
Communication Electronics

Lecture 14:

Electronic oscillator
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Class A
amplifier

BPF
H (ω)

Output

ω0

ω

∣A⋅H (ω)∣

ϕ(ω)

∣A H∣,ϕ

1

=
DC power

supply

Heinrich G. Barkhausen 1921

∣A⋅H (ω0)∣=1

ϕ(ω0)=m⋅2π m=0,1, 2, 3...

A⋅H (ω)=∣A⋅H (ω)∣⋅e jϕ(ω)

A

d ϕ
d ω

=−t g≈−
2QL
ω0

Barkhausen criterion



u(t )

t

∣A⋅H (ω)∣

Thermal noise

1

t

Oscillator startup

Steady oscillation→∞
t startup=α⋅

QL

f 0

= α
Δ f

Linear gain

Saturation

Usually : 3<α<30

Excess gain

Example : quartz f 1=10MHz ,QL≈104 ,α≈10 → t startup≈10ms

Drawing not
t o scale

Oscillator startup



Super−regenerative RX

≈
u(t )

Edwin Armstrong 1922
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RF LC
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Ring−out
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signal

Run−i n
=signal

gain
Saturation

Quench
oscillator
~ 100kHz

ON /OFF

AF amplifier

Stable gain G>100dB+AGC !

Quenching

f mod



Class C oscillator cannot
start f rom noise !

Any odd number of gates always oscillates !
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trigger
inverter

Astable circuit
oscillates immediately !
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N≥3

Circuits with hysteresis
are slow an d noisy !
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Different oscillators
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U 0(ω0)

U N
U Nout=U N+A⋅H (ω)⋅U Nout

H (ω)

Amplifier

Resonator T R

Equivalent
noise source

Steady
oscillation

A⋅H (ω0)=1

U Nout=
U N

1−A⋅H (ω)

L
C

A⋅H (ω)=
Σ R

Σ R+ jω L+
1

jωC

≈
1

1+ j 2QL
Δω
ω0

Σ R=Rout+RCu+Ri n

U Nout≈
U N

1−
1

1+ j 2QL
Δω
ω0

=U N⋅(1+
ω0

j 2QLΔω )

QL=
ω0 L

Σ R

T R≈T 0=290K
T R+T G≈T 0⋅F

Valid @
U Nout≪U 0

RCu

ω0=
1

√L C

H (ω)=
Ri n

ΣR+ jω L+
1

jωC
Δω=ω−ω0

Oscillator noise
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ω

Phase
noise

Phase
noise

Thermal
noise

Thermal
noise

Carrier P0(ω0)

Δω

P Nout≈P N⋅[1+( ω0

2Q LΔω )
2

]

P Nout≈P N⋅[1+( f 0

2Q LΔ f )
2

]

∣a± j b∣
2
=a2+b2

Spectrum
magnitude
log∣F (ω)∣

U Nout≈U N⋅(1+
ω0

j 2QLΔω )

Pϕ=P A=
P Nout

2
≈

1
2 [1+( f 0

2Q LΔ f )
2

]⋅P N

Amplifier
saturation

P A→0

P Nout≡total noise power
P A≡amplitude−noise power
Pϕ≡ phase−noise power

ω=2π f → Δ f = f − f 0

P=α∣U∣
2

Amplitude an d phase noise



David B. Leeson1966

Spectrum
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f

Phase
noise

Phase
noise

Thermal
noise

Thermal
noise

Carrier P0( f 0)

Δ f

L(Δ f )=
1
2
⋅[1+( f 0

2QLΔ f )
2

]⋅k B T 0 F

P0

Q L≡resonator loaded Q

k B≈1.38⋅10−23 J /K≡Boltzmann constant
T 0≈290K≡circuit temperature
F≡amplifier noise figure @ P0

P0≡carrier power @ f 0

log L(Δ f )dBc /Hz=10 log10 [ L(Δ f )⋅1Hz ]

f 0

Relative phase−noise density

L(Δ f )=
1
P0

⋅
d Pϕ

d f
[Hz−1

]

d P N

d f
=N 0=k B⋅(T R+T G)≈k B T 0 F

log L(Δ f )dBc /Hz=10 log10{1
2
⋅[1+( f 0

2QLΔ f )
2

]⋅k B T 0 F

P0

⋅1Hz}

Valid @
L(Δ f )⋅Δ f ≪1

Leeson ' s equation



Phase noise
α∣Δ f ∣

−2

oscillator only

f 0

2 QL

Thermal noise
all circuits

Relative phase−noise
density L(Δ f ) L(Δ f )=

1
2
⋅[1+( f 0

2 QLΔ f )
2

]⋅k B T 0 F

P0

Simplified Leeson

L(Δ f )=( f 0

QLΔ f )
2

⋅
k B T 0 F

8 P0

Offset f rom
carrier
log∣Δ f ∣

f 0

2 QL

≡ phase−noise limit

Phase−noise plot



Residual FM                                    

      

Adjacent-channel inteference         

QPSK example                                

Constellation rotation                      

01 11

00 10

I

Q σϕ=√2 ∫
f MIN

f MAX

L(Δ f )d Δ f

f MAX=Δ f modulation

f MIN=Δ f car.recovery

±σϕ

Clock jitter                                       

t

u(t ) σ t=
1

2π f 0

⋅√2 ∫
f MIN

f MAX

L(Δ f )d Δ f

f MAX≤ f clock f MIN=Δ f clock.recovery

deviation=±σ f

±σ t

Spectrum
log∣F ( f )∣

f

σ f=√2 ∫
f MIN

f MAX

Δ f 2 L (Δ f )d Δ f

P i=P0⋅∫
Δ f 1

Δ f 2

L(Δ f )d Δ f

P0

P i

Δ f 2

Δ f 1

Usual choice
f MAX=3kHz
f MIN=50Hz

(S /N )voice

f

f 0

f 0

Spectrum
log∣F ( f )∣

Phase−noise consequences



Frequency log ff C≈1kHz

F '≈F (1+ f C

f )≡low− frequency noise increase !

Noise 1/ f
Flicker noise

Pink noise

Noise
figure
log F '

W hite
thermal

noise

f C≈1MHz

Flicker noise usually does not
have aclear physical explanation !

Bulk PN
junction
Si−BJT

Si−JFET

Surface
(Schottky ) junction
GaAs−MESFET
GaAs−HEMT
Si−MOSFET

High− frequency
performance decay

f C≡ flicker−noise corner frequency

Flicker noise only appears at
large DC bias currents

o r large AC signals(oscillator )

Equation
validity ?

lim
f 1→0
∫
f 1

f 2

(1+ f C

f )df =∞

Flicker noise



Leeson with flicker noise

L(Δ f )=
1
2
⋅[1+( f 0

2 QLΔ f )
2

]⋅k B T 0 F

P0

⋅(1+ f C

∣Δ f ∣)

d P N

d f
≈k B⋅T 0⋅F '

Including noise 1 / f

F '=F⋅(1+ f C

∣Δ f ∣)

f

Noise
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noise
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Thermal
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Saturated
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log L(Δ f )dBc /Hz=10 log10 {1
2
⋅[1+( f 0

2 QLΔ f )
2

]⋅k B T 0 F

P0

⋅(1+ f C

∣Δ f ∣)⋅1Hz}

d P N

d f
≈k B⋅T 0⋅F⋅(1+ f C

∣Δ f ∣)

Valid @
L(Δ f )⋅Δ f ≪1

BulkPN
junction
Si−BJT

Si−JFET

Extended oscillator noise



Offset f rom
carrier
log∣Δ f ∣

f C f 0

2 QL

Noise 1/ f
α∣Δ f ∣

−3

L(Δ f )=
1
2
⋅[1+( f 0

2 QLΔ f )
2

]⋅k B T 0 F

P0

⋅(1+ f C

∣Δ f ∣)

Phase noise
α∣Δ f ∣

−2

Thermal noise

Phase−noise plot including flicker

f 0

2 QL

≡ phase−noise limit

Relative phase−noise
density L (Δ f )

f C≡ flicker−noise corner frequency



Phase-noise power multiplies
with the square of the frequency!
The role of  Q

L
 stays unchanged!

  The loaded-resonator quality                                                                         
  Q

L
 is the most important

  quantity for phase noise!

Q
L

Variable-frequency
oscillators

Fixed-frequency
oscillators

RC VCO
30↔100

~1
LC tuned circuit

1000↔3000Cavity resonator

1000↔3000
Ceramic

dielectric resonator

3000↔10000
AT-cut quartz crystal

(fundamental)

10000↔30000
AT-cut quartz crystal

(3rd/5th overtone)

~105Electro-optical
delay line ($)

Sapphire dielectric
resonator ($$$) ~3∙105

Q
L

Red HeNe LASER ~108

RC oscillator~1
BWO tube ~1

YIG (Y
3
Fe

5
O

12 
) oscillator

10↔30LC varactor VCO

300↔1000

L(Δ f )=
1
2
⋅[1+( f 0

2 QLΔ f )
2

]⋅k B T 0 F

P0

⋅(1+ f C

∣Δ f∣)

Multiplier
f ×N

f 0⋅N

L(Δ f )⋅N 2

f 0

L(Δ f )

Oscillator
f 0

Loaded−resonator quality



VCO

Control insideΔ f loop

X
f 0f REF

Thermal noise

Offset f rom carrier log∣Δ f ∣

LPF
Δ f loop

Delay ?

f 0

N

Phase
comparator

Reference
phase−noise×N 2

Uncontrolled−VCO
phase noise

Reference
(crystal )

Δ f loop≪ f REF

Divider
f ÷N

≈
PLL≡Phase−Locked Loop

Δ
f l

oo
p≈

10
0k

H
z

L
(Δ

f
)≈
−

10
0d

B
c/

H
z

Relative phase−noise
density L(Δ f )

Phase−locked loop



Oscilator
with noise

A⋅H (ω0)=1−ϵ 0<ϵ≪1 A⋅H (ω)≈
1−ϵ

1+ j 2QL
Δω
ω0

U Nout=
U N

1−A⋅H (ω)
≈

U N

1−
1−ϵ

1+ j 2Q L
Δω
ω0

=U N

1+ j 2Q L
Δω
ω0

j 2QL
Δω
ω0

−ϵ

Near
ω0

→ ∣2Q L
Δω
ω0 ∣≪1 → U Nout≈

U N

j 2 QL
Δω
ω0

−ϵ
→ P Nout≈

P N

ϵ
2
+(2QL

Δω
ω0 )

2

Pϕ=
P Nout

2
≈

P N /2

ϵ
2
+(2Q L

Δ f
f 0
)

2
=

P N f 0
2

8QL
2
⋅

1

( ϵ f 0

2QL
)

2

+Δ f 2

L(Δ f )=( f 0

QL
)

2

⋅
1

f HW
2
+Δ f 2

⋅
k B T 0 F

8 P0

=
C

f HW
2
+Δ f 2

≡Lorentz spectral line

Half width

f HW=
ϵ f 0

2Q L

d P N

d f
≈k B T 0 F

Derivation of the Lorentz spectral line



∫
− f 0

∞

L(Δ f )d Δ f =1≈∫
−∞

∞ C

f HW
2
+Δ f 2 d Δ f =[ C

f HW

⋅arctan
Δ f
f HW ]Δ f =−∞

Δ f =∞

=
πC
f HW

f HW≈πC=
π k B T 0 F

8 P0

⋅( f 0

QL
)

2

L(Δ f )≈
f HW / π

f HW
2
+Δ f 2

Lorentz spectral line
L(Δ f )=

C
f HW

2
+Δ f 2

Spectrum
∣F ( f )∣

2

ff 0

2 f HW= f FWHM

Drawing not t o scale !

C=
k B T 0 F

8 P0

⋅( f 0

QL
)

2

≈
f HW
π

−3dB

Example f 0=3GHz
QL=10 P0=0.1mW F=10dB

f HW≈14Hz f FWHM≈28Hz ϵ≈10−7

without flicker noise !

L(Δ f )=( f 0

QL
)

2

⋅
1

f HW
2
+Δ f 2

⋅
k B T 0 F

8 P0

f HW≡ f HALF−WIDTH

f FWHM≡ f FULL−WIDTH−HALF−MAXIMUM

ϵ=
2 QL f HW

f 0

Lorentz spectral linewidth



f C f 0

2 QLC

R
ay

le
ig

h−
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s

f 0

2 QXTAL

f MAX

Thermal noise

f HW −LC

f HW −XTAL

Usually f MIN≫ f HW

i n radio /microwaves !

Offset f rom carrier log∣Δ f ∣

Relative phase−noise
density L (Δ f )

Phase noise without approximations
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Spectrum
magnitude
log∣F (ω)∣

Oscillator
F (ω)

ω0

Equivalent BPF has no
effect on phase noise !

ωFWHM−3dB

Phase
noise

BPF
H (ω)

Identical QL

Phase
noise

Thermal noise Thermal noise

ω

ω0/QL

H (ω)

≈
f FWHM≪ f 0 /QL

H (ω)

F (ω)F (ω)

Drawing not
t o scale !

ϵ=
ωFWHM

ω0/QL

Oscillator /BPF comparison



L

C1

C2

R

+
−

Q

W 1

∫ dt

W 2

∫ dt
−Aq

1
jωq

1
jωq

−Aq

W 1

W 2

Bias

BPF

Unsuitable (large)C 2

1
jωq

⋅
1

jωq

⋅(−Aq)=1

ωq=√Aq

Saturation feedback

Spectrum
magnitude
log∣F (ω)∣

ωω0

ωqωq

Quenching ?

Unstable saturation



Oscillation
suppressed

Klystron 2K25 Rieke diagram



Magnetron 2M214 Rieke diagram



  

Current
source

BPF
H (ω)

Buffer
amplifier

=

Low−noise
power supply

A

Modulation

Modulator

Excess gain?
Mode jump ?

Si−BJT

↓

Electro−
magnetic

shield

  A

Buffer
amplifier
(isolator )

X   A

Antenna

Power
amplifier

Interference

Interference

Noisy
LDO ?

L=?

Oscillator design rules
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