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Comment: Impedance match/mismatch

_ Impedance match: complete absorption
Propagation of a wave: (propagation without reflection)

Mismatch: wave reflection

Impedance match/mismatch is an important concept applicable to
a broad area of physics.

» Antenna: should be matched to the vacuum.
EM wave propagation simulation: boundary is shunted
with the characteristic impedance of vacuum.

» Optics: iImpedance mismatch — disagreement in refractive index

» Plasma: should be matched to electrodes for excitation.

» Phonon impedance mismatch at low temperatures: Kapitza resistance

» Sound insulated booth: should have sound impedance mismatch.
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Chapter 6 Noises and Signals
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Noises

Electric circuits transform: 1) Information
2) Electromagnetic power

on some physical quantities like voltages, current, ...

Noises: stochastic (uncontrollable, unpredictable by human) variation
In other words, fluctuation in such a quantity.

Intrinsic noise: Thermal noise (Johnson-Nyquist noise),

Shot noise
Lr:)t;renal Noise related to a specific physical phenomenon
Avalanche, Popcorn, Barkhausen, etc.
1/f noise: Name for a group of noises with spectra 1/f.
Faternal EMI, microphone noise, etc.

noise




6.1 Fluctuation

Quantity x, fluctuation 6x = x — x

(0x)? = (z — Z)? = x2 — T2 (6 = 0)
g (x): distribution function of x

Fourier transform:  u(q) = F{g(z)} = /_OO g(x)eixq\j—;—ﬂ

u(q) : characteristic function of the distribution
From Taylor expansion, any moment can be obtained as

_ \/ﬂld’” ]

2 = = dqnu(q)

Moments to high orders — reconstruction of g(x)



6.1 Fluctuation |

I

In electric circuits we need to consider two kinds of averages:

substance 1 substance 2 substance 3
Xj. independent Ensemble average: x
4 X4 Markovian

affect
L1y, 3T —7 Tm41

m-th order Markovian
Time average

of fluctuating
variable:

> (x)




Random process to distribution

v

/N

o The averaging interval

should be longer than
/'\/\ ~ N m In m-th order Markovian.

~ x2(t)

~ /N AL x3(t)

t

v



6.1.1 Fluctuation-Dissipation Theorem

YN TSN
Ryogo Kubo 1920-1995

Harry Nyquist Nobert Wlener Aleksandr Khinchin
1889-1976 1894-1964 1894-1959



Power Spectrum

Consider probability sets in the interval [0, T).

0. @)

2nm

' A (t) = - At 4+ i, sinwyt), =
setindex:j  z;(t) ;(aj coswpt + bjp sinw,t), w n
szn = (anj COS Wpt + by Sin wnt)2 (Power)

1

(P,) = §<a,2,b +b2) - cross product terms are averaged out
Random process: f(z) = L ol z*
Gaussian distribution in time o/ 2 P 202

Then (&) =02 (non-Markovian)



Power Spectrum

Power spectrum G (w)

Frequency band width dw : separation between two adjacent frequencies




6.1.1 Fluctuation-Dissipation Theorem

R(wi — w?) + twiwL

9
Wi — w?
9 9

Y (iw) =

R(w§ — w?) + iwiwL



Johnson-Nyquist noise

V (t) noise power spectrum — G,,(w)

~
Gy(w) = 4kgTRe|Z(iw))

G,(w) = 4kgTR  Johnson-Nyquist noise
Thermal noise

White noise

One representation of the fluctuation-dissipation theorem



6.1.2 Wiener-Khintchine Theorem

Autocorrelation function  C'(7) = (x(t)z(t + 7))

— Z([an coS Wyt + by, Sin wyt][@y, €08 Wi, (t 4+ 7) + by, Sin wy, (t + 7)])

n,m

]. ~ I
=5 L (a2 + b2) cosw,T = L (S),) COS Wy, T

— / G(w) cos wTd—w
0

2T

> dw
C(T)_/O G(w) COSWT o —

/ C(7) coswrdr
0

Wiener-Khintchine theorem




6.1.2 Wiener-Khintchine Theorem

Example)  C(7) = exp (_1)

G(f) = 4/000 e~ /™ cos(2m f)dr =

7o = 107s (10MHz)

L 107/(2m)
6|
10 - Pole
10-8 [ | . | | | s | " | L | ' | | 1
10° 107 10* 10° 108 10

J(Hz)



6.1.3 Electric circuit treatment of noise

o Z(iw) o + Nolse

~

Z(iw) o

@ Noise power source

Noiseless impedance




6.1.4 Nyquist Theorem

Mode density on a transmission line with length |

* 2mc*
2mnc S —

[ - [

Bidirectional —» Freedom x 2

1
exp(hw/kgT) — 1

Bose distribution f(hw,T) =



6.1.4 Nyquist Theorem

Thermal energy density per freedom
hw hw

exp(Aw/kpT) — 1 1+ (hw/kgT) — 1

= kT (kT > hw)

Thermal energy density in band Aw

Aw 2kgTl
2—kpT = ———Aw , a half of which flows in one-direction
ow 2Tc
Energy flowing out from the end:
kgTl 1
B2 Aw x = x ¢ = kgTAf (2nf =w)
2mc* [

equals the energy supplied from the noise source.

J2R = kgTAf, V2=4RkgTAf (V =2RJ)
V J2V? =2kgTAf — Noise Temperature




Thermal noise

(@) I-BRIEIEELS kHz (=3dB) | Ve D EHEST %1 ms/div Tl (b) I BT

(BER1-1> #MSTDEZE

100 kHz (=3dB)1 Vi D EMET % 1 ms/div CELH




6.1.5 Shot Noise

Single Electron

Time domain: §-function approximation
J.(t) = ed(t — to)

— ¢ /OO e2mif(t=t) gf — ¢ /OOO cos 27 f (t — to)]df

— OO0
Uniform 2e in frequency domain: fluctuation at each frequency
Coherent only at t = ¢,

Current fluctuation density for infinitesimal band df

5J = dr/(J2) df V2edf



6.1.5 Shot Noise

T



6.1.5 Shot Noise

Double Electron

(07%) = (Jp + jq6i¢)(jp T jqe_i(b) — J; + Jf + 27pJq COS @

¢: coherent phase shift — averaged out

(052) = jp + J5 = 2 % (V2¢)df

N-Electron

(6J2) = N x 2e*df = 2eJdf (J =eN)

Quantum mechanical correlation — Modification from random



6.1.5 Shot Noise

Example: pn junction

- 1%
Current-Voltage characteristics: J(V) = Jo [exp (l:B—T> — 1]

Differential oy — (d_])‘l _ le—Joexp (i)]_l _ kT 1
resistance av ksT ksT e J+Jo

J>Jyg = rq~kgT/el

678 = 2281 4 — a7 g

erq 274

(6V)2 = 4%kBTA f



6.1.6 1/f noise

(0V)? = KJ*R*——

} 70

Noise power
[dBm]

-80

' ' Lo
=== T---Tr-cr-aTaTATr|tc-o-oo--
' oo

' ' oo
T ey
v ' R I I

White noise

90— ———
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6.1.6 1/f noise

19-¢ 107! 10? o' * 10? Hz
J. S. Bach, Brandenburg Concerto No.1 e = s b0 s
N A. Vivaldi, Four Seasons, Spring
— :&;& ': T-_.

1p—2 19~* 1ot Lk 10° Hz - :
1072 107t 1ot 10! 10? Hz

Kawai Naoko, Smile for me S. Sato, Keshin (incarnation) Il



“Unit” of Noise

Noise: Power spectrum per frequency

R =87/Af, & =3V?/Af

' unit of 1/ 52, /€2

A/vVHz, V/VHz



Other noises: Barkhausen noise
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Popcorn noise

lua [nA]
8

-

Popcorn noise, Burst noise

[T Y

(I T 71117}

pn junction

Two-level system

e

<0

l

Normal Transistor

Crystalline Defect on
Base to Emitter Junction




Amplitude distributions of random-type noises

Voltage (Volts)
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Amplitude distribution of popcorn noise

Vn RTI (V)

—
o O

-20

Popcorn Noise (f, = 300Hz)

10 20 30 40 50 60
Time (Seconds)



Avalanche noise

L)
:Z e bbby o=
f ] J 58N pont 5
?0’ |
:Z T i wh “JJ"'W" i
100 g T s i N MUY | NP SR OPHTAT
white noise Avalanche Photo-Diode (APD)
avalanche or Zener breakdown
Conduction Band

‘ Detectable
Current Pulse

Valence Band
Photon ) %

Zener voltage standard diode



Noiseless
Amplifier

Amplifier with noise

Noise source
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6.2 Noises from Amplifiers

Amplifiers: the elements have characteristic noises,
power sources work as noise sources

—> Noiseless amplifier + Noise source = Amplifier with noise

Power gain G,
2 22 2 2 2
eintotal — JnR T 6R T en - 6out/C;fp

Signal to noise ratio: S/N ratio

- - (S/N)m SlnNout
Noise Figure: NF = 10log = 10 log
g S 10 (S/N)out 0 SoutNin
Nout = GpezN
_ 2 2 2 "2 D2
NF = 10logy, SmGpeN = 10log,, — eN = 10log,, e e F Inl?



6.2.2 Noise impedance matching

Q




6.2.2 Noise impedance matching

Noise temperature and
matched source impedance

Output noise temperature:

2Re/

Rbs

Re(1/Z)\ T. [|Z]? 111
Tn o ]_ B : —_— = — —
( + ) ( + Ry 7=7 + 7

Re(1/Z)

1

Minimize T,,: Z; =

1 —
bs Zs

B | Re(1/%;)
o= (1 " Re(1/7,)

- Noise matching condition

)1.
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Obtain the dispersion relation in the following
transmission line.

L L L

| | | |

| | |

C K —T C K —T1 C K =T
¢ . .



Show that the power spectrum G (f) of voltage noise across

the impedance

IS glven as

Z(f) = R(f) + Y (f)
G(f) = AR(f)ksT.

Assume that thermal noise energy per unit time is kg TAf .

e
A

Z(f)

O

o

(hint) From the above assumption we can
skip the discussion on the mode energy In
transmission line. Instead consider the case
in the left figure, in which Z' is matched to

Z as

Z'(f) = Z2*(f) = R(f) — Y ()



Exercise E-3

G C; | L

= C1—— L 50Q % L L, 50Q
= ©

(a) Oy ]

A preamplifier with FETs for an FM receiver has the output impedance of 600Q.
The FM receiver has the input impedance of 50Q and we need to make
Impedance matching. The central frequency is 85MHz, the effective with of
amplification is 10MHz. Obtain Cy, C,, L Iin the matching circuit with 3 digits
significant figures.

(hint) Express L with a parallel of L, and L, as shown in (b). The left resonance
circuit should be tuned to 85MHz, width10MHz. Then the left and the right
circuit should be impedance matched.



Exercise E-3

FMEZGHED 7Y 7V T RFETTHE- T2 & 2 A, A VE—Z U ZAR
600QUTZ > T2, ZSHED A A LV E—X L RI1FZ500 DT, f VY E—X
VAR FRRBLERD D, PLEIEEZ85MHz, %N kR 2
10MHz, L LTQ@DXoRME T~y F2isd e, HEERC,Cy, LITE
IRDBH. BRI TEZ L.

(BEVR)DODESITA U ETE LR 2DT57EIL, EDOIIGHEET
85MHz, 10MHzIBIZ[RFHE 5. ZD%, ELHEDA LV E—X L AP —E
THXIITERERDB.



