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ABSTR4CT
This paper discusses the theory and design of ultm-broadband high-
dircctivity tapered line directional couplers.

Causes of imperfect dirextMly are examined from both a theoretical and
experimental standpoint. This includes the effects of non-unity VSWR
terminations and internal cennectiorts, unequrd even and odd mode
velocities, and unequal even and odd mode attenuation constants.

Practicrd considerations in the modem design of asymmetrictd tapered
couplers are discussed. Such information is significant in the choice of
structure, layout, and tolerances to achieve maximum directivhy.

An example design is presented which displays a bandwidth that is believed
to be apprexirnately 1.7 octaves greater than any other coupler of
comparable directivity.

1. INTRODUCTION
Broadband high-directivity directional couplers are of considerable
importance in the design of modern precidon microwave instrumentation
systems. The requisite bandcvidth is typically obtained in many directional
coupler de$gns by empleying stepped discrete equal length coupling

sectioris, each with a constant value of coupling however, such designs

provide a multiplicity of step discontirmities which cause error in coupling

realization and degradation in directivity [1,2s,4,5,6]. A fundamental

motivation for developing directionrd coupler designs utilizing continuous

tapers has been the POSSIMMY of improving the directivhy. Asymmetric

tapered line directional couplers were fwst reported in 1954 by B.M. Oliver

[~. Many subsequent daigns have incorporated exponentially tapered lima

[7,8], polynomial approximations [9] and the Klopfenstein taper [10].

The objective of this paper is to discuss the theory and design of ultra-

broadband high-directivhy asymmetric directionrd couplers. An emphasis is

placed on the examination of the causes of imperfect directivhy from a

theoretical and experimental standpoint. This includes the effects of non-

rmhy VSWR terminations and internal connections, unequal even and odd

mode phase velocities, and unequal exen and odd mode attenuation
constants, Whereas past publications have primarily stressed the synthesis
of coupling functions, this paper places an emphases on practical
considerations in the modem design of a~metrical tapered couplers.
These results will be of assistance to a designer in selecting an appropriate
structure, layout and tolerarrcing to achieve optimal performance.

2. IDEAL COUPLER WITH NON-IDE4L TERMINATIONS
Figure 1 illustrates a fiist order model of a practkal coupler for analysis of
non-ideal terminating effects. This conjuration, which k employed to
develop expressions that reveal essential parameters for direcdvity
maximization, k composed of a composite network consisting of an ideal
directional coupler emdedded inside two-ports at each of its four terminals.

The imperfect transmission lines, cermectors, dielectric support beads,
transhions and other sources of external error which exist inside the
terminals of a practical directional coupler are lumped into the two-port
networks ~1- ~~. The terms rl, rz, r3, and r4 are the refleaion
coefficients seen by the ideal coupler due to the imperfections previously

described. Since the area of concern in this paper is high -dii-scdwiy
couplers, we cmr make some initial assumptions abOUt the quali~ Of these

external two-port networks. A reasonable amount of care in the design and

manufacture of a precision coupler minimises the effects of the external

error seurces represented by the networks N, where the VSWR’S of the

networks are leas than 1.1 so that

r,<< 1 (2.1)

The insertion loss of the two-ports N, are typically 0.15 dB or lass so that

negligkde pewer is lost through the two-ports. Since we knew that the

embedded coupler itself is lossless and idex we knew that

20= ~ZOe (x) Zoo (x) (2.2)

at all points along the length of the ideal coupler. Furthermore, with [s]

being the scattering matrix of the ideal coupler, we have the usual

assumptions that sti = O, [s]= [s ]~, s ia=s M =0, Isl,l=lswl, and

Isl,l=lszl.

— B, — b,

‘=

r,
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Figure 1. Ideal coupler with non-ideal twe-ports

In Figure 1, we define the incident and reflected waves of the everall

structure as A, and B* respectively at port i, and we define a, and b, as the

incident and reflected waves at port i of the “ideal” coupled line structure.

To flmd the directivity of the overall structure, we define the coupling of the

composite network as the ratio of the coupled to incident power

( I B, I / \A, I or, similarly, I B, I / [A, I), the isolation as the ratio of the

power transmitted diagonally to the incident power ( [ B3 I /IA i I or,
similarly, I B* I / IA 4 [ ), and the directivily as the ratio of coupfing to

isolation which is I B JA ~ I / I B3/A ~ I

To find the isolation ratio I B#A ~ [ , we inject a signrd A ~ into port 1 and

tlmd the magnitude of signal B3 out port 3 while the signrds A ~ As and A 1
are O. Employing the previously stated assumptions yields [11]

bs s12r2sB+s14r4s% ~ %—.
al l-~%r,r,-~ir,r, ~,

(2.3)

Since we are assuming that the reflection coefficients presented to the

coupler (rl, rz, rs, rq) are much less than 1, mry term containing the

product of two or more r terms k often negligible. We can see that the
second two terms in the denominator of 2.3 are much less than the fiist,
and can therefore be ignored. This gives us the following result for the
isolation
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B3
Isolation = ~zs1J2sz+ S1J4SM (2.4)

This shows that themrrtch presented toports2and4(r2 andl_’J have the

most signifimrrt effect on the isolation.

As stated previously, the coupling is [B3]/lA4 1. Wenowcomputetfds

parameter in order to srrive at the overalI directivity. Proceeding in a

similar manner as in the derivation of the isolation, we fmd the coupling to

be [11]

(2.5)

The second factor in the numerator is smaller than the fiist by a factor of

more than rl rz. Baaed on our previous assumptions, this term can be

neglected. For the ideal coupler, we know that Is ~z I = Is% 1, hence, it is

also apparent that the third numerator term is also much smalfer than the

first. The numerator is therefore approximately SM. Similar reasoning

shows that the second and third terms in the denomirrator are much arnaller

thmr the fiit. The flmal result for the coupling is then

(2.6)

The conclusion may be drawn that the coupling is largely unaffected by

smrdl mismatches on any of the ports.

The directivky of the coupler (couplirrg/isolation) cart be written from the

expreaaion for the isolation (2.S) and the coupling (2.6) as follows

D=
1

s ~2kwrzsz + r~s,4
(2.7)

In order to maximize this quantity, we must minimize the denominator.

Since we know tfmt ISIJSM I =1 and that Isn I = Isl, I , the

denominator terms in equation 2.7 differ in magnitude only by the

difference between r2 and rl. Tlria memra that the matches r2 and ri are

of equal importance in maxirrrising the direcdvity. The designer should

therefore concentrate on developirrg a stmcture which optimizes the match

at these two ports. Since rl snd rs do not appear, they are far less

importsnt.

3. AS134METRICAL TAPERED DIRECTIOfVXL CO fJPLER THEORY
In this section, a non-iderd asymmetrically-tapered coupler with ideal

terrnirratiorra on each of the coupler’s four ports is analyzed, however, the

method of analysis is easily applied to other types of couplers.

Expressions for coupling and directivhy sre derived based on mr even mode

and odd mode excitation anslysis. Any excitation at ports 1 end 2 can be

analyzed as a superposition of these two basic modes.

The asymmetrical tapered coupler to be srrslyzed is represented in Figure

2. The even and odd mode signrd generatora are shown at the left end of

the coupler with their respective polarities. To the right of the generators

are the source impedances Z.. The tapered lines rrre a schematic

representation of what the two conductors would look like in a structure

such as edge-coupled stripline. At the far end rrre the port impedances Zl,

Conductor B Port 3
——

Figure 2. Asymmetrical tapered coupler

At the loosely coupled (left) end of the coupler, we ideally have

Z- =Z@ =ZO, which is the characteristic impedance of the system. At the

other end, we have Z@>ZO and Zw <Z.. A desi~er usurdly attempts to

maintsin Z-(x) Z~ (x)=ZO 2, however, that assumption will not be made
for the following analysis.

Above some frequenq, the slow variations of Za rmd Z@ with distsnce

cause the coupled transtilon lines to behave as nesrly reflectiorrless

trsrrsfonners [12]. Reflections generated w“fhin the transformers tend to

cancel each other to produce a very smsll net reflection. For most practical

applications, if the taper function is properly chosen, the taper will perform
well at frequencies where the taper length is longer than 0.2 to 0.5

wavelength [9]. If a smafl paasband ripple is required, then the taper must

be longer than that required for a larger passbsnd ripple.

With reference to Figure 2, we may inject an even mode signal of value Y

into to ports 1 and 2. This gives

d.(o)= w, v;.(o)=w (3.1)

where vI,(O) and vA(O) are the voltage waves trsveling in the +X direction

at x = O on conductors A and B respectively while excited in the even mode.

The tapered fines behave as transformers causing the voltagea rmd currents

on the lines to meirrtrrin the ratio of v: (.z)/i~ (X)= ZW(X) along the coupler.

As the signsf approaches x =1, we have on the cmrpled fines [11]

vL(/)=Vle(()=Y_ e-(%+~p’y (3.2)

where a. srrd p. are the effective attenuation and phase constants such that

~J is the overafl even mode delay rmd @ is the overall even mode loss.

Since the load Z, is not equrd to the even mode impedance at ports 3 and

4, the wave haa trsnamitted rmd reflected components. The reflection

coefficient at the load is

Z,-zm(l)
1-,,= —

Z,+za(l)

The reflected signrds from ports 3 and 4 are therefore

[ F’z, -Zm(l)
v>.(1)= V~,@)=ye-@.+J9J _

Z,+zw(l) Ze(l)lzo

(3.3)

(3.4)

The voltages resulting at ports 3 and 4 are

V4e= v3,=Vi.(/)+V;e(/) =v;e(z)(l+r,g) (3.s)

or

‘4e=v3e=Te-(=e+’’e’F+H%
A sirnilsr analysis performed for the odd mode yields

“0=-v30=ve-(%+’p0’!+%%%lvz-’’’)’zo

(3.6)

(3.7)

The reflected waves for the even and odd modes travel back do~ the

coupler to x = O. At this point in the iderd coupler, Zm(0)=Z@(O)=ZO.

Since the characteristic impedance of each mode is equrd to the source

impedsnce, there is no reflection and the signals are completely absorbed.

Since we are analyzing a linear system, we may excite the coupler in the

even and odd modes simultaneously and the resulting voltages and currents

on the coupler are found by Iinesr superposition.

At ports 1 snd 2 the resulting incident voltages are

vi (0)= vie(o)+ Vi. (o)= 2Y (3.8)

@(0= Vie(o)+vi?(o)= o (3.9)

Note that with this excitation, there ia no incident signal at port ~ and there

is a 29 signal at port 1. This example is equivalent to the case when the

coupler is excited from port 1 only by a single generator.

The voltage at port 4 is the signal transmitted through the main arm of the

coupler. Its voltage is

V4= v4e+ V40 (3.10)
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or

‘4=”’-(’+’’e’l+-l-
+ ‘e”(%+’’O’!+*l-

‘fhe voltage at port 3 ia simifarly found to be

‘3=”’-(--+’’+-=%)-
-““(%+’’O’[+%2%)==’

(3.11)

(3.12)

From the deffition of scattering parameters and equations 3.8 and 3.9 we
can show that

(3.13)

Similarly, we can show that bs = V3/@_ if Z, ia reaf [13]. The isolation
for this case is

!3= L~e
al 2 -(me+’oe’[’+%%l-

- $=e”(”+’’O’b=%l-
(3.14)

In order to achieve perfect isolation from port 1 to port 3, Equation 3.14
must equal O for alf frequencies. We must therefore have a.= rto, 13,= I&
and the remaining requirements that

Equation 3.15 is met if and only if

z,= Vzm(l) Z@(l) (3.16)

Note that this termination value is independent of the generator impedance
ZO. This important result shows that the dwectional coupler can
simultaneously act as an impedance transformer.

It is important to note that if Z,= ~Z&(l) Z@(l), a,+ a., or especially
p, # 130,then the isolation and directivity will be affected. The expression
for isolation, equation 3.14, may then be empluyed as a measure of
degradation.

Now that we have determined the conditions for isolation from port 1 to
port 3, the coupling from port 4 to 3 is desired.

If we drive ports 3 and 4 in the even mode, the signal experiences a
reflection as it enters the coupled line structure at x = L The reflection
coefficient ia

_ Za(f)-z,

‘e–Za(l)+z,

Similarly, for the odd mode

Zm(f) -z,

‘0= Z, J1)+Z,

(3.17)

(3.18)

Again, exciting the structure in the even and odd mode simultaneously from
ports 3 and 4 and emplaying superpositio~ the coupling to port 3 will be
bJa4 or

:=%= *(Pe - p.)= +(P. - p.) (3.19)

If Z, = ~Za(l) Z@(1) (which was required for perfect isolation) then

Pe=-Po (3.20)

and from 3.19

s~=pe (3.21)

If we assume that Z,=ZO= ~Z@(l)Z@(l) then the coupling between ports
1 and 2 is

S1,=S2= (pOe-qa0+J80~.p,e-X@e+JPeY) (3.22)

In a practical coupler there is some loss (rt, # O and rro# O) which means
that \s 12I < Is~ \ This wilf cause the directivity to be better if port 3
(or 4) is chosen as the coupled port.

4. EZ4MPLE BROADBAND HIGH-DIRECT fVTIY TAPERED COUPLER
The physical structure of the prototype directional coupler, iffustrated in
Figure 3a, is constructed so that the two round conducting rods remain
parallel throughout the coupfing region. A septum with a tapered opening,
as showm in Figure 3b, controfa the amount of coupling between the roda
along the coupler. The diameter of the roda is adjusted afong the length to
maintsirr a vrdue of Zo of 50 ohms (Eq. 2.2). In order to obtain proper
mechanicrd dimensions such as rod diameters, apaeings and septum opening
width, a special computer program is employed which is based on the
computation of the solution of Laplace’s equation in a 2-dirnerraional region
in terms of an equivalent source [14].

Iron (oaded plastlc to

damp higher order

/

Septum

rnon-TEM modes ~Meta[ ground planes

1 0;0 II
Figore 3A. Coupler cross section (not to scale)

/’
/———

/’ z Loosely coupled region
Tight coupllng region

Figrrre 3B. Septmn (not to scafe)

In addition to its physical realization, the unique features of this device are
its broad bandwidth and high directivity which were obtained utilizing a
Klopfenstein [15] taper function. Afthough this taper provides an equal-

riPPle refle~ion coefficient for the case of a two-port transformer, it does
not provide equaf ripple coupling for a coupler. Afthougfr this might

appear to tidate Young’s [16] equivalence principle, this is not the case. In
the case of Kfopfenstein’s transformer, the taper is terminated in a load
impedance Z, where Z1# ZO. In the coupler case, the taper is generafly
terminated with a load impedance Zl where Z,= ZO. This difference causes
the coupling to overshoot at the low end of the frequency band as seen in
F@re 5. If equal-ripple passbrmd coupling is required, then Arndt’s [9]
taper should be used. We chose to use the Klopfenstein taper for the
prototype coupler since it is ia to be used down to 45 MHz and the
coupling rolloff of his taper is leas than Arndt’s in that frequency range.

A photograph of the frnaf directional euupler realization is shuwrr in Figrrre
4. Some metaf was removed and tuning screws were added to the center
conductors and the ground planes at the point where the abrupt septum
opening occurs. These adjustment were required to compensate for
psrasitics caused by the abruptly changing ground pfane [11]. These
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Figure 4. Prototype directional coupler
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