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Motchenbaker : Low Noise Electronic Design
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Two-Port Noise Description

Through the methods of circuit analysis, Ey

the internal noise generators of a circuit FEI Bwvo-port —o
can be summed and represente d by I é@

two noise generators E, and 1. 6 5

The spectral densities of E. and |, must be calculated and specified.
The cross spectral density must also be calculated and specified.



Calculating Total Noise
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If the generator just has thermal noise,

S =4kTR,, L B @

EN,gen

Represent the combination of amplifier
voltage and current noise by a single source

ETotal = EN + IN °den

We can now calculate the spectral density of this total noise :

~

S, 112, IF S, +2RefS., Z;}

~

:”Zg ”2 S|n +2Re{§Enln(Rgen B jxgen )}

n,total ,amplifier

Two-port —o

Two-port —o

!
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Signal / Noise Ratio of Generator

Vgna + Ento @Nd E o, are in series and see the same load impedance.

The ratios of powers delivered by these will not depend upon the load.
Therefore consider the aviable noise powers.

The signal power available from the generator is Py aaitale = Veignat rms / 4Rger
If we consider a narrow bandwidth between ( fg, ., —Af /2)and (f,, +Af /2),

then the available noise power from E . Is
I:)noise,available,generator — E[Er?,gen] — S ( Jf ) | Af /4Rgen

The signal/noise ratio of the generator is then

SNR — I:)signal,available — VsizgnaI,RMS /4Rgen _ VsizgnaI,RMS /4R
I:)noise,available,generator SE (Jf ) - Af /4Rgen KT - Af

n,gen

gen
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Signal / Noise Ratio of Generator+Amplifier

Signal power available from the generator : Py .. aaitaie = Veina rvs / 4Ren

Noise power available from generator : P = §V -Af J4R , =KT - Af

noise,av,gen

Noise power available from amplifier : P, = §E -Af J4R

o1se,av, Amp n,total ,amplifier

Signal/noise ratio including amplifier noise :
VsizgnaI,RMS ‘/~4 Rgen
AT TAR o +Sg AT AR

SNR _ I:)signal ,available _
P +P

noise,avail ,gen noise,avail ,amp
VsizgnaI,RMS /4Rgen
- Af /4R, +KT - Af

Etotal n,gen

Se

total
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Noise Figure: Signal / Noise Ratio Degradation

signal/noise ratio before adding amplifier

Noise figure = — : _ _ —
signal/noise ratio before adding amplifier

VsizgnaI,RMS /4R
KT - Af

gen

Signal/noise ratio before adding amplifier : SNR =

VsizgnaI,RMS /4R

gen

Signal/noise ratio after adding amplifier : SNR ==

SEtotaI . Af /4Rgen + kT ’ Af
s Se. - Af [4R, +KT - Af
Noise figure = F = —=
KT - Af
S, /4R T .
Noise figure =1+ —ea @0 _q amplifier available input noise power

KT KT
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Calculating Noise Figure

~

[4R

. S,
Noise figure =1+ —==
KT

Two-port —o

We also know that :

S, =11z, IF S, +2RefS., Z;}

n,total ,amplifier

Two-port —o

!

We can calculate from this an expression for noise figure :

Se +[Z,['S, +2-Re(z.S,, )
4KTR

F=1+



Minimum Noise Figure

Noise figure varies as a function of Z ,, =R + JX ., :

~
*

S, +|Z,['S, +2-Re(z’S,, )
4KTR

F=1+

After some calculus, we can find a mimimum noise figure

and a generator impedance which gives us this minimum :

F.. =1+ ﬁ{z\/—g@gln _(Im[‘SvEnInD2 +2 Re[gEn'n]}

§En _[Im[§En,n]J2 _ ImEEnln]

Zopt = Ropt + jxopt = \/§|n §| —J S|

n n

Points to remember : (a) F varies with Z

gen?

which gives a minimum F(c).

(b) hence there is an optimum Z

ECE594| notes. , M. Rodwell , copyrighted

gen
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Noise Figure in Wave Notation

Written instead in terms of wave parametere
4r. FS Fopt

HF fH-r,

F=F,, tF

Noise_circles

These describe contous in the I, — plane of
constant noise figure : " noise figure circles",

I.e. a description of the variation of noise figure
with source reflection coefficient.
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Low-Noise Amplifier Design

Design steps are

1) in-band stabilization: this is best done at output port to avoid degrading noise
2) input tuning for F,,

3) output tuning (match)

4) out-of-band stabilization

Note that tuning for minimum noise figure requires a *mismatch* on the amplifier input;
amplifier gain therefore must lie below the transistor MAG/MSG.

Note that tuning for minimum noise figure implies that amplifier

Input is mismatched: input reflection coefficient is therefore not zero ! _ .
Noise and Available

Gain Circles

Discrepancy in input noise-match & gain-match
can be reduced by adding source inductance

Z
S
=7 <J
noise <Eab
match

GAcircles

Noise circles

Vgen
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Example LNA Design: 60 GHz, 130 nm SiGe BJT

| ‘
8 m9
7 freq=60.00GHZ|
c4 ] nf(2)=5.374
C=1pF ]
i 10—~
Vee
; AN\ - { =i i
S 5 |
= R17 el
= U TL3 -aams .
= REHE O Subst=" BTN |
W=5.0 um Port @ua_j@ N— o
L=180 um P2 ToRLNY
— L Mod=Kirschning Num=2 g rifoyrafed) 7 freq=60.00GHz
- MLIN 3 7 =
oo s el < ] dB(S(2,1))=5.514
il Subst="T < .
Vde=2V  \y=50um Ca “Loc 10—
L=380 um C=1pF SRC2 |
Mod=Kirschning T~ # Ide=1.7 mA 4
Port '53 T -
P1 _
Num=1 C=1pF ;

O L

wes |l H‘A [ ’ -20 I S A A O A
= 20 25 30 35 40 45 50 55 60 65 70 Y5 80 85 90 95 100
(L

freq, GHz

C=1pF

— =

MLIN ,
L R15
TL4
R=175 Ohm
Subst=
W=5.0
L=775 um
Mod=Kirschning =
I Iﬂ
L —— -
= = ~Ow
C R — =
c3 R16 — =
C=1pF R=175Ohm o ﬁqi
.E"_r\:.
=

gain & noise circles after input matching
note compromise between gain & noise tuning
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Friis Formula for Noise Figure

1 2

>

Available gain : power gain of then amplifier with the * output * matched to the load
G, = Pwa _ power available from the amplifier output

Pae power available from the generator

Noise figure of a cascade of amplifiers
Foo =F + Rl R-L
GAl GAlGAZ

Here the noise figures and available gains of each amplifier are calculated given using
a source impedance equal to the output impedance of the prior stage.

The Friis expression will not be proven here due to time limits.
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Noise Measure

One peculiarity of noise figure is that any active device has poorer noise figure
than a simple wire connecting input and output. We need to amplify a signal to
use it, and that comes at the cost of increased noise relative to the signal.
Clearly F is not a the best figure - of - merit for a low - noise amplfier !

Define F_ as the noise figure of an infinite cascade of identical amplifiers :
F-1 F-1 F-1

t =t ...
GA GA GA

F.=F+

The * noise measure * is then defined asso:
M=F -1

Mason proves that M is a network invariant, i.e. is invariant with respect to
embedding the device in a lossless reciprocal network. This implies in particular

that M is the same for a FET in common -source / common - gate and common - drain
configurations.
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