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1 Introduction
This contribution discusses and proposes a method for deriving Reference Sensitivity Level (PREFSENS) for both BS and UE in NR system.

The contribution does not suggest values for NF (which discussed separately by RAN4) nor the BER for the target modulation and coding schemes as these are decided by RAN1. The proposed method does not either suggest the receiver performance.
2 Discussion

This contribution discusses and proposes a method for deriving conducted PREFSENS for both BS and UE in NR specifications operating in frequency bands above 6GHz.

The reference sensitivity power level PREFSENS shall be defined same as for current E-UTRA as the minimum mean power received at the antenna connector (i.e. per receiver branch) at which a throughput requirement shall be met for a specified reference measurement channel. The throughput requirement to be met and the reference measurement channel are TBD.
The evaluation of PREFSENSat the corresponding BER for the throughput requirement of the modulation and coding rate specified in the reference measurement channel within different frequency bands for NR should take into consideration the following parameters:

· the integrated thermal noise at receiver input, resulting from the noise equivalent bandwidth assumed to be equal to 90% of the bandwidth of the allocated resource block in the reference measurement channel as described in integrated thermal noise in section 3
· the noise figure could be based on the values considered in the simulation assumption [1];

· the SNR, characteristic of the coding and modulation format as specified by RAN1;

· the residual integrated phase noise as described in section 4 below; 

· the non-linear distortion as described in section 5;
· the internal distortion, as evaluated in section 6;

· the industrial margin,  as discussed and provided in Table 3 in section 7;

The PREFSENScan then be calculated using the following formula:

[image: image24.wmf]10

/

2

10

XdB

m

lo

f

K

=


Where 

CB is the channel bandwidth of the allocated resource block in reference measurement channel, and 
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3 Integrated thermal noise 
The thermal noise density at 300K is -174 (dBm/Hz)

For an errorless communication link, the signal’s PREFSENS must be at a certain level above the integrated noise over the bandwidth of the signal.

A receiver that was optimally designed for a signal with root-raised-cosine (RRC) shaping filter will have an RRC also as the channel filter.

The Noise Effective Bandwidth (NEB) of an RRC filter is narrower than the Channel Bandwidth by a rolloff factor of the RRC which is assumed to be 90% of the Channel Bandwidth. 

For example a system with Channel Bandwidth of 80 MHz will have NEB of 80x0.9=72MHz

The integrated thermal noise over 72 MHz is equal to: -174+10*log10(72*106) = -95.5 dBm
4 Phase noise 

The calculation of the phase noise contribution can be estimated with a model based on some simple assumptions on oscillator phase noise and carrier recovery loop.

Both topics could be more deeply detailed but the following simple assumptions are taken

· the shape of the round trip phase noise of the complete system drops 20 dB/decade
· the carrier recovery loop is based on a type II 2nd order PLL

These assumptions are reasonably taken as common practice.

In order to perform the phase noise contribution calculation, the following four parameters are required:

· phase noise factor Klo and the offset frequency fm for the end-to-end phase noise;

· fc and Fs respectively for recovery loop bandwidth and symbol rate.

Assuming that the phase noise shape is described as in the equation below:
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The offset frequency fm and the associated phase noise factor Klo identify the curve as shown in the figure below.
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If the end-to-end phase noise at fm frequency offset is XdB we find the phase noise factor as 
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The carrier recovery loop can be modelled as depicted below:
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where Lpf(f), Fpll(f) and LO(f) are the phase transfer functions of demodulation low pass filter, PLL loop filter and vco. These transfer functions are respectively listed below:
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The open loop gain results
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and the closed loop transfer function is
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The phase variation transfer function of such recovery loop is a high pass filter with slope of 40 dB/dec from 0 Hz  to the frequency fc and no gain till Fs/2.
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Figure 3: Typical characteristic of Phase Noise transfer function

The integrated phase noise IPN is given by
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resulting in the closed formula
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It should be noted that communication links with higher baud rate will have higher fc frequencies and thus proportionally lower integrated phase noise. Furthermore, the residual phase noise is flat up to the recovery loop bandwidth fc after which it decays at a rate of 20dB/decay.  This is in line with the expectation in the IPN formula derived above.

It should also be mentioned that practical local oscillators tend to have higher phase noise factor Klo normalization factor as the LO frequency is higher.
A simple way to provide the information about a LO characteristics is to give its noise density at +100kHz and –100kHz offset to the nominal carrier frequency. The table below provides typical values of phase noise at (100kHz for currently used LO synthesizers in existing microwave/mmwave radio.
Table 1: for Typical phase noise values
	Frequency band (GHz)
	Typical Phase noise at

100kHz (two sided spectrum)  (dBc/Hz)

	1.4 to 2.7
	-97

	3 to 5
	-97

	26 to 28
	-94

	32
	-91

	38 to 42
	-91

	48 to 50
	-88

	71 to 86
	-80


Maximal phase noise values are assumed to be the end-to-end phase noise, i.e. include the contributions of the synthesisers in both Tx and Rx sides. 

The integrated residual phase noise is degrading the signal to noise ratio, the degradation applies only to the dimension of the phase error and doesn’t affect the radial dimension.

Under low BER conditions the phasor element of the error will be the dominant element, given that unlike the phase noise the white thermal noise is evenly spread on both the phasor and the radial error, the residual phase noise contribution will be equivalent to an AWGN noise with twice the power (3dB higher power)

These two noise sources will be used to calculate the combined noise of the signal.

5 Non-linear distortion

Practical radio systems are not perfectly linear, their non-linearity is evaluated by the IMD (Inter-Modulation-Distortion).

The main contributor for IMD is the power amplifier in the transmitter, but in many cases the receiver RF chain is also contributing to the distortion, especially at high PREFSENS levels. The non-linearity of the receiver chain determines the upper bound of the PREFSENSrange which is outside the scope for our purpose of determining the minimum PREFSENSvalue. 
Since the 3rd order inter modulation products are always the dominant distortion phenomenon (relative to higher odd order intermodulation products, e.g. 5th, 7th) at achievable output power for a given amplifier, the IMD is practically identical to IM3. The effect of this intermodulation results in an Error Vector Magnitude (EVM) which has been used in the calculations as TX nonlinearity. 

For a given power amplifier the EVM is directly dependant of its output level. As by nature the sensitivity of a modulated signal to IM3 is increasing with the number of states of its modulation format, the transmitter will be designed so that the non-linear distortion will be decreasing as the modulation format is increasing. This is ensured either by decreasing the output Tx level, and/or by designing a more performant pre-distorter associated to the power amplifier.
6 Internal distortion

The internal distortion is atributed to receiver linearity, quantisation noise, I&Q inbalance and other internal factor. This is typically modelled as -54 dBc for all modulations and channel bandwidth settings less than 100 MHz.

For channel bandwidths greater than 100 MHz, distortion values are shown in the table below. These are typical values used in mcirowave radio. 
Table 2: Internal distortion values for channel bandwidth greater than 100 MHz

	CB (MHz)
	Quantization Noise 
(with 10*log degradation)
	Total Distortion

	100
	-60
	-54.0

	200
	-56.5
	-52.8


Internal distortion includes the internal degradations and/or distortions such as receiver non-linearity, quantization noise, I and Q unbalance, group delay variations and amplitude variations that are inherent in all systems. With high order modulations  this degrading effect cannot be omitted. 

In the calculations an assumption of having at least four (4) independent contributions of approximately -60 dBc is given. This will end up in 6 dB higher power and therefore -54 dBc is used in the calculations. There is a minor impact on the calculated values but it serves to make the model more complete for future analysis.
7 Industrial margin

The performance of various system elements tend to vary over temperature, voltage, aging and production spread.

At higher frequencies the variance is usually higher, because the technology is less mature and pushed closer to its limits. The values in the table below are proposed as initial values.
Table 3: Industrial margin for  NR frequency bands above 6GHz
	Frequency band (GHz)
	Industrial Margin (dB)

	30
	3

	45
	3

	70
	4


8 Conclusion

In this contribution we presented a method for estimating PREFSENS values for NR operating in above 6GHz bands. Further examples on how to use this method could be demonstrated when throughput performance target and its corresponding SNR values are agreed. In addition, the model requires agreement for the NF and EVM values for the corresponding modulation and coding rate.
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