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1. 

MICROWAVE TRANSMISSION LINE AND 
DEVICES USING MULTIPLE COPLANAR 

CONDUCTORS 

This is a division of application Ser. No. 315,087, 
filed Dec. 14, 1972, now U.S. Pat. No. 3,798,575. 

DESCRIPTION OF THE PRIOR ART 

Existing microwave transmission lines suitable for 
microwave integrated circuits employ a strip-like con 
ductor on the top surface of a dielectric substrate and 
a ground planar conductor on the bottom surface of the 
dielectric substrate. Microwave energy is confined sub 
stantially within the dielectric substrate and is transmit 
ted from an input port to an output port in the TEM 
(transverse electromagnetic) mode. Some microwave 
integrated circuits employ two adjacent and coplanar 
strip-like conductors on the top surface of the dielec 
tric substrate. The microwave transmission characteris 
tics of these circuits are dependent on how the electric 
fields of the microwave energy are distributed between 
conductive surfaces on both sides of the substrate. 
For certain devices, it is inconvenient and impracti 

cal to use a transmission line having a ground planar 
conductor on the bottom surface of a dielectric sub 
strate and one or two coplanar strip-like conductors on 
the top surface of the dielectric substrate. A prior art 
transmission line described in U.S. Pat. No. 3,560,893 
issued to Cheng Paul Wen on Feb. 2, 1971, describes 
the use of three coplanar and parallel strip-like conduc 
tors on the top surface of a dielectric substrate. Micro 
wave energy is transmitted along the three conductor 
transmission lines in a first transmission mode that con 
fines the electric field of the applied microwave energy 
between the center conductor and the two outer 
ground potential conductors. Certain microwave de 
vices require not only the first transmission mode but 
a new second transmission mode that confines the field 
between the two outer conductors for efficient opera 
tion. 

SUMMARY OF THE INVENTION 

According to the present invention a transmission 
line for electromagnetic energy comprising first, sec 
ond and third coplanar strip-like conductors having 
predetermined widths adjacent to one surface of a di 
electric substrate confine the electric fields of the elec 
tromagnetic energy substantially within the dielectric 
substrate in first and second transmission modes. The 
first conductor has a first edge separated from an adja 
cent edge of the second conductor at a first relative 
electric potential by a first predetermined gap. The first 
conductor also has a second edge, opposite the first 
edge, that is separated from an adjacent edge of the 
third conductor at a second relative electric potential 
by a second predetermined gap. The first, second and 
third conductor widths, the dielectric constant of the 
dielectric substrate, and the first and second predeter 
mined gaps are arranged to confine the electric fields 
of the electromagnetic energy substantially within the 
dielectric substrate between the first and second con 
ductors and between the first and third conductors in 
a first transmission mode and between the second and 
third conductors in a second transmission mode. 
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BRIEF DESCRIPTION OF THE DRAWINGS 
FIG. 1 is a perspective view of a prior art electromag 

netic energy transmission line. 
FIG. 2 is a perspective view of a transmission line in 

accordance with one embodiment of the present inven 
tion. 
FIG. 3 is a plot of the even mode impedance of the 

transmission line shown in FIG. 2 as a function of the 
ratio of the transmission line dimensions, a/b, the di 
electric constant of the dielectric substrate and the 
ratio of the transmission line dimensions c-b/2a1. 
FIG. 4 is a plot of the ratio of odd mode impedance 

to even mode impedance as a function of the ratio of 
the transmission line dimensions al/b1, the dielectric 
constant of the dielectric substrate and the ratio of the 
transmission line dimensions c b/2a1. 
FIG. 5 is a perspective view of a coplanar conductor 

directional coupler in accordance with another em 
bodiment of the present invention. 
FIG. 6 is a perspective view of an unbalanced-to 

balanced transmission line transformer in accordance 
with another embodiment of the present invention. 
FIG. 7 is a schematic representation of the un 

balanced-to-balanced transmission line transformer il 
lustrated in FIG. 6. 
FIG. 8 is a top view of a microwave transistor push 

pull amplifier in accordance with a still further embodi 
ment of the present invention. 
DESCRIPTION OF PREFERRED EMBODIMENTS 

OF THE INVENTION 
Referring to FIG. 1, there is shown a perspective view 

of a prior art electromagnetic energy transmission line. 
The transmission line comprises three coplanar strip 
like conductors 11, 15 and 17 on the top surface 22 of 
a dielectric substrate 13. The prior art transmission 
line, illustrated in FIG. 1, is described in U.S. Pat. No. 
3,560,893 issued to Cheng Paul Wen on Feb. 2, 1971. 
A single, thin relatively narrow strip-like conductor 11 
is separated by predetermined gaps from two relatively 
wide strip-like conductors 15 and 17 both at the same 
R.F. and D.C. ground potential. The minimum width of 
the first relatively wide strip-like ground conductor 15 
is more than twice as wide as narrow strip-like conduc 
tor 11 and is spaced near to and parallel with coplanar 
narrow strip-like conductor 11. The minimum width of 
the second relatively wide strip-like ground conductor 
17 is likewise more than twice as wide as narrow strip 
like conductor 11 and is spaced near to and parallel 
with coplanar narrow strip-like conductor 11 but on 
the opposite side of narrow strip-like conductor 11 rel 
ative to ground conductor 15. The top surface 22 of di 
electric substrate 13 having the three coplanar strip 
like conductors 11, 15 and 17 thereon is open to free 
space. The bottom surface 16 of dielectric substrate 13 
is likewise open to free space. 
The distribution of the electric field of electromag 

netic energy coupled to the transmission line from a 
source, not shown, is represented by dashed electric 
field lines 19. Electric field lines 19 are distributed only 
between narrow strip-like conductor 11 and wider 
strip-like conductors 15 and 17 along their entire 
lengths. Electric field lines 19 are contained mainly 
within the dielectric substrate 13 between narrow strip 
like conductor 11 and ground conductors 15 and 17. 
However, some electric field lines 19, not shown, are 
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distributed between conductor 11 and conductors 15 
and 17 in the free space region. The intensity of the 
electric field within dielectric substrate 13 is dependent 
on the magnitude of the dielectric constant of dielectric 
substrate 13. A discontinuity in displacement current 
density at the interface between dielectric substrate 13 
and free space is produced by that portion of electric 
field 19 tangential to the air-dielectric boundary on di 
electric surface 22. The discontinuity in displacement 
current on dielectric surface 22 produces an axial com 
ponent of magnetic field, represented by dashed lines 
20, associated with electric field 19. A portion of the 
axial component of the magnetic field 20 at the inter 
face between dielectric substrate 13 and free space on 
surface 22 is in the direction of propagation. The mag 
netic field 20 extends along both sides of narrow con 
ductor 11 and passes under narrow conductor 11. The 
distance, d, between conductors 15 and 17 is preferably 
less than one-half wavelength at the operating fre 
quency in order to prevent the transmission of electro 
magnetic energy in undesired modes. 

In order to distribute the electric field between nar 
row strip-like conductor 11 and wider strip-like con 
ductors 15 and 17, a difference in potential must exist 
between narrow strip-like conductor 11 and wider 
strip-like conductors 15 and 17. Since both wider strip 
like conductors 15 and 17 are at the same R.F. and 
D.C. ground potential, the boundary conditions for es 
tablishing an electric field between conductors 15 and 
17 does not exist. The characteristic impedance of the 
prior art three coplanar strip-like conductor transmis 
sion line is dependent on the establishment of an elec 
tric field between only narrow strip-like conductor 11 
and wider strip-like conductors 15 and 17. 

Referring to FIG. 2, there is shown a perspective view 
of a transmission line 40 comprising three coplanar 
strip-like conductors 21, 25 and 27 on the top surface 
35 of a dielectric substrate 23 in accordance with one 
embodiment of the present invention. Center strip-like 
conductor 21 is separated by predetermined gaps from 
first and second outer strip-like conductors, 25 and 27 
having predetermined widths. First outer strip-like con 
ductor 25 is spaced near to and parallel with coplanar 
center strip-like conductor 21. Second outer strip-like 
conductor 27 is spaced near to and parallel with copla 
nar center strip-like conductor 21 but on the opposite 
side of center strip-like conductor 21 relative to first 
outer conductor 25. The top surface 35 of dielectric 
substrate 23 having the three coplanar strip-like con 
ductors 2, 25 and 27 thereon as illustrated in FIG. 2 
is open to free space. Unlike the prior art transmission 
line illustrated in FIG. 1, the minimum width of first 
and second outer conductors 25 and 27 according to 
the present invention is not limited to be at least twice 
as wide as center conductor 27. Contrary to the prior 
art arrangements, according to the present invention a 
difference in R.F. potential is provided between outer 
conductors 25 and 27 in accordance with several ar 
rangements to be described. 
Electromagnetic energy from a source, not shown, is 

coupled to transmission line 40. The distribution of the 
electric field of the electromagnetic energy coupled to 
transmission line 40 is represented by dashed electric 
field lines 29. Electromagnetic energy can be transmit 
ted along transmission line 40 in a first transmission 
mode that distributes electric field lines 29 between 
center strip-like conductor 21 and outer strip-like con 
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4 
ductors 25 and 27 along their entire lengths since a dif 
ference in R.F. potential exists between center strip 
like conductor 21 and outer strip-like conductors 25 
and 27. Electromagnetic energy can also be transmit 
ted along transmission line 40 in a second transmission 
mode that distributes electric field lines 29 between 
only outer strip-like conductors 25 and 27. Conditions 
can be established as will be apparent to those skilled 
in this art that would allow simultaneous transmission 
of electromagnetic energy in both the first and second 
transmission modes. It should be understood that the 
terms "first' and "second' transmission modes desig 
nate for convenience of description and the appended 
claims both the arrangements and the modes of opera 
tion of transmission line 40 according to the present in 
vention. 
A portion of electric field 29 is tangential to the air 

dielectric boundary on dielectric surface 35 and pro 
duces a discontinuity in displacement current density at 
the interface between dielectric substrate 23 and free 
space. The discontinuity in displacement current on di 
electric surface 35 produces an axial component of 
magnetic field, represented by dashed lines 31, associ 
ated with electric field 29. A portion of the axial com 
ponent of the magnetic field 31 at the interface be 
tween dielectric substrate 23 and free space on surface 
35 is in the direction of propagation when the distance, 
d, between outer conductors 25 and 27 is small com 
pared to the electrical distance of one wavelength at 
the operating frequency. Under these conditions, the 
magnetic field lines 31 extend along both sides of cen 
ter conductor 21 and eventually pass under center con 
ductor 21 forming a closed magnetic loop having a por 
tion in the direction of electromagnetic transmission. 
The magnitude of the magnetic field 31 present at the 
air-dielectric interface on one side of center conductor 
21 is not equal to the magnitude of the magnetic field 
31 on the other side of center conductor 31. If the mag 
netic field lines 31 were represented by magnetic field 
vectors, the vectors would appear at the air-dielectric 
interface on the top surface of dielectric substrate 23 
between center conductor 21 and outer conductors 25 
and 27. The vectors would have a magnitude and direc 
tion that would define a condition of circular polariza 
tion existing on the top surface of dielectric substrate 
23 between center conductor 21 and outer conductors 
25 and 27. The sense of circular polarization (clock 
wise or counterclockwise) would be the same if viewed 
on opposite sides of center conductor 21. This polariza 
tion condition is significant in the construction of mi 
crowave ferrite devices as described by Lax and Button 
in Chapter 12 of "Microwave Ferrites and Ferrimag 
netics,' McGraw-Hill publication. 

if the distance, d, between outer conductors 25 and 
27 is larger than the electrical distance of one wave 
length at the operating frequency, the axial component 
of magnetic field lines 31 form a closed loop around 
center conductor 21. Under this condition, the closed 
loop of magnetic field lines 31 around center conduc 
tor 21 is then transverse to the direction of electromag 
netic transmission. 
The term even mode impedance, Zoe, is used to iden 

tify the impedance of transmission line 40 when elec 
tromagnetic energy is transmitted in the first transmis 
sion mode, viz., when electric field lines 29 are distrib 
uted between center strip-like conductor 21 and outer 
strip-like conductors 25 and 27. The impedance Zoe, 
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refers to an even mode impedance having a magnitude 
dependent on the intensity of the electric field distribu 
tion between center conductor 21 and outer conductor 
27. The impedance Zoe refers to an even mode imped 
ance having a magnitude dependent on the intensity of 
the electric field distribution between center conductor 
21 and outer conductor 25. 
Referring to FIG. 3, there is shown a graph of even 

mode impedance, Zoe, in terms of the relative dielec 
tric constant, er, of dielectric substrate 23 versus the 
ratio of the substrate dimensions, a/b, shown in FIG. 
2. The dimension a is the distance from the center line 
of center conductor 21 to the edge of center conductor 
21. The dimension b1 is the distance from the center 
line of center conductor 21 to the nearest edge of outer 
conductor 25. The dimension c is the distance from 
the center line of center conductor 21 to the furthest 
edge of outer conductor 25. Assuming that the dimen 
sions of strip-like conductors 21, 25 and 27 comprising 
transmission line 40 and the relative dielectric constant 
e, are known, the graph in FIG. 3 is useful for determin 
ing even mode impedance Zoe under the condition that 
transmission line 40 is symmetrical or Zoe - Zoe and 
the substrate thickness, t, greater than 4 X b. In other 
words, the dimensions band c determining the width 
of outer conductor 25 and the gap between center con 
ductor 21 and outer conductor 25 in FIG. 2, also corre 
spond to the dimensions of the width of outer conduc 
tor 27 and the gap between center conductor 21 and 
outer conductor 27. The magnitude of the even mode 
impedance is independent of the thickness, t, of dielec 
tric substrate 23 in FIG. 2 when thickness, t, exceeds 

The term odd mode impedance, Zoo, is used to iden 
tify the impedance of transmission line 40 when it is 
transmitting electromagnetic energy in the second 
transmission mode, viz., when electric field lines 29 are 
distributed between only outer conductors 25 and 27. 

Referring to FIG. 4, there is shown a graph of the 
ratio of odd mode impedance to even mode imped 
ance, Zoo/Zoe, versus the ratio of the substrate dimen 
sions, alb, shown in FIG. 2. The graph in FIG. 4 is use 
ful for determining odd mode impedance, Zoo, knowing 
Zoe and the dimensions of strip-like conductors 21, 25 
and 27 comprising transmission line 40 provided either 
transmission line 40 is symmetrical or Zoe = Zoe. As 
explained above, transmission line 40 is symmetrical 
when the dimensions b1 and c determining the width of 
outer conductor 25 and the gap between center con 
ductor 21 and outer conductor 25 in FIG. 2 also corre 
spond to the dimensions of the width of outer conduc 
tor 27 and the gap between center conductor 21 and 
outer conductor 27. The magnitude of the odd mode 
impedance is independent of the thickness, t, of the di 
electric substrate 23 in FIG. 2 when thickness, t, ex 
ceeds 4 X b. 
FIGS. 3 and 4 illustrate that the even mode and odd 

mode impedances of transmission line 40 in FIG.2 vary 
as a function of the a/b ratio when transmission line 
40 has a predetermined ratio of outer conductor width 
to center conductor width (c-b/2a1). A transmission 
line for electromagnetic energy comprising three co 
planar strip-like conductors on the top surface of a di 
electric substrate permits construction of passive de 
vices requiring a determination of even and odd mode 
impedances for improved operation. The disclosed 
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6 
transmission line configuration permits easy connec 
tion of active devices between center conductor 2 and 
outer conductors 25 and 27 as well as a similar connec 
tion of other passive components. 
Referring to FIG. 5, there is shown a perspective view 

of a directional coupler, according to this invention, 
comprising three coplanar strip-like conductors 51, 55 
and 57 on the top surface 65 of a dielectric substrate 
53. A directional coupler is a passive microwave device 
used for dividing microwave energy coupled to an input 
port between two output ports. The propagation of mi 
crowave energy transmitted to each output port is de 
pendent on the desired coupling coefficient. Part of the 
energy reflected at the two output ports is directed to 
a fourth port usually terminated in an energy absorbing 
load. The design of a directional coupler in terms of 
even mode, Zoe, and odd mode, Zoo, impedances is 
known being described by Matthaei, Young and Jones 
in Chapter 13 of "Microwave Filters impedance 
Matching Networks, and Coupling Structures.' The 
desired characteristics of a directional coupler (cou 
pling coefficient, bandwidth, etc.) are directional cou 
pler design goals described in Chapter 13 of the above 
cited text and are used to calculate the magnitude of 
Zoe and Zoo. The magnitude Zoe used in FIGS. 3 and 
4 is equivalent to Zoe/2. The magnitude of Zoo used in 
FIGS. 3 and 4 is equivalent to 2Zoo. Thus, FIGS. 3 and 
4 can be used to determine the widths of conductors 
51,55 and 57 and the separation between center con 
ductor 51 and outer conductors 55 and 57 that would 
allow operation of a directional coupler having desired 
operating characteristics. . . 
FIG. 5 also illustrates a method of coupling micro 

wave energy to and from a transmission line comprising 
three coplanar strip-like conductors 51, 55 and 57 on 
the top surface 65 of dielectric substrate 53. Coaxial 
outer conductor 58 of coaxial connector 66 is con 
nected to outer strip-like conductor 57. Coaxial center 
conductor 70 of connector 66 is connected to the clos 
est end of center strip-like conductor 51. Coaxial outer 
conductor 59 of coaxial connector 67 is connected to 
outer strip-like conductor 57. Coaxial center conduc 
tor 71 of connector 67 is connected to the closest end 
of center strip-like conductor 51. A length L1 of outer 
strip-like conductor 57 separates coaxial outer conduc 
tor 58 of connector 66 from coaxial outer conductor 59 
of connector 67. The length L1 is equivalent to an elec 
trical length of substantially M4, where A is the wave 
length determined by the equation: 

X = Clf v e-1/2 
(1) 

C being the velocity of light in a vacuum, f the mid 
band operating frequency and e, the relative dielectric 
constant of dielectric substrate 53. 
Coaxial outer conductor 61 of coaxial connector 69 

is connected to outer strip-like conductor 55. Coaxial 
center conductor 73 of connector 69 is connected to 
center strip-like conductor 51 at the same end as coax 
ial center conductor 70 of coaxial connector 66. Coax 
ial outer conductor 60 of connector 68 is connected to 
outer strip-like conductor 55. Coaxial center conduc 
tor 72 of connector 68 is connected to center strip-like 
conductor 51 at the same end as coaxial center conduc 
tor 71 of connector 67. A length La of outer strip-like 
conductor 55 separates coaxial outer conductor 61 of 
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connector 69 from coaxial outer conductor 60 of con 
nector 68. The length La is equivalent to an electrical 
length of substantially MI4, where \ is the wavelength 
determined by equation (1). 
Outer strip-like conductor 57 may be at the same 

D.C. potential as outer strip-like conductor 55 if either 
coaxial outer conductors 58 or 59 is at the same D.C. 
potential as either of coaxial outer conductors 60 or 61. 
However, outer strip-like conductors 55 and 57 are not 
at the same R.F. potential when coaxial outer conduc 
tors 58, 59, 60 and 61 are connected to outer strip-like 
conductors 55 and 57 as illustrated in FIG. 5. Thus, by 
arranging the connections as just described, the previ 
ously discussed boundary conditions for exciting the 
even and odd mode impedances in a transmission line 
comprising three coplanar strip-like conductors are 
preserved. 
The length L2 of center strip-like conductor 51 is 

equivalent to an electrical length of A/4, where \ is the 
wavelength determined by equation (1). Center strip 
like conductor 51 is coextensive and parallel with outer 
strip-like conductor 55 over length La with outer strip 
like conductor 57 over length L. 

It is well known that a microwave signal coupled to 
an input port connector of a directional coupler may be 
divided into two output signals that are coupled from 
two output port connectors that are directly opposite 
the input port connector. For example, if a microwave 
signal is coupled to input port connector 66, part of the 
microwave signal is transmitted directly to directly op 
posite output port connector 67 and part of the micro 
wave signal is coupled to directly opposite output port 
connector 69. Substantially none of the input micro 
wave signal is coupled to diagonally opposite connector 
68. 

Referring to FIG. 6, there is shown according to this 
invention a perspective view of an unbalanced-to 
balanced transmission line transformer commonly re 
ferred to as a balun. The balun provides an impedance 
transformation from the impedance magnitude of the 
signal source, not shown, coupled to the unbalanced 
transmission line input terminal section 74 to the im 
pedance magnitude of a load, not shown, coupled to 
the balanced transmission line output terminal section 
78. The balanced transmission line output terminal sec 
tion 78 consists of two coplanar strip-like conductors 
79 and 80 on the top surface 95 of dielectric substrate 
75. The balun is designed to transmit energy to a load 
terminating conductors 79 and 80. The design of balun 
section 125 determines the characteristic impedance of 
balanced transmission line 78 and section 125 also pro 
vides a condition that establishes a phase difference of 
180 electrical degrees between conductors 79 and 80. 
Unbalanced transmission line input terminal section 

74 consists of an arrangement of three coplanar and 
parallel strip-like conductors 81, 85 and 87 in the top 
surface 95 of dielectric substrate 75 more fully de 
scribed in U.S. Pat. No. 3,560,893 issued to C. P. Wen 
on Feb. 2, 1971. Relatively narrow strip-like center 
conductor 81 is separated by predetermined gaps from 
two relatively wide strip-like conductors 85 and 87 
both at the same R.F. and D.C. ground potential. One 
method of establishing the same R.F. and D.C. ground 
potential at conductors 85 and 87 is to connect the 
outer conductor of a coaxial connector, not shown, to 
conductors 85 and 87 and the center conductor of the 
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8 
connector to conductor 81. The width, W, of outer 
conductors 85 and 87 is at least twice as wide as the 
width of center conductor 81. A length of 10 mil diam 
eter wire 76 is connected from outer conductor 85 to 
outer conductor 87. Wire 76 is used to maintain the 
same R.F. and D.C. ground potential between outer 
strip-like conductors 85 and 87 at the end of unbal 
anced transmission line input terminal section 74. 
Balun section 125 consists of three coplanar and par 

allel strip-like conductors 81, 88 and 89 on the top sur 
face 95 of dielectric substrate 75. Center strip-like con 
ductor 81 is separated by predetermined gaps from 
outer strip-like conductors 88 and 89. One end of outer 
strip-like conductor 88 is connected to outer strip-like 
conductor 87 near the connection point of wire 76. The 
other end of conductor 88 is connected to one end of 
strip-like conductor 77. The electrical length of con 
ductor 88 from the connection point of wire 76 to the 
connection point of conductor 77 is substantially A/4, 
where M is the wavelength determined by equation (1). 
The electrical length of conductor 77 is negligible. One 
end of center strip-like conductor 81 is connected to 
the other end of strip-like conductor 77. One end of 
outer strip-like conductor 89 is connected to outer 
strip-like conductor 85 near the connection point of 
wire 76. 
One end of strip-like conductor 79 of section 78 is 

connected to conductor 77 anywhere along the length 
of conductor 77. One end of strip-like conductor 80 of 
section 78 is illustrated in FIG. 6 as being an extension 
of outer strip-like conductor 89. Such an arrangement 
is exemplary only of other possible arrangements. The 
end of strip-like conductor 80 may be connected to 
conductor 89 anywhere along the end of conductor 89. 

Referring to FIG. 7, there is shown a schematic 
equivalent of section 125 of the balun illustrated in 
FIG. 6. The impedance Zo is the load impedance termi 
nating the balanced transmission line output terminal 
section 78. The schematic representation of section 
125 is useful in explaining the determination of odd 
mode impedance, Zoo, and even mode impedance, Zoe, 
necessary for the design of a balun operative over a 
broad frequency band. Section 125 is schematically il 
lustrated as having a first short circuited transmission 
line stub section 100, having a characteristic imped 
ance 2Zoe, connected in shunt with a transmission line 
section 102 having a characteristic impedance 2Zoe. A 
second short circuited transmission line stub section 
101 having a characteristic impedance Zoo is also con 
nected in shunt with transmission line section 102. The 
electrical length of transmission line section 102 sepa 
rating the connection points of sections 100 and 101 to 
section 102 is substantially N/4, where \ is the wave 
length defined by equation (1). The electrical length of 
sections 100 and 101 from their connection to section 
102 to their short circuited ends is substantially X/4, 
where \ is the wavelength defined in equation (1). 
The characteristic impedance, Zo', of balanced trans 

mission line section 78 at mid-band frequency, f, is 
Z' = (2Zoe)/Zo 

(2) 

where Zoe is the even mode impedance of section 102 
and Zo is the magnitude of the impedance of the signal 
Source, not shown, coupled to unbalanced transmission 
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line section 74. At mid-band frequency, f, the shunt 
connected short circuited stub sections 100 and 101 
each appear as an open circuit or very high impedance 
connected in shunt with section 102 and thus do not af 
fect the determination of balanced transmission line 5 
characteristic impedance Zo'. 
At operating frequencies other than the mid-band 

frequency, f, the characteristic impedance Znt of bal 
anced transmission line section 78 is: 

O 

(3) 

where Zoe is the even mode impedance of section 102, 15 
Zoo is the odd mode impedance of section 102, 6 is the 
electrical length of stub sections 100 and 101 at the op 
erating frequency and Zo is the magnitude of the signal 
source, not shown, coupled to unbalanced transmission 
line section 74. Thus, the desired characteristic imped 
ance Zo' of balanced output terminal section 78 and its 
variations over a desired frequency band can be deter 
mined from equations (2) and (3). The even mode im 
pedance, Zoe, and the odd mode impedance, Zoo, used 
in equations (2) and (3) together with the graphs of 25 
FIGS. 3 and 4 may be used to determine the width of . 
strip-like conductors 81, 88 and 89 and the spacing be 
tween center conductor 81 and outer conductors 88 
and 89 of the balun illustrated in FIG. 6. 
Referring to FIG. 8, there is shown a top view of a mi- 30 

crowave transistor push-pull amplifier according to the 
invention, having all conductive surfaces and transis 
tors on the top surface 95 of a dielectric substrate. The 
push-pull amplifier uses the balun illustrated in FIG. 6 
as push-pull amplifier input transformer 103 and push-35 
pull amplifier output transformer 104. For conve 
nience, the numbers identifying the conductive sur 
faces of the balun illustrated in FIG. 6 are used to iden 
tify the conductive surfaces of input and output push 
pull amplifier transformers 103 and 104. A detailed ex 
planation of push-pull transformer-coupled power am 
plifiers is disclosed in Section 4.2 of "Electronic De 
signers' Handbook" by Landee, Davis and Albrecht. 
Gate electrode 105 of transistor T is connected to 

balanced transmission line terminal 80 of input balun 
103 and gate electrode 106 of transistor T is con 
nected to balanced transmission line terminal 79 of 
input balun 103. Source electrode 107 of transistor T 
and source electrode 108 of transistor T are connected 50 
to strip-like conductors 109 which are at D.C. ground 
potential. As previously discussed, in the description of 
the balun illustrated in FIG. 6, the widths of strip-like 
conductors 81, 88 and 89 and the separation between 
inner conductor 81 and outer conductors 88 and 89 of 
input balun 103 are determined from FIGS. 3 and 4 
when the magnitudes of even mode impedance, Zoe, 
and odd mode impedance, Zoo, are known. Equations 
(2) and (3) are used to determine the magnitudes of 
Zoe and Zoo necessary for the proper impedance trans 
formation from the known impedance of the input sig 
nal source, not shown, to the known input impedance 
magnitude of transistors T and T. As an example, the 
impedance of the input signal source is 50 ohms and 
the magnitude of the combined input impedance of 
transistors T and T is substantially 200 ohms. The rel 
ative dielectric constant, er, of the dielectric substrate 
is 2.2. The width of center strip-like conductor 81 of 
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10 
balun 103 is 0.020 inches. The widths of outer strip-like 
conductors 88 and 89 of baiun 103 is 0.020 inches. The 
separation between center strip-like conductor 81 and 
outer strip-like conductors 88 and 89 of balun 103 is 
0.028 inches. 

Drain electrode 110 of transistor T is connected to 
balanced transmission line terminal 80 of output balun 
104 and drain electrode 126 of transistor T is con 
nected to balanced transmission line terminal 79 of 
output balun 104. The widths of strip-like conductors 
81, 88 and 89 and the separation between inner con 
ductor 81 and outer conductors 88 and 89 of output 
balun 104 are determined from FIGS. 3 and 4 when the 
magnitudes of even mode impedance, Zoe, and odd 
mode impedance, Zoo, are known. Equations (2) and 
(3) are used to determine the magnitudes of Zoe and 
Zoo necessary for the proper impedance transformation 
from the output impedance magnitude of transistors T. 
and T to the impedance magnitude of the load, not 
shown, terminating the output signal port. As an exam 
ple, the impedance of the terminating output load is 50 
ohms and the magnitude of the combined output im 
pedance of transistors T and T is substantially 450 
ohms. The width of center strip-like conductor 81 of 
balun 104 is .016 inches. The widths of outer strip-like 
conductors 88 and 89 of balun 104 is .06 inches. The 
separation between center strip-like conductor 81 and 
outer strip-like conductors 88 and 89 of balun 104 is 
.035 inches. 
A negative D.C. bias voltage of 2 volts is applied to 

gates 105 and 106 of Gallium Arsenide Schottky 
barrier FET (Field-Effect Transistor) transistors T and 
T. A positive D.C. bias voltage of 5 volts is applied to 
drains 110 and 126 of transistors T and T. The gain 
of the push-pull amplifier was 1.5 db over a 1.0 GHz 
band of frequencies centered at 5.2 GHz. The magni 
tude of the output power was 20 mw and the efficiency 
of the amplifier was 13 percent. 
What is claimed is: 
1. An unbalanced-to-balanced transmission line 

transformer operative over a desired band of frequen 
cies for transforming a first impedance to a secondim 
pedance comprising: 
a dielectric substrate having a predetermined dielec 

tric constant; 
a transmission line for electromagnetic energy, said 
transmission line having first, second and third co 
planar strip-like conductors each having input and 
output ends and predetermined widths and lengths 
adjacent to one surface of said dielectric substrate, 
said first conductor having one longitudinal edge 
substantially parallel to and separated from an ad 
jacent longitudinal edge of said second conductor 
by a first predetermined gap, said first conductor 
having a second edge opposite and substantially 
parallel to said one edge, said second edge being 
substantially parallel to and separated from an ad 
jacent longitudinal edge of said third conductor by 
a second predetermined gap, said first conductor 
input end being adjacent to said second and third 
conductor input ends and said first conductor out 
put end being adjacent to said second and third 
conductor output ends, said second conductor 
being arranged to be at a first R.F. potential rela 
tive to said first conductor and said third conductor 
being arranged to be at a second different R.F. po 
tential relative to said first conductor in the pres 
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ence of said electromagnetic energy intermediate 
said ends, said first, second and third conductor 
widths, said dielectric substrate, and said first and 
second predetermined gaps being arranged to form 
said transmission line, 

means for establishing a predetermined D.C. poten 
tial at both said second conductor input end and 
said third conductor input end, whereby said first, 
second and third conductor input ends, said dielec 
tric constant and said first and second predeter 
mined gaps form at said first, second and third con 
ductor input ends an unbalanced transmission line 
input terminal section having said first impedance; 
and 

means for connecting said second conductor output 

12 
end to said first conductor output end, whereby 
said first and second conductor output connected 
ends, said third conductor output end, said dielec 
tric constant and said first and second predeter 
mined gaps form at said first, second and third con 
ductor output ends a balanced transmission line 
input terminal Section having said second imped 
aCC. 

2. An unbalanced-to-balanced transmission line 
10 transformer according to claim 1, wherein each of said 
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first, second and third conductor predetermined 
lengths from said input to output ends is substantially 
Nf4, where \ is the wavelength at the center frequency 
of said desired frequency band. 
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