/ Chapter 5 Impedance matching and tuning \

5.1 Matching with lumped elements

L-section matching networks using Smith chart
5.2 Single-stub tuning

shunt stub, series stub
5.3 Double-stub tuning

forbidden region
5.4 The quarter-wave transformer

frequency response
5.5 The theory of small reflections

single-section transformer, multi-section transformer
5.6 Binomial multisection matching transformers
5.7 Chebyshev multisection matching transformers
5.8 Taper lines

exponential taper, triangular taper
5.9 The Bode-Fano criterion
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/- Impedance matching concept \

given ZL, design a matching network to have I'in=0 or selected value

—eeee—— ————— L
|

| matching
Z, ) Hin 1 etwork FI‘D{ Z|L

Zin (=Z,) Z

Discussion

1. Matching network usually uses lossless components: L, C,

transmission line and transformer.

There are oo possible solutions for the matching circuit.

Properly use Smith chart to find the optimal design.

4. Factors for selecting matching circuit are complexity, bandwidth,
Implementation and adjustability.
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/ 5.1 Matching with lumped elements (2-element L-network) \

» Smith chart solution

/C\
Z-plane Y-plane
CW — add series L CW — add shunt C
(reduce series C) (reduce shunt L)
CCW — add series C CCW — add shunt L
(reduce series L) (reduce shunt C)




/ (explanation) constant R-circle — L or C in series \

QCW A— B:1+ j05+ jx=1+ j2— jx=j1.5= joL
-add an L in series

(2)CCWB—>A:1+j2+jx=1+j0.5—>jx:—jl.5:_i
joC
:add a C in series, or reduce extra L
ccw C—>D:1—j0.5+jx=1—j2—>jx=—j1.5=_ic
JO

radd a C in series
(ACW D—C:1-j2+ jx=1-j05— jx=j15=joL
radd an L in series or reduce extra C

In Z-plane
CW — add a series L (or reduce series C)
CCW — add a series C (or reduce series L)




constant G-circle — L or C in shunt \

QOCW A—> B:1-j2+ jb=1-j0.5— jb=jl15= joC
radd a C in shunt, or reduce shunt L

j0.5

(Z)CCWB—>A:1—j0.5+jb:1—j2—>jb:—j1.5:,i
JjoL
radd an L in shunt
(ccw C—>D:1+j2+jb:1+j0.5—>jb=—j1.5=%
JO

i :add an L in shunt, or reduce shunt C
jl ' (4)CW D— C:1+ j0.5+ jb=1+ j2— jb= jl.5= joC
radd a C in shunt

In Y-plane
CW — add a shunt C (or reduce shunt L)
CCW — add a shunt L (or reduce shunt C)
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Discussion
1. ZL inside 1+jx circle, two possible solutions
Smith chart solution (shunt-series elements)

-

Y'Y\

5-6

N

X>0-> L X<0->C

o T B

: +i A: —
L+ib iirjc)l(e r r
circle Z, N ZL

| ] |
B: %
series-shunt elements? j bl
0

“N11

] ) . 1
analytical solution Z, = jX + ;
; ‘B +
X 7P TR, v X,
jB 7L = B>0—->C,B<0— L




/2. ZL outside 1+jx circle, two possible solutions

Smith chart solution (series-shunt elements) N

shunt-series elements? 2L
- “-Y11
analytical solution ] ]
— = JjB + -
JX Zo RL+](X+XL)
. = B>0—->C,B<0—>1L
1B ZL X>0—-> L X<0-—-C
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/ 3. Ex. 5.1 ZL=200-j100, Z =100, f=500MHz \

1. z.=2-j1, y.=0.4+j0.2
Solution A
2.y=0.4+j0.5 — jb=j0.3 - jB=joC=jb/Z,
C=b/Z ,» =0.92pF
z=1-j1.2 - jx=j1.2 > jX=] oL=jxZ,
L=xZ./w =38.8nH

Solution B
3. y=0.4-j0.5 — jb=-j0.7—>-jB=1/jwL=-jb/Z,
IS 'e'a W L=-Z /wb=46.1nH
L | c 7=1+j1.2 — jx=-j1.2 - jX=1/joC=-jxZ,
A T C=-1/XZ » =2.61pF

frequency response (p.227, Fig.5.3(c))

|
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/ 4. Possible 3-element L-network

1+jx
circle

w series ?
“Y11

1+jb
circle




/ 5. Possible 4-element L-network

shorter paths for a wider operational bandwidth

1+jx ||

circle

=7

circle 1

:
. g




/ 6. Lumped elements (size<A/10)

capacitor: chip capacitor, MIM capacitor (<25pF), interdigital

gap capacitor (<0.5pF), open stub(<0.1pF)
Inductor: chip inductor, loop inductor, spiral inductor (<10nH)
resistor: chip resistor, planar resistor
All these lumped elements inherently have parasitic elements in the
microwave range.
(p.228, “point of interest”)

Size (mil) | 0402 | 0603 | 0805 | 1206
24 38 39 62

B
C 8 12 20 23
D 20 31 49 62

1mil=0.001in=25um=1/40mm
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5.2 Single-stub tuning \
e equivalent microstrip elements

a series C

a series L in series with a high impedance microstrip line
a shunt C in shunt with an open microstrip line

a shunt L In shunt with a short microstrip line

Z 1

0

jtan Bl joC

an open-circuited microstrip line Z,, =
a short-circuited microstripline 7z = jZ tan Bl = joL

a high impedance microstrip line

Pl Pl

/  tan — /  tan — .
] 0 2 ] o 2 ]ZOIBZ
o o | 71 Zo> —o o YL,
Z,, P = Yl sin Pl ~
° ° J 7 . .

—— . .




-

Z, P

Y3

high Zo,Y3—>0
—
T
Bl << >

JZ,pl
- VYL,

(derivation of high impedance line)

From p.185 Table 4.1

~
|

A B | cospl  jZ,sinpI
C D| |jY,sinpl cospl
1+£ Z,+7Z, +ZZ
{A B}_ Z, 5
C D 1 1. %2
Rz Z il
Z, - 1 _ _ZO ’YS:]smﬁl
jY sin gl jsin gl

y4
1+—L=cospl, Z =
~ Bl Z,

3

(cos gl -1)Z,

Z

o

:—Zsinz—lx—jZ ﬂl ,Bl jZOtanﬁ
2 23|n—cos 2
2
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/ Discussion

1. Shunt stub

yin:jb:ja)c

Smith chart solution \

constant
I-circle




/ 2. Series stub Smith chart solution \




/ 3. Ex. 5.2 Z,=60-J80, Z,=50Q, f=2GHz, using a shunt short stub \

1.2.=1.2-j1.6, y.=0.3+j0.4
Solution A

2.y=1+j1.47 — d1=0.11A

3. y=-]1.47 — [1=0.095A, short stub

Solution B
4,y=1-j1.47 — d2=0.26\
5.y=j1.47 — [2=0.405A, short stub

frequency response (p.231, Fig.5.5(c))
Solution A has a wider bandwidth.
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/ 4. Ex. 5.3 Z,=100+)80, Z,=50Q, f=2GHz, using series open stub \

1.21=2+j1.6

Solution A

2.7=1-j1.33 — d1=0.12)\

3. z=J1.33 — [/1=0.397A, open stub

Solution B
4. z=1+)1.33 — d2=0.463A
5.z=-1.33 — [2=0.103A, open stub

frequency response (p.234, Fig.5.6(c))
It can not be implemented in
microstrip lines.
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% 5. Analytical solution for shunt stub

<—d—>

)70 = RE{(ZO

—B_—Im{(zo Zi + jZo tan Bl

Zo+ jZ1 tanBd

|
A’ &

|
/l

Zi+ jZo,tanPd |

Zo+ jZ1tan Bl

Zo tan B/

-1
Lo
open stub
jl} (tanﬁlj P
=< 1
1
(— j short stub

Vi) S

%

[

B




/ 6. Analytical solution for series stub \

Z,=2,+ jX

«— d—

/ —> Z,

7 _Rel7. Z1+ jZotanPd J
Zo+ jZirtanBd
7., - open stub
_X:_Im{ZO?Jr].; :anﬁj}:< tan 3/ P —
o+ an
s£tanp | Zo.tan B/ short stub




4,5
b 2,3
18—

Discussion
1. There exists a forbidden region for Z, . It can be tuned out by
adding a certain length of line.

/ 5.3 Double-stub tuning \
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/ 2. Ex. 5.4 Z,=60-)80, Z,=50Q2, f=2GHz, using double-shunt- \

open-stubs

" Solution B

1.2.=1.2-J1.6, y.=0.3+j0.4
Solution A
2.y=0.3+] 0.286 —» 6.b1’=-0.114
— [1"=0.482\
4,y=1+j1.38 —> 7. b2’ = - 1.38
— [2°=0.35A

3.y=0.3+j1.714 — 8.b1=1.314
5 11=0.146)\
5. y=1-j3.38 — 9. b2 = 3.38
5 12=0.204)

frequency response (p.239, Fig.5.9(c))
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/ 3. Analytical solution

/0 <«

d —

Y2=Yo0-]B2 Y1

>

Z, ///

" od

>

ZL

/sz

N

Re{Y,}=Y — B, —>1,
Y, > Im{Y,}=-B, - I,

5-22
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n

Z, + jZ  tan ,BdJl

Y,=Y, +jB,Y,=Y —jB,=|Z
1= TP a ( Z + jZ, tan fd




-

N

5.4 The guarter-wave transformer
» frequency response

o

| T

4 / R | T'm |
Z0 DF Z1 ZL
(real) : I
) ) Om 6o m-Om O
I'm: max. tolerated I" over the
Z,=.Z,7Z, bandwidth
Z,
1I(0)|~ for 6 neareozl, 0=pI
2\/Z, Z 2
2\/Z 7,
A _ Z—icos‘l( ) Z, — Z,, Af increases

S 12,
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/ (derivation of |['(9)| ~ Z,

2./Z, Z
Z, +jZ tanb
Z.©)-2Z, 'z +jZ,tan® °  Z,Z,+ jZltan®-Z,Z, — jZ,Z tan0

)

)=
(0) Z. (0)+Z, z, Z, +jzyand o, 7,7, + jZ tane+ Z,Z, + jZ,Z, tan 6
" Z,+ jZ, tan @ °
le:_Z”ZL z,(Z,-Z2,) _ Z, -7, _
Z(Z, +Z,)+ j2Z tan® Z,+Z + j2.Z,Z, tan® Z, +7Z, 121/2 Z1 tan o
Z,-7Z,6 Z,-
0>0,="
"2 7, -7
~ 2—Cc0s 6
jz\/ZOZL
. A 4 _
(derivation of a7 _ 2——cos ( ))
/, \/ \Z -2,
1
T(0)] =
(it oy BNEZL gy (am 2 47 ZO+ 20 tan? 6]
Z - Z. zZ, -7 (z,-2,) (z,-2,)
1+tan?0=sec? 0 1

[1+ 42,2, -sec’ 0]
(Z,-2,) 5-24




N

(0) =
[1+ 42,2, -sec’ 0]"?
(ZL_ 0)
re - L BN S
2.7 7 r?2
1+( o~ L 1 2 m
Z, -7, cosO
2./7Z 7
— €0s0, = Ly ¢t
\fl—ri |ZL_ZO
TEM line: 0 =1 = 2nf A,
v,(f) 4
/, Sy /o
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/ 5.5 The theory of small reflections \
* single-section transformer

< 0 >
@ @
e
T21 Z
Z1 I'1 C | 4, '3 L
T12 | (real)
D |
® @
1 e’ Iy=-T, T,=1+I, T,=1+T,
_ ] ] _ T12T21r3e_j29
FlnDr‘l[ [ | >F3 Fin_F1+1_F2r3e—j29
% e‘_,-g D+ I Te 7+ (L-T )1+ T) e’
o 1+ [ Tye 7%
iy |
‘. T+ e’
1+ I e /?
~ rinD [ I I3 14 4€

) ~I +Te’? ifZ,~27Z,~27,
—y
e / 5'26 2 \ 2 ¢
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/ e multisection transformer \

< 0 ¢ 0 > L
zoDrD 2 € 7, € 70 ZL
I'o I'1 I2 I'N (real)

FO)=r,+Le’ +Te’* +...[ye’™ I =, =T ...
( e—jNQ[]—vo (ejNH +€_jN9)+F1(€j(N_2)9 _|_e—j(N—2)9)+ ...... F(N—l)lz(ejg +€_j9)] N odd
e (™ +e M)+ (e +e /) LTy )] N even

-

2¢N'[I", cos NO + I, COS(N —2)0 +....I", cos(N — 2n)0 + ...%F(N_l),z coséd] N odd

Il
I\

2¢M[I" cos NO + I, COS(N —2)0 +....I", cos(N —2n)0 + ...%FN/Z] N even

given I'(0), design Z,,Z,,...Z,




/ 5.6 Binomial multisection matching transformer \

» maximal flatness response for I" (0)

F(e) A(1_|_e J29 AZCN —j2n0 __ 1" +F€ ]29+1-ve ]49 ...... FNe_jZNH

n=0
= I, = AC)
Discussion )
i alne)
1. Maximal flatness response, STIE =0
T A
9=50rl=2
Z, —Z Z, -7
2P =4 2¥ =[=Zel 5 g2 | =2
L T4 Z, +7Z,
3, I ==l Ljnfen s X
Zn+1+Z 2 n x+1
I 2zl s or, = 24C) =2x 2V L2 0 2 2V Y InZL
Z + 7

n L o o

(p.249, Table 5.1 for Zn values)




f, 2" |4 \
w I(0)= AL+e7*)" - |1(0)|= \A\ 2" cos” 6

Y 2—£6 —2—£cos‘1[ (2
£ 2|4

5. Ex.5.6 ZL=50Q), Z0=100€2, N=3, I'm=0.05

)N]

ZL_ZO
Z, +Z,

N=34=2"

In =£ =-0.0433,
zZ

o o

= 2N+1
Y4

n o o o

Z, Z,

In —=
1 0 ZZ

(p.250, Fig.5.15 for frequency response of |I'|)

5-29

12 4

=2 C3In L 57,=707Q, In=2=2" C3In
/ /

%4, 47 2—£COS_1[ (—2 )flv] NT, 4T, I —ZN‘A‘con

=70%

Inﬂ=2‘NC,jvlné: In£=2‘3C§Ini—>le9l.7Q
Z Z Z Z

L > Z,=54.50




/ 5.7 Chebyshev multisection matching transformers

 Equal ripple response for I" (6): optimal design
@) =2e""[I' cosNO+I,cos(N—2)0+...I cos(N -2n)0+....]
= Ae”"’T, (secd, cosd) = I', (p.254, Table 5.2)
T,(x)=x, T,(x)=2x*-1, T,(x)=4x*-3x, T,(x)=8x"-8x"+1,

T (x) = 2xT, ()= T, (x), x= 2222 x|<1 -1 1
cosd, et
T-6Om O m
Discussion
1. I'(0) = AT, (secd)) =M_>rm = A= 2 =%, 1
Z, +Z, Z,+Z, T, (sech,)

2. T,(secH, )= L 12.=2, —0  (5.63) > Mz _ 49,
r |z, +Z, f. .

3. Optimal design: given I'm, maximal Af
given Af , minimal I'm.

~
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/ 4. Ex.5.7 Z,=100Q, Z,=50Q, N=3, I, =0.05 \

N =3,I'(0)=2e’*"(I",cos30 + I',cos ) = Ae ’*'T,(secd, cos )
= Ae /¥ (4sec’ @, cos® @ —3secd cosb)
= Ae "*"[sec® 0, (cos 36 +3cos ) —3secd, cosd]
=2, 1

Z, +7,6 T,(secd,)
= 2", = Asec’d, — I, =0.0698 =T,
2I', = A(3sec®0, —3secd ) — I,=0.1037=1T,
_4—Z,

_ I >secd =1.408 >0 —447° > 2 _101%

o

I = — Z, =57.5Q
Z, +Z,
I, _ L4 Z,=70.7Q
Z,+7Z,
=Ll 7 870
Z,+7Z,

frequency response (p.255, Fig.5.17)




5.8 Tapered lines
 Frequency response

Z+AZ
Z(ZM

P : ZL
Zo ;} '] AT
0 Z Z+Az L Z
AF:Z+AZ_ZzAZ
Z+NZ+7 27
Lgr-Ltd4z_1ldinz/Z,
2 7 2 dz
1,2 _. d /
STO)==| /% Z_(In =)dz
(0) ==, £z
5.3 Ak R B




/ Discussion

1. Exponential taper
Z(z)=Z,e" O<z<lL

Z(L):ZL ZZOQaL — a:imz_L
L Z,
— I'(0) :ijLe_jzﬂzi(m eaZ)dzzlan_Le_jﬁLM
270 dz 2 7 AL
LT, @) (p.257,Fig.5.19)
2. Triangular taper

7 eZ(z/L)Z Inz,/z, 0< z< L/2
Z(Z): i 2 ;12 2

7 e(4Z/L—ZZ /L°-1)*InZ,/Z, L/Z <z <[

F(H) — £|n Z_Le—jﬂL[Sm(ﬂL/Z)]z
2 Z, ,BL/Z
first null at 2z (p. 258, Fig.5.20)
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3. Klopfenstein taper
Z(z) (5.74), (5.75), I'(6) (5.76), optimal taper

4. Ex.5.8 Z,=100Q), Z,=50Q, I",,=0.02

a :%mé

lln Z, sin L

2 7 pBL

2L [sin SL/2
Z = PBL/2

exponential taper: Z(z)=Z e*, =0.693/L

o

70)|=

triangular taper: |I°(6)| :%I TP

. L) — A°
Klopfenstein taper: |I'(6)| =T, oos \/('B ) , A=3543, I' =0.346

cosh 4
frequency response (p. 260, Fig.5.21)
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/ 5.9 The Bode-Fano criterion

e |

lossless B
Z0 Dr(m) matching C——
. network
Discussion
1.
I Inll ||
1 — In1/T'm
I'm .
«~ Ao~ 0
\ 5-35
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len 1 da):j Inidco
0 ‘r(w)‘ Ao T

m

=Amln 1 < T constant
I RC

m

(1) givenRC —» AoT >T, T
(2) I',#0, unless Aw=0

I.e., I',,=0 only at a finite number of frequencies
(3) Rand/orCT — Aw 4 and/or T, T

= high Q load is harder to match

lossless |
Z0 DF((D) matching | € —— R
. network

parallel resonator Q= ®w,RC

K a0 ek § ﬁ%"iy




/ Solved problems: Prob.5.7 find Z1 and /

— ?
Z0=40() Z1,1 200+j100

— o ®

10=7, 200+ 100+ jZ, tan B/
Z, + j(200+ j100) tan B!/
— 40Z, + j8000tan 3/ —4000tan B/ =200Z, + j100Z, + jZ;
407, —-4000tan B/ =200Z, —» Z, =-25tan 3/

j8000tan Bl = j100Z, + jz? tan B! poZ =08
50 kr'  =5.25
— ¥ min 7" max =
/8000 =~ 2500+ j625tan* Bl —> tanpl =41 420 0 T2 g0
 4=1025 — k=205
[=0.2881 Z, =50x2.05=102.5

\ 5 37 ek T ﬁ*’é’{iy




/ Prob.5.25 find the best RL over operating range of 3.1~10.6GHz \

0.6pF

70 Dr(@) UwB __ #759

network

T

[t dos
0 ‘F(oo)‘ RC

1 T
— In <

I  27n(10.6-3.1)x10°x75x0.6x10*2

m

— In Fis 1.48 > T >0.228 RL < 6.4dB

m

Suggested homework (due 2 weeks): 5, 11, 13, 22
ADS examples: Ch5_prj




