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1. Introduction
In RAN4#80 Noise Figure target for co-existence simulations from [1] were agreed to only be considered for calibration purpose. Some elements to establish a technically sound Noise Figure assumption were provided in [2] and [3]. This contribution provides technical background to establish UE NR system Noise Figure at mm wave frequencies. State of the art Noise figure are proposed.
2. Discussion
In the last RAN4#80 meeting in Gothenburg contributions tried to address the target noise figure for NR at mm Waves [3], another contribution provided an overview of applicable technologies in the RF front end [2]. If a 13dB value was agreed in [1] it was solely for coexistence simulation calibration purpose. This contribution analyses the potential receiver front-end architectures and the corresponding system noise figure: first through assessing the performance of the critical RF FE blocks from technology parameters, simulations and measurements and then proposing system level noise figure numbers.
2.1. Critical blocks for RF performance of receiver.
2.1.1. Transmit-Receive switch

SOI CMOS is currently the workhorse for the complex RF front end switches required in today’s LTE multi-band and multi CA combinations UEs. Further scaling of the gate length allows pushing the performance into the millimeter wave area and make it a low cost, high performance and high integration option for UE NR RF front end as it can also provide good LNA performance [2] and PA output power and linearity [4].
Figure 1 shows the measured performance of a SPDT switch fabricated in the same technology than the 28GHz LNA described in [2] and the 60GHz PA described in [4].
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Figure 1: SOI CMOS SPDT measurement at mm wave frequencies
As can be seen from the figure, S parameter measurements get very noisy at mm wave frequencies especially when very low loss or high isolations need to be measured. Still the OFF branch Isolation demonstrates the expected linear decay with frequency but the insertion loss measurement is affected by both the return loss and isolation behavior especially between 40 and 60GHz, some corrections are done using the extracted Ron of the device. 
Separately the linearity of the device has been tested and not degradation are seen up to 15dBm power which is largely sufficient to handle the power of the integrated power amplifier for a 16 antenna 23dBm aggregated output power solution: each path then would have 11dBm at the antenna port resulting in less than 12.5dBm at SPDT input.
Observation 1:

· At 30GHz a 1.5dB insertion loss, >10dB return loss and very good isolation of 30dB are feasible

· At 45GHz a 1.7dB insertion loss, >10dB return loss and very good isolation of 20dB are feasible 

· At 65GHz a 1.8dB insertion loss, >10dB return loss and a marginal isolation of 10dB are feasible

· A 15dBm power handling capability is suited for NR antenna beam forming solution

Due to measurement instrument limitations, measurement could not be conducted up to 70GHz but the behavior up to 66GHz is very clean so extrapolation to 1.8dB insertion loss and 8dB isolation seems reasonable.

Although 8dB isolation is low it is measured with a 50ohm load, in a real circuit where the switch, the PA and the LNA are integrated on the same die it is easy to design the LNA and PA OFF impedances to further contribute to the isolation and reach reasonable 15dB isolation. Further compromises can be found by changing device size at 70GHz. Similarly a bigger device at 30GHz would result in lower insertion loss if 20dB of isolation was targeted which would be enough.
Based on extracted model from the measurement the following improvements can be expected:

· At 30GHz using a doubled size transistor an insertion loss of 1dB and a 25dB isolation are achievable.

· At 70GHz using a halved size transistor an insertion loss of 2.5dB and a 12dB isolation can be achieved

The previous values are kept for the rest of this study but the above data is to demonstrate further optimization options.

Conclusion 1:

SPDT Insertion loss and Isolation performance of 1.3dB/20dB at 30GHz, 1.7dB/20dB at 45GHz and 1.8db/15dB at 70GHz can be used as typical performance for a NR TX/RX SPDT switch with good Return Loss.
2.1.2. Low Noise Amplifier

Advanced SOI CMOS LNA example:

The measured results from a 28GHz single stage LNA design from [2] can be used as a basis to derive the receiver Noise figure at 28GHz. For a single stage design, with integrated input and output matchings, a 10dB gain and 3dB Noise figure is obtained. Performance of the LNA is given again in figure 2 for convenience.
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Figure 2: Single stage 28GHz SOI CMOS LNA measurement
Observation 2:

· 10dB gain and 3dB noise figure are achievable for a 28GHz fully integrated (matching include) using an advanced SOI CMOS high volume technology

Advanced SOI CMOS LNA figure of merit: minimum noise figure and associated gain

To provide further insight on LNA performance across frequency Figure 3 provides the key figures of merit of a single transistor biased and scaled in the same conditions than the transistor used in the single stage LNA design of [2]. This data is based on simulation of the transistor model extracted by the foundry by measuring a set of device sizes and bias points.
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Figure 3: Advanced SOI CMOS transistor model NFmin and Associated Gain simulation.
Observation 3: we can observe a simulated NFmin and Associated gain of:

· 0.3dB/18dB at 6GHz
· 0.75dB/10dB at 30GHz
· 1dB/8dB at 45GHz
· 1.5dB/5dB at 70GHz
The simulation is in good accordance (slightly optimistic on NF and pessimistic on Gain) with the measured NFmin at 30GHz on a single transistor already quoted in [2].
Based on the LNA measurement it can be seen that there is significant difference between the optimum NF and its Associated Gain of one transistor. This is mainly for one reason: The NF of the integrated LNA is dominated by the losses of the input matching network which is close to 1.5dB, to compensate for that the LNA is matched for best return loss and gain thus resulting in a higher NFmin and Gain.

Observation 4: 

The Gain and NF relative behavior is valid, resulting in achievable single stage LNA performance across frequency of:

· 3dB NF and 10dB Gain at 30GHz (matching loss of 1.5dB input and 1dB output)

· 3.5dB NF and 7.5dB gain at 45GHz (matching loss of 1.75dB input and 1dB output, +0.25dB NF and -2dB gain)

· 4. 5dB NF and 4.5dB gain at 70GHz (matching loss of 2dB input and 1dB output, +0.75dB NF and -4dB gain)

· 0.8dB NF and 21dB gain at 6GHz (matching loss of 0.5dB input and 0.5dB output, -1.2dB NF and +8dB gain)
When two or more of such stages are cascaded and integrated the resulting gain can be improved as the inter-stage matching will be less than half the loss value of the cascaded output and input matching losses. 
Also here it is clear that at 70GHz the matching losses result in very low gain and thus further cascading and matching simplifications are needed. 
From the PA measurements in [2] at 60GHz using the same technology it is shown that 15dB of gain is achievable for a two stage design including input, inter-stage and output matchings which does demonstrate the improvement in matching losses when multi-stage cascading is used and the capability of the technology to deliver higher gains than the Associated Gain attached to the minimum Noise figure biasing and offer options to optimize the second stage further. Although this 15dB of gain would already be sufficient for a 70GHz LNA the more conservative 3 stage approach is kept here to have a consistent LNA performance scaling.
Conclusion 2: 

Using Friis Formula and correcting for the reduced inter-stage loss the following performance of multiple stages LNA can be deducted:
· 3.2dB NF and 21.5dB gain at 30GHz for a two stage LNA
· 3.7dB NF and 16.75dB gain at 45GHz for a two stage LNA
· 5dB NF and 17.5dB gain at 70GHz for a three stage LNA

· 0.8dB NF and 21dB gain single stage LNA at 6GHz (at this frequency a single stage is sufficient)
It is to be noted that the observation made on extra losses encountered when re-matching to 50ohm stage by stage is very important and further emphasize the need for highly integrated solutions at mm wave frequencies in the RF section. It thus favors technologies that can provide the best combined performance for switches, LNA, PA, phase shifters and up/down mixing.
2.1.3. Contribution of the rest of the receiver chain

Except the filter losses where multiple scenarios will discussed in the following chapter further contributions must be considered:
· Contribution of the remaining down converter and BB or IF analog chain
· Quantization noise of BB ADC

Down converter contribution:

For the down converter contribution it is assumed that the remaining mixer, BB or IF chain after the RF front end can achieve 13dB of equivalent noise figure at 30GHz for a simple down mixer (need to filter image noise) and 2dB are added in case of image reject mixer (IF architecture case) or direct conversion mixer. Similar performance is assumed at 45GHz and an extra 2dB NF is assumed at 70GHz. Note that the LNA gain is high enough in most of the case to fully mask small variation is the assumed numbers.
Quantization noise contribution:

It is good practice to design the BB chain gain and following ADC in such a way that the ADC quantization noise is 10dB below the amplified front-end noise at max gain (Reference Sensitivity situation). In this case the ADC quantization noise adds an extra 0.4dB to the overall sensitivity.

2.2. Applicable RF front end architectures for mm Waves
As a reference a 6GHz system noise figure is calculated using state of the art implementation of a TDD RF front end with an integrated module containing the PA, filters, switches and LNA in the same module. In this case since the aim is to compare single band solutions there is no antenna loss accounted for band switching or sub-band diplexing still 0.5dB trace loss and 0.5dB Switch loss are assumed.
The parameters discussed above are used including down converter and ADC quantization noise. Furthermore a 3dB filter loss is assumed (which is conservative) and some post LNA losses are accounted for to consider trace loss between the LNA output and the transceiver chip.

Finally an Implementation Margin of 2.5dB is added as it has been done in the past. It is believed that this number is very conservative: 

· It was accounting for FDD impairments where we are now discussing TDD

· It was accounting for EVM and AGC impairments in the BB which are no longer visible in today’s implementations

· It is taking into account process and temperature variations that are still valid today but are partially compensated with good calibrations

The table 1 below shows the calculated system noise figure at 6GHz using all those parameters. Input parameters are in blue while output numbers are in yellow. Last row includes ADC and Implementation margin contribution.
Table 1: 6GHz system noise Figure calculation

	6GHz current solution

	Parameter
	Ant. Loss
	SWT
	filter
	LNA
	post LNA loss
	Down conv

	gain
	-0.5
	-0.5
	-3
	21
	-3
	na

	NF
	0.5
	0.5
	3
	0.8
	3
	13

	NF cumm
	5.8
	5.3
	4.8
	1.8
	16.0
	13.0

	NF w ADC
	6.2
	5.7
	5.2
	2.2
	16.4
	13.4

	NF w ADC+IM
	8.7
	8.2
	7.7
	4.7
	18.9
	15.9


Observation 5: 

A system noise figure of close to 9dB including all margins is achieved at 6GHz

Note that the noise figure is largely dominated by the losses in front of the LNA and that the LNA gain significantly masks further contributions.

For the mm wave scenarios calculated in the following paragraphs the following parameters are used:

· The ADC quantization noise and down converter contribution will be used.
· The filter losses and position will be further discussed and post LNA loss will be kept to represent the phase shifter losses.
· The Implementation margin of 2.5dB is kept even though the BB related losses can eliminated, it is assumed that mm wave designs will suffer from larger variations and that some beamforming implementation loss must be considered.
· Antenna trace losses assume that the antennas are integrated within the module package.
· Splitting loss for beamforming is not considered at RF since in an integrated solution where all the RF and downconverter paths are integrated there are more elegant and performant solutions than using 3dB power splitters.
2.2.1. Millimeter Wave solution reusing current <6GHz architecture
As a first step the same architecture is used to calculate system noise figure at 30GHz, 45GHz and 70GHz the main difference is the filter loss and post LNA losses that are different and scaled with frequency. The filter loss assume a simple transmission line or LC filter integrated on the die to provide some out of band protection and remove image noise and interference in case of a super-heterodyne architecture.
Table 2 provides the calculated system noise figure for “filter first” scenario at 30GHz and 70GHz respectively as a first guess. Input parameters are in blue while output numbers are in yellow.

Table 2: 30GHz and 70GHz system noise figure calculations for filter placed at input of LNA
	
	30GHz filter first solution
	70GHz filter first solution

	Parameter
	Ant. Loss
	SWT
	filter
	LNA
	post LNA loss
	Down conv
	Ant. Loss
	SWT
	filter
	LNA
	post LNA loss
	Down conv

	gain
	-0.3
	-1.5
	-2.5
	21.5
	-1.5


	na
	-0.6
	-1.8
	-3.5
	17.5
	-2


	na

	NF
	0.3
	1.5
	2.5
	3.2
	1.5

	13
	0.6
	1.8
	3.5
	5
	2


	15

	NF cumm
	7.9


	7.6

	6.1

	3.6

	14.5

	13.0
	12.0


	11.4


	9.6


	6.1


	17.0


	15.0

	NF w ADC
	8.3


	8.0

	6.5

	4.0

	14.9

	13.4
	12.4


	11.8


	10.0


	6.5


	17.4


	15.4

	NF w ADC+IM
	10.8

	10.5

	9.0

	6.5

	17.4

	15.9
	14.9


	14.3


	12.5


	9.0


	19.9


	17.9


Observation 6: 

System noise figure of 10.8dB at 30GHz and 14.9dB at 70GHz are achieved respectively, similarly a 45GHz NF of 12.3dB is calculated.
Before LNA losses contribute to 4.3dB at 30GHz and 5.9dB at 70GHz, together with the 2.5dB of implementation margin a lot of the performance of such architecture is far from what the active part can achieve.
With such impact of losses using TDD mode and the fact that in beamforming case the probability of direct line of sight interference is low it is reasonable to place the filter after the LNA or even omit the filter and use an image rejection mixer. These two alternatives are discussed in the next chapters. 

2.2.2. Millimeter Wave solution with filter post LNA
In this case the filter is placed after the LNA and provides protection from OOB blockers at mixer input and removes the noise and interference frequency in case of down conversion to an IF. The calculations are provided in table 3 below.
Table 3: 30GHz and 70GHz system noise figure calculations for filter placed at output of LNA

	
	30GHz post LNA filter solution
	70GHz post LNA filter solution

	Parameter
	Ant. Loss
	SWT
	LNA
	filter
	post LNA loss
	Down conv
	Ant. Loss
	SWT
	LNA
	filter
	post LNA loss
	Down conv

	gain
	-0.3
	-1.5
	21.5
	-2.5
	-1.5


	na
	-0.6
	-1.8
	17.5
	-3.5
	-2


	na

	NF
	0.3
	1.5
	3.2
	2.5
	1.5


	13
	0.6
	1.8
	5
	3.5
	2


	15

	NF cumm
	5.7


	5.4


	3.9


	17.0
	14.5
	13.0
	9.5


	8.9


	7.1


	20.5
	17.0
	15.0

	NF w ADC
	6.1


	5.8


	4.3


	17.4
	14.9
	13.4
	9.9


	9.3


	7.5


	20.9
	17.4
	15.4

	NF w ADC+IM
	8.6


	8.3


	6.8


	19.9
	17.4
	15.9
	12.4


	11.8


	10.0
	23.4
	19.9
	17.9


Observation 7: 

System noise figure of 8.6dB at 30GHz and 12.4dB at 70GHz are achieved respectively, similarly a NF of 10.1dB is calculated at 45GHz.
Before LNA losses contribute to <2dB at 30GHz and <2.5dB at 70GHz making good use of the available LNA performance.
It is to be noted here that such architectures are familiar in satellite receivers as direct line of sight interference is unlikely in the same way than for the beamforming case. It has been the key to size reduction of satellite dishes.
2.2.3. Millimeter Wave solution without filter and using Image rejection or direct conversion mixer.

In this case there is no filter placed after the LNA and an Image rejection mixer is used for conversion to IF or BB. The calculations are provided in table 4 below.

Table 4: 30GHz and 70GHz system noise figure calculations for filter placed at output of LNA

	
	30GHz Image reject solution
	70GHz Image reject solution

	Parameter
	Ant. Loss
	SWT
	filter
	LNA
	post LNA loss
	Down conv
	Ant. Loss
	SWT
	filter
	LNA
	post LNA loss
	Down conv

	gain
	-0.3
	-1.5
	0.0
	21.5
	-1.5


	na
	-0.6
	-1.8
	0.0
	17.5
	-2.0


	na

	NF
	0.3
	1.5
	0.0
	3.2
	1.5


	15.0
	0.6
	1.8
	0.0
	5.0
	2.0


	17.0

	NF cumm
	5.6

	5.3

	3.8

	3.8

	16.5

	15.0
	9.0


	8.4


	6.6


	6.6


	19.0

	17.0

	NF w ADC
	6.0

	5.7

	4.2
	4.2

	16.9

	15.4
	9.4

	8.8

	7.0

	7.0


	19.4

	17.4

	NF w ADC+IM
	8.5

	8.2

	6.7

	6.7

	19.4

	17.9
	11.9

	11.3

	9.5

	9.5


	21.9

	19.9


Observation 8: 

System noise figure of 8.5dB at 30GHz and 11.9dB at 70GHz are achieved respectively, similarly a NF of 9.5dB is calculated at 45GHz.
Before LNA losses contribute to <2dB at 30GHz and <2.5dB at 70GHz making good use of the available LNA performance.
Although this solution has slightly less protection against blockers it will still provide some selectivity through the limited bandwidth of the matching stages.
2.3. Proposed UE NR system Noise Figure for RAN4 standardization work.
As demonstrated in the architecture discussion, reuse of the current <6GHz architecture with a lossy filter in front of the LNA results in high system noise figure that is mostly dominated by the passive losses and the implementation margin. This makes poor use of available performance of the active devices available at mm wave such as advanced SOI CMOS discussed here.
Moreover the beamforming technique provides further immunity to interferers and solutions with the filter after the LNA or no filter at all are best suited and enable state of the art performance for NR.

In order to account for the different technologies that may be applied to NR table 5 reproduces the table in [2] focusing on the suitable technologies for NR frequencies.

Table 5: NFmin data for different technologies suitable for NR
	technology / feature [nm]
	NFmin [dB] / Freq [GHz]

	SiGe HBT / 130
	1.2/30

	SiGeC HBT / 130
	0.5/30

	Bulk CMOS / 40
	1.2/24 , 4.5/94

	SOI CMOS / 45
	0.9/30

	InP PHEMT / 50
	0.5/25


Observation 9: 

Around 30GHz all technologies are within +/-0.5dB of the one used in this contribution. It is thus reasonable to base a more generic UE NR system noise figure based on the discussion in the previous chapters and the architecture where no filter is placed in front of the LNA.

Proposal 1: It is proposed to use for UE NR RAN4 standardization a system noise figure of: 9dB at 30GHz, 10dB at 45GHz, 12.5dB at 70GHz.
Proposal 2: It is suggested to revisit NF assumptions for UE NR <6GHz using state of the art performance rather than extrapolation of a decade old band 1 assumption.

From table 4 it is also clear that base stations could utilize higher performance technologies providing lower Noise figure and higher gain LNAs but more specifically reduce significantly the trace, packaging and matching losses.
Observation 10: NR Base stations using dedicated LNA technology and lower loss passives and packaging should be able to achieve lower system NF than NR UEs at least for the same architecture.
3. Conclusion

NR receiver architecture at mm wave and performance of its key contributors in the RF front-end have been discussed with reference to concrete realizations and measurements in low cost and high volume technology. Suitable solutions avoiding the unnecessary high impact of filter loss in front of the LNA have been described and their system noise figure calculated. Based on this the following proposal is made.
Proposal 1: It is proposed to use for UE NR RAN4 standardization a system noise figure of: 9dB at 30GHz, 10dB at 45GHz, 12.5dB at 70GHz

Furthermore this contribution provides reference of a 6GHz state of the art solution based on current LTE architecture relevant to <6GHz NR standardization, we thus propose the following.
Proposal 2: It is suggested to revisit NF assumptions for UE NR <6GHz using state of the art performance rather than extrapolation of a decade old band 1 assumption.

Finally by comparing the larger technology choices available for implementation of NR base stations the following observation is made.

Observation: NR Base stations using dedicated LNA technology and lower loss passives and packaging should be able to achieve lower system NF than NR UEs at least for the same architecture.
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