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The current agreement in RAN1 is that the UE noise figure assumption for baseline receiver is 13 dB while the noise figure assumption for high-performance receiver is 10 dB [1]. Even with the high-performance receiver, it has been argued that the mmWave 5G noise figure should not be better than the UE noise figure in lower bands, hence the 5G UE noise figure assumption should not be better than 9 dB.
This agreement does not take into account the fundamental difference between mmWave NR systems with traditional cellular systems, and the difference between mmWave NR transceiver and traditional cellular transceiver. In this contribution, we share our views on the impact of the noise figure on mmWave NR system performance, and the proper way to model UE noise figure for evaluating NR system performance at mmWave frequencies.

2. Discussion

Noise figure has big impact on NR system performance
While LTE systems in sub-6 GHz are well provisioned with power, mmWave NR systems are well provisioned with bandwidth. 
In LTE, at least for most of the systems that 3GPP simulates (including Urban Micro, Urban Macro, and Rural configurations), power is well provisioned, resulting in high interference in comparison with thermal noise. In this situation, a conservative assumption of noise figure (i.e., assuming a higher noise figure than that seen in real products) has limited impact on system performance evaluation, and is generally viewed as a good engineering practice. For example, 3GPP has been assuming 9 dB noise figure for UE since the first RAN4 meeting in 1999. While there surely are still some UEs today that have such a high noise figure, most of the smartphones today do much better. Due to the high interference level in the system simulation, this conservative assumption of 9 dB UE noise figure has not had noticeable impact on the system performance for most of the system simulation studies in 3GPP. 
However, this is no longer true for NR systems in mmWave frequencies. For the most part, mmWave NR systems are going to be noise limited. This is because the power spectral density is much lower in mmWave NR systems in comparison to LTE systems. For example, an LTE base station may output 43 dBm of power on a 5-MHz channel, resulting in power spectral density of 36 dBm/MHz. In contrast, a mmWave NR system with 43 dBm output power over a 200-MHz channel will result in PSD of 20 dBm/MHz, 16 dB lower than the PSD of 4G systems. Moreover, because most part of the power will be transmitted with high-gain beamforming, the interference received by UEs in other cells will be even lower, resulting in a noise-limited system. In such a system, noise figure has a direct impact on coverage and system throughput. In cases when other-cell interference is much lower than thermal noise, every increase of 1 dB means 1 dB loss of coverage, and 1 dB reduction of SINR across all terminals in the entire system. This will translate into significant loss of throughput. In other words, it is no longer a good engineering practice to assume an overly conservative noise figure for evaluating noise-limited systems. 

Noise figure can be much better than 10 dB for NR User Terminals
The UE noise figure is dominated by the signal loss from the antenna port to the first-stage LNA and the noise figure of the first-stage LNA. For sub-6 GHz frequencies, the first stage LNA can easily achieve noise figure around 1 dB. The RF switch typically gives insertion loss around 1 dB. The insertion loss of RF filter can be up to 3 dB. Adding additional insertion loss due to connector, cables, and PCB traces, it is understandable that the total loss can, in a pessimistic scenario, add up to more than 6 dB. With some additional conservative assumption to account for parts variation, aging, and worst-case operating conditions (e.g., high temperature), 9 dB does seem to be a safe estimate of the UE noise figure for sub-6 GHz systems.
However, the receiver architecture for mmWave NR systems needs not, and most likely will not, be the same as the receiver architecture for sub-6 GHz. The design consideration between insertion loss and interference rejection will shift as we move from an interference limited environment to a noise-limited environment. In many situations in sub-6 GHz bands, it is essential to reject out-of-band interference as much as possible to avoid saturation of the receiver path, hence the popular designs typically put RF filters ahead of the LNA. However, in a noise limited system, it makes more sense to put the LNA ahead of the RF filter. By doing so, the insertion loss of RF filters will not affect the receiver noise figure. This is particularly the case for mmWave NR systems due to the following reasons:
1. Due to the vast amount of bandwidth and the PA technology limitation in these bands, the power spectral density of any systems utilizing these bands and adjacent bands is going to be much lower than what’s typical in sub-6 GHz frequencies. There is simply much less out-of-band interference to be had. 
2. Most of the radiation at these frequencies uses some sort of beamforming to gain distance, which creates a natural spatial filter that reduce the likelihood of interference. 
3. The likelihood of interference is further reduced because the receiver antenna elements are also directional. 
4. Many antenna elements themselves are narrow band at these frequencies (e.g., patch antenna elements typically have 5% - 10% bandwidth of the carrier frequency) which naturally suppress interference outside of the antenna bandwidth.
5. By choosing the right semiconductor materials and designs, front end LNAs can be made to have high gain, high linearity, and high point of saturation. For example, QPA2628 – a packaged GaAs LNA in 22 – 32 GHz now commercially available – has an input P1dB of -3 dBm [2]. 

Altogether, the chance of a nearby, strong, adjacent band interferer that can saturate the LNA front end without filtering is quite small. In comparison, the insertion loss of RF filter before the front end LNA could have big impact on system throughput and coverage.  
Depending on the filtering requirement (out of band emission, interference rejection, etc.), the RF filter will typically have 1 ~ 4 dB in-band loss in 30/40 GHz bands. The placement of the RF filter therefore has great impact on the noise figure of the receiver path. A few examples of mmWave transceiver front end architectures are shown in Figure 1.  In Figure 1 (a) and (b), the RF filter is placed after the LNA in the receiver path. In Figure 1 (c) and (d), the RF filter is placed before the LNA in the receiver path. The architectures in Figure 1 (a) and (b) will have much lower noise figure than the architectures in Figure 1 (c) and (d). The architectures in Figure 1 (c) and (d) are better able to reject out of band interference and thus avoid saturation of the LNA by strong out-of-band interference. Given that mmWave NR systems will be mostly noise limited, this should not be a main design goal. In general, architectures as in Figure 1 (a) and (b) will give up to 4 dB better noise figure than architectures as in Figure 1 (c) and (d), which will directly translate into better coverage, higher throughput, and better user experience in a noise limited system.
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[bookmark: _Ref457291619]Figure 1. MmWave Transceiver Front End Architecture
Another argument for high noise figure for mmWave NR systems is the cost of mmWave NR transceivers. It has been argued that CMOS is the only economically viable process to implement the large number of transceiver chains. This is a bit wishful thinking from the backers of CMOS front end modules, at least in the early phases of 5G. Even in cellular bands, CMOS has had limited success in front end components. For example, silicon PAs only have single-digit PA market share in 2015 and are projected to achieve 20 percent of the PA market share in 2018, mostly from low end smartphones while GaAs has been the dominant technology for cellular PAs with more than 90% of the market share [3]. Moreover, GaAs can also benefit from economies of scale, as the mobile industry has demonstrated in making GaAs the dominant PA technology for 3G and 4G. With higher volume expected in 5G and smaller process nodes in GaAs, we expect GaAs to play a major role in 5G PA and front end. 
Front end accounts for a large part of the cost in the smartphones today. With large antenna arrays and massive MIMO, it is expected that the front end modules will continue to play an important role in NR radio performance and account for a significant part of the Bill of Material (BOM). Despite that much of the cellular transceiver has been integrated into CMOS RFIC, many front end devices remain outside of CMOS because CMOS generally cannot meet certain key performance metrics for cellular applications. Instead, a variety of materials, such as GaAs, SiGe, GaN, CMOS SOI, and ceramics are used to achieve the best performance cost tradeoff for cellular applications. As we move to mmWave frequencies, the performance gap on key metrics such as insertion loss and noise figure between these semiconductor compounds and bulk CMOS for front end devices will widen. We expect the front end devices for mmWave NR to remain outside of bulk CMOS for a long time. These critical components, including PA, LNA, and switches, will likely be manufactured on compound semiconductor materials instead. Other processes, such as SiGe and CMOS SOI, are also promising alternatives as they provide much better performance than bulk CMOS while achieving higher level of integration (and lower cost) than GaAs.
If bulk CMOS were to become a legitimate front end technology for mmWave NR, significant performance breakthrough must be achieved. Before that happens, if we resort to all-CMOS mmWave receivers with 13 dB (or higher) noise figure for mmWave NR, it will result in a few times reduction of cell coverage and system throughput, forcing mmWave NR systems into limited small cell and hotspot deployment. Moreover, fully integrated CMOS transceivers for 60 GHz have existed for almost a decade. Their performance have been improving over the years, albeit slowly due to fundamental technology limitation and lack of market adoption. If NR adopts the same or similar approach in front end transceiver as 60 GHz, the business case of deploying an NR system instead of a 60 GHz system is highly questionable. Operators might be better off deploying 60 GHz access points for indoor and hotspot deployment, achieving significant cost saving in spectrum and equipment. Apparently, that is not how NR as a technology should position itself, nor is this how NR system should be designed for.  
Put it in another perspective, it is entirely possible that in the future CMOS front end devices replace compound semiconductor based front end devices for mmWave NR, provided CMOS can achieve the same or similar key performance metrics, such as noise figure, as other competitive semiconductor compounds. Therefore, it is more realistic to assume the same noise figure for the mmWave NR receiver as what compound semiconductor technologies can already commercially provide today, or even slightly better to account for the possible improvement in the next 5 – 10 years.
A nominal and max budget for mmWave NR UE receiver NF is summarized in Table 1 based upon performance measurements achieved by commercially available components. Specifically, GaAs VPIN switches at 40 GHz have insertion loss less than 1 dB [4][5]. Assume another 1 dB loss due to connection between the antenna feed and the input to front end module package, another 1 dB loss at the input of the package, and another 2 dB for LNA noise figure [6]. We are looking at around 5 dB for noise figure for a mmWave NR receiver. It should be emphasized that these values are very reasonable because the insertion loss of the switch and the noise figure of the LNA are measured results from commercially available parts that have been on the market for several years. Further, the feed loss between the antenna and LNA input can be much lower if they are highly integrated. For reference, a one inch microstrip feed line on high dielectric substrate has a loss of less than 0.4dB/cm at 40GHz. With careful design the SW/LNA will be no more than a centimetre away from the antenna elements. 
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	Receiver Noise Figure at 30/40 GHz
	Typical (dB)
	Max (dB)

	Feed loss from antenna to input of RF switch
	1
	2

	Package loss (input)
	1
	1.5

	Switch loss
	1
	1.5

	LNA noise figure
	2
	3

	Total
	5
	8


Many other factors may further degrade the noise figure, such as increase of temperature, aging, etc. However, these factors do not happen to all user terminals in the system at the same time. It is inappropriate to assume the worst case value for all user terminals in the system. Instead, the noise figure can be better modelled by a distribution. Table 1 provides an estimate of the mmWave NR UE receiver. For NR system evaluation purpose, we propose to model the mmWave NR UE noise figure as a uniform distribution between 5 dB and 8 dB. Note this modelling approach should only be used for NR system evaluation in RAN1, rather than for minimum performance specification of transceivers in RAN4. 
[bookmark: _GoBack]
3. Conclusion
We propose RAN1 to adopt the following assumption for system performance evaluation for NR:
1. User Terminal noise figure is modelled by a uniform distribution between 5 dB and 8 dB for NR system performance evaluation with frequencies above 6 GHz.
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