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Noise (introduction)

(1 The broadest definition of noise is “everything except the desired signal”.

O In practice, the term “noise” is used to refer to “random noise” having
Gaussian distribution of its amplitude.

 In a strict sense “Interferer” is not random noise, but artificial man-made
noise.

(1 Before the early 1900’s, it was widely thought that the sensitivity of a
system can be simply improved by cascading amplifiers with finite gain.
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Noise (introduction)

1 When it became possible to design amplifiers with enough gain using
vacuum tubes in the early 1900’s, it was observed that simply cascading
amplifiers did not improve the sensitivity of the system.

Input oo —%Output
~~ Y

[ The degradation of the sensitivity of the system is observed as a
continuous “hiss” in audio systems and a characteristic “snow” in video
systems.
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Noise (introduction)

O Nyquist, Johnson and Schottky were the first to publish a series of papers
which carefully measuring and explaining the origin of noise.

[ The existence of noise in electronics is basically due to the fact that the
movement of electrical carriers (electrons and holes) is not continuous,
but discrete, and they have randomness in movement due to thermal
energy and defects in semiconductor.

O Study of noise is important because it allows us to determine the lower
limit to the size of signal that can be detected.

O Types of noise (covered in the lecture):
- Thermal noise
- Shot noise
- Flicker noise (1/f noise)
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Quantifying Noise Power

 Let’s think about how to quantify random noise X_(t) which can be either
random voltage or current signal.

O Random noise is unpredictable, but one
thing well-known is that its time average is
Zero.

(Xa(8)) = Jim = f X, (O)dt =

O So, we need a different way to quantify the
noise. Let’s mean square-value of X, ().

This is called mean-square
power (or just power) of X (t) (X (0)?) = Jim — f X, ()X, () dt
(with respect to 1Q2).

/ Because most noise is

13 5 real quantity.
—1111_r>rgorf_ A ()dt+0

= X,’(t)
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Quantifying Noise Power

 Apparently, mean-square power of X (t) is not zero, butit’s still difficult to
calculate because of infinite time integral.

T

2 .12 2

X, (t) =r}~1_1')1go ff—r X, (t) dt
2

1 Any easy way ? Well, let’s try it in an experimental way. First, imagine a
tunable bandpass filter where center frequency f, is tunable and
passband BW is 1Hz having brick-wall type ideal unity gain response
(mental model).

Transfer function (] V,/V,|)
(vo B fov. 4 '
—pp| | €—— BW=1H:

—— rla e

[ Then apply the square of noise X (t) to the input of the filter.
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Quantifying Noise Power

IV,/V;|(f, is tunable.)

Q This is basic concept of “power spectral S,(f)
density or power spectrum S (f)” of X_(t).

 Once S,(f) is known, power can be
calculated by integrating S,(f) over the
frequency band of interest (f,-f,).

1

X2t = lim =

O Now, you can measure frequency response ~ 1}-------
of the X2, (t) for every frequency per 1Hz step.

-¢— BW=1H:z
- Hz

e

fo

X"QW ..... ()2 vio vo——\v

Output frequency

response (magnitude)
®

T
2 2
f_T X,2(0) dt

L

[l's.(h af = X’

12345 f,
Power spectral density [V2/Hz] or [A2/Hz]

> Hz
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Quantifying Noise Power
O Inreality, it's impossible to have 1Hz BW tunable bandpass filter.
 Alternatively, we take sufficient number of X (t) for a sufficient
amount of time period T. Then take Fourier transform of each
sample and calculate power of each sample in frequency domain.
Finally average all the power. This gives approximate of real power
spectral density of X (). AEnergy
1X,,7(f) |2 —>Power
| Xor(® X,r(f) Mn_
T
|XnT (f) |2
J\u
f
|XnT (f) |2
Sy(f) x ——
x(B) ~ =
ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 8




W VirginiaTech

Invent the Future

Resistor Thermal Noise

O If ambient temperature is not absolutely zero, then there is thermal energy
everywhere (“Blackbody radiation”). In semiconductors including
resistors, electrons (and holes) will be agitated by this thermal energy,
which causes random movement of the carriers. This is the basic source of
noise current (and therefore, noise voltage) in resistors.

—0
+/\ |
RS Valt) —=~Aiplionfyim— time
—0

U This fundamental physical phenomenon because discrete movement of
electron charges. You will see later that this kind of noise also appears in
antennas, which is basic noise source from the antennas.

O Some different names of thermal noise: Johnson noise, Nyquist noise
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Resistor Thermal Noise

_O+ O Itis know that the power spectral density of
the resistor thermal noise, V,(t), is given as:
RS Valt)
- V? h|f| hif|
_O Sn(f = = 2R +
Af 2 exp (MA1 T

h: Plank’s constant = 6.2 x 1034 J.sec

k: Boltzman constant=1.38x 1023 J/K

T: Absolute temperature = (273+°C) K

Af: Bandwidth (Hz) Apply this.

p < kT 1.38 x 300 x 1023
f.1f] 6.2 x 1034

7 ~ 1012 § 10 THz,
This assumption is valid for most

of RF IC designs.
g thenexp( 'ﬂ) 1+%(=‘ e ~1+x).
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Resistor Thermal Noise

_O+ O Itis know that the power spectral density of
§ (t) the resistor thermal noise, V,(t), is given as:
R nlt
v,2 hif| hif|
i Sn()=3F = 2R ==+ 7
—0 exp ( D 1
—wv-ﬁw.“%ybw'n—»time = 2kTR r
We call this as S"f.f)
“double sided spectrum” 2KTR
, We call this as -f< >f
S, (f)=—"_ = 4KTR “single sided spectrum” S,(0
Af (standard convention) AKTR
Note: No frequency
dependency (white noise) fe . f
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Resistor Thermal Noise - Modeling

_O+ O Now, let’s define noise power and effective
noise voltage:
R § Vi(t) v,2
S.(f)= A’} = 4kTR
_O

Noise power= v,? = 4kTRAf
—W%ﬂ%vbwﬁ—’t'me Effective noise voltage =v,, = ,/4KTRAf

J Now, we can model resistor thermal noise as
voltage source (Thevenin form) or current

source (Norton form):
Ty 4
R _ \/Tf = v4KTR (E)
EVA R § In L Ta _ [T 4
n Jof  JAfR N R ‘VHz

12
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Resistor Thermal Noise - Modeling

Ty v

R _ A=VEKTR ()
EVA R§ In L _ Ta_ [skT 4
n JAF ~ JAfR T N R ‘WHz

d Rule of thumb: o
- 1kQ,T=300K, Af=1Hz,V =4 nV_
- 50Q,T=300 K, Af=1Hz, V_n=1 nVv,.

O Example:

Consider a 50-Q wireless system with 1 MHz signal
bandwidth. The noise voltage from a 1 MHz BW for a 50-C2
resistoris 1nV, . x 1000=1uV .. Therefore, the signal
voltage with a BW of 1MHz needs to be more than 1uV to
be detectable.
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Noise Algebra

1 Now, let’s add two resistors in series. Then, how much is the overall noise
voltage (Af=1Hz) ?

R, =500 — JaKTR,Af=1nV,,,, Don’t calculate like this:

Untotal = VUni T VUpa = 5 nVims

nl

R, = 1kQ

. Why ?
2 = JAKTR,Af=4nV,,, y

14
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Noise Algebra

1 Now, let’s add two resistors in series. Then, how much is the overall noise
voltage (Af=1Hz) ?

When adding two noises, we
R, =50 Q need to consider correlation
between the noises.

R, =500 Vp1 = JAKTRAf=10V, ¢

vn,totalz = (vnl + ”nz)(vm + vnz)*
R, = 1kQ

= Vn1 X VUnq + Un2 X Up2
Vp2 = 4kTR2Af=4nV,.mS

+ Un2 X vn1*+ Vn1 X vnz?

Note:wehavetoadd ... +ermswill be zero,

2 _ * . L
- X + X noise in power :
Untotal™ = Vp1 X Vni T Vn2 X Un2 In powet because noises from R1 and
=Vn1? + 0% € domain or resistance, R2 are not correlated; i.e.,
not voltage.

time average of multiplication
. of two uncorrelated noise
X vn,total = \/vnlz + anZ - \/4kT(R1 + RZ)Af

samples will be zero.
=V17 NV, s = 4. 12 NV ¢

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 15




W VirginiaTech

Invent the Future

Vo

Shot Noise

1 Noise source: any electron (e-) and hole (h+) has slightly different random energy
level (not uniform energy). These different energy level causes randomness in the
# of carrier hopping the energy barrier in the P-N junction under forward biasing.

ID

Current These randomness of # of
carriers (e-, h+) arriving at

P lb the contact generates

' \ n Af
; >

random noise pulse of
current.

Tlme

i,”

Vi ZqID:

whereq=1.6

Freq. x 10~19 C.
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Note: this is white noise and has Gaussian distribution.

16




W VirginiaTech

Invent the Future

Shot Noise

(1 Condition for shot noise:
1. There mustbe DC current flow.

Any diode and P-N junction device exhibits shot noise current. Noise of
diode can be represented by a noise current source in parallel with the
diode as shown in figure below.

O+

4 in2 = 2qIpAf

O-

Ex) Rule of Thumb:
- 1mA of DC current produces 18 pA/ \Hz of rms noise current density.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

2. There must potential barrier (P-N junction) over which a charge carrier hops.

- 1mA of DC current produces 18 nA of rms noise current of a BW=1MHz.

17




W VirginiaTech

Invent the Future

Flicker Noise

O Condition for flicker noise: Flow of DC current

L1 Flicker noise is caused by the randomness of being captured (recombination)
and released (injection) of charge in a crystal defect states (traps).

- Ex) Indiode/BJT, P-N junction depletion region has some contamination and
crystal defects, which play as trap states.

- Ex) In MOSFETs, the interface between the gate oxide and the silicon substrate
contains many dangling bonds acting as trap sites.

U The traps capture and release carriers in a random fashion, and the time
constants associated with the process give rise to the 1/f nature of the noise
power spectral density (mostly low-frequency dominant noise).

PSD

& ' A k
>

Freq.

A, af ef will be depending on fabrication process (but mostly ef~ 1).
O Itis observed that in typical IC process, BJT exhibits less 1/f-noise than CMOS.

18
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Flicker Noise in Junctions
U Flicker noise in a forward biased junction can be expresses as:

T2 _ Krip
lnz = Xfl])‘%f Af,where A = diode junction area,

Kf =107 A-m? 0.5 <af <2,ef ~ 1.

O A more complete noise model of a forward biased diode is shown below:
O+

LY
n1/f T4 fef

o- J

U Total flicker noise in a bandwidth from f1 and f2 is (assume af=ef=1):

! in,shotz = quD Af

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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f2 2K 1 K.l f2
_— i . ldf = —L2qf-= f”czn(
%\ LT A P A AV
/' > Freq.
f1 f2

)
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Flicker Noise

U Total flicker noise in a bandwidth from f1 and f2 is (assume af=ef=1):

Same ratio of frequencies gives
same 1/f-noise. For example, 1/f-

Ex) diode area A=1um x 1um noise in a bandwidth from 30 Hz to

| .=1mA, BW=10-100 Hz, then 300 Hz is the same as the noisein a
oe bandwidth from 300 Hz to 3000 Hz.
[ty 2 df ==L n n(%) More specifically, the 1/f-noise is

10725x1073 | 7100\ _ _16 12 constant for decade of frequency.
Tln(ﬁ)—z.SXIO A

» I,4/s(one — decade) = V2.3 x10-16 =15 nA.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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f2 f2K, 1 K, f2
> i . 2df = —fﬂdz“’cz()
%\ LT el M a B a VF
i /' >Freq
fl1 f2
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Antenna Noise

U Previous discussion allows this simple modeling of antenna in terms
of signal for RF IC designs.

ANT
Z
Z,i ° R=2
by Antenna | <] Sz 1) 27
Z°=50 Q Vs,far VS B
) O

Vs is an effective open source
voltage induced in antenna.

o
>

Oow

Vs, faris an equivalent source that
generate E-field in the far-field air
medium.

[ Rsis not real resistance, but called as “radiation resistance”.
- For50-Q2 system, R;=Zo=50 Q2
- For 75-Q2 system, R;=Zo=75 Q
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Antenna Noise

(1 We need to consider one more thing in this modeling.

o

Oow

1 In real world,

- Antenna receives not only signal energy but also noise energy.
- Recall that every object above absolute temperature emits thermal
energy which will be noise energy if it's not coming from the signal

(“Blackbody radiation”).

Q) How can we model the antenna noise ?

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Blackbody

(noise source
surrounding antenna
area)

Antenna Noise

T  Let’s assume that the antenna is
facing a blackbody with a

AN
Noise
temperature Tant.
‘ Z,=50 O

] ‘ O The carriers in the antenna are
thermally agitated by the radiation
from the blackbody source.

Q Itis known that the available noise
power depends on the temperature of
the blackbody and BW of the system
under Z-matched condition.

Available Noise Power (P, 4vailable);

l)n,av.’;lil.'slble (f) = kTantAf

k: Boltzman constant=1.38x 1023 J/K
T: Absolute temperature = (273+°C) K
Af: Bandwidth (Hz)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 23
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Antenna Noise

NT T - O
pn avallable(f) - kTantAf 4

Noise Z,
‘ 2,250 Q - Voout 3%
n -
O

Blackbody

(noise source The noise from the antenna can be
surrounding antenna modeled as a voltage source in
area) series with the matched impedance.

The equivalent noise voltage can be determined
by this equation.
Py available (f) = KT g Af o Vn2 = 4KT 3 ZoAf

2
Vn,out _ Vn

Zo, 4Z,

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 24
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Antenna Noise

(noise source
surrounding antenna
area)

NT — 7 O
Noise P}, available (f) = KT g5 Af 7. +
‘ J"’f!"\/ 2,250 Q v \-’n,out 27,
Blackbody ' ‘

The noise from the antenna can be
modeled as a voltage source in
series with the matched impedance.

= 4KT . ZoAf

Q) How do we determine Tant ?

Ans) Normal convention is to take ambient
temperature, i.e., Tant=300 K. But in reality, it
could be a bit higher due to cosmic rays from
outer space.

1 Note that the equivalent noise voltage is the same form as in that of noisy
resistor, although Z, is not physical resistor.

25
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MOSFET Noise Model

U The channel resistance of MOSFET exhibits thermal noise just like a normal
resistor, and causes drain thermal noise current.

1 v
D
-‘E S
]__”: — Vps
N+ Vs
Drain I
777 V 4

\J\N\/—Rchzl

Y9m
g.. transconductance,
—L ind,thz v- drain thermal noise coefficient
1 (~2/3 forlong channel,
= 4kT o Af > 3-4 for short channel device)
= 4KT(ygm)Af

26
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MOSFET Noise Model

1 Atomic bonds at the interface of gate oxide and silicon substrate is not
perfect, but there are many dangling bonds which plays trap states. These
traps give rise to flicker noise.

1 v
-\E DS
]——| — V
o Vs l: DS
Source Drain pi »
Body Dangling bonds play as traps
Refer to gate side
—L Ind,1/f E
2
_ Kf Sm Af Vng,l/f2
WLC,: f _ K1
- WLC,, f

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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MOSFET Noise Model

O Drain noise current has two components; channel thermal noise and 1/f -
noise.

2_: 2,: 2
lhyaw = lpdth +‘nd1/f

— AKT(yg,. )M + —I Bm” A

WLC,, f
: : At f=fc,i 402 =i 14,6°
Drain current noise » 'nd,th nd 1/f
PSD (dB _ _Kf ogw?®
D (dB) > 4KT (ygm)Af = 70— 22 Af
Kr gm
- 2 =
N\ Lha1/f 2 fe WLC,, 4kTy
\ —
——2dh EX) K=3x1024V2.F (for 0.18 um CMOS)
| > Freq. Cox=1 uF/cm?(for 0.18 um CMOS)
f, W=60um, L=0.18 um
gm=20 mS
> f, ~ 10MHz
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MOSFET Noise Model

O In actual layout of MOSFET, the gate is made of poly silicon which has a finite
resistance. The parasitic resistance generates its own thermal noise.

Drain
HEEEER R
Gate | I —(w—L
EEHEEERRN
Source Vng"
u Finite resistance in — 4kTRgAf

poly silicon gate

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh




W VirginiaTech

Invent the Future

Small Sighal MOSFET Model (with noises)

(1 Now, we can generate first-order small signal model for noise analysis of
MOSFET (for high frequency applications).

vng C You can drop this term to simplify analysis.
Rg gd
6 O—()-wW— oD
+

Cos 1 Vg5 gmVes * m

If your circuit is operating
above fc, then you can

5 drop this term in noise
J analysis.
vng2 = 4KTR At .
s K
. 2 f 8m
= 4KT Af A

30
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Equivalent Input Noise Generators

J We want to represent a noisy 2-port by a noiseless 2-port with equivalent noise

source(s) outside the 2-port network, as shown below.

Noisy Zs Noisy

l Ys 2.port Vs@ 2-p0rt
Noise Noiseless v @ Z Noise Noiseless

Ys |Generator 2-port ’ Generator 2-port

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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parallel with the 2-port network.

Z Noiseless
vs@ Vnes 2-port
Vneq
| ()
- &,
s Noiseless
vs@ 2-port

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

Equivalent Input Noise Generators

[ Let’s start with introducing an equivalent noise voltage source. Where can we
put such a noise source? First let’s try to put the noise voltage source in

What's the problem in
this configuration?

Let us put the noise
voltage source in series
with the 2-port network.
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Equivalent Input Noise Generators

U The equivalent noise source should be able to generate the equivalent noise

power at the output port regardless of the input drive source and the output
termination conditions.

Vhe

o

© —

C Z Noiseless
Vi(~

i =00 ?
2port | WhatifZ=wo’

 IfZ=<0, then the noise voltage can play nothing, and output noise power
will be zero. Clearly this not the case for all noisy 2-port networks. For
instance, in CMOS, even though the input is open, there would be output

noise current as long as it is biased. Therefore, usingV, ., as the only noise
generator is inadequate.
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Vheq Ineq

“@

Vheq

Noiseless
2-port

Noiseless
2-port

Equivalent Input Noise Generators

U Let’sintroduce a noise current source in series with noise voltage source.

Then, the noise current source
will block any signal current
from source, not to mention the
noise voltage source (not
acceptable).

Let us put the noise current
source in parallel with the
2-port network.
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Equivalent Input Noise Generators

(J Now, let’s check the model.

- Allthe signal current will go to the 2-port network.

- IfZ=0,V ne will generate output noise (i, will do nothing).

- IfZ=, 1., Will generate output noise (VmI will do nothing).

- If0<Z<,bothV qand Ineq will participate to generate output noise.

Vneq
N h—
Z - Noiseless
vs@ Ineg 2-port

L The model is working fine, but we missed just one thing here, which is

correlation between meI and ImmI We will see later how we should handle the

correlation between the two noise amounts.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Equivalent Output Noise Generators

(1 We can represent the equivalent noises at the output side also.

Vneq
Z - Noiseless
vs@ Ineg 2-port
Vneqo
Z Noiseless -
Vs@ 2'p0rt Ineqo

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Computing Equivalent Input Noise Sources

] How would we compute the equivalent noise voltage and current for a given
noisy 2-port network ?
Vneq
f— N f—
vo (5O Zs Noisy vo (5O Z : Noiseless
? 2-port ? ned 2-port
0 ComputingV,,:

Set Zs=0 and Vs=0 for both networks. Under this condition, @1 plays no role.
Calculate output noise in the original network .

Calculate output noise in the equivalent network due to V, ..

By equating these two noise amount, V, ., can be determined.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 37
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Computing Equivalent Input Noise Sources

] How would we compute the equivalent noise voltage and current for a given
noisy 2-port network ?

Vneq
f— /v f—
vo (5O Zs Noisy vo (5O Z : Noiseless
? 2-port ? ned 2-port

0 Computingi,,:

- SetZs=< for both networks. Under this condition, V, ., plays no role.
- Calculate output noise in the original network .

- Calculate output noise in the equivalent network due to i, .

- By equating these two noise amount, i, ., can be determined.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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MOSFET Equivalent Input Noise Generators

Noisy NMOS

Z

“@

r

Vng

W)

Vheq

O As an example, let’s compute input equivalent noises in NMOS.

Noiseless NMOS

4%

Iheq

r

Rg
G O—@—Wv—-l_ OD
+ —
S

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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MOSFET Equivalent Input Noise Generators

1 Firstlet’s find in_eq. In order to do that, open Gate and Source for both cases.

Rg
GO—@—'VW—_L oD
+ —

Ind

igut = Ipg = \/4kTygmAf (1)

- ine
Lout = nggs = 8m : (2)

ijgs

JwCygs

(1=(2), | ~ ineq = Inq T gm

40
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MOSFET Equivalent Input Noise Generators

( Nextlet’s find vneq In order to do that, short Gate and Source for both cases.

OD
_— 1
Ind - s jwc S [
Iout = Ind + 8m 1 Vng (1)
1
| jac,
Iout = 8m ; Vheq (2)
(1)=(2),  Vpeq = Vpg + ——4
=\<); < Vneq ng 1
]ngs
&m 1
Rg+acss
— 1+jwCysRy
=| Vg + Ipg — 8578
ng nd gm
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MOSFET Equivalent Input Noise Generators

L Now we calculate equivalent noise voltage and current sources in NMOS. But
the noise sources have correlation part with each other.

R .
GO (: ) AM oD Correlation parts

+ —
cgs -Vgs gmvgs ¢ in d

ioq =0 JoCygs

= g—

S A - S
— 1+ jwCyR,

correlation issue to minimize
noise of a system.

+ D Vheq = Vng t/lnd
Cos = Ve 8mVes Em
| Later, we will come back to this
S

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

42




W VirginiaTech

Invent the Future

any input source impedance.

© " |

"

Input Referred Noise

U This is general representation of input equivalent noises, which will be valid at

Vheq

Iheq

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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2-port
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Input Referred Noise

L However, if input source impedance is clearly known, then the noisy 2-port

network can be represented as: _ i ] ]
- Equivalent noise voltage in series

with noiseless 2-port, or
- Equivalent noise currentin parallel
Noisy with noiseless 2-port.
vs@ 2-port P

This is called input referred noise. And
for many case of RFIC designs, we just
input referred noise for analysis.

v, @ Nc;i-spﬂc:tss v, @ o N;i-spe;?tss
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MOSFET Input Referred Noise

L Most case of RFIC designs, input source and output load impedances will be

defined clearly.
Noisy NMOS Noiseless NMOS
R R Vh,in
—W— —'w»—@—
v,(>) _I—u: R V() _|—<[ 2R,
pt ps
Vng Input referred

voltage noise

Rg
G O—@—'\'W—-L OD
+ —
S
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MOSFET Input Referred Noise

J Assume, V=0, R =noiseless.

VvV O
= Rs lout
+ Vv _ ‘ 1
R Cgs Vgs Bm Vs i — ij -
® - nd g R, Iout = Ind + 8m : 1 Vng (1)
R+ R +—F
V, JowC gy
1
’l — JwC g
vn in . Iout = 8m 1 Vh,in (2)
+ ‘
Rs Cos1 Vs

ind
SR (1)=(2), “ Vo =

= Vpg T 1
joC
/l Rs+Rg+7——

JjoCgs

— 1+]ngS(RS+Rg)
Vng + lnd o
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Noise Factor

L What we have been investigating is to model the noisy 2-port network with
input equivalent noise sources or input referred noise sources.

Noiseless | inputequivalent noise sources:

(> when input source impedance is not
clearly defined.

Noisy

Ineq

o

| ©)

Noiseless
) input referred noise sources : when
input source impedance is clearly
Noiseless defined.

|an

(1 Next topic is to characterize the noise of the 2-port network using single number.
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Noiseless

/Vout

noiseless
/

iRs
Now it’s noiseless.

Noi
oy /Vout

IRs

Now it’s noiseless.

Noise Factor

 Let's start with an example (assume R, is noiseless, but R, is noisy).

Vin = Igs X Rg = /4kTRGAf
Vout = Vin X Ay (1)

Apparently there is no additional
noise from amplifier.

Vin = Igs X Rg = /4KTRGAf
Vout = Vin X Ay 1+ Vn,amp (2)

\

Output noise dueto Output noise by the

input noise source  noisy amplifier
only
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Noise Factor

O Now, let’s take output noise power ratio of (1) and (2) in previous slide.

Power of (2) _ (V_m X AV + Vn,amp)(vin X AV + Vn,amp)
power of (1) (Vin X Ay) (Vip X Ay)*

2 This is basically noise

2 2

. 2 g
— Jin AV *namp _fq 4 Ynamp - factorof the amplifier.
V; 2AV Vi ZAV

L Noise factor (F) definition:

Total Noise Power delivered to load due to all noise sources

~ Total Noise Power delivered to load due to source noise only

[ Meaning of noise factor (F) : Noise factor is a measure of relative amount of
noise added by a 2-port noisy network, compared with the noise added by the
source.
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Noise Figure

[ Noise Figure (NF) is just dB-scale of noise factor (F).

NF =10 X log(F) (dB)
1 Rule of thumb

Noise Factor(F)  Noise Figure (NF) Meaning
1 0dB No noise in the 2-port
The 2-port will add 50% of the noise
1.5 1.76 dB added by the input noise source
The 2-port will add the same noise
2 3dB amount as input noise source

(1 Typical LNA NF performances
- CMOS, SiGe : 2~3.5 dB (with gain > 20 dB)
- GaAs, InP: 1 ~ 2 dB (very good designs <1 dB, with gain > 20 dB)
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out

S, input signal power

S,,t: output signal power

N;,: input noise power

N, output noise power

A,: power gain of 2-port network

F

Another Definition of Noise Factor

O Another way of defining noise factor (F): it’s just different way of same meaning.

_ SNRin _ Sin/Nin _ Nout Sin L Nout
SNRout Sout/Nout Nin Sout NinAp

Total Noise Power delivered to load due to

_ all noise sources
Total Noise Power delivered to load due to

source noise only

<¥> This gives
= Now J1° short-cut to
Ninfp JSSe calculate
Input referred noise power due to noise factor
_ all noise sources (see next
Input referred noise power due to  page).
source noise only
51
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=0

Zs Noisy
2-port

Thevenin form

Norton form

Vn,in

21—

A

Input noise voltagel

Noiseless
2-port

due to Z,

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Short Cuts to Noise Factor (from Input Referred Noise)

[ Recall that if source impedance is well defined, the noisy 2-port network can be
represented with input referred noise voltage or current.

2. 2
(Vs +Vn,in )/Zs Vninz
= > =14+ = >
VZs /Zs VZs
2. 2
is“+inin” )XYs joo 2
e ) [,
lys“ XY lys
- Noiseless
Ys In,in
,\ 2-port
A l —
Input noise current
duetoY,
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Noiseless NMOS

MOSFET Noise Factor

[ Previously we calculate input referred noise voltage of NMOS.

_ 1+ jwCy(Rs +Ry)

Rs Vn,in
i)

(™) HL | 3R
/; apply

R 1+02Cy2(R.+R,)>
F=1_|__g_|_Y gS(s g)
Rg Sm Rg

Ex) If you apply, R.=50€2, Rg=3£2, v=3.5, ®=27x2.5 GHz,
W=180um, L=0.18um, C_=1uF/cm? (for 0.18um CMOS),
C,=2/3 C,WL=324 fF, g,,=60mS,

then, F=2.31, NF=10log(F)=3.64 dB.

Vnin = Vng T Ind

F=1+

E&m

2
Vn,in

2
VRs

— 2
V i 2 [1+w2Co2(R.A4R
1_I_ ngz _I_ nd ( gs ( S g)

Vis2 = 4KTRAf
ind2 = 4KkTyg,,Af

53
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MOSFET Noise Factor
O Let us think about how we can minimize F.
Noiseless NMOS Ry, v [1+®2Cg?(Rs+Rg)”
Vo F=1+—=+
Rs nin Rs 8m Rs
O From the noise factor equation, we can
—_ observe that in order to minimize F,
VRs ’\) [ § R,
- Increase g, (more current = more power
consumption).
,; - Thereis optimum R, where F can be
minimized, which can be found by this
EX) If you apply, R =3Q, y=3.5, equation:
0=271x2.5 GHz, W=180um, L=0.18um, 2p 2
C,.=1uF/cm? (for 0.18um CMOS) aF _ R v (1 + w2C, % — ©Cy Ry ) _ 0
- ' ’ dR;, R.2  gm\R. gs R.2 -
C,=2/3 C, WL=324 F, g,=60mS, s s em\Rs s
then, R, ,,,=201.5Q, F=1.62,
NF,,=10log(F)=2.1 dB. gmRg + ¥ + Y02Cgs "R,
. . Rsopt = w2C. .2
This result is a lot better than Y0~ Lgs
previous one. Can we do better?
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Classical 2-Port Noise Theory (intro)

J As we have seen in the previous example, there is optimum source impedance,
Zs, where noise factor will be minimized for a given noisy 2-port network.

Vheq

4% 4 —

Vs @ ineq ( N02|-Speo|$tss

O How can we find the optimum Zs? To answer this question, we need to develop a
classical 2-port noise theory.
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Classical 2-Port Noise Theory (1)
Vn
S -
_ Noiseless O First, let’s draw noisy 2-port network
In 2-port with equivalent input noise sources.
Vn
@ — O Next, apply input source with Norton
— - Noiseless equivalent form (Y,: source
i (‘) In . .
S 2-port admittance, i;: noise current from the
— source admittance) .
Vo . .
O\ U Then let’s change whole input partin
—/
. Norton form.
Is <A> In inT (‘) ip = ig + iy + V5 Y,
ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 56
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Classical 2-Port Noise Theory (2)

U Then let’s change whole input partin
i (A) Norton form.

inT:i_s+i:1+WYs

U Let’s calculate noise factor of the system.

. Total noise current power inT2 (ig + i, + V_nYS)(i_S* + 1;* +V_n*YS*)
" Noise current power due to source only ls_2 B IS_Z

In this equ_ation,

We need to develop some — =
. - igandi, are not correlated.
math to handle this -
. - igandv, are not correlated.
correlation.

- V_andi_ are correlated.
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Classical 2-Port Noise Theory (3)

O Let’s decompose i into two components.

In = Iy + 1y

i,c: noise component correlated to v,
i, - noise component uncorrelated to v,

J Now let’s define correlation admittance as:

inc e N
Y. = — -|ipc = YV,
Vn

Alpy =1y — Yy

—>How can we calculateY,?
Vi, =V (e +1,,)  Thistermwill go

= Vp (YcVy + iyy) 7 Z€r0 because of
= vp2Y, HV,'i no correlation.

— 2
= Vn Yc

Yc: —
Vn

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Classical 2-Port Noise Theory (4)

[ Let’s substitute the equations in the previous page into noise factor equation.

po Gs Hin tVaYo)(is +in +%Ys")

i

— 1 + inuz + |YS + Yclzvnz
is_z Apply these variables into noise
factor equation (the resultis in
next slide).

[ Now let’s define these variables.

N

Rn = JkTAf Ys = Gs +JBs
ﬁ Y. = G¢ + jB,
G, =
AKTAf
ig2 These are decomposition of source
Gs = 4KTAf admittance and correlation
admittance.
These are just change of
variables.
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Classical 2-Port Noise Theory (5)

1 When new variables applied into the noise factor equation,

1 +inu2 + 1Y + YelPva? _ L, GutIYs +Y|?R,
ig2 Gs

Gy + ((Gs + Go)? + (Bs + Bo)? ) Ry
Gy

=[1 +

] Remind that all the objective of these mathematics is to find optimum
Y,=G,+jB, to minimize the noise factor.
Clearly to minimize F,
1. B;=-B_(possible)
2. G,=-G, (not possible, why?).

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Classical 2-Port Noise Theory (6)

U The condition on Gs for optimum noise factor can be found by differentiating
the F with respect to Gs and setting it to zero.

aF __ G GCZR +R,=0
dG; 62 2 " "

U The condition for source impedance for minimum noise factor can be

summarized as: ]
Ys,opt = Gs,opt + ]Bs,opt

’Gu .
= R_n + Gcz _]Bc

61
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Classical 2-Port Noise Theory (7)

L By substituting the Y, ,, into the noise factor equation, we can get minimum
noise factor of a system.

Gy + (Ggopt + G¢) Ry

Foin = 1 +
min Gs,opt

=1 +2Rn< /§—+ G2 + Gc)

A general equation of noise factor can be expressed using the F, ;. as:.

R, 2 Gy 2 .
F = F,ip + — |YS — Ys'opt| , where YS,Opt = |—+ G.” —JB,
Gy Ry
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Classical 2-Port Noise Theory (summary)

-

voltage and noise
current sources.

Vi I

G

Find input equivalent

~

J

-

CalculateF_. & F

G

~

-

J

G

~

Find correlation
admittance.

_*—

Vi
Yo = =

¢

G

ompute G

~

s,opt

&B

s,opt

Gy 2
Gs,opt= ’R_n + G,

Bs,opt = —B,

J

Fi,=1+ 2Rn( /ﬁ—: + G2+ Gc)

R 2
F = Fyin + G_n |Ys - Ys,opt|
s

4 Find uncorrelated\

noise current.
iny = 1n — YV

\_ J

4 FindR, &G, \
Vp > R,
inu = Gy

& J
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(e )

Find input equivalent
voltage and noise
current sources.

Vi

Noisy NMOS

v - L[

] We already computed these noise amounts.

L __1+ij9ng
Vp = vng+1nd =~

- .—ijgS

In = Ind

E&m

MOSFET Minimum Noise Factor (step-1)

Vg + —

N

Assume R, <<1/®C,,

Noiseless NMOS

r

ing> ~ 4kTyg,,Af
Vng? = 4KTRGAf
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MOSFET Minimum Noise Factor (step-2 & 3)
4 ) <

. . = "\__jwC :
Find correlation E—— ‘n_d)i JWLgs  Jwlgs—2

Voo + i
i V. i " g nd g 2 'nd
admittance. Y, = %" = =R = Bm
S i Vag” + 247 Vg’ + 27
- m m
_ Vh I JoCgy
Ye = V.2 Bm®
\ n ) - v_ng2 1
—zt5 2
Ind 8m
Assume g, R, <<1
joC .
= gk, ~JCes
1+
" B '
Find uncorrelated
noise current. i, =i, — Y.V,
— jwCgs ( ﬁ)
_ - =i — jwC Vpo T+
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MOSFET Minimum Noise Factor (step-4 & 5)

—2
R = Vnz B ng gmz B g gmz
_ n — - -
Vn N Rn 4KTAf 4KTAf 4KTAf
iny = Gy =Rg+glzgl
\ ) m m

) 2, 2-—2
inu W Cys" Vyg

T AKTAf  4KTAf

Gy = w?Cys°Ry

¢ T

ompute Gs,opt s,opt

Gy 2
Gs,opt= ,R_n + G

\ Bs,opt = —B, )

2
_ /Gu 2 |w2Cgs"Rg gmRg
gm

Bs,opt = —B, =-ngs
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MOSFET Minimum Noise Factor (step-6)

Foi,=1+ ZRn< /% + G2+ Gc>
Calculate F;, "
— Y 8mRy
C P =142 wCgs |7

R
=1+ 2wC,q /yg—j

Ex) If you apply, Rg=3£2, v=3.5, ©=21x2.5 GHz, W=180um, L=0.18um,
C,=1uF/cm? (for 0.18um CMOS), C.=2/3 C,,WL=324 fF, g, ,=60mS,
then, G; ,,,=1.154 mS, B, ,,=-5.1 mS, F;,=1.136, NF ;,=10log(F,,)=0.55 dB.

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh

67




W VirginiaTech

Invent the Future

MOSFET Noise Matching

Noiseless NMOS

.

NF:3.64 dB

e

Z, opi=42.2 +j186.5 Q

(Yo opt=1.154 -j5.1 mS)  Vn

Noiseless NMOS

NF:2.1dB

Noiseless NMOS

e

NF: 0.55dB

R=3Q, y=3.5, »=21x2.5 GHz,
W=180um, L=0.18um,
C,,=1uF/cm? (for 0.18um CMOS),
Cy=2/3 C,,WL=324 fF,

g.,=60mS

1 Fora given bias condition and device
parameters, there is optimum source
impedance, Z ; (Y, ,,t) Where F (NF)
is minimum.

L Matching source impedancetoZ,
is called “noise matching”.

O Usually it’s difficult to match source
impedance to optimum noise point
and maximum power transfer at the
same time.

L We will study how to handle this
issue in LNA design section.

68
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Cascaded Noise Factor (General Case)

1 Until now, we have focused on characterization of single-stage 2-port network.
Let’s continue computing NF of multiple cascaded system.

O Let’s think about noiseless 2-port network with applying signal source.

1* -stage (noiseless) 2" _stage (noiseless)

v
[

Rout1 Rout2

Rin2 6’ szvinz

vs@ |-> Rint 6, A\1Vin1
———

Vin1

O Simply, we can model the noiseless 2-port network using parameters, input
impedance (R, ), outputimpedance (R,,,) and voltage gain (A,).
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power gain (P))
Rs
§ R,
Vs
S =0 '
rms value

Available Power vs. Transducer Power (review)

J Before continuing further, let’s review available power gain (P,,) and transducer

** Available power (P, )

The possible maximum power deliverable to a load
Happens when R.=R, (matched condition).

V2
4R
Depends on source impedance only.

Pyy=

*+ Transducer power (P,)

Actual power delivered to a load

R 24
RS+RL RL

Depends on both source and load impedances.

l)L,max =P,y

70
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Available Power Gain (G_,)

[ Let’s calculate available power gain (G,,) in the first stage.

1* -stage (noiseless) 2" _stage (noiseless)

RS Routl
_Wv

vs@ |-> Rint 6, A\1Vin1
———

Vin1

Rout2

Rin2 6’ szvinz

2 2
P.. . — Vs P _ (AvVinD)? _ A 12( Rin1 )2 Vin1
av,in out— o
4RS av,out 4‘Rout1 v Rs"’Rinl 4‘Routl

G _Pav,out:A 2( Rin1 )2 Rs
av l)av,in vl Rs+Rin1 Routl

1 Note that available power is only dependent of source impedance, since it is
assumed matched condition.
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Transducer Power Gain (G,)

[ Let’s calculate available power gain (G,,) in the first stage.

1* -stage (noiseless)

2" _stage (noiseless)

RS Routl

|-> Rin1 @Avlvinl

Rin2 6’ szvinz

Rout2

2
: Rin2 )
v, P _ <AV1V'"1Rout1+Rin2 _ 2 ( Rin1 )2 ( Rin2 )2 A
4R, Lout Rin2 vl Rs+Rin1 Rout1+tRin2/ Rin2
Gr= PLout — A 2 ( Rin1 )2 ( Rin2 )2 4R,
= —
Pav,in vl Rs+Rin1 Rout1+Rin2 Rin2
G =G (Rout1 +Rinz)? Apparently, if R,1=R;n0,
av—HT 4Rout1Rin2 then’GaV=GT'
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Cascaded Noise Factor (General Case)

U Let’s consider noisy cascaded 2-port network.

1% -stage 2" _stage
Vo T v
K Rs % "-. in1 Ivinz Rout2
:: _M_ Q M
TRERTHO o
4AKTRASf ™.
Thevenin equivalence
Rs
_IM_

Vih1 = VRs + Vp1 + ians
. _ Rin1 Vi — Rin1
i Rs + Rin1 thi Rs + Rin1

(VRs + Vo1 + in1Rs)

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh 3




WVirginiaTech

Invent the Future

Cascaded Noise Factor (General Case)

O Now let's calculate V, .

1% -stage 2" _stage
R, Vint |Vin2 E&Utz
VRSZ — Vg ’VD E\/ Av1Vin “"._Rinz @szvinz
4KTRAf :
R Thevenin equivalence
outl
—AN\——

Vih2 = Avlvinl + Vp2 + 12 Rout

Vih2 ’9

Rinz — Rinz
thz =
R

~ Vinz =@ (Av1Vin1 + Yz + in2Rout1)

outl + Rin2 outl + Rin2
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W VirginiaTech

Invent the Future

Cascaded Noise Factor (General Case)

L From previous results,

Rin2 Vi = Rin2
R0ut1‘|'Rin2 th2 R0ut1‘|'Rin2

Noise voltage: vi,; = (Ay1Vin1 + Vnz + in2Rout1)

Rinz Rinpi  /— _ o
= ————)A —(v % in1R ) Vuz +i2R
Rout1 + RinZ{ vl <RS + Rinl Rs T Vn1 T 1n1Rg + V2 + 1n2Routt

Noise power:

2 2
Rin 2 Rin - -
VinZ2 = (Routl‘l'zRinZ) {Avl <(Rs+Rlin1) (VRS2 + (an + lans)z)) + (VnZ + anRoutl)Z}

Vin22,due to all noise sources

Cascaded Noise Factor (F): F =

Vin22,due to source noise only

R. 2 R. 2 - -
(R in2 ) {Avlz <<Rs+l—anml) (VRS2 + (V1 + ln1R5)2)> + (V2 + anRoutl)Z}

outl + Rin2
2 2
( Rin2 ) A2 ( Rin1 ) Vo2
Routl + Rin2 vi Rs + Rin1 Rs

75
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Cascaded Noise Factor (General Case)

2 2
R; 2[ (_Ri - '
(R in2 ) {Avl ((Rs'l‘lgiln1> (VRSZ+(Vn1+ln1Rs)2)>+(Vn2+1n2R0ut1)2}

. out1tRin2
= 2 2
( Rin2 )A 12( Rin1 )VRSZ
\%
Routl"‘RinZ RS"'Rinl
T stage
VRs2+(Vp1+ip1Rg)? (Vpz2+ig2Rg)?2 (Vp2+ip2Rg)?2
—VRs nlTin1Rg n2TIin2Rg =F + n2TIin2Rg
- 2 1 2
VRs? A2 Rin1 Vol2 A2 Rin1 Vol2
vl R5+Rin1 Rs V1 RS+Rin1 Rs

- > Change thisin terms of available
=F1 + (Vnz+inzRs) power gain of 1-ststage, G,,;.

Rout
Gavi1 Rs VRs2

apply, vgs? = 4KTRAf

. 2
(V2 +in2Rs)

=F1 +

Gavl

Fp—1 Note that 2" -stage noise is divided by available
Gav1 power gain of the 1-st stage.

F; +

ECE 5220 RFIC Technology & Design — Prof. Kwang-Jin Koh
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Cascaded Noise Factor (General Case)

O Another form of noise factor of cascaded system

- -1 Change this in terms of transducer power
F=F; + — Lo
Gavi gain of first stage.
Fo—1( 4R R;
= Fl + 2 { outl Nin2 2}
Gt1 ((Rout1+Rin2)

O Using the 2-stage cascaded noise factor expression, you can verify this Frii’s Formula.

R,
—A\W—

Gav1 GavZ Gav3 GavN
Vs@ F, F, Fs3 ooe Fn R.

Fr—-1 F;—-1 Fy—1
2 3 T N
Gavi  Gay1Gav2 Gav1Gav2 Gay(n-1)
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Some Noise Considerations in Cascaded System

F,—1

F3—1
Gavi  Gay1Gav2 GaviGav2'Gay(n-1)

Fy—1
l:"overall = Fl +

+ +o o+

O Each stage in a cascaded system adds noise to the system. As a consequence
of this SNR gets worse toward the end of the cascaded chain. And therefore, if
SNR drops below acceptable range in intermediate stage, you should stop the
design, and rethink the design.

O In typical RF systems, the first few stages set overall noise level of the system.
This is particularly the reason why the noise performance of LNA and mixer is
very crucial in determining the NF of the system.
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Cascaded Systems and Noise Margin

U In cascading two systems, the choice of optimum arrangement for low-noise is

simple.
Rs Rs
—A\W— —A\W—

ol RN D

F,—1
Gav1

F1—1
G'avZ

l:"overall =F1 + Foverall =F2 +

Compare and pick the
arrangement giving less
noise factor.
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Cascaded Systems and Noise Margin

L Butwhen cascading many blocks, we need to consider many different
combination of the arrangement of each block, and the choice is time
consuming work.

Rs
—A\W—

Gavl GavZ Gav3 GavN
Vs@ F1 Fz F3 i FN § RL

[ A generalized technique to resolve this issue is to consider “noise margin” of
each building block and place the block having lower noise margin firstin
cascading the systems.
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Cascaded Systems a

] Whatis noise margin (NM) ?

Noise power
Noiseless 0\
N, N,
N,=GxN, > Freq
Noise power N
N oisy N / added
N, °
A2
N,=GXN+N,ggeq | > Freq

nd Noise Margin

A GN;—N;+N
NM= 82 — i i added

Aq GN;—N;j
1+ Nadded 1+ Nadded
NN o (19
F—1 _
+1+—— | = FifG> 1.
(1-3)
G
Once we know F & G of
each block, we can figure
out NM of the block.

To achieve minimum F,
place the block with lower
NM first (verify this claim !).
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Loss of Filters and T-lines

U In typical RF systems, a filter will be placed before LNA to filter wanted signal

band, and it typically has a loss, L (< 2-3 dB).
ANT

Duplexer (filter) LNA
— ] m—
Z,=50Q Z,=50Q

L How to define loss L in passive filter ?

This is V;, of the duplexer.
Duplexer (filter) 7

Vs~ 1\ 2
R SRR e
® R'- Pout VL AU
V|_ R],
R.=R,=Z,=50 Q ) ot G Out‘_ X
"""""" 0 e) Pin - L

[ Loss of transmission lines can be defined using the same way.
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V,=1/2V, N

Loss of Attenuator

O Attenuator is a resistor network whose input and output impedance are
matched to Z, (=50 Q2), and signal power is attenuated by a specific number.

Attenuator

R, R, +
............. V
V, .
R.=R,=Z,=50 Q
RY
Zin = Zou=Zo= Ry + (Ry Il (Ry +R)) 3 R, [1+ 2=
Vi 1V Z,-Ry Ry v Zo,—Ry Z, 1V Z, —R,
L™2"% Z, RL+R, 2° Z, Z,+R, 2 Z,+R,
2
Lo Pin _ AN RTRY: EX) R,=8.55 Q, R,=141.9 Q, wil
R N (ZO_RX) giveZ, =Z =50 Q, and L=3 dB.
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Noise Factor of Attenuator

[ Let’s think about noise factor of attenuator.

.............. RS=RL=Zin=Zout=Zo=50 Q
: Attenuatorloss = P;,/P =L
RX Rx I ou

V,=1/2V, N

]
]
)
P
(]
(]
(]
(]

R, R
_____________ . v
\B L
Piy, = <1V 1
in 2 'S Zg F SNR;, _ Pin/Nin 1L
P 1 1V> l SNRout l)out/Nout
out—y\2"%) Z, Loss=Noise Factor

No change !

1
4 Q: How should we

1 1 . . ?

out = (FVnzow?) o = KTAL, Where Vo zou” = 4KTZy,, M. | Interpretthis
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Noise Factor of Attenuator

J Noise behaves just like signal and the input noise due to R, will be attenuated

by the attenuator. R=R,=Z,=Z,,~Z,=50 Q

RxRx  Attenuator loss = P/ Poui=L

]
]
[J
& L
(]
(]
(]
(]

Noise s Nip = Gvn,RSZ)Z% = KTAf, where V,, gs> = 4KTR,Af.
behaves just ~ N " 1
like signal. Nout.due to Rs = f = TKTAf
[ But, the resistors in the attenuator will generate the exactly same amount of
noise power lost in the attenuator. In overall there is no noise power loss in the

network (Proof of this is HW).

1
Nout,due to Attenuator — <1 - E) KTAf
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Noise Factor of Passives

O In general under matched condition, duplexer and T-line having a loss can be
modeled as attenuator within passband frequency range.

Both have loss factor (L).

Duplexer (filter) Transmission Line

. 7 2l

(o]
R=R.=Z,=50 Q

Rs=R,=Z,=50 Q

O And we can apply the same theory developed in previous slides, and confirm
that the loss factor L is the noise figure of the passive devices.

U Generally speaking, under matched condition noise power delivered to a load
from a pure passive device will be KTAf.
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Minimum Noise Floor of Receiver

O The minimum noise floor of a receiver is total noise power which is noise power
from antenna plus equivalent input noise power of a receiver.
2

2

Vn Rs Vn receiver
Minimum Noise Floor = —— + —
ANT um Noise Floo 4R, 4R,
( 2>
. n Rs n receiver
Noisy =
Receiver Vi, Rs’
2
VZ ll receiver
n,receiver Noise power < Vi, Rs )
from antenna .
R . Noise factor
Noiseless _ TPD o receiver
= ‘ ’ Receiver Noise power
n,Rs
| Min. Noise Floor=N.x F
Rin=Rs 4
Vors- = 4KTRAf N > Freq
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Minimum Detectable Sighal (MDS)

O In typical wireless comm., we need certain level of signal to noise ratio for an
acceptable bit-error-rate required by a system. We call this SNR_ ;. (typ. 10-20 dB).

ANT 1 This means the minimum detectable
signal (MDS) for a given system is
MDS=N,xFxSNR_...

Noise power

Noisy
Receiver

SNR,  MDS=NxFxSNR,,

2
Vv n,receiver N

Noiseless

Vz,, o ‘ Receiver
| Ex) Af=2 MHz, T=300 K, F=2 (3dB), SNR,;,=10 dB

Ri,=Rs éNi=KTAfx F=-174 dBm+10log(2MHz) + 3 dB=-108 dBm

Vore? = 4KTR A >MDS=N,x SNR_. =-108 dB + 10 dB = -98 dBm

i > Fre Min. Noise Floor
9 -NxF
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