% Chapter 4 Microwave transmission lines \

4.1 Introduction
comparison of microwave transmission lines
4.2 Two-wire lines
dominant mode, Zo, Oc
4.3 Coaxial lines
dominant mode, Zo, Oc, balun, power capacity, higher-order
mode, optimum diameter, why 50Q, coaxial line types
4.4 Rectangular waveguide
operating band, dimensions, dominant mode, Ac, transverse
resonance, vp, Vg, Ag, equivalent transmission line
4.5 Ridged waveguide
4.6 Circular waveguide
dominant mode, Ac
4.7 Elliptical waveguide
operating band, dimensions, dominant mode, transition
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4.8 Waveguide discontinuities
capacitive and inductive discontinuities
4.9 Methods to exciting waveguides
capacitive, inductive and aperture coupling
4.10 Stripline and microstrip
characteristics, equivalent circuit, discontinuities
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% 4.1 Introduction \

1. Microwave transmission lines y
good all-around characteristics,

low frequency use, but difficult in integration with
high radiation loss other microwave components

| '

. Parallel Wires Waveguide

Coaxial Cable %

well sulted for MMIC(monolithic
microwave integrated circuit) or
HMIC(hybrid microwave integrated

circuit)
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wideband TEM operation,
low power handling capability




% 4.2 Two-wire lines \
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% 2.Attenuation constant for a low loss line \

y=a+ jB=(R+ jwL)(G+ jwc)
. _l R G
= LTI > Gor e

- UZ%(Z£+GZO):UC+%,[3:W LC

o

3. Ex. 4.1 2-wire line with d=0.2cm, D=0.8cm — Z0=249.3Q
4. Operation frequency < 5S00MHz, e.g., TV twin-lead, Zo usually
ranges from 150 Q to 600 Q.
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% 4.3 Coaxial line

1. Dielectric material  &r
Teflon 2.08
Polyethylene 2.25

2. Dominant mode: TEM mode
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K. Ex.4.2 a coaxial line with D=7/81n, d=1/4in, &=2.25 - Z0=50Q \

4. unbalanced line:one conductor is at ground potential
balanced line: the voltage to ground of the two conductors are
equal and opposite

5. balun: a device to provide a low VSWR transition between
a balanced one to unbalanced one.

1:2
unbalanced line
75Q coaxial line
L
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balanced line
300Q TV twin-lead




%6. Power capacity is limited by the voltage breakdown Ed (—3><106V/IA

for room temperature air)
an air-filled coaxial line

2 2
EP = I/O - Vmax :iEd lng - Pmax 1 Vmax - r[(d/Z) Ed lng
in 2 2 d 2 7 n d
p nd 0 0

Ex. RG-142 cable size D/2=0.1141n, d/2=0.0351n, using air

p = 70.035%2.54 % 0.001)°(3%x10°%)° 1 0114

o 377 0.035
=700

7. Attenuation

a=a +a, = Ly wen Lo K

NinD/d D d 2 £'
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% 8. Higher order modes can exist as A = line physical dimension

Y
E
TE;
(a) X
Direction of
X —— Propagation ——#—
Z Transverse Electric (TE) Wave
lrl Hnr
JHFUJV Direction of
b Propagation —»-
TYYY) ® . X
111, Ex
. Transverse Magnetic (TM) Wave
E Field H,
Z
A
output
power

P
~U (0] Poer

|
4-9 Bk 1 feid & /




%9. TE11 mode cutoff wavelength Ac = T{D+d)/2, cutoff frequency \

7= 2c
© (D +d)\e,
— the maximum operating frequency fmax of TEM mode is given

as 0.95fc
— the maximum allowable value of D to have only TEM mode is

_ 1.9¢ < 0.95¢
" .(+d/D)e, .. AJE

— reduce diameter to increase TEM mode operating frequency

— lower the power capacity
— optimize D/d

D

Ex. RG-142 coaxial cable, d=0.07in, D=0.2321n, &=2.2 — fc=17GHz
for TE11 mode — fmax=0.95fc= 16GHz
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KIO. Maximize Pmax — optimum D/d=_/, —» Zo=30Q (air-insulated lih

Minimize Oc¢ — optimum D/d=3.6 —» Zo=77Q (air-insulated line)
[ select Zo=50Q in the manufacture and use of connectors,
measurement equipment, and standard components

11. Types of coaxial line

<« semi-rigid

Inner Wire Plasti \
astic cable
- Jacket
Solid

w~

Plastic Outer
Conductor

rigid e = S
cable (§ ! S

li[

|

\._ .
Plastic
Jacket Conductor

. \ Spiral Spacer )
WS
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4.4 Rectangular waveguide

1. Structure: copper, brass or aluminum with inner side wall coated

with gold or silver ‘ ‘
. . . B
2. Operating band/dimensions A
Minimum Inner Inner
Frequency Size Dimensions Dimensions Frequency Band Great
EIA Designation (GHz) 1/100 in. A (in.) B (in.) (GHz) EIA MIL or JAN IEC Britain
WR-2300 0.256 2300 23.000 11.500 075-1.12 WR-975 RG-204/U R-9 4
WR-2100 0.281 2100 21.000 10.500
WR-1800 0328 1800 18.000 9.000 0.96-145 WR-770 RG-205/U R-12 >
WR-1500 0328 1500 15.000 7.500 1.12-1.70 WR-650  RG-69/U R-14 6
WR-1150 0.513 1150 11.500 5750 1.45-2.20 WR-510  RG-103/U R-18 7
WR-975 0.605 975 9.750 4.875 1.70-2.60 WR-430 RG-104/U R-22 8
WR-770 0.766 770 7.700 3.850 2.20-3.30 WR-340 RG-112/U R-26 %9a
WR-650 0.908 650 6.500 3.250 2.60-3.95 WR-284 RG-48/U R-32 10
WR-510 158 o T 2350 3.30-4.90 WR-229  RG-340/U R-40 11a
an il o e A 395-585  WR-87  RG49U R4 2
WR-284 2.080 284 2.840 1.340 4,90-7.05 WR-159 RG-343/U R-58 13
WR-229 2.579 229 2.290 1.145 5.85-8.20 WR-137 RG-50/U R-70 14
WR-187 3.155 187 1.872 0.872 7.05-10.00 WR-112 RG-51/U R-84 15
WR-159 3.714 159 1.590 0.795 8.20-12.40 WR-90 RG-52/U R-100 16
e s o e 0622 10.00-15.00  WR-75 RG-346/U R-120 17
WR.90 5560 % 0.900 0.450 12.40-18.00 WR-62 RG-91/U R-140 18
WR-75 7.873 75 0.750 0.375 15.00-22.00 WR-51 none R-180 19
WR-62 9.490 62 0.622 0.311 18.00-26.50 WR-42 RG-53/U R-220 20
WR-51 11578 51 0510 0.255 22.00-33.00 WR-34 none R-260 21
WR-42 14.080 42 0.420 0.170 26.50-40.00 WR-28 RG-96/U R-320 2
&ggé g;gg ;g 8238 3113 33.00-50.00 WR-22 RG-97/U R-400 23
W mw o on o fwmooom  A%em Wy fomu oy
WR-19 31.410 19 0.188 0.094 : : -
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%3. Dominant mode: TE10 mode (k>kc) \

. - jwla . T _, Y Ey
E = Asin—eF3 b
T a T

H :—‘]’Ba AsinEe_jﬁz)2+AcosEe_jﬁzé T T >

7T a a a x
B :\/kz -k, k, _Ezz)\—n,/\c =2a

a C

7 _E _-E, _wy _kn _ 377

“H, H B B Ji-A/r)

4. For TE10 mode, waveguide becomes a transverse resonator at its
cutoff frequency

i.e., B =0ask=kecorAc/2= a, fo=v/Ac

as f<fc B =j,k’—k> :evanescent wave
wave propagates as f > fc —» waveguide 1s a high pass filter

5. Ex.4.3, 4.4 WR-90 waveguide with a=0.9in — Ac=4.572cm,

fc:6.56GHZ




% 6. TE10 mode propagates = two plane waves obliquely propagate \

within the waveguide

- Jjwla . Tk _; _ ~ WHa . .
T a o
(@)
>- $
Wave Front Traveling="\ 5 ¥ ‘,9?' ﬁ‘ Wall of Waveguide
in Direction A \ ' 0 & . & &
W Front Traveling
a\;; Dr:)recu;anl ogs'e )k\?- Wall O‘f Waveguide
\
© E= E Field B gk, L A
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4ol
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%7 . Ex.4.5 For WR-90 waveguide Ac=4.572cm \

for 5S0GHz 0 =sin™ & =7.5° ® /\\/

4 . 5 72 High Frequency
4 3
for 10GHz 8 =sin' ——— =41° ®
4.572 /W
. 4. 5 7 2 ~ Medium Frequency

for 6.56GHz 0 =sin= ——— =90°
4.572

SNAYAY

Low Frequency

P — phase velocity vp
Waveguide %, G - group Velocity Vg
vyalls L - velocity of light ¢

Vp=> C> Vg
i g) o %E’{i%%




% 9. phase velocity v, =

group velocity v, = c\/l - ()7, Vv, =¢

27T 27T A 27T
> )\ =

Ji: =k i JI-(A/A) k&

guide wavelength A =

cutoff wavelength A = 2
for TEmn or TMmn \/(K)Z + (2)2
mode a b

Ex. 4.6 WR-90 waveguide Ag=3.6cm > A=2.83cm at 10.6GHz
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%10. For each mode, it can be represented in terms of transmission \

line expression. For example, TE10 mode 1n a rectangular

waveguide
~ =] . Tx _i5 A . . .
E ZMAsm—e /F3  propagate in + z - direction
T a
e —im - . TIX P [ . T
U E, =(4de B+ 47eP)sin—= " e P +V " e/#)sin — =V (z)sin —
a a a
=~ _ ] . TX _ig A TOC _ip A : L.
H =ﬂA51n—e 32+ Acos —e /2 : propagate in + z - direction
T a a
-1 . _; T £ Tl _ g . TIX
0 H =——(A%e’” - 47e/)sin — = (Ve -V e/ )sin —
Z a Ly a
e i - e . T . T _
=—(I"e " + I e/#)sin — = —I(z)sin — E _
a a y H.
-F
ZTE_ : :wu
H B
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% 11. A WR-137 rectangular waveguide has a =3.485cm b=1.58cm, \

compute I at the dielectric interface for TE10 mode at 4.5GHz

—> . .
&=2.56 TE10 exists in both
Eo D media

Zol D B Zo2

Use transmission line approach

B=k>=k>,k 2717(—9425k —;:90.15

0 f., =43GH:z, f., = 2.68GH:z
B, =k} —k> =27.5,B, =g k2 k> =120.89

Z

KN 997, 7 =K 2oy

1 2

0 =222 - _g g9

Z,+Z,
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% 4.5 Ridged waveguide

4

Single Ridged Double Ridged

1. Cincreases — fc decreases [1 wider bandwidth

2. Tapered ridged waveguide can be used as a wideband impedance

matching device. Ex. double ridged antenna
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% 4.6 Circular waveguide

1. Dominant mode: TE11

TE TMm

E="1tH

c

"= %BAsin @', (kp)e ™ p+ %ACOS W, (k.pe "¢

Cc

+ Asin @/, (k p)e 2
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o Acos@l (k.p)e LR dsings, (k.p)e "¢

C

BC.E(p=a)=0- J"(ka)=0- A =——

Mode B, .
TE,, 3.83
TE,, (Dominant) 1.84
TE,, 3.05
TE,, 7.02
TE,, 5.33
TE,, 6.71
TM,,, (Symmetrical) 2.40
™, 3.83
™, 5.14
0 5.52
™, 7.02
™, 8.42

c

2T

B(U)
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% 2.TEu: E=E P+ E (p(ﬁ can support v- and h-polarized waves, \

attenuation lower, power-capacity higher and operation bandwidth
narrower.

3. Ex.4.7 a=4cm TMo2 mode Ac= 4.55¢cm, fc = 6.59GHz
4. Application 1n rotary joint for radar antenna

0.07
0.06 |-
TE
0.05 - u |
— DM -
g
S 003 ™o
P TEy,
0.02 +
TE;, 1™ TE
0.01 - 01 1]
cutoff cutoff [ cutoff
0 rljulirhillljr_
1 3 5 7 9 11 13 15

Frequency (GHz)
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4.7 Elliptical waveguide

TE11 mode

1. Operating band/dimensions

Waveguide
Operating Standard Premium
Frequency, Type Part Type Part
GHz No. No. No. No.
3.60-4.20 WE37 810250-001 WEP37 810250-002
4.40-5.00 WE44 810251-001 WEP44 810251-002
5.925-6.425 WE61 810265-001 WEP61 810265-002
6.425-7.125 WEBS 810261-001 WEPB5 810261-002
7.125-7.750 WE70 810254-001 WEP70 810254-002
7.125-8.50 WE71 810255-001 WEP71 B810255-002
10.70-11.70 WE108 810264-001 WEP108 810264-002
11.70-13.20 WE130 810258-001 WEP130 810258-002
17.7-19.7 , WE190 810260-001 WEP190 810260-002
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MECHANICAL CHARACTERISTICS

Waveguide Type WE61 WEP61 WE65 WEP65
Part No.: Standard, Premium 810265-001 810265-002 810261-001 810261-002
Weight, approx. Ibs./ft.  (kg/m) 59  (.877) 53 (.79)
Outer Diameters in. 219 X 1.27 2.03 X 1.18
(Dimensions over Jacket—Major x Minor Axis) (mm) (55.6 X 32.3) (51.5 X 29.9)
Bending Radius E-Plane in. (mm) 12 (304.8) 12 (304.8)
H-Plane 30 (762.0) 24 (609.6)
Max. Operating Pressure psi (bar) 10 (.7) 10 (.7)
Max. Installation Length ft. (m) 330 (100) 330 (100)
for 1 hoisting grip
Standard Hanger Spacing ft. (m) 3 (.9) 3 (.9)
Installation Temperature Range °F 0 to +140 0 to +140
(°C) (—18 to +60) (—18 to +60)
ELECTRICAL CHARACTERISTICS
Waveguide Type WE61 WEP61 WE65 WEP65
Waveguide Operating Frequency Range GHz 5.925-6.425 6.425-7.125*
Attenuation in dB/100 ft. (dB/100 m) 1.22 (4.00) @ 5.925 GHz 1.40 (4.59) @ 6.425 GHz
1.18 (3.87) @ 6.175 GHz 1.35 (4.43) @ 6.875 GHz
1.17 (3.83) @ 6.425 GHz 1.30 (4.26) @ 7.125 GHz
* Available frequency range 5.925-7.125 GHz
ASSEMBLIES
VSWR Max.
Operating Connector Flanges to 300 ft. (90 m)
Waveguide Frequency (GHz) Type No. Part No. Mate To RMS Peak
WES61 5.925-6.425 C61-159ET  399268-101 CPR159G 1.07 1.15
C61-137ET 399269-101 CPR137G 1.07 1.15
WEP61 5.925-6.425 C61-159ET 399268-101 CPR159G 1.03 1.06
C61-137ET  399269-101 CPR137G 1.03 1.06
WE65 6.425-7.125* C65-137E 399208-107 CPR137G 1.07 1.15
C65-137C 399210-107 UG-343/344U 1.07 1.15
WEP65 6.425-7.125" C65-137ET 399208-105 CPR137G 1.03 1.06
L 3 C65-137CT 399210-105 UG-343/344U 1.03 1.06
- f‘ﬁ_ X
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/ Elliptical-to-Rectangular

. TranSition Waveguide Transition

Elliptical Waveguide

Pressure CPR XXX G
Inlet Flange

Assembled

\_} UG Flange

Elliptical Exploded
Cross Section
Transition <\

Pressure Inlet
CPR XXX G
Flange

Rectangular
Cross Section

3. They are most commonly used as feed lines for microwave
system from antenna to equipment building.
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% 4.8 Waveguide discontinuities \

1. Imp§dance matching circuit Tl Capacitive Irs
Equivalent circuit components S T
AEOC, AHOL
constant E (V) L] parallel connection B =

: : i _H| ductive Iri
constant H (I) [ serial connection O . Jf ductive ins

2. Horn antenna

O
(©) | Post

l I I I I ) Free Space
o

e—Waveguide —J— Horn -»I E Fields (d) Tuning Screw

;;;;;;;;;;;
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% 4.9 Methods of exciting waveguides \

4—7&,/4-—0—
Probe .
k capacitive coupling - F
(2)
inductive coupling —» H
Coaxial Loop
Cable . .
o slot (aperture) coupling - £ or H

J -
M
= e
©) E H ‘ ‘
\\‘ 426 %%lﬁﬁi//




% 4.10 Stripline and microstrip

Second Daelectric
Conductor Material

Ground
Planes

Ground

Inner
Dielectric
Plane
Materi al Conductor
Stripline Microstrip

1. Stripline characteristics
TEM mode operation as a “flattened” coaxial line

wide operating band up to millimeter wave range

fabrication by printed circuit
components are not easy to access

very low radiation loss
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%2. Microstrip characteristics \
quasi-TEM mode operation

fabrication by printed circuit

devices can be bonded to strip (HMIC)

components are accessible

dc as well as ac signals can be transmitted

large variation in Zo

Oc > Qd

monolithic applications (MMIC)

structure 1s rugged and can withstand high voltages and power levels
power handling is best with BeO

used up to 300GHz or more

3. Microstrip equivalent circuit elements

series high impedance microstrip line =  series L
series low impedance microstrip line =  shunt C
shunt an open-circuit microstrip line =  shunt C
shunt a short-circuit microstrip line =  shuntL
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Z, + jZ tan Bl 7 = Z 1

0] —

" OZO+jZLtanBl_) " jtan Bl jwC

Short stub
Z. = jZ, tan Bl = jwL

5. Transmission line

: I )
jZ tanB— JjZ , tan Bl JjZ sinf31
2 2
e e e e e ' o
o
ZO R ZO PR I
Zo:P = ‘ 'ZO i 'tanE R 'tanﬂ T
jsinf J 5 J 5
«— [—>
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% 6. Derivation of T-equivalent circuit \
¢ . 0 2z, Z, O

0

LT - O

Vil zZ,.B VoI [Z] _ [/ tan Bl jsin Bl 5
* d 0“4 Z, [
«— [ —— Hjsin B/ jtan BIH

V(Z) = V0+e_jﬁz + Vo_ejﬁz - Vl = VO+ + VO— (1), V2 — V0+e—jﬁl + Vo—ejﬁl(z)

| AN - AN | AN -
I =0 o7 "o ,iB | ] =lo __ o 3),1, = —2¢ B _ Yo LBl (4
(2) Z Z Tz ZO() 277 Z (4)
1 . ) 1 N
3),(4) > V' = 1.Z e -1.7Z ),V = 17 e /P -1 7
()() 0 j2sin ﬁl(l 0 2 0) 0 jZSin ﬁl(l 0 2 o)
. Z, Z, _ Z, Z,

s - - ]
7% jsin BI ' jtan Bl °
open - circuit impedance matrix 0= 0

E/z 0 Fn Zp0O1 1,0

L jtan Bl 1_jsin B!




. gl . Bl
% — Z11-Z12 722-712 +—— JZ, ta”j JZ, ’fa”l7
. Y Y\ . Y
Z12 2
jsinBl
0 Z, Z, O
T, - []
[Z] _ D]tan Bl ]sgl B! 0
1 “o o [J
Hjsin Bl jtan B/ 3
a2 Bl
_ Z, Z, _cos pBl-1 Zsin 7
Zn Tz : T E— Z = jZ  tan
jtan Bl jsin Bl jsin B/ 72 sin Bl oS ﬂ
jwL=,Z,B1
C : o VY \L_o
7. High impedance line ~ / /
. . / /

Bl
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8. Low impedance line

U

jZ, sinBl
Y 2 ' N —
ZO —_ Z R R
Bl — Bl
tan—- tan—-
JH JH

9. Microstrip discontinuities

(a) (b) ©)

Homework #4 (due 2 weeks)

\ Chap.4: problems 1-12

Main Line
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