sub-band definition enables to maintain such operation.

Table 2: existing CA combinations in the 2.5-6GHz range

	Band
	Mode
	UL
	DL
	Existing CA combinations

	
	
	Low
	High
	Low
	High
	

	7
	FDD
	2500
	2570
	2620
	2690
	7-22
	7-42
	7-46
	 
	 
	 

	38
	TDD
	2570
	2620
	2570
	2620
	
	
	
	 
	 
	 

	41
	TDD
	2496
	2690
	2496
	2690
	
	
	
	41-42
	41-46
	 

	42
	TDD
	3400
	3600
	3400
	3600
	
	
	
	
	
	42-46

	22
	FDD
	3410
	3490
	3510
	3590
	
	
	
	 
	
	

	48
	TDD
	3550
	3700
	3550
	3700
	 
	 
	
	 
	
	

	43
	TDD
	3600
	3800
	3600
	3800
	 
	 
	
	 
	
	

	46
	TDD
	5150
	5925
	5150
	5925
	 
	 
	
	 
	
	


2.3. NR UE Implementation Aspects
2.3.1. Power Amplifier Bandwidth
As already discussed above the 24% bandwidth associated with the 3.3-4.2GHz range is significantly higher than the current highest supported UE bandwidth of 15% associated with Band 46. It is to be noted that WiFi/eLAA PAE achieved at these higher frequencies and bandwidths already suffers when compared to 2GHz bands due to lower gain and more variability in PA output load line. Also the NR waveform and channel bandwidth will further degrade PAE as higher MPR is needed for wider bandwidths as it has been shown recently in the UL 3CC study but also because of the higher back-off needed for the higher PAPR of NR waveforms as shown in [5]
Finally there is an opportunity of using HPUE especially for the 3.3-3.8GHz range which will need to maintain the best feasible PAE to fit within the maximum current capability of UE battery.

One way to overcome the issue is to split in two sub ranges supported by separate paths at least for HPUE case:

· 3.3-3.8GHz which is a 14% bandwidth comparable to the current Band 46.

· 3.6-4.2GHz which is a 15% bandwidth comparable to the current Band 46.

· The large 200MHz overlap should allow to cover any large UL channel bandwidths foreseen in this 3.3-4.2GHz frequency range
Observations 3: Using a two sub-range approach in 3.3-4.2GHz frequency range for the UE power amplification should be studied to allow good PAE and battery current compared to LTE in the scope of NR HPUE.
2.3.2. Filtering 
To support the definition of the 3.3-4.2GHz and 4.4-4.99GHz NR frequency ranges a number of filter characteristics were provided in [1]. These filters were based on LC filters that are currently in use for Band 42, 43 and 46.
Full 3.3-4.99GHz filter
Figure 2 copies two filters plots from [1] covering the entire 3.3-4.99GHz range.
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Figure 2: 3.3-4.99GHz filters
These filters offer good attenuation of bands <2.7GHz enabling NSA operation but provides no protection to 4.2-4.4GHz critical aircraft safety band nor to the 5.15 to 5.925GHz unlicensed band.
3.3-4.2GHz filter
Figure 3 copies three filters plots from [1] covering the 3.3-4.2GHz range.
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Figure 3: 3.3-4.2GHz filters
These filters offer good attenuation of bands <2.7GHz enabling NSA operation and the case of the last two filters good attenuation in the unlicensed 5.15-5.925GHz band allowing legacy LAA/eLAA CA but no protection to 4.2-4.4GHz critical aircraft safety band. It is to be noted that little attenuation is available to 4.4-4.99GHz NR bands, which would not allow using 3.5GHz LTE bands for anchors for this range.
4.4-4.99GHz filter

Figure 4 copies two filters plots from [1] covering the 4.2-4.99GHz range.
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Figure 4: 4.2-4.99GHz filters
These filters offer good attenuation of bands <2.7GHz enabling NSA operation but provides no protection to 4.2-4.4GHz critical aircraft safety band nor to the 5.15 to 5.925GHz unlicensed band.
band 42/43 filter in 3.3-3.8GHz range
Figure 5 show the 3.3-3.8GHz performance of an un-optimized Band 42/43 filter.
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Figure 5: 3.3-3.8GHz performance of un-optimized band42/43 filter
This filter was not designed for Band 42 CA combination with Bands 7 or 41, nevertheless it already provides:

· Good protection of 5.15-5.925GHz unlicensed band, 

· Attenuation at 2.7GHz can be further optimized to enable LTE CA combinations and NR NSA operation

· Some 8-10dB integrated attenuation in the aircraft altimeter band and can be further optimized.

Observations 4: 
· All filter options enable NSA operation with LTE bands <2.7GHz

· Full range filter cannot provide separation to aircraft safety band 

· 3.5GHz or 4.5GHz frequency range filter cannot provide separation to aircraft safety band

· 3.5GHz frequency range filter can protect unlicensed band where 4.5GHz frequency range filter can’t

· 3.3-3.8GHz sub-band filter enables protection of all critical bands.

It is to be noted that most of the discussed frequency ranges have significant bandwidth with very small or inexistent gaps which makes the use of acoustic resonator based filter technology challenging.
2.4. NR BS Implementation Aspects
2.4.1. Band Arrangement
The large relative bandwidth of 24% for the 3.3-4.2 GHz band is challenging for a full-band implementation of a BS. For the BS classes support of the full bands is not needed in all geographical regions and may anyway be precluded by regulatory requirements and compatibility requirements. In Europe, for example, there are radars below the frequency 3400 MHz and above 3800 MHz there are satellite (FSS) downlinks, this situation is also relevant for other countries and regions but applying different arrangements. There are also specific block-edge requirements for the range 3400-3800 MHz that need consideration. 
For BS deployment in the range 3800-4200 MHz and 4400-4800 MHz protection of the critical radio altimeter band is likely to require a guard band given the risk of altimeter desensitization and even receiver overload. Given the safety-of-life aspect significant margins to the altimeter protection criteria should be considered.
2.4.2. Coordination with Other Services (Radio Altimeters)
Exclusion zones around airports could be considered for BS supporting a frequency arrangement near the altimeter band 4.2-4.4 GHz. However, altimeters are also used for in-outs to the terrain awareness warning system (TAWS) and the collision avoidance equipment and weather radar. Hence geographical coordination with altimeter use may not be option for facilitating coexistence.
3. Conclusion
This discussion paper provides input on points to be considered when defining bands for the NR 3.3-4.2GHz and 4.4-4.99GHz frequency ranges, these can be summarized in the following observations.

Observations, for the definition of the NR bands in the 3.3-4.2GHz and 4.4-4.99GHz frequency ranges the following aspects must be considered:

· Protection of the Aircraft Altimeter 4.2-4.4GHz band

· Separation to <2.7GHz bands for NSA and legacy CA combinations

· Separation to the unlicensed 5.15-5.925GHz for IDC with WiFi, legacy LAA/eLAA CAs, NR in Band 46

· Use of sub-bands in the 3.3-4.2GHz frequency range to enable optimum PA efficiency and benefit from sub-band filtering options to protect critical bands in the 2.5 to 6GHz range.
It is also observed that no formal ARNS coexistence analysis has been performed up till now and potential radio altimeter de-sense from BS or UE cannot be precluded. It is suggested that this is formally studied in RAN4 and we welcome suggestions on UE and BS to ARNS coexistence scenarios from other companies.
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