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Introduction 
In RAN4 #79, the discussion on mm-wave technologies including the mm-wave receiver was initiated [1]. As noise figures is one of the compatibility parameters towards ITU-R as well as the need for reasonable Noise figure assumptions for RAN4 co-existence simulations is emerging, this paper initiate the discussion on mm-wave UE and BS typical noise figure. 
We assume that  the transceiver performance differ less between UE and BS for mm-waves compared to lower frequencies below 6 GHz but also recognized that different topologies between UE and BS could result in larger difference in performance. 
As ITU-R compatibility parameters are required for frequency ranges of up to 86 GHz, the same value for noise figure cannot be used for such large frequency range, thus this paper focus the discussion on proposed example frequencies of 30 GHz, 45 GHz and 70 GHz as proposed in [2]. 
Based on the discussion on typical noise figure values for example frequencies, we propose RAN4 to adopt these numbers as simulation assumptions for the ITU-R related work. 
In addition, the achievable noise figure for mm-wave frequencies discussed in this paper can also be seen as the typical noise figure performance that the mm-wave technology can provide which can in addition to ITU-R compatibility parameters also is used in later stages when specification work has progressed more.
Discussion
In [1], some detailed insight into the receiver essential metrics such as noise figure, bandwidth, dynamic range (including blocking requirements), power dissipation and the complex dependencies including the ADC aspects was provided. 
In addition, due to compact and highly integrated building practice needed for mm-wave systems with many transceivers and antennas, careful and often complex consideration regarding the power efficiency and heat dissipation in small area/volume is necessary. 
As described in [1], for large bandwidths and array sizes envisaged for mm-wave frequencies, the current consumption for the ADC would increase by factor 4 when bandwidth is doubled or in general the ADC power consumption is proportional to BW2 x DRADC where DRADC is the ADC dynamic range. Considering the linearity of the receiver, for the weak receiver non-linearities, the third order intercept point (IP3) is almost equal to receiver compression point (CP) + 10dB. The focus of this paper is to discuss the noise figure for a typical mm-wave receiver and does not take into account the complex consideration due to various dependencies and heat dissipation. We will contribute on this in coming meetings.
As it is extremely difficult or even not feasible to specify and test “conducted” requirements in the mm-wave frequency ranges, the noise figure would possibly be a part of defining the OTA sensitivity which would be the metrics which will later be specified in RAN4.
The noise figure is also influenced by topology and receiver architecture including the losses induced due to packaging, TDD switches, filter losses and losses due to routing of signal etc. which should be considered in the sub-array total noise figure. In addition, operating at higher transmit power level would require higher filter attenuation and better switching performance possibly increasing the losses. 
In this paper, a preliminary analysis of the typical noise figure for mm-waves frequency ranges of 30 GHz, 45 GHz and 70 GHz is given.
 Receiver noise figure 
A simplified receiver model can be derived by lumping the front-end (FE), analog/RF receiver (RX) and ADC into three cascaded blocks. This model cannot replace a rigorous analysis but will show the main parameter inter dependencies. 
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Figure 1
Focusing on the small signal co-channel noise floor we can study the impact of various impairments to arrive at simple noise factor, or noise figure, expressions. 
The noise factor of a system, or circuit block, is commonly defined as 
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That is, F is a measure of the signal-to-noise-ratio (SNR) degradation when passing through a system or circuit block. As noise varies with temperature, F is usually defined at 290K. 
The noise figure is just the logarithm of the noise factor, or 
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For cascade noise factor, assuming matched conditions we can use Friis’ formula to find the noise factor at the antenna connector as (linear units unless noted), 
[image: ]
where IL is the insertion loss between the antenna and the LNA input. 
As an example, with an overall noise figure of 5dB, an insertion loss of 0.7dB and FLNA 0.8dB we get a noise factor budget for (FADC − 1)/G of 1.5, or 1.76dB. This factor 1.5 represents the net allowable SNR degradation due to the ADC noise floor, base-band processing losses, variability margins etc. 
The simplified LNA noise model as in Figure 2 was used to derive the LNA noise figure as following:
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Figure 2	
The LNA noise level is dominated by the input transistor’s noise sources as well as routing, matching and ESD parasitic between the LNA input and the LNA input transistor. 
The minimum intrinsic input device noise factor is a lower bound for the total LNA noise factor. By accounting for noise due to the input device’s gate resistance and its drain current we can define the low-frequency intrinsic noise factor as 
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This simplified expression is derived for an MOS transistor but similar expressions may be derived also for bipolar transistors. Matching, wiring parasitic, and load impedances will also contribute to the noise factor but for a properly designed LNA, the simplified expression is a good lower bound approximation. 
We can extend F0 to mm-wave frequencies (as long as fc ≪ ft) by accounting for the frequency dependence of the device gain. We then get 
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Where gm is the device transconductance, Ci its input capacitance, and where the transit frequency can be found as ft = gm/Ci (see the above noise model figure). Typical values for a silicon LNA input device are NF0 = 0.8 to 5 dB and k = 0.5 to 2. Short-channel MOSFETs have a high ft but also k ≈ 2. 
The mm-wave noise factor is a parabolic function in gm. Assuming k = 2, the optimum transconductance and noise factor at mm-wave frequencies can be found to be 
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It can be seen that both current consumption (i.e. gm opt) and noise figure increase with the carrier frequency. At mm-wave frequencies layout parasitic capacitances as well as contact and wiring resistances reduce the intrinsic ft by 40-50%. By looking at recent state-of-the-art LNA noise figure publications we see that expected values range from some 0.8dB around 2GHz to over 5.0dB above 90GHz. These published numbers are de-embedded measurements taken for the LNA only. When also considering on-chip ESD, baluns and matching networks, another 0.7dB of NF degradation may be expected. 
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Table 1	Some recently reported LNA noise figures where data is taken from IEEEXplore.
The data in table 1 is also represented in figure 3 indicating the trend on how LNA noise figure is increasing for increased frequency.
[image: ]
Figure 3	Plot of some reported LNA minimum noise figures. 

A single LNA can be laid out in a quite efficient way. When building mm-wave advanced multi-antenna systems, several receive and transmit chains have to be implemented on the same chip for space reasons. The added layout complexity incurs additional routing losses on chip. For co-planar waveguides (CPW), 1.1dB/mm typical line loss has been reported for a 45nm SOI technology at 95GHz. The CPW loss below some 130GHz is dominated by conductor losses and . By assuming a 1dB/mm loss at 95GHz we can scale it to other frequencies (assuming the same metal layer thickness).
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Table 2	Insertion loss for various frequencies
When routing on a module substrate, i.e. outside the chipset, we can expect ten times lower loss. For example at 30GHz we can thus expect a loss of 0.56dB per 10mm. 
In addition, assuming unpaired spectrum and time-division duplex for the mm-wave bands, there is a need for a transmit/receive (T/R) switch and, consequently, a simple band-pass roofing filter suffices rather than the more complex duplex filter required for frequency-division duplex. 
The T/R switch can be implemented on or off chip. For mm-wave applications with modest TX power it is often advantageous with on-chip switching as this saves space and simplifies the module routing. For lower carrier frequencies and/or when the TX power is high a discrete switch may be the best, or only, alternative. Both on-chip silicon and discrete HEMT switches have an insertion loss around 1.4–1.5dB for the frequency range 50–70 GHz. 
Filters can be implemented in several ways but due to size constraints low-order compact filters will be required. In addition to the filter passband minimum insertion loss ILmin we also have to account for pass band ripple (~1dB) and variability (~1dB). 
          [image: ]
Table 3	Data from some reported mm-wave filters
In addition to discussion above considering the published data, the mm-wave filters were extensively discussed in [1].
With the above assumptions, the following expected typical “total noise figure” for the example frequency ranges can be concluded:
                                      [image: ]
Table 4	Typical total noise figure
No special allocation has been made for ESD protection which is supposed to be distributed between insertion losses and the LNA noise figure. Note also that the same noise factor contribution for ADC etc. across all frequencies (i.e. (FADC − 1)/G = 1.5), regardless of bandwidth was assumed. 
As stated earlier, no distinction has been made between base stations and user equipment. One can anticipate that the same technology will be used for both types and differentiation is mainly via the number of antennas and the transmit power per branch. 
Based on the analysis in this paper, we would propose typical total noise figure values both for BS and UE for the ITU-R related work. Note that for specification purposes, additional considerations regarding the complex dependencies and trade-offs between noise figure, bandwidth as well as linearity need to be done which will be further elaborated in the coming meeting.
Proposal 1: The typical BS noise figure for 30 GHz should be set to 9 dB.
Proposal 2: The typical UE noise figure for 30 GHz should be set to 9 dB.
Proposal 3: The typical BS noise figure for 45 GHz should be set to 11 dB.
Proposal 4: The typical UE noise figure for 45 GHz should be set to 11 dB.
Proposal 5: The typical BS noise figure for 70 GHz should be set to 13 dB.
Proposal 6: The typical UE noise figure for 70 GHz should be set to 13 dB.
Thus we propose RAN4 to adopt the values stated in this paper.

Conclusion
In this paper, the discussion on typical values for BS and UE sub-array transceiver total noise figure assuming similarities between BS and UE was initiated. The complex dependencies regarding the noise figure, dynamic range, bandwidth etc. and other dependencies was not considered but will be further elaborated in the coming meeting. In addition this paper contains a comprehensive discussion on the theoretical background for investigating the noise figure.
Detailed analysis for example frequency ranges of 30 GHz, 45 GHz and 70 GHz king to account the published performance of state-of-the-art LNA, switches and losses for filter and routing etc. was considered. Different values for typical total noise figure are proposed. Following proposals are the result of the extensive investigations in this paper.
Proposal 1: The typical BS noise figure for 30 GHz should be set to 9 dB.
Proposal 2: The typical UE noise figure for 30 GHz should be set to 9 dB.
Proposal 3: The typical BS noise figure for 45 GHz should be set to 11 dB.
Proposal 4: The typical UE noise figure for 45 GHz should be set to 11 dB.
Proposal 5: The typical BS noise figure for 70 GHz should be set to 13 dB.
Proposal 6: The typical UE noise figure for 70 GHz should be set to 13 dB.
Given the detailed analysis is this paper, we propose RAN4 to adopt the proposals above.
In addition, the achievable noise figure for mm-wave frequencies discussed in this paper can also be seen as the typical noise figure performance that the mm-wave technology can provide which can in addition to ITU-R related work also should be used when specification work has progressed more.
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Receiver noise figure



A simplified receiver model can be derived by lumping the front-end (FE),
analog/RF receiver (RX) and ADC into three cascaded blocks. This model
cannot replace a rigorous analysis but will show the main parameter inter
dependencies.
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A simplified receiver model



Focusing on the small signal co-channel noise floor we can study the impact of
various impairments to arrive at simple noise factor, or noise figure,
expressions.
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That is, F is a measure of the signal-to-noise-ratio (SNR) degradation when
passing through a system or circuit block. As noise varies with temperature, F
is usually defined at 290K.
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where IL is the insertion loss between the antenna and the LNA input.



As an example, with an over all noise figure of 5 dB, an insertion loss of 0.7 dB
and F
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0.8 dB we get a noise factor budget for (F
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� 1)/G of 1.5, or
1.76 dB. This factor 1.5 represents the net allowable SNR degradation due to
the ADC noise floor, base-band processing losses, variability margins etc.
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Simplified LNA noise model.



The LNA noise level is dominated by the input transistor’s noise sources as
well as routing, matching and ESD parasitics between the LNA input and the
LNA input transistor.



The minimum intrinsic input device noise factor is a lower bound for the total
LNA noise factor. By accounting for noise due to the input device’s gate
resistance and it’s drain current we can define the low-frequency intrinsic noise
factor as
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This simplified expression is derived for an MOS transistor but similar
expressions may be derived also for bipolar transistors. Matching, wiring
parasitics, and load impedences will also contribute to the noise factor but for
a well designed LNA, the simplified expression is a good lower bound
approximation.



We can extend F0 to mm-wave frequencies (as long as f
c



⌧ f
t



) by accounting
for the frequency dependence of the device gain. We then get



F (f
c



) ⇡ 1 +
1



5 g
m



R
S



+
k



g
m



R
S



 
1 +



✓
f
c



g
m



R
S



f
t



◆2
!



where g
m



is the device transconductance, C
i



its input capacitance, and where
the transit frequency can be found as f



t



= g
m



/C
i



(see the above noise model
figure).



Typical values for a silicon LNA input device [2, 3] are NF0 = 0.8..5 dB and
k = 0.5..2. Short-channel MOSFETs have a high f



t



but also k ⇡ 2.



The mm-wave noise factor is a parabolic function in g
m



. Assuming k = 2, the
optimum transconductance and noise factor at mm-wave frequencies can be
found to be



g
mopt



⇡ 1



R
S



f
c



f
t



F
min



(f
c



) ⇡ 1 + 4.2
f
c



f
t











image6.emf



Public
REPORT 2 (10)
Datum - Date Rev Nr - No.



2016-07-14 pA1 EAB/T-16:xxxx



where IL is the insertion loss between the antenna and the LNA input.
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where IL is the insertion loss between the antenna and the LNA input.
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where IL is the insertion loss between the antenna and the LNA input.
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We see that both current consumption (i.e. g
mopt



) and noise figure increase
with the carrier frequency. At mm-wave frequencies layout parasitic
capacitances as well as contact and wiring resistances reduce the intrinsic f



t



by
40-50% [4]. By looking at recent state-of-the-art LNA noise figure publications
we see that expected values range from some 0.8 dB around 2GHz to over
5.0 dB above 90GHz. These published numbers are de-embedded
measurements taken for the LNA only. When also considering on-chip ESD,
baluns and matching networks, another 0.7 dB of NF degradation may be
expected [5].
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[10] 63 28 5.0 18 65
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[12] 88 27 6.8 36 65
[13] 90 15 7.0 42 65
[14] 95 11 6.0 52 45 SOI
[15] 92 32 5.2 36 28
[16] 72 13 7.0 24 65
[17] 1.9 11 0.8 6.6 130 SOI
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60 21 6.8 36 90
60 23 4.0 8 65
68 24 4.0 30 65
63 28 5.0 18 65
50 23 4.5 25 28
88 27 6.8 36 65
90 15 7.0 42 65
95 11 6.0 52 45 SOI
92 32 5.2 36 28
72 13 7.0 24 65
1.9 11 0.8 6.6 130 SOI
21 12 2.1 98 130 SiGe
30 11 2.5 98
33 6 2.8 98



Some recently reported LNA noise figures.
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Filters can be implemented in several ways but due to size constraints
low-order compact filters will be required. In addition to the filter passband
minimum insertion loss IL



min



we also have to account for pass band ripple
(1 dB) and variability (1ḋB).



Ref f
c



IL
min



equiv. #BP
(GHz) (dB) resonators



[25] 300 0.1 3.5 discrete LC LP+HP
[26] 6.8 1.0 3 LTCC
[27] 39.5 1.74 2 waveguide, Rogers 5880
[28] 59.2 4.15 2 WLP µ-strip
[29] 60 4.1 2 CPW, 130 nm BiCMOS
[30] 60 1.5 2 cavity, HiRes CMOS
[30] 60 2.3 2 µ-strip, HiRes CMOS
[31] 63.5 2.0 3 post machined 130 nm CMOS
[32] 77 2.9 2 180 nm std CMOS
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LNA noise figure vs. frequency



Plot of some reported LNA minimum noise figures. Data taken from
IEEEXplore.
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We see that both current consumption (i.e. g
mopt



) and noise figure increase
with the carrier frequency. At mm-wave frequencies layout parasitic
capacitances as well as contact and wiring resistances reduce the intrinsic f



t



by
40-50% [4]. By looking at recent state-of-the-art LNA noise figure publications
we see that expected values range from some 0.8 dB around 2GHz to over
5.0 dB above 90GHz. These published numbers are de-embedded
measurements taken for the LNA only. When also considering on-chip ESD,
baluns and matching networks, another 0.7 dB of NF degradation may be
expected [5].



Ref f
c



G NF P Tech.
(GHz) (dB) (dB) (mW) (nm)



[6] 60 17 4.4 19 90
[7] 60 21 6.8 36 90
[8] 60 23 4.0 8 65
[9] 68 24 4.0 30 65
[10] 63 28 5.0 18 65
[11] 50 23 4.5 25 28
[12] 88 27 6.8 36 65
[13] 90 15 7.0 42 65
[14] 95 11 6.0 52 45 SOI
[15] 92 32 5.2 36 28
[16] 72 13 7.0 24 65
[17] 1.9 11 0.8 6.6 130 SOI



[18, 19] 21 12 2.1 98 130 SiGe
op cit 30 11 2.5 98
op cit 33 6 2.8 98



Some recently reported LNA noise figures.



A single LNA can be layed out in a quite e↵ective way. When building
mm-wave multi-antenna systems, several receive and transmit chains have to
be implemented on the same chip for space reasons. The added layout
complexity incurs additional routing losses on chip. For co-planar waveguides
(CPW), 1.1 dB/mm typical line loss has been reported for a 45 nm SOI
technology at 95GHz [14]. This number is consistent with other observations
as well [20, 21]. The CPW loss below some 130GHz is dominated by
conductor losses and /



p
f
c



[22]. By assuming a 1 dB/mm loss at 95GHz we
can scale it to other frequencies (assuming the same metal layer thickness).



IL (dB)



2 30 45 70 GHz
0.15 0.56 0.69 0.86 dB/mm



When routing on a module substrate, i.e. outside the ASIC, we can expect ten
times lower loss. For example at 30GHz we can thus expect a loss of 0.56 dB
per 10mm. To be



expanded
CMOS and HEMT switches 1.4-2dB IL from 50–70GHz [23, 24]
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fo ILy  equiv. #BP
(GHz)  (dB)  resonators
300 0.1 35 discrete LC LP+HP
6.8 1.0 3 LTce
395 L74 2 waveguide, Rogers 5880
59.2 415 2 WLP pi-strip
60 41 2 CPW, 130 nm BiCMOS
60 1.5 2 cavity, MiRes CMOS
60 23 2 Ji-strip, TiRes CMOS
635 2.0 3 post machined 130 nm CMOS
i 2.9 2 180 nm std CMOS
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Receiver noise figure



A simplified receiver model can be derived by lumping the front-end (FE),
analog/RF receiver (RX) and ADC into three cascaded blocks. This model
cannot replace a rigorous analysis but will show the main parameter inter
dependencies.



| {z }
IL



filter, SW, routing



| {z }
DR,CP
VFS



| {z }
F,BW,G



LNA, mixer, analog base band



ADCRXFE



Psig , N0 SNR



A simplified receiver model



Focusing on the small signal co-channel noise floor we can study the impact of
various impairments to arrive at simple noise factor, or noise figure,
expressions.



The noise factor of a system, or circuit block, is commonly defined as



F =
N



out



N
in



·G =
N



out



·S
in



N
in



·S
out



=
SNR



in



SNR
out



That is, F is a measure of the signal-to-noise-ratio (SNR) degradation when
passing through a system or circuit block. As noise varies with temperature, F
is usually defined at 290K.



The noise figure is just the logarithm of the noise factor, or



NF = 10 · log10(F )



Cascade noise factor



Assuming matched conditions we can use Friis’ formula [1] to find the noise
factor at the antenna connector as (linear units unless noted),



F = IL ·
✓
F
LNA



+
F
ADC



� 1



G



◆











