ﬁhapter 9 Theory and Design of Ferrimagnetic Components

9.6 Ferrite circulator
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Discussion

1. Circular structure (p.487, Fig.9.22) includes stripline, ferrite
disk and bias magnet.

2. A lossless, small mismatched I' circulator

r r 112 ]
1-T172 r I
T 1-17° r |

3. Terminate one port of circulator — isolator
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Kderivation of 2 for a lossless, small mismatched I" circulator) \

_r ]
o ? E s [0 +|ot” + Bl =1
B o I I +al” +pa’ =0
O @ s
—> ol” +PBo zo_>|r|z|B|
o o2l o =1 fof~1-|rP
- 'n 1—12"
112 T I

T 1—-1° IR

isolation:|S,;| = |S,,| = |Ss.| = |T|




/ Chapter 10 Noise and Nonlinear Distortion

10.1/2 Noise in microwave circuits/Noise figure
noise power, equivalent noise temperature, noise figure of
various networks

10.3/4 Nonlinear distortion/Dynamic range
gain compression, third-order intermodulation distortion,
3'd-order intercept point, linear and spurious free dynamic
range
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%0.1/10.2 Noise in microwave circuits/Noise figure
* noise power, equivalent noise temperature, noise figure

noisy
resistor rms voltage v. = +/4kTBR
R Tk S v at microwave frequencies:white noise source
— Pn : — Pn
: noisy
noisyless _ RrRlok| TeB R
RST | lossless SR - S lossless S
BPF BPF
maximum power delivered from the noisy resistor
p - (Yyr=2KBR L _ 1B
~2R” 4R
equivalent noise temperature Te = Pn/kB
excess noise ratio

Pn — Po _10l0g Te—To |

(0] 10_2 TO

ENR(dB) =10log




-~

noise figure F =

FDF?EEE+Pdi

R, To
« @

noisy
network
G, B, Te

< R

S, =GS,,N, =kT,B,N_ =GKk(T, +T,)B
S/N; SN, 1Gk(T,+T,)B T

T, = (F - 1T,
N; =kT,B
R To | 1Oy >
Sj | METWOoTK A
G, B. Te

— > Po=So+No

S,/N, S, N. G

GKT,B =GN,
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KT,B

GKT,B = Gk(F —1)T,B=GN__,

=1+-—=>1
T

o

=Gk(T, +T,)B
=GkT,BF  °




Discussion
1. noisy amplifier with Te

Pn=GkTeB Pn=GkTeB
R§O°k G, Te, B % R = R%Te G,0k, B %R
noisy noiseless

2. Y-factor (noise figure, noise temperature) measurement method

EeOtTlfad% \ PLP2 B GK(L,+T,)B _T,+T,
L DUT — P, Gk(T,+T)B T,+T,
— R
cold |Oad% G’Te’ B j _)Te:Tl_YTZ ’ F:1_|_T_e
R, T2 = Y -1 T,

3. Ex10.1 X-band amplifier, G=20dB, B=1GHz, gives Y-factor
measured results as T1=290°k, P1= -62dBm, T2=77'k, P2= - 64.7dBm.
Y=P1-P2=2.7dB=1.86 — Te=170k > F=1.585=2dB

If Ts=450k > Pn= k(Ts+Te%EACr5: -60.7dBm Bk T Bk B




%: of a passive lossy matched 2-port circuit
@T, . thermal equilibrium N, = N, =kT_B,S, :S_Li

RoTo | L=1/G | « %R <N s N ;
: (Te Bl || F775 I//NI "5 N, o e
@To

R 1-G
[NO _KT.B=1KT.B+—KkT.B
L L

=T, = (LT, == =T, Ny =KT,B = (L-1)KBT,
(L-D)T

= @T, T,=(L-DT, F=1+

0]

ST, =(L-DT,,F=L

5. Ex. 10.3 a matched lossy Wilkinson power divider (IL=Lw) with
port 3 connected to a matched load, find its F
(0 1 1]

[ 1
s]l=—JL_|1 0 o| ,L=—",=2L,
vehely 0 0 Sl

T, =(L-DT =L, -DT ,F :le_I—e=1+(2I_W—1)_|_l

0 (0]

if L, =1 (lossless), T=T, > F =2=3dB o n e
b ( ) ° 10-5 Mol = B &




ﬂ. F of a cascaded circuit

—1 Gi1,F1 G2, F2 ©0 0000 GN,FN [
_ Si/Ni _ Si I\Io
So/No So I\Ii
N N N
- 1 kTOBiI;IIGi + k(Fl—l)TOBillllGi +k(F, -DT_ B i:l_[ZGi +...+k(Fy -DT,BG,
N
G KT.B

=1+(F -1+ ol Bl L Al
G, GG, T G.G,,

L L S

=F, N
G, GG, G,..G,

T :Tel+Tez + Teg +...+—T€N
G, GG, G,.G, .
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%

. hoise analysis of a microwave receiver

Ga, Fa Lt Lm, Fm
Ni, sr% BPF —(X) No, So
TREC %

)

I/p noise ower from antenna T, — N. =kT,B
Ff _1 Fm —1

receiver noise F.. = F, + S + G.G. — Taee = (Free —DT
o/p signal power S, =S, GaLGm = S,Grec
f
o/p noise power N, = (N, + kBT )Gree =KB(T 4 + Tree )Grec
S, S,
o/p

N, KB(T, +Tocc)

(0]
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8. Ex.10.2
Ga, Fa Lt Lm, Fm T, =150k

G, =10dB =10,F, = 2dB =1.58
g BPE L, =1dB =1.26,G; =0.79
Ni, Si TREC No,So G_=-3dB=0.5F, =4dB =2.51

B,. =10MHz, T, = 290°k

(O

i/p noise power N, =kT,B =1.38x107%* x150x10" = 2.07 x10 W = —-106.8dBm

- . - Ff _1 F —1
receiver noise figure F,.. = F, + +-—1—=18=2.5dB
Ga GaGf
receiver noise temperature To.. = (Fgee —DT, =232°k

receiver gain Gy = GaLGm =3.95=6dB

f

o/p noise power N, = kB(T, + Tzzc )Ggrec
=1.38x107 x10" x382x3.95 = 2.08x10°W = —96.8dBm

—96.8dBm —-6dB

if SNR, = 20dB — S, = —76.8dBm — S, = —-82.8dBm — SNR, = 24dB




ﬂ F of a passive lossy mismatched (I's#0,I",,#0) 2-port circuit

10-9 /ﬁ‘&-/ﬁt '—\;lF:

Zyg
" 2 2
[S] 20 G = Sal @-ITG[) .(12.12)
6} “e T e \1 SulsF A=|T0 )
Ga =|S,,[* . forT =T, =0
I's I'in Tout I'L
I/p noise power N. =KkTB
P
available power gain G, = P _ “triera 14
avs Pin T :r’g La
available o/p noise power N, =G, (N, + N_,4.q) =G, K(T +T,)B
= kTB(thermal equilibrium)
G i T} i S DL B LI PP C L
a TO Ga T TO

/
/

r"

r""
= W/
:’& /
V4
’/
S




ﬁo. F of a mismatched (I's#0) lossy line
Ly | i 1 g

: i 0 — ¢ A
JL
@T Zo [S]:: 1
69 «— — ZO’Te’ Bl L «— — —e_Jﬂl 0
VL |
* * Z,—-Z,
I's T'in ["out I'L=0 I's = Z,+2,
_S_ 4 S5, s _ L' a-i2p
out 22 l—SllFS I_
2 2 1(1_‘1* ‘2) 2
_ ‘821‘ (1_‘Fs‘ ) _ L > _ I—(l_‘rs‘ ) 1
a ‘1_ Sul's ‘2 (1—\F0ut\2) 1— ‘Fs ‘2 N _‘Fs ‘2 L,
L2
2
ST, =(L,-)T = (|_—1)(|_+\r23\ )1
LA—-|Ts|")
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/11. F of a mismatched (I';,#0) amplifier
Zo

@T,
— — G FB Zo

I's I'in
N, =kT,B
N, =KT,GB(1—|[,,[") +KT,(F —1)GB = kT,GB(F —|T',,|)
S, =G@-|r,.[)s,

Fao SN SN, S KLGB(EIN,[)  Foifuf
So /N SoN, G(l_‘rin‘z)si kT,B 1_‘Fin‘2
1+l |0 Fu=F

1-r, |
10-11




/10.3/4 Nonlinear distortion/Dynamic range

e gain compression

DRI (dB) = OP1dB - MDSout

1dB compression point
_ 2 3 Pout \ |
V. =a +aV.+aVv. +aVv: +...
0 o TV, +&,V; +a3V, OP1dB = T 1dB
OP1dB= IP1dB+G-1dB slope =1-
B DRI
MDSOUt vy Y
linear dynamic range of an amplifier
with gain G
MDSin (dBm) = KTB+F (+3dB) MDSin " IP1ds  Pin
MDSout (dBm) = kTB+F+G (+3dB) “dB-plot”

o1 Bk TR




/- intermodulation distortion
2 3

10-13
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vV, =a,+aV. +a,Vv. +a,Vv. +...
Ve IW, W, —> 2W,, 2W,, W, —W,, W, +W, 2nd-order products
VW, W, —> 3W, 3W,, 2W, — W, 2W, + W, 2W, —W,, 2W, +W, 3rd- order products
2w, —W,, 2w, —w,: 3rd- order intermodulation distortion (IMD3)
3rd-order intercept point (IP3)
OIP,(dB)=G+lIP, Pout \i
OIPs
“dB- lot” A
P < = Pw1
; T slope =
—> C/l ~1/PimR
PIMD
Z; Pawi-w2
—» lifi >
ol 2 AMPITET 2031 —M2 M1 ®2 2m2—ml \ _
slope =3
[P,

Pin C‘,“




Discussion

1. device nonlinearity effect
Ifv. =av +a,v’ +a,Vv’

single tone input v, = Acoswit = v,| = (a1A+%a3A3)cosw1t

— voltage gain@w, G, =a, Jr§a3A2
two tone input v, = A(cos w;t + cos w,t)

=V,| _3 aeA3 cos(2w, — W, )t

012w, -w,

4a

at third-order intercept point a, A=~ a3A3 — A’ = 2
&

1(%N) 9 alA’
) P = = =

= 3R, —20IF, =P,

2W, —W,

-P dBm
mq [2qr 32 R 2v v, (dBm)

3 k;R 10-14 Tk = B




% spurious-free dynamic range Pout
P

DRf — Wy ::':’,’
I I OIP3 ‘ Pus
L 2 6
P> OIP’ OIR, 2
_ own — (2% Powia2
2W, —W, I:)n
P2\A4—w2=Pn Pn
2 .
DR, (d8) = - (OIP, ~P) “dB-plot” __ Pin

3. Ex. 10.5 A receiver with F=7dB, OP1d8=25dBm, G=40dB,
OIP3=35dBm, B=100MHz, i/p antenna noise temperature Ta=150°k,
desired SNRo=10dB, find DRI and DRt
o/p noise power P, = GKB[T, +(F —1)T,] =10* x1.38x107** x10° x[150 + (5 —1) x 290] = —47.4dBm
DR, =OP,, — P, = 25— (-47.4) = 72.4dB
DR, = %(OIPS ~-P)= 55dB,or§(OIP3 —P,)-SNR, = 450B
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4. Cascaded two-port circuits

V2W1—W2 1 > VO’ Po
v.— G1, OIP31 —G2, OIP32 —

_>
V2W1—W2,2

P, =PGG, =P, ,G,(@ fundamental frequency w,)

p3 JPz
O = P, = Vouw, = Prwgw, Zo = o
Ol P32 2w, —W, AR 2w, —w, o Ol P3

worst case, two intermods @2w, —w, add in phase —

3
N e JG.P3.Z, \/PZ \/GZ(PO3/G§)ZO+\/|DO3ZO

v W, —W, =

2 OIP,, O|F>32 OIR,, OIR,,

1 1

= + JPZ

(Gzom&1 0|P3,2) oo

V. 1 1 p3
2w -w, = + )R =2
Z, G,0IR,, OIR,, OIP,
11 1

= = +
OIF, G,0OIR,, OIR,
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%3. Ex. 10.4 An LNA with G1=20dB and OIP3,1=22dBm, a mixer with
G2=-6dB and 11P3,2=13dBm, find the cascaded Pipr3

G, =100,G, = 0.25,01P,, = 22dBm =158mW ,OIP, , =13—6 = 7dBm = 5mW

1 1 1 L .l 0P -44mw =6.4dBm

OIF, G,OIP,, OIP, 0.25x158 5

(case 2, interchange LNA and mixer, prob.10.15)
G, =0.25,0IR,; =13-6 =7dBm = 5mW
G, =100,0IP,, = 22dBm =158mW

1 _ 1 .1 1 1
OIF, G,0IP, OIR,, 100x5 158

—> OIP, =120mW = 20.8dBm

6. OIP; of a cascaded circuit

1 1 1 1
_|_

— + +....
OIF, G,..G,0IR,, G,..GOIPR, OlR;,
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/Solved problems: Prob. 10.11 F of a balanced amplifier

v, S, N,
0 1 j O]
1 11 0 0 |
Jrlj oo
0 j 1 0

1
S, = v,,le_v‘/ Jv‘/ —>v2A_v‘/ s = JV, ‘/
v, = | / / JV\/_ JVi\/_: JVi\/_
2A ZB 2L L
G G

;2
020

l
22T L2 10-18




1
J2L

O w—. Bk O

P O O w.

—_— O O B

.+ thermal equilibrium @T, — N, , =N, =KT B
N, » =N,y =kT,BG +KT (F -1)BG = kT ,BGF

1 1

AN AN s Ykae s tireer -kt okt BCE 11y sy g SE L
2L 77 2L~ L L L 1 3

N

- coupler F =L, T, =(F -1)T, = (L-1)T, —>%Nadd ~ %kTeB :%(L—l)kTOB ~ (1—%)kTOB

SN, SN, LPGF+L-1
S JIN, SN G L

=LF +é(L—1)—> F,, = F,for L=1

ADS examples: Ch10 prj
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/ Chapter 11 Active RF and Microwave Devices

11.1 Diodes and diode circuits
Schottky diode, PIN diode, varactor diode

11.2/3  Bipolar junction transistors/Field effect transistors
BJT, MESFET

11.4 Microwave integrated circuits
HMIC, MMIC

11.5 Microwave tubes
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%1.1 Diodes and diode circuits
* Diode

. I[(V)=1_(e" -1
DC |-V characteristics V) =1 )
I small signal approximation v =V_+v
+
di 1 d“l
I(V)=1(Vo)+V—rf +=>v?
Y V) (V)+Vdv vw 2 dv?|,.
=10+VGy +%VZG'd+...
=lo+I Rs
l i G'da =aGuy
1 Lp
| - _ AC model —Cr §
CJ(V0)7Z % Ri(Vo)  Rj: junction resistance = 1/Gd
l Cj: junction capacitance —— Cj < Rj

applications: detector, mixer,...
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Discussion
1. square-law detector

v(t) =V, +Vv, cosw,t
V2
i(t)=1,+v G, cosw.t+ 7"6 ', cos® w.t

2 2
Vo~ Vo ~
=1,+=>G',+Vv,G, coswt+—>G', cos2w,t
4 4

706 'd 1
current sensitivity S, = alee _ 42 _55 , voltage sensitivity 8, = SR,
in Vo 2G'd J
2 O
AM demodulation
oc Pin
v(t) = v, [1+ m(t) cos w_t]cos w,t l
2 2

I(t) =vG, +V76'd =VG, +VZOG'd [2m(t)cosw t+...]

LS Mok RELEE S




/ 2. spectrum analyzer

. variable Y
attenuator lter

saw tooth
generator

IF Log 3?
filter | |amplifier
YIG video
0SC. amplifier
| display

(resolution bandwidth)

IF filter bandwidth = spectrum resolution

11-4

swept frequency range /
REEE /S

\
/NI
a

unresolvable
signal

Viog) S




/3. PIN diode

1.

PT %Rf —%Rr

y TR B
| |

@ forward @ reverse
bias bias

applications: microwave switch, pulse modulator, control elements for
phase shifter and attenuator,...
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%:SPST switch
||

T |

Vo

Zo

. S
Vi 7, Zo Vo Vi

"

series switch

1

shunt gwitch

IL=-20 Iog\i
IL = —20log 2z, IL =-20log 22,
27 +7Z, 22, + 2,
[ R, + jwL; forward bias
Zy= R + jwL, +— reverse bias
wC,
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/ (derivation)

CH—1T"1+VL
Z Z
o) o [z

series switch

VL

zal] || 2o

[ 1
L |

Zo

2Vo

shunt switch

B Z, 27,
-2 427, °2Z,+1Z,
IL=-20log Vo =—-20log 2Z,
V, 27, +Z,
ZoZd
Voo ZllZa 2,47,
Zo +Zo Il Zd 7 _|_ZOZd
° Z +Z,
— 2Zd
°2Z,+2Z,
IL=-20log Vo =-20log _ 244
V, 27, +Z,

11-7
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% Ex.11.1 Cj=0.5pF, Li=0.5nH, Rr=2Q, Rf=1.5Q, f=1.8GHz, Z0=50Q2

5 _ 1.5+j5.6Q2  forward bias
° 1 2.0-j171.2Q reverse bias

0.11dB ON
13.3dB OFF

0.14dB ON

series switch IL =
6dB OFF

shunt switch IL = {

6. SP2T switch P

Al4 Al4
——7“«
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/7. switched-line phase shifter

AN % A
A4 0, A4 AO=0,-06,=p(,-1)

8. 2 bit phase shifter 90°, 180°
2=4 — 0°, 90°, 180°, 270°

(7 3

Ne———

L_

900




/ 3 bit phase shifter 45°, 90°, 180°
23=8 — 0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°

Ck ko k&

7~ yiN
¥ & ¥+ ¥ 900 ¥ 1800

4 bit phase shifter 22.5°, 45°, 90°, 180°
24=16 — 0°, 22.5°, 45°, 67.5°, 90°, 112.5°, 135°, 157.5°,180°,
202.5°, 225°, 247.5°, 270°, 292.5°, 315°, 337.5°
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/9. load-line phase shifter
r=—P 1 qip-_2

— T2+ b 2+ jb
0 T Dljg| T 2 b:BZO,zT:—tan‘lg

l

(derivation)

R EN z, z, 1

= - , = - ,b:BZO
jB lJer 1+jBZ, Z, 1+jb
1 -1
L 20-Z,_Z1Z,-1_1+jp ~_ -jb
Z, +2, Z.1Z,+1 1_ L1 2+]jb
1+ jb
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/ Al4 o,

|B |B Z0 Ze Z0
] l

efy | T °
(e)L‘B o}

[ cosd, jZ,sing, ]
(right)| jsin@,

iz ~BZ iz

0

_ ° {1 0} . °

J . = - 2

— 0 ——BZ —BZ
_Zo JB O J(Z 0) 0

cos O, b |

e

cosd, =-BZ, =-Db 0 ~~ +b 1
€ 0 e 8
= Z Z — 2 ) e

Z = 0 = 0 small b

° sing, J1_b?




%O. reflection-type phase shifter
1 A6 2

diode ON, I'=¢'’
diode OFF, I =¢’"*%

0 0
0 1 j Oll1] | 1 01 jollr| 0]
111 0 0 j|oO - -;E? 111 0 0 j ';Ef 0
J2|i 00 1ffo|7| j[V2]i 00 1]|jr| |0
0 j 1 0)/0] J2 0 j 1 0] NA T |
0 0
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11. varactor diode
applications: VCO, frequency multiplier

P N (pF)
I+; |- 5
++| 1-— 34
+ 10 - <
+ i - ®

Y o 3

Depletion Zone .§ 2

41 %
11 g
ol
=Ml ,
v 5

11-14

1 i | I 1 i1 1 1
10 15 20 25 30 35 40 45 50 (V)
Reverse Voltage (Vg)




/ 10.2/3 Bipolar junction transistors/Field effect transistors
» microwave FET (depletion type)

. D Va() V?(Jr) gate length
. % § — S
S G D gate
¢ # SHE A width
las Vgs =0V




/ small-signal equivalent circuit

o o s & O
g R R
Ri i
: e e —
Ve=Co  JgmVes[ "
S -e °

gate length 4 =f T

short circuit current gain gate width T = power 1
l l wC,
G* =1@ f. — cutoff frequency f, = In
21C

S(f, bias, T,P,, device geometry, device fabrication,...)

/m/ ‘\ ,(;& /5 ;
11-16 /(W(/,Et =58 E)\.E'




/ e microwave BJT \
Ri Cc

. C B | e
+
B : Rn% Ybe:: Cn ngbe
E E, .
¢ _ O
T 2aC
Vb(+)  Ve(+) | 7
‘ % « lb=+ MmA

J Ly

K 11-17




- comparison of microwave transistors

Property D-mode I11-V HBT SiBJT  SiGe HBT MOSFET
FET/HEMT
Cost moderate and high and lowand moderate and low to
decreasing decreasing mature decreasing moderate
Single polarity no yes yes yes yes
supply
Integration  excellent excellent OKatlow OKatlow OKatlow
capability  (MMIC)
Parasitic loss very good very good modest modest modest
Turn-on voltage
control modest very good excellent excellent good
PAE excellent very good poor moderate  very good
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ﬂ.S Microwave integrated circuits
Discussion

1. HMIC (Fig. 11.25)
MMIC (Figs. 11.26 and 11.27)

2.

Feature MMIC HMIC
substrate semi-insulator insulator
Interconnections deposited wire-bonded / deposited
distributed elements microstrip, CPW microstrip, CPW
lumped elements deposited discrete/deposited
solid state device deposited discrete
controlled parasitics Yes No
labor intensive No Yes
reparability No Yes
equipment costs high low
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/ Feature

MMIC HMIC
mass production Yes No
debugging difficult easy
Integrated with digital  possible impossible
and electrooptic ICs
cost low high
size and weight small large
design flexibility very good good
circuit tweaking Impractical practical
broadband performance relatively good limited
reproducibility excellent good
reliability excellent good
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%1.5 Microwave tubes
Discussion

1. Solid-state sources operate at lower power and lower frequency,
while microwave tubes operate at higher power and higher
frequency (p.553, Fig.11.28).

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.539).

3. Microwave tubes
power-frequency for oscillator tubes (p.555, Fig. 11.29)
power-frequency for amplifier tubes (p.556, Fig. 11.30)

11-21




