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1 Introduction
The measurement of the FR2 TX OFF level and transient time is still an open issue.
It seems agreed that although TX OFF level is specified as TRP, it is not possible to measure the transient as a function of TRP and hence a conversion to an EIRP value is required. Is still an open issue.

This paper further discusses the TX OFF power and its beam pattern.
2 Discussion
2.1 Array gain and correlation

It is well understood that for a fully correlated signal the array gain is at maximum and for uncorrelated signals the element pattern is approximated. However for partial correlation less is documented.

Considering the FR2 antenna used in RAN4 simulations (8x16 element, 0.5λ spacing).
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Figure 1: Array pattern; correlation levels of 1, 0.5 and 0

Note. 50% correlation pattern is above the 0% pattern as it also has some directivity in the other dimension (elevation). In this plot the peak directivity includes both azimuth and elevation gain, so the pattern is higher. 

At even 50% correlation very little beam forming remains. If the directivity is examined over the correlation
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Figure 2: Array directivity vs. correlation

2.2 OFF power budget

A simple transmitter with RF beam forming can be represented as follows:
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Figure 3: Simplified Tx architecture

Noise added prior to the splitter can be considered correlated and hence will be beam formed. Noise after the splitter can be considered uncorrelated.

If a simple noise budget is considered (with each PA generating 20dBm):

The sources of noise are kept separate so that their correlation can be considered, the thermal noise in the noise budget is based on the noise floor and each stages noise figure, the LO and phase noise is from the LO and is relative to the wanted signal level, the DAC noise is based on the quantization noise of the converters. No noise form PA non-linearity is considered as the primary objective is to investigate the OFF noise.

All values are intended to be approximate to show how the correlated and uncorrelated noise relate

Example 1
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T 290k

PAR 8dB

sig BW 20MHz DAC LPF UP Con Splitter Phase shifter PA

Tx band dB 0 -5 -8 -6 -10 56

NF dB 0 5 8 6 10 10

Wanted Pout dBm -7.0 -12.0 -20.0 -26.0 -36.0 20.0

LO PN -115 dBc/Hz dBm -62.0 -68.0 -78.0 -22.0

Thermal noise (noise floor) dBm -101.0 -101.0 -101.0 -101.0 -101.0 -35.0

DAC Noise -72.0dBm -72.0 -77.0 -85.0 -91.0 -101.0 -45.0

dBm -72.0 -77.0 -62.0 -68.0 -77.9 -21.8

dBm/Hz -145.0 -150.0 -135.0 -141.0 -151.0 -94.8

correlated power dBm -7.0 -12.0 -20.0 -26.0 -36.0 20.0

uncorrelated power dBm x x -62.0 -68.0 -78.0 -21.8

Total Power dBm -7.0 -12.0 -20.0 -26.0 -36.0 20.0

Correlation dBm 1.0 1.0 1.0 1.0 1.0 1.0

Noise total

DAC

φ


Based on the architecture in figure 3 the DAC noise, LO phase noise and thermal noise (from the noise figure budget) is considered correlated and the noise from the PA’s is uncorrelated. 
It can be considered what happens when the TX is switched into OFF mode.

The BB modulated signal can be removed immediately, then possibly the DAC could be turned off. As the LO is sensitive to load variation then this may remain on, however as the IF signal is removed phase noise if removed in-band (assuming non-zero IF – which is reasonable for mm wave). Finally the PA can be turned OFF (which could take more time).

The results for each stage are:
	 
	Power/TRX
	Total power (8x16 array)
	correlation
	G_ANT
	EIRP

	 
	dBm
	dBm
	%
	dBi
	dBm

	ON
	20
	41.1
	1
	24.4
	65.5

	BB OFF
	-34.2
	-13.1
	0.2
	7.3
	-5.8

	DAC OFF
	-35
	-13.9
	0
	5.7
	-8.2

	PA OFF
	-81
	-59.9
	0
	5.7
	-54.2


Clearly after removing the signal from the BB the noise does not drop below the requirement level however the correlation level drops very low, further turning the DAC OFF completely drops the correlation level to zero.
In this example the bulk of the noise is generated in the uncorrelated PA’s. The TRP off level is not met until the PA’s are turned OFF. It is likely the PA’s will be the slowest things to turn off, however if this architecture is used then it is clear that the OFF antenna gain is uncorrelated (element gain).
Example 2

Whilst it seems that any RF beam steering system will require the phase shifters to operate at low power and hence some of the gain and the PA must be after the phase shifters, however to look at the other extreme some of the gain can be shifted prior to the splitter and hence generate more correlated noise.
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T 290k

PAR 8dB

sig BW 20MHz DAC LPF UP Con Amp Splitter Phase shifter PA

Tx band dB 0 -5 -8 30 -6 -10 26

NF dB 0 5 8 5 6 10 10

Wanted Pout dBm -7.0 -12.0 -20.0 10.0 4.0 -6.0 20.0

LO PN -115 dBc/Hz dBm -62.0 -32.0 -68.0 -78.0 -52.0

Thermal noise (noise floor) dBm -101.0 -101.0 -101.0 -66.0 -101.0 -101.0 -65.0

DAC Noise -72.0dBm -72.0 -77.0 -85.0 -55.0 -91.0 -101.0 -75.0

dBm -72.0 -77.0 -62.0 -32.0 -68.0 -77.9 -51.8

dBm/Hz -145.0 -150.0 -135.0 -105.0 -141.0 -151.0 -124.8

correlated power dBm -7.0 -12.0 -20.0 10.0 4.0 -6.0 20.0

uncorrelated power dBm x x -62.0 -32.0 -68.0 -78.0 -51.8

Total Power dBm -7.0 -12.0 -20.0 10.0 4.0 -6.0 20.0

Correlation dBm 1.0 1.0 1.0 1.0 1.0 1.0 1.0

Noise total

DAC

φ


Once again turning the devices off in order of speed gives the following OFF power levels and correlation. The low power driver amp can most likely be turned of much more quickly than the PA.
	 
	Power/TRX
	Total power (8x16 array)
	correlation
	G_ANT
	EIRP

	 
	dBm
	dBm
	%
	dBi
	dBm

	ON
	20
	41.1
	1
	24.4
	65.5

	BB OFF
	-45
	-23.9
	1
	24.4
	0.5

	DAC OFF
	-64.4
	-43.3
	0.1
	6.5
	-36.8

	Amp OFF
	-65
	-43.9
	0
	5.7
	-38.2

	PA OFF
	-91
	-69.9
	0
	5.7
	-64.2


As more of the gain is correlated and the noise from the correlated section is at a higher level the correlation level is maintained for longer. Turning the DAC off completely is required for the correlation to drop to 0.1, however this architecture has less noise from the PA and hence TX OFF power is reached more easily (by turning DAC off). At this stage the correlation level is very low and the antenna gain is almost the same as that of the element.
An alternative architecture has been proposed in [2]:
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Figure 5: Simplified Tx architecture

In this architecture then clearly the noise is both correlated and beam formed. However this seems an unlikely architecture. Phase shifters are both non linear and lossy. 

2.3 Analysis

There are of course many possible implementations of BS architectures and locations for the phase shifters, however practically speaking it is unlikely that the phase shifters would be placed after the PA’s. This would result both in loss affecting the system efficiency and also place strict linearity requirements on the phase shifters themselves.
The TX ON/OFF transient requirement is valid after 3usec at the specified TX OFF level. It has already been discussed in [3] that the Rx sensitivity requirement of the BS own receiver is much tougher than the TX OFF level. However the Tx OFF level is valid after 3 usec, whereas there is a guard time between the next timeslot so there will be more time for the TX to switch off.

The analysis of the OFF level noise shows that the devices which can be turned OFF quickly are the BB signals and low power devices which are mainly responsible for any correlated noise. The PA’s which have high gain and poor noise figure generate a high level of noise but it is non-correlated.
If it assumed that only the faster devices can be turned off in the 3usec then it is still the case that the correlation level of the noise will be practically zero. Hence it is a fair assumption therefore that the antenna gain for the OFF level noise when measured after 3usec will be that of the element pattern and not the array gain.

Observation 1: The antenna gain for the OFF power after 3usec will be that of the element as the noise is uncorrelated.
The gain of the element pattern is not known, there are a number of ways it could be selected:

· Assume a fixed figure for the specification

· Vendor to declare

· Calculate from existing vendor declarations

Fixed figure

We know that FR2 systems must use directivity and beam forming to achieve a reasonable link budget and hence the likely antenna implementations are limited. As such assuming a fixed element pattern is not unreasonable. For FR2 antenna it is assumed that element spacing in both azimuth and elevation is close (approx. 0.5λ) so the element gain can be assumed to be approx. 5dBi
Vendor to declare

The vendor declares a number of parameters already, however they are generally aligned with functional parameters, coverage ranges, sensitivity etc. Declaring a design parameter specifically for the purpose of this requirement is not in line with the other declarations. Also declaring the uncorrelated antenna gain could result in other complications (i.e the need to test the declaration). This does not seem like a very good solution.

Calculate from existing declarations

As this requirement is specifically for TDD, it can be assumed that the Tx and Rx antenna are the same and hence the antennas are the same. So either a TX declaration or and Rx declaration could be used.

OTA REFSENS RoAoA: the RoAoA determined by the contour defined by the points at which the achieved EIS is 3dB higher than the achieved EIS in the reference direction 

NOTE:
This contour will be related to the average element/sub-array radiation pattern 3dB beam width.

The OTA REFSENS RoAoA is related to the average element/sub-array pattern and is used already to calculate ΔOTAREFSENS for FR1. The same method could be applied to estimate the element gain for the TX OFF requirement.

i.e. 

GTX_OFF = 44.1 - 10*log10(BeWθ,REFSENS*BeWφ,REFSENS) dB 
If elements are 0.5λ x 0.5λ then they will have approx. 90º x 90º beam pattern so:
GTX_OFF = 44.1 - 10*log10(90*90) = 5 dBi 
As the method for calculating gain is already used it seems a simple way to get a usable element gain estimation from existing information.
Observation 2: OTA REFSENS RoAoA can be used to estimate element gain and hence the EIRP TX OFF level.

Hence the EIRP TX OFF level (in the reference direction) can be give as:

-36dBm – (44.1 - 10*log10(BeWθ,REFSENS*BeWφ,REFSENS))

3 Conclusion
It has been shown that for any practical bema forming implementation the OFF level noise after approx. 3usec will be de-correlated and will hence have gain similar to the element pattern.
The element pattern can be estimated from existing declared information namely the OTA REFSENS RoAoA.

The EIRP TX OFF level (in the reference direction) can be give as:


-36dBm – (44.1 - 10*log10(BeWθ,REFSENS*BeWφ,REFSENS))
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