/ Chapter 12 Oscillators and mixers

12.1 RF oscillators
CE BJT oscillator, CG FET oscillator
12.2 Microwave oscillators
one-port negative resistance oscillator, transistor oscillator,
DRO (dielectric resonator oscillator)
12.3 Oscillator phase noise
12.4 Frequency multipliers
transistor multiplier
12.5 Overview of microwave sources
12.6 Mixers
single-ended mixer, balanced mixer, FET mixers
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12.1 RF oscillators
» Feedback for oscillation
noise — trigger an unstable circuit

— feedback the output signal and then the active device amplifies

the signal near wo
— nonlinear active device at steady state
— oscillation at wo with certain output power

X

V-<

-+ A

A

A

(o)

Y = A(X +BY) — closed-loop gain ;

A: forward path gain, BA: loop gain
BA=1: oscillation condition
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/ Discussion \
1. Hartley and Colpitts (CE) oscillators from feedback point of view

(V1 |/ @ \]].1 V4 (3
I V4 [

Y1 Y1 Yi Yo @ Y>
RRVY Ys | V2 | ‘ Y3
12 YL ViV Yo L
Y Y> gm( 1- 2) N

Y1

VS kL S [Y][V]=0

Y, +Y,+Y, —(Y;+Y,) -Y, 0 V,
-(Y;+Y,+9,) Y, +Y,+Y,+0,+Y, -Y, =Y, Vv, _0
-Y, -Y, Y, +Y,+Y, =Y, ||V,

O (9, +Y,) m Yo +YL || Vs

if V, =0(CE),V, =V,,Y, =0

(Y, +Y;+Y,)V, =YV, =0
Y, +Y,+Y, =Y, ||V,
=< =YV, +(,+Y;)V, =0 — =0

g V. +YV. =0 gm_YS Y2"’Y3 Vs ‘ .
meto e 12-3 /f%,(/ﬁ»?,ﬁ’é; 53/




K{l Y, 4, Y,

e

= (Y, +Y) (Y +Y;+Y) +Y;(9, —Y;) =0 \

O _Y3 Yz +Y3
" Y, =G, B,B, +B,B,+B,B, =0—one C, two L or vice versa. (1)
_>
Y, =]B,Y,=]B,,Y;=]B, (9,+G;)B,+B,G,=0—>o0neC,oneL.......ccc........ (2)

(2) - (1+%)B3 +B,=0—-> (1+h,)X,=-X,,h, :%

D> X +X,+X;=0-> X, +X,-(1+h,)X,=0—> X, =h, X, :0sc. cond.
— X, and X, of the same kind, X, be the different kind

wL; +wL, — 1 :0—>w0:\/ 1
WC, Cy(L +L,)

X +X,+X;=0-— 5

Colpitts
oscillator

Hartley
oscillator

N

L3
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. Hartley and Colpitts (CG) oscillators from feedback point of view\

v . @ Vrl \ B
Y1 Y1 Yi Yo
Y3 | V2o Y Y3 | V2 | YL
Y2 Y> gm(Vl-VZ)
I
®V3 V3
KVL— [Y][V]=0
Y, Y+, —(Y,+Y,) -V, 0 |[V,]
(Y, +Y,+9,) Y, +Y,+Y, +g, +Y, -Y, =Y, V, _ 0
-Y, -Y, Y,+Y,+Y, =Y, ||V, |
O —(9n +Yo) m Yo +YL [V

if V, =0(CG),V, =V,,Y, =0

%

Y. +Y, + +Y WV, -YV,=0
( 1 2 gm O) 2 23 Y1+Y2+gm+Y0 —(Y3+Y0) V2 O
_) =
—(g9,+Y,+Y,) Y, +Y;+Y,

=YV, + (Y, +Y,)V, =0
—(9,, +Y, )V, +Y, V,=0
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/Yl+Y2+gm +Yo _(Y3+Yo) \

det =
—(g9,+Y,+Y,) Y,+Y,+Y,
" Y, =G, B,B, + B,B;+ BB, =0— one C, two L or vice versa. (1)
_>
Y,=]B,Y,=]B,,Y;=]B, (9,,+G,)B,+B,G, =0—>o0neC,one L.......c.ocoerurrnnen, (2)

(2) > (1+g—m)53 +B, =0 (1+(’;—m)x1 - X,

0 0

(L) = X, + X, + X, =0 x1+x2—(1+g—m)x1=o—> X, =g—mxlz osc. cond.

— X, and X, of the same kind, X, be the different kind

wL, +wL, — é =0—)W0=\/C Ll 1 : Hartley

X;# X+ Xg=0>0 e f(cl+c:2)
+ —wL,=0—>w, = 12 : Colpitts

‘wC, wC, L, C.C,




/3. Ex.12.1 Design a 50MHz Colpitts oscillator using CE transistor Wm

B=gm/Gi=30, Ri=1/Gi=1200€2, and L3=0.1uH, Q=100, What is the
minimum Q of the inductor for oscillation

For a lossy inductor Z, = R + jwlL,

Y, +Y,+Y, =Y,
g,-Y; Y,+Y,

=YY, +Y, Y, +Y,Y, +Y Y, +Y,Y, +9,Y,=0

det =Y, + Y)Y, +Y;+Y,)+Y,(9,—-Y;)=0

. C
\/_(_ c, \/_(_ ¢ %" Tire
if Y, =G,,Y, = jWCl,Y2 = jw(:2 C, C, i
1+ 9,/G Ly
c;i wXC.C, C,
©C: _ 1 _100pF > =C, =200pF
C,+C, wL,
for inductor @ = W2, R = Webs _ 0310, ¢, = c/(1+ RG,) ~ 200 pF
_1+49,/G L

from osc. cond — Ry =6.13Q2 > Q. =

G, WwXC, C,
K . ek & ﬁf;gf_ss%
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Bl Ls
~ Cp
Cs
]g RS LZ

W. =

p

g

/4. Crystal oscillators . i

. parallel

-y

resonance

series
resonance

Ws

Wp

\

1 C,
. W, =W 1+
LsCs CD
H . CS
pull figure : Aw =w  —w, =w,( [1+ c -1)
p

—Ww, :inductive element
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/ 12.2 Microwave oscillators \
* one-port negative resistance oscillators

nonlinear — linear
Xin(l,w) | XL(w) @ steady state
KVL Z +7Z. )l =
Rin(I,W) - . % RL — ( LT m) 0
“negative’ | #0 >R +R;, =0, X +X;, =0
Cin, Zin T'L, ZL passive load - R,, <0
Discussion

1. oscillator concept
noise — circuit unstable Rin(lI,w)+RL(w) <0
— feedback and amplify near wo
— at steady state Rin(lo,wo)+RL=0, Xin(lo,wo)+XL(Wo)=0
—> oscillation at wo with output power Po=1/210°R

2. Zin+Z1L=0 > TinT'L=1
-7z, -Z.,-72, Z.,+Z, 1

. I__ZL—|_ZO__Zin+zo_zin_zo_Fin




/ 3. A high-Q tuning circuit enhances the oscillation stability \

using perturbation analysis
Z.(1,s)=Z2,(s)+Z,.(1,s)=0,s=0a+ jw

0
zT(|,s)=zT%'so)+aZT ss+ 25| 51 =0
65 So, lo 6' So, lo
*
—>85:8a+j8W:—aZT/al 8:_J.alealaz T2/aw 5|
aZT /83 So, lo ‘aZT /8W‘ So. lo

if 81 >0 occurs — for a stable oscillation do. < 0
« . .
9925 o o 1md QR+ 3X1) O(Ry JXT)}<0
ol ow Ol oW
N OR; OX; _GXT OR; .
ol ow Jdl ow
OR, _ oX | _ OR, 0 OR,, OX; _axm OR,, .
Ol Ol OW ol ow ol ow

—
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/ 4. oscillator design consideration

selection of device operation point for stable oscillation and
good o/p power, large signal performance, phase noise,
frequency pulling,...

5. Ex.12.2 a diode with I'in=1.25/40" @6GHz
Zin=-44+j123Q, — ZL =44-j123Q

0.254%
e
500 < 0.308 Y diode

I'L, ZL  T'in, Zin

\ o1 ek © ﬁ%;iy




/ e transistor oscillator

_ Terminating
Tuning [S] circuit
circut | « | (output port)

I'c Tin>1 Tout>1 I'T
“negative”  “negative”

Impedance impedance

to start oscillation, select RL = -Rin/3, XL = -Xin
@ steady state I'inI'L=1 — ToutI'T=1

Discussion
1. at steady state
1 S,,S,,I 1-5,0
r_:Fin =Sl1+1128¢;—>ﬂ = S lil“l- A =515 =515,
L — 9lT 22 L
Lo =95 + 1251, = S ~ AL I, =1




/ 2. EX12.3 FET (CE) @4GHz \

S,, =0.72/ -116°,S,, =0.03£57°,S,, = 2.6 £76°,S,, = 0.73 £ — 54°
(CG) with a 5nH inductor

S',=2.18/-35°S",=1.26£18°,S",, = 2.75.96°,S",, = 0.52 £155°
o/p stability circle

C, =1.08 £33°,R; =0.665

select

[0 =0592£-104° - large I',, =3.96 £ — 2.4°

Z =-84-j19Q > 7, =- R?:“ — X, =28+ j1.90

[in|=1

< _’3 < load

rL Tin  TT )
12-13 jﬁ%/ﬁ» ":{i &Ei%%




/ « DRO (dielectric resonator oscillator) [ " =

Z 1030

O ZL _ﬂ/\/i

Zo JT L

2 N *R
Z(w)=N°Z, (w)= :
1+ j2QAwW/w,
R R
g_Q_ wL  wL  N°R
Q. R, /N? 2Z IN? 2Z,
w, L w, L
_F_ZO+N2R—ZO N °R g

= — — %
Z.+N*R+Z, 2Z,+N°R 1+g

\ 12-14




% Discussion

1. DRO examples

4

12-15

Terminating %
circuit

Terminating %
circuit




N

/ 2. Ex12.4 BIT @2.4GHz

S, =1.82130°,S,, =0.4.45°S, =3.8.36°S,, =0.7/ —63°

DR Qu=1000

select 'L (—=Sul'L~1)togivealarge I'out Iy =S, +

I, =0.6£-130° - large T, =10.7£132°,Z,, = —43.7+ j6.10

— Z; :—%— X, =14.6 - j6.1Q

I, =T, e'*" =0.6-180° -1 =0.4311
2

Z, =125Q0 > g = N'R _ 1265 =0.25

(0]

Q'

S

I'c I'L T'in ToutZT
12-16
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/12.3 Oscillator phase noise \

Discussion

1. oscillator noises
spurious signals: spikes due to harmonics and intermodulation products

phase noise: a broad continuous distribution localized about the

oscillation signal due to thermal noise
. dB relative to the carrier power per Hertz of bandwidth at a particular

offset (dBc/Hz @ Hz offset)
2. LO phase noise effect: selectivity and snr

: i maximum allowable phase noise (dBc/Hz)
desired signal . . o
: to achieve an adjacent channel rejection of SdB
adjacent C(desired signal level, dB
undesired LO = C(desired signal level, dBm)
IF

- : -S(adjacent channel rejection, dB
signal SpUrious (adjacent ch J )
~, RF : -I(undesired signal level, dBm)

signal

<>
< > 2 S =h L > x
IF Mok B RGER
12-17




/ 3. Ex.12.5 GSM cellular standard requires 9dB rejection of \

interfering signals for a carrier of —-99dBm. The channel
bandwidth is 200kHz. Determine the required phase noise of

LO at these carrier frequency offset.
maximum allowable phase noise (dBc/Hz)

to achieve an adjacent channel rejection of SdB
= C(desired signal level, dBm)

-S(adjacent channel rejection, dB)

-I(undesired signal level, dBm)

-23dBm
2+-33dBm

-43dBm

offsel 5 -10logB
G =-99dBm-9dB-1(dBm)-53dB
IF
Interfering signal offset frequency ~ maximum allowable
level (dBm) (MHz) phase noise (dBc/Hz)
-23 3.0 -138
-33 1.6 -128

43 0.6 118 |
K 1 Bk R ﬁ%aﬁay




/12.4 Frequency multipliers \

Discussion

1. Reactive diode multiplier uses a varactor or a step-recovery diode to
generate harmonics. The unwanted harmonics are usually terminated
with short circuits. The desired harmonic is terminated with proper
load. Theoretically it is then possible for 100% conversion efficiency.

2. Resistive diode multiplier uses a forward-biased Schottky-barrier
detector diode to generate harmonics. Theoretically, the conversion
efficiency then drops as the square of the multiplication factor.

3. Transistor multiplier uses the nonlinear characteristics of gm, Rads, Cgs,
and Cds with proper biases, input power and load to give proper
current conduction duration and waveform to generate the desired
harmonics.

Pk T R R
\ 12-19 s TeE




/4. Operation principle of transistor multiplier \

o~ (\\f/\g\_Vgg Jd_ N Vdd
Rs  jXs %‘R
i
+ —— _
Wo Vgs— — Cgs nggs% Rds| Cads jXL% RL

| — 47 cos(nzz/T)
™ AT 1-(2n7 I T)?

. T 0.35,n=2
optimal — =
T 0.22,n=3

12-20 ek 7 ﬁ*’ééﬁ‘—%%




-V

g,max g,min

2
peak value of gate voltage @ w, V, =V, ., -V

g,max ag

gate bias V

Tt

conduction duration %(V )cos?

g.max g min

:Vt - (Vg,max _Vgg )

COSE — V B (Vg,max _Vgg) _ 2[Vt _Vg,max + (Vg,max _Vg,min)/z]

1(Vg max Vg,min) Vg,max _Vg,min
2[Vt — Vg, max /2_Vg,min /2] _ 2Vt _Vg,max _Vg,min
Vg,max _Vg,min Vg,max _Vg,min
2
_ E“ ‘2 _ ‘Vg‘ R
T2 2R -jiwG,

drain voltage @ nw, V, = (V4 . —V

\j

)12 =

d,min

1
_E“n‘z R,

P
conversion gain G, = P_

K 12-21




/5. Ex.12.6 a 12-24GHz FET doubler with parameters

V, =-2V,R, =10Q,C,, = 0.2pF,C,, =0.15pF,R, = 40Q

4t cos(2nt/T)

=21mA
1T 1- (4T/T)2

drain current @ 2w, I, =1,

\Y -V

|,R =-4mx _dmn _, R =95.2Q,X, =2w,L = — L =0.293nH
2 2w,C,.
1, 2 : . P,
P, = E\IZ\ R, =21mW,conversion gain G, = 5= 2.9dB

\ 12-22 //f%,(/ﬁ» ?, ﬁj\_s"

and operating parameters Vy max = 0.2V, Vi = —6V Vo =5V
Vimin =V, 1, =80mMA  find the conversion gain
V. V.
gate bias V, = == 5 +=—=-2.9V,ac gate voltage @ W, V, =V, ..., -V, =3.IV
2V, -V -V,
conduction duration cos - = ="t "emx_ Temn _ 29 T _0.406
T Vg,max _Vg,min T
1 2 ‘Vg‘z Ri
P, =1,/ Ri= ~=10.7mW
2 2|R - j/w,C,

~




/12.5 Overview of microwave sources \

Discussion

1. Solid-state sources operate at lower power and lower frequency,
while microwave tubes operate at higher power and higher
frequency (p.609, Fig.12.24).

2. Solid-state sources use diode circuitss (Gunn diode, IMPATT diode)
or transistor circuits (GaAs MESFET, DRO, YIG oscillator) with
power combining circuits for higher output power (p.610, Figs.12.25,
12.27).

3. Microwave tubes
power-frequency for oscillator tubes (p.614, Fig. 12.28)
power-frequency for amplifier tubes (p.615, Fig. 12.29)

ek T B R
K 12-23 s TR




12.6 Mixers
* single-ended mixer

-

RF IF

I LO
down converter

2 ]
|(t) — (VRF +2VLO) G ld _ G d
Vie () oc cos(w, —w, )t

RF

T

A

A

IF

LO

== (acosw,t+bcosw, ,t)?

T

WIF

N

WRF WLO WRF

LSB
12-24

USB

~

W
2~ R

C(VLo) l
R(vLo)

linear time-varying
components




%Discussion

o

1. heterodyne receiver

}

channel

select filter

LPF

AoCOSWot T

Wo

Relax the Q required of the channel-select filter.

Down-conversion mixer typically has high noise, it’s then preceded

by a LNA.

12-25
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image reject

M
A

/ 2. problem of heterodyne receiver

Image degrades the receiver sensitivity.

Aocoswot

LPF > ﬂ
WIF

Use image-reject filter, but it introduces losses.

image
reject
filter

O

12-26
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-

3. choice of IF depends on
the amount of image noise
the spacing between the desired band and the image
the loss of image-reject filter
— trade-off between sensitivity and selectivity

image reject filter high IF channgl__gq_lect filter
wi WIF
interferer < reject lmage
2WIF
_____________________ low IF
___l /\ """""""" - : 1 ‘ \ >
«—> .
2WIF suppress nearby interferer
12-27 Vi) S =

~




/ 4. dual-IF hetrodyne receiver

Partial channel selection at progressively lower center frequencies
Relax the Q required of each filter

Frequency planning, NF, IP3 and gain calculation are important

Ac0s0
band image channel _>®—> LPFs — ADC
select reject select
filter LNA filter filter . f |

sinwt channel
BPF1 BPF2 BPFs —» LO2 select filter
f Ccosmt ) Q
Acos(ot+0) Bsind
LO1 +Bsin(ot+0) Ly LPFs —» ADC

K 12-28




N

/5. mixer characteristics \
available RF input power

conversion loss

L.(dB) =10log
|F output power
DSB noise figure = SSB noise figure / 2

SSBT =(T, + T )G, +T.G, > T, = T ‘To(gr +Gi)

T-T.(G, +G,)

DSBT =(T, +T G +G, ) T = o\ By T 55
e oss )G, ) o% G, +G,

LO/RF isolation

6. single-ended diode mixer

relative high noise figure, high conversion loss, high-order

nonlinearities, no isolation between LO and RF, large output current
at LO frequency




/7

N

. single-ended FET mixer \
Gate-bias is near the pinch-off region, LO signal then switches

FET between high and low transconductance states to give mixing

function. /.,
Rg

D
G ve o
SLT gmVe Rd < RL
VLo .
1/ JwWgeC e Ve

viE =V cosw, t, V" =V, . _ =—
Z,+R+1/ jwe . Ci 14 jwe e C (R +2Z))

gm (t)VcRF ! gm (t) = go + ZZ gn COS r‘lwot — glchF COS WIFt

n=0
VE;F :_glchF RdZL — : _glvRF RdZL
Ry +Z, 1+ jwe C (Ri+Z,) R, +Z,
IF |2 2 2
G = I:)IF,ava _ ‘VD ‘ RL/‘ZL‘ _ 4RgRL V[;F Rg:::iG _ glsz
© Puae  Nae[74R,  |Z[F Vee| RS 4WECAR

gs i




/ 8. single-balanced mixer

] RF = %‘
goo 180° |-
RF/LO LO A hybrid LPF —
isolation % I‘
phasor representation
IF
‘ IF liF ‘ l =
Vio Vrr Vo Vrr \V/= VRE
-+ + + — + +
= x| Il
K 12-31 Mk |




/ LO AM noise suppression

‘IF

Vn Vwo V1o Vn

Jlxoel -

LO even-harmonic suppression

\J;l * l v, bV oV + dv
_ |, =-aV, +bV,” —cV, +dV,’
V, ==V, 5 COSW, ,t+ V- COSWy -t
V, =V 5 COSW o1+ Vo COS Wyt

12-32
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("

RF
RF VSWR %0 N
poor RF/LO LO hybrid 1
e |
isolation
0 j 1 Of[1] 0] [0 j 1 o]0
~1/j 0 0 1}|0| —1|j| [j 0 0 1 jr
J211 0 0 jllo] J2/1]'|1 0 0 j| T
0 1 j 0fo0] 0/ |01 j o]0
‘ IF
Ve +V, 5290 Vo +Vee £90 V. Z—90
A Y —
K 12-33
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/ 9. double-balanced mixer

~

A, A’ virtual ground for LO
B, B’ virtual ground for RF
v >0—D1, D2 on
v, <0—D3, D4 on

A
RF A yw b2 D1

—1  180° |

S | hybrid B B

% D4 D3
Z A YN

N |
(]
LO — V. T

good RF/LO isolation
LO and RF even-harmonics suppressed

K 12-34
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/ 10. image-rejection mixer \

RF Vs Ve v oo LSB
— 90 ] -
hybrid ' LO hybl’ld N IF

% VB ViB v, USB

v, =USB+LSB USB =v Z(w,+w)t LSB=v Z(w, —w)t

A =USB Z(w, +w;)t—90+ LSBZ(w, —w.)t—90

> =USBZ(W, +w,)t+ LSB£(w, —w;)t

v =USBZw;t —90 + LSB £ —wt —90 = USB Zwt —90 + LSB Zwt + 90
v =USBAw.t+ LSB/ —wt=USBAwt+ LSBAwt

v, =v*Z—-90+v’ =2LSBLwt

v, =V +v°/—90 = 2USB A/ wt L

Y




/ 11. differential mixer

N

ADS examples: Chl12 prj

IF
signal
IF balun
LO
sig@> LO
balun
RF
signal

12-36

Gilbert cell mixer

1=
signal
IF balun
T
LO
balun
- LO sﬁgnal 7
||
RF
balun RF
| signal
Vi) S X

~




