LNAs, Noise Figure, and Noise Analysis - Radio Design 401, Episode 6

Slides downloaded from: https://ecefiles.org/

Companion videos at: https://www.youtube.com/playlist?list=PLIOx3wpnBOkrNexW2k5]MCaewXN7LoRXd

This material is provided by ecefiles.org for educational use .

This episode in our Advanced Receiver Design series covers Low Noise Amplifiers (LNA) from both a
circuits and system perspective. Part 1 illustrates two real-world scenarios before going into noise
analysis in circuits. In the GPS example, we show that low noise figure is important, but it is critical to

minimize losses ahead of the LNA. In an automotive receiver, the importance of NF depends on

several factors, including receiver architectures used - which are discussed in some depth. Noise
modeling in circuits is also discussed, and the topics of analysis, simulation, and measurement are

studied further in Part 2 of this episode.
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Radio Design 401 — Episode 6

Advanced Receiver Design
LNAs and Noise Analysis
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Real World Example 1

Marine GPS Antenna
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Narrowband GPS filter
from Qorvo website:

QPQ1060
L1 Low Loss GPS SAW Filter

https://www.qorvo.com/products/p/QPQ1060
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Real World Example 2

Receivers in Motor Vehicles
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LLNA Considerations

* High gain and low noise figure (NF) are often sought after (and

sometimes needed), but ...

* In crowded spectrums, with decent antennas, amplifiers produce
intermods, and LINA noise figure may not be as important.

MegawattKS - YouTube S 3 | ecefiles.org
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Classic Solution

* LNA increases signal level so that
Optional AGC noise introduced later in mixer,
etc. doesn’t lower received S/N

« Tracking Preselect Filter ‘protects
LNA from strong off-channel
Filter Tuning LO Tuning Signa].S

Figure 4.7: Single conversion superheterodyne with tracking preselect. e Filters must be narrow and track
with LO tuning ...

MegawattKS - YouTube ecefiles.org
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Modern ‘Solutions’ (fully integrated receivers)

Narrowband filters difficult
to do on-chip — so ‘punt’!

Rely on attenuators to deal
with strong interferers ®

a2 United States Patent (10) Patent No.: US 7,426,376 B2
Srinivasan et al. 45) Date of Patent: Sep. 16, 2008

RECEIVER HAVING DIGITAL AUTOMATIC (58) Field of Classification Search ................. 455/136,

_____ — GAIN CONTROL 455/138, 232.1, 239.1 2

----- See application file for complete sez
2) Inventors: \:is.h-nu S..Srini\asan: ‘\}I‘Tl,mv. l\ (US): (56) References Cited
G. Ty Tuttle, Austin, TX (US); Dan
B. Kasha, Scattle, WA (US): Alessandro U.S. PATENT DOCUMENTS
B, — s — et — — Piovaccari. Austin, TX (US) 5758271 A * °h et 2
5758274 A *

Assignee: Silicon Laboratories Inc., Austin, TX
(US)

. g ) . —_ 2 A 82004 Gu
Notice: Subject to any disclaimer, the term of this 2005/0113046 AL* 52005 LIt wooooomooooeooossorn 455/13
patent is extended or adjusted under 35 2005/0127993 Al* 6/2005 Yimetal. .....ceereeee 330/133
U.S.C. 154(b) by 443 days. 2005/0136878 Al 6/2005 Khorram
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LNA /System Implications

* Modern “fully-integrated” receivers make extensive use of AGC
and RF attenuators, plus high DC power consumption to combat
intermods.

* Result: Not suitable for very low power applications, and
System NF can be up to 30 dB ®

MegawattKS - YouTube ecefiles.org
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LNA Design Research

* Q-enhanced Front-ends may allow more sensitivity, at
lower power © See Episode 1

* But we need to analyze and understand their noise figure

LNA with High IP3
RF Attenuator Q Enhancement Passive Mixe

G=+4to+22dB
G=-5dB

0to-20dB NF =5dB
RF in

88 to 108 MHz
-110to -10 dBm

LO or Synth
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Presentation Outline

* Noise Figure Definition and Basics
* Circuit-level noise models

* Circuit noise analysis
 Simulation — with examples

e NF measurement

MegawattKS - YouTube ecefiles.org
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A Noise Figure “Implicit” Definition

Noise

S Po=kTB
P Antenna
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PC Boards

Effect on Receiver Sensitivity: See Episode 2

4 I )
P, ,in=-174 dBm + 10 log(B) + S/N,,;(+ NF,.,
kNF is the amount by which the ideal sensitivity is degraded by circuit noise >

MegawattKS - YouTube

ecefiles.org



https://ecefiles.org/
https://www.youtube.com/user/MegawattKS

Noise Factor and Noise Figure

Desired Signal
p

Ant . .
i Py Front-end “noise factor” is:

i Preslect
Transmission
Noise " Filter _
Pn=kTB > Si/N;

N,
F=s. N, ©n, =

Lt And “noise figure’ is:
o NF = 10log(F) dB

S/N=1.67 (2.2 dB)

Power
in fW

SIN=2 (3dB)

« Signal and Noise levels in graphs are shown in ‘linear’ power units here ! (not dB)
NOTES: . s/Nvaluesand gains are shown as power ratios, with their dB equivalents
* Overall NF here is NF = 10log(12/(0.79%0.63*10%*1)) = 3.8 dB
or, directly in dB, (S/N)in— (S/N)out=6dB-2.2dB =3.8dB
Even though NF of LNA is 0.8 dB !!
MegawattKS - YouTube ecefiles.org
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Presentation Outline

* Noise Figure Definition and Basics

* Circuit-level noise models
* Circuit noise analysis
* Simulation — with examples

e NF measurement
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How Do We Find the NF of an LLNA ?

E‘g ; Example:

Bandpass
Filter Output

Matching Common-base LNA
Network from Radio Design 101 series

* Analyze...
» Simulate...

Need “noise models”
for components ...

Antenna

Matching e Measure...

Network
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Component Noise Models

Vn RS

Ps //'\/

Vs (O

P, = kTB

N

V., = 4kTR,B

Example: T=290 K, B=200 kHz, Rs=50 Ohms: £, = 0.8 fW or — 121 dBm (to matched load)
V, = 04uV (open circuit value)
MegawattKS - YouTube ecefiles.org
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Component Noise Models
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(Simplified) Component Noise Models

Reactive Components are approximately noiseless if Q is large

If Q is not large, add a series or parallel loss R and model its noise...

MegawattKS - YouTube ecefiles.org
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(Simplified) Component Noise Models
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Emitter to Collector “Shot” noise
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Normalized Noise (1 Hz Bandwidth)

Vn RS

Ps 7\/

P, = kTB

Vs

O

V, = J4KkTR,

Example: T=290 K, B = 1 Hz, Rs=50 Ohms: P, = (4.0)10"?' W or — 174 dBm (to matched load)
V, = 0.9 nV/VHz (Loaded value is 0.45 nV/VHz at 50 Ohms)
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Radio Design 401 — Episode 6
Advanced Receiver Design
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Presentation Outline

* Noise Figure Definition and Basics

e (Circuit-level noise models

* Circuit noise analysis
* Simulation — with examples

e NF measurement
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Analysis Procedure

* See next slide
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Adding Noise Voltages on Power Basis

 Noise sources are random, and uncorrelated from each other
* Hence, we can’t add noise voltages using normal superposition

* But we can add the “power” (voltage squared) associated with
each, and then take the square root to get the total RMS noise ...

MegawattKS - YouTube ecefiles.org
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Presentation Outline

* Noise Figure Definition and Basics
* Circuit-level noise models

* Circuit noise analysis

m) - Simulation — with examples

e NF measurement
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Simulators Do This For Us ©

(except maybe step 5)

1.Solve DC and AC circuits to get g,,,and A, at {_

2.Use A, to find expected V_,,.,, at output from Rs alone (ignore
Vs)

3. Solve for gains from each component’s noise source to output
and individual V_ at output from each

4. Add allV_ on an RMS basis
5 Flnd NF as 20 log(vntotal Vnideal)

MegawattKS - YouTube ecefiles.org
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LT-Spice: AC sim to get Gain

[9 LTspice XVII - CBampda.raw

File View Plot Settings Simulation Tools Window Help
P PN RQAAVR RIIERE S DREH AT L LD LI YDIOD M|

+ CBamp4a.asc| 2 CBampda.raw

<

E.\;CBamp4a.raw

20dB V(vs_in)

A, = 18.0 dB
Av — 1018/20
—79V/V

Q1
2N5179

.

.aclin 1009 88E6 108E6 ;noise V(Vo) V1 lin 1009 88E6 108E6

-2dB T T T T T T T T T
88MHz S0MHz 92MHz 94MHz 96MHz 98MHz 100MHz 102MHz 104MHz 106MHz 108MHz

x = 98.367MHz 18.071dB
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LT-Spice Noise Analysis

File View Plot Settings Simulation Tools Window Help

PP 0l RIJERE $2RNEF /A LD I DO D Cimiiap |
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X -
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Evaluating Individual Contributions

4: CBampda.asc
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Presentation Outline

* Noise Figure Definition and Basics
* Circuit-level noise models

* Circuit noise analysis

* Simulation — with examples

‘ * NF measurement
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How Do We Find the NF of This LNA ?

Bandpass Common-base LNA
Filter Output

Matching from Radio Design 101 series
Network

Vs Simulate. ..
Matching
Network

MegawattKS - YouTube ecefiles.org



https://ecefiles.org/
https://www.youtube.com/user/MegawattKS

NF Measurement Class Handouts

l\‘mse Figure Mea:surgments Noise Figure Measurements
(See al HP Application Note 57-1) (See also: HP Application Note §7-1)

Signal Generator Method
Hot/Cold Source (“Y-Factor”) Method

Spec An with Internal Preamp
l Sig K 0 T Spec An with Intemal Preamp

Gen S Noise
L — Source

Procedure

Setup the signal generator and spectrum analyzer to measure at the appropriate frequency. . e R
i b SSIR SR pen VAR eesie st e AppropnAle Iadnened Measure DUT gain and Spectrum analyzer noise factor F, as in Signal Generator Method.

Measure gamn G, of DUT. accounting for cable losses as appropriate. You should use the “insertion-gain

method” where you measure power with device in-circuit and then bypassed (using a barrel connector). and Measure output noise with noise source power supply on (hot), and then off (cold). We
p E EE } ) @ L
will call these N;, and N..

take the ratio of powers (difference of dBm). Be sure to use a low power when measuring gains (e.g. -50
dBm from generator) to prevent amplifier compression.

Turn on the spectrum analyzer’s internal preamp, set the reference level to -40 dBm, and set the mput
attenuator to lowest non-zero value (e.g. 5 dB). Then measure the ‘output’ noise power No, from stage 2
(the LNA/SpecAn only) with its input terminated in 50 Ohms (Attach a 50 Ohm load to its put)

Compute the Y-factor ratio Y = Ny/ N, and then the noise figure F, fror

Next, with the internal preamp on and the attenuator set to 5dB. measure the output noise power Noy, with
the DUT included (with its input terminated)

(see HP AN 57-1 with T. = T,)

Compute the noise figures F, and Fy, using the defimtion of noise figure

Solve for F, using cascade formula
1

Fio=F +%—
Noy» 12 1 T

Fy = ¥ToBG,
NOTES:

Solve for F, using cascade formula
Fip=F +5%
v . . . L
12 1 Gy This method is more accurate than the signal generator method, since it does not rely on

NOTES: absolute power measurement accuracy.

ENR is the excess noise ratio, marked on the noise source. Be sure to convert from dB to

For ll]ll)lD\'C(l accuracy i noise measurements, use the spectrum x’ll){ll}'ZCl ’s noise measurement mode which raliU tbl'lﬂ

reports noise power levels in a 1 Hz bandwidth (and accurately accounts for the resolution bandwidth filter’s
“noise bandwidth”) For method to work well, however, the noise source have ENR>F,.
~ P > P (¢ n | Fe 5 ! o ~
Be sure to convert dB and dBm to ratios and powers before crunching formulas For even better accurac you may want to use the Y-factor ﬂppmach to refine your
The noise figure measurement accuracy is dependent on the spectrum analyzer’s ability to accurately measure measurement of F; above, although if G, is F, this is not eritical.
absolute noise powers, and on the gain measurement of G1, G2. The analyzer may be accurate to about a half a - Tt - .. - . - .
0 ' Note that if ENR >> | and Y >> 1, then NF 3 ® ENRj5 — Y4p. Further, if G, » F», then

dB, but this can lead to cumulative errors of more than 1 dB (not a good thing if you're trying to measure NF of
1to2dB! NF, = NF»

Cable losses should be carefully considered. E.g. if you used cables between the amp and spectrum analyzer in
the gain measurement, use the same cables for the noise measurement

The DUT gain G, should be much greater than F, to avoid significant errors in the computation of F,.

10/29/12 WBK 10/29/12 WBK
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Insertion Gain Measurement
Using 2 TinySAs

B sor | et —
' : —|(E. -
LOW OUTPUT on W . Load al | | |
[ . FREQ: 88.500 808 MHz . :[T’ | &
§LEVEL: -60.9dBm \ :"] [ ] hed
B MOD: None " -

§ SWEEP: OFF -
B EXTERNAL GAIN: 0.0dB I B
ol MODE = ’]L’- . .:“:qx F‘—- \ -u\

, 1DZ Rev—-01-10 : \ -

o — Insertion Gain
- g Lou 0UTPUT = MHo ' e | b |
Bracrrom RE P =] ! L = (-49.1 dBm) - (-69.6 dBm)
‘ fj MOD: None g!@! o i -
:vfs;wgf'P: OFF [~ :h.. ! |
ar_laiz 1  =20.5dB
= j"’g.:;u.m' q" - y e
. iy _ ANl
- BT e e e — —
ecefiles.org
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Noise Figure Measurement

.- A B e
e —~ =
gagRzs M e T - =
; sy w TinySA - .
N { Ultra (2] :
TO .’f | . \‘ i
50 Ohm ! d_[ .“' __ ‘ ’ - M
Load | = r__ 1__-_-- i

TinySA reports -101.1 dBm Noise in 100 kHz RBW
Ideal noise from 50 Ohm term: —174 dBm + 101log(100kHz) + 20.5 dB = —103.5 dBm

Difference of 2.4 dB is the measured NF (accuracy depends on spectrum analyzer power
and noise-bandwidth accuracy)

Use hot/cold method for more precision (if needed)

MegawattKS - YouTube ecefiles.org
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Our Goal: More Front-End Selectivity

(and Good IIP3) to receive more stations ©

LNA with High IP3 10.7 MHz IF 10.7 MHz NJM14570
RF Attenuator Q Enhancement Passive Mixer Diplexer Filtering IF Amp FM Limiter/Demod

G=+4to+22dB

NF=5dB
0to-20dB NF=5dB LPF NF=5dB NF=5dB

RFin cw -88 t1 -26 dBm Audio Out
88 to 108 MHz &, | 0.4 Vpp

-110to -10dBm B=180kHz B=180kHz

G=-5dB 15 MHz G=-5dB G=-5dB G=+25dB >-78 dBm for 30+ dB SINAD

LO or Synth D—» Up-converted Spectrum
To SDR, TinySA,

or RSSI/Freq counter

77.3t097.3 MHz

+6 to +15V +5V +3.3V
30 mA Regulator Regulator

o

i’iso'

INE(O 2E-6 98.0E6)
C2

op ;ac lin 1009 88E6 108E6 .noise V(Vo) V1 lin 1009 88E6 108E6

;tran 0 25u Sus 0.01ns
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Benchmarking / Scoring
Including a Honda FM Radio Teardown ©
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Background: RD-401 Episodes 1 - 5

. : Low Power Receivers in Crowded Spectrum...
Radio I)(’Slgll 401 Radio Design 401

SNR, Noise Figure, and Receiver Sensitivity - Radio Desi...
. e MegawattKS ¢ 1.6K views * 6 months ago —— isode - L . . . )
B! 2 2 ik This is Episode 2 of our advanced series: Radio Design 401.
- T i O SNR, Noise Figur / " § " . : A
Low-power Receivers in Receiver Sensin- 371 :48 In this episode we discuss signal-to-noise ratios, componen...

Crowded Spectrum Environments

( An Advanced “Course™ & “White Pape 1 5'37

Radio Design 401

Episode’3 RFI Noise in Buildings - Radio Design 401, Episode 3

Episode 1 Part 2 in Radio Design 401 = ; west is epi i i ' i
Radio Design 401 P g | This episode examines radio frequency interference in

- spisvic1 D Megawailis » Tk views * Smonthsags T 37 commercial and residential buildings. We concentrate on R...
i

Part 2

Low-power Receivers in Radio Design 401 . 2 s g 5
Cronded S o s . - Intermodulation in Real-World Receivers - Radio Design ...
; Bhges] This episode covers essential aspects of Intermodulation

R nemoi 1:02:04 distortion in radio receivers but goes beyond the traditional...

Radio Design 401 Episode 1, Part 3 (of 3) in Radio Design 401

-~ Episode 1 [ \ MegawattKS * 1.1K views * 5 months ago Radio Design 401 - Episode 5 . . . " .
163 {1 “Semesier Projct” High Performance Receiver Design - Radio Design 401, ...

High Performance Receiver Design

Low-power Receivers in - q In this episode, we launch our "semester project” by
Crowded Spectrum Environm . » o 54 30:26 reviewing key points from the Radio Design 101 and 401...
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