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Impedance matching condition for transmission line termination

Characteristic impedance Z,, termination impedance Z: Z = Z,

Assumption: Propagating mode —» Z, : real

Z, 1S, In a sense, transverse impedance and does not cause
energy dissipation.
Minimization of energy loss at the output impedance Z, : Z = Z,

S12521 Ry, S12921 Rs
13 57 1 — S22 Ry, ' B 1 —-511Rs

Ry, =S

Matching condition: Ry, = R!,., Rs= R;,
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6.1 Fluctuation

Quantity x, fluctuation 6x = x — x

(0x)?2 = (z — Z)? = z2 — T2 (6 = 0)
g (x): distribution function of x

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

u(t) : 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)



Power Spectrum

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

2n
z;(t) ;(aj coswpt + bj, sinwyt), w T
Py = (Anj COS Wt + by sin wyt)?
1
(P,) = §<ai +b2) - cross product terms are averaged out
Random process: flz) = L ol z*
Gaussian distribution o/ o = 202

Then (&) =02 (non-Markovian)



Power Spectrum

Power spectrum G (w)
Frequency band width dw : separation between two adjacent frequencies

2 1 2 2
5w=wn+1—wn= (n_l_ )ﬂ-—ﬂ:_ﬂ-

T T T
Glwn) 2l =TT (= 0?)
“n o n/ \= n
22@) =Y (2,) (z(t)=0)



6.1.1 Fluctuation-Dissipation Theorem

R(wi — w?) + twiwL

onl/\/E Z(iw): 5 )

w§ — w?
2 2
Y (iw) = et

R(w§ — w?) + iwiwL

V (t) noise power spectrum — G,,(w)

-
Gy(w) = 4kgTRe|Z(iw)]

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




6.1.2 Wiener-Khintchine Theorem

Self-correlation function  C'(7) = (z()z(t + 7))

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

n,m

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

n

= / G(w) cos wTd—w
5 2

T

C('r):/ G(w)cosz;Z—w
0 d Wiener-Khintchine theorem

/ C(7) coswrdr
0




6.1.2 Wiener-Khintchine Theorem

47’0
1+ (27 f1p)?

G(f) = 4/000 e~ /™ cos(2m f)dT =

6.1.4 Nyquist Theorem

Mode density on a transmission line with length |

2mnct 2mc’
0w =

l - [

Bidirectional —» Freedom x 2

1
exp(hw/kBT) — 1

Bose distribution f(hw,T) =



6.1.4 Nyquist Theorem

Thermal energy density per freedom
hw hw

exp(Aw/kpT) — 1 1+ (hw/ksT) — 1

= kpT (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
P2 Aw x = x ¢ =kgTAf (2nf = w)
2mc* [

equals the energy supplied from the noise source.
J2R = kgTAf, V2 =ARkgTAf

V J2V?2 = 2kgTAf — Noise Temperature



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

Double Electron

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

¢: coherent phase shift — averaged out

(052) = jp + J5 = 2 x (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>Jy = rq~kgT/el

678 =228 L 4 — a7 g

erq 274

(6V)2 = 4%0‘kBTA f



6.1.6 1/f noise

Af

(6V)* = KJ*R*== Fa

T -70
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“Unit” of Noise

Noise: Power spectrum per frequency

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

l unit of 1/ 52, /e

A/vVHz, V/VHz



Other noises: Barkhausen noise
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Popcorn noise
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Amplitude distributions of random-type noises

Thermal Noise Measured In Time Domain Distribution of Noise
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Amplitude distribution of popcorn noise

Popcorn Noise (f, = 300Hz)
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Avalanche noise
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6.2 Noises from Amplifiers

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

mesm)  Noiseless amplifier + Noise source = Amplifier with noise

Power gain G,
2 _ 2 2 2
e11r11;0tal J nR -+ 6R + 6a — 6out/ GP

Signal to noise ratio: S/N ratio

- - (S/N)m SmNout
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

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
. : .




T ()= (B ()

Remember F-matrix (cascade matrix) defined above.

Write down the F-matrix form of the transmission line

shown below.
<€ >
]1 I ]2
. O O ,
Zo kK =vVYZ
Vl VZ




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

Z(f) = R(f) +iY (f)

IS glven as

G(f) = 4R(f)ksT.



