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Abstract— This paper presents a novel method for the oo .
compensation of unequal phase velocities of coupled line ___.——“ ! R\%\ “.
structures in inhomogeneous media. By means of a rigorous  Port4,.-z7" K Port 3
scattering parameter analysis, ideal values for compensating { ‘. !
impedances, connected in series to one or several ports \ ,'________...--:==---"'
of the coupler, are found. It is shown that, by properly IW .
choosing the values of the impedances’ real and imaginary f
part, perfect isolation can theoretically be obtaind at any
frequency. Simulation and measurements are compared to /
previously published results, demonstrating the advantage of ~ Port 1 Port 2
this novel approach.

Fig. 1. Microstrip coupler with complex compensation at onet.po
I. INTRODUCTION

Coupled line structures are widely used in microwaves,. nder the condition of minimum leakags, . For the

circuits, serving as directional couplers or being key Com'singly compensated case (inductive element at port 4), a

ponents in filters, baluns, matching networks or combinersminor improvement in isolation of 8dB was obtained. In

If realized in an inhomogeneous medium as encountereg,q q,ly compensated case (inductive elements at port2
in microstrips, the effective permittivities of the cougle 4 port4) the isolation exhibits a peak at 25dB above
lines’ even and odd mode differ. As a consequence, thg,e ,ncompensated case. Hence, it was concluded that the
two modes exhibit different phase velocities which leadsyq, 1y compensated case is superior in terms of isolation
to poor directivity for CO[‘!plerS’ imbalance |'n case of and directivity enhancement. It was further noted, that the
marchand ba!uns _and spurious modes at the first harmonﬁ:equency of maximum isolation was shifted with respect
for coupled line filters. Among the known methods for ;) iha center frequency of the coupler.

compensating unequal phase velocities one can distinguiqh the following we analyze a coupler featuring compen-
between two categories. The first type aims to equalize th@ating elements by means of the scattering parameters. In
effective permittivities of odd and even mode by altering . irast to [11], [12], our analysis does not only yield
their electromagnetic fields. This can be done by placing,  aactance as the compensating element, but a complex
dielectric layers above the coupling structure [1], [2], impedance (see Fig. 1). The so found values of the real and
employing anisotropic substrates [3], realizing quask SUSjm4qinary part lead to perfect isolation peaks for both the
pended substrate structures [4], or etching apertures intg,e_alement and the two-element compensation. Further it

the ground plane [5], [6]. The main disadvantage ofyj he shown that the isolation peak can be obtained at
theses methods is the lack of close-form design equatlon%ny frequency.

Therefore, numerous iterations during the design process
have to be carried out.

The second class of compensation methods relies on
externally connected reactive components. These can be The underlying thought of our approach is that the
placed between the coupled lines [7]-[9], shunted withcompensating element creates an internal reflection which
the coupled lines [10], or connected in series to one ore with proper amplitude and phase - compensates for the
several ports [11], [12]. The possibility of compensatingleaking S; of the uncompensated coupler. An analytical
unequal phase velocities by connecting inductive elementexpression for the optimal reflection coefficient is derived
in series to the ports of a coupler was originally proposedand the compensating impedance is calculated therefrom.
in [13]. The first analytical approach for this method The analysis will be carried out for the one-element and
was recently published in [11], [12], where the couplerfor the two-element compensation. The formulas for the
including the compensating inductantavas analyzed via scattering parameters of coupled lines in inhomogeneous
the Z-matrix. Further, an optimal value fdr was sought media are taken from [14].

II. THEORY AND ANALYSIS
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A. One-element compensation 5 o PR > g,
We consider a signal incident at port 1 of an uncompen- X | x"x L e
. . . . > b * c=-
sated coupler, as shown in Fig. 2. A leakifg, will be w0l xf e | c=-1008
. . . - R c=-

observed at port3 in case of an inhomogeneous medium. szt oo
By placing a compensating element at port4, a part of the B5 06 07 08 09 1 11 12 13 14 15
signal Sy; is reflected and will superpose with the leaking k

S31. The consujered uncompensated coupler is Symme’m(n;-’ig. 3. The compensating impedanZe for Zy = 502 as a function
thus S;; = S11 (i = 1,2,3,4), S34 = So1 and Ssy = Sy1. of the permittivity ratiok = ecven/€0qq for different couplings: (a)

The resultingS3, can be written as reactance, (b) resistance.
Sa1 71 S21
S =S, _— 1
31 314-1_511.7A1 @

_ _ _ - of both the coupler’s center frequency and the abso-
With the isolation conditior;; = 0 one can solve for the |ute values of the effective permittivities. On the other

optimal reflection coefficient at port4: hand, they are strongly dependent on the coupling coef-
5’31 ficientc = 20 - lOglo((Zeven — Zodd)/(Zeven -+ Zodd)) as
Tlopt = TS, S0 — St Sar (2)  well as on the ratio of the even and odd mode permittivity
41 21 11 31

€even/€odd, @S it is depicted in Fig. 3. For an
coupler with equal effective permitivitieg = 1),
the required compensating impedance becoudgs For
7 g {1+r1opt} k > 1, as it is the case for microstrip couplers, the
c— £0° s (3) ; P i ;
compensating reactance is positive and can be realized
with a series inductancé = X/(27fy), fo being the
coupler's center frequency. Fdr < 1, as in suspended
substrate technology, the reactance is negative and can be
realized with a series capacitan€e= —1/(2n f,X). The
real part is approximately, in case of strong coupling
Sa1 - So1 — S31 - (1 + S11) 4 (¢ > —6dB). For weaker coupling the real part decreases
Su1 - Sa1+ Ss1 - (1= Si1) } ) ) significantly with growing inhomogeneity. As depicted in
Using a series connection, the values of the resistance anF(Jg' 3b, aQOQB goupler with k. = 1.3 woulld rgquire
the reactance are obtaine;j from a C(_)mpensatm_g impedance Wnﬁ_g 0, which is not
realizable passively. Under these circumstances the eoupl
R=Re{Z.}, (5a) is thus not compensatable by means of a one-element
X =Im{Z}. (5b) compensancym. So far, the compensatlon was realized at
the coupler's center frequency. Fig. 4 shows, that by
The final formula for the compensating impedance isproperly choosingR and X, the compensation can be
obtained by inserting the equations of the scattering paebtained at any frequency. The simulation was carried out
rameter from [14] into (4). Real parts differing froty,, for a 10dB coupler withk = 1.25 and Z; = 50Q. The
the characteristic impedance of the connected transmissidrequency is normalized to an arbitrary center frequency
line, can be realized by means of Jg4—transformer.  f,. It can be observed that for isolation peaks below the
Here, A is the wavelength on the transmission line atcenter frequency, both the optim&land L. become larger.
the design frequency. It can be shown that the val-Setting the resistance t8,, the isolation peak is shifted
ues of the compensating impedances are independetd around0.85 f,.

k =
This reflection can be created by an impedance, which igy.
calculated from

1- 1 opt

whereZy = v/ Zeyen - Zoaq IS the reference impedance
and Z. = R + jX is the compensating impedance, seen
at port 4 from inside the coupler. Inserting (2) into (3) the
optimal value of the impedance can be derived:

ZC:ZO-{



841
20+
E 831 uncompensated
k=)
(28
. : :
0 L
iy ET—
2 14 16 18 2
7
H H *
i ; T
Cleof ¥ 5"
= i : =)
[he bl Y : I
0 40t B %X 13 @
D 1 m I Zﬁf
20 i i i i i i o i i 1 /
0 02 04 06 08 1 12 14 16 18 2 34
f/fu 60 ??" ---------- Uncompensated
-607 : : uiy
. . o . L i
Fig. 4. Compensation of a 10dB coupler at different frequesidiy iy _x_°x_ Z'(:‘i‘)‘fe t Eg}
means of the one-element compensation. The correspondingsvafu 703 : ' v — o 1elem. complex
the compensating impedances are given below. 6 —v— 2elem. complex
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B. Two-element compensation ! _ _
) Fig. 6. Simulated results of the magnitudg; for the uncompensated
In case of a two-element compensation, several pathsase(- ) and various compensated cases: capacitive() [9], singly-

and loops have to be taken into account during the flow{~ ¢ ~) and doubly inductive¢.X — X —) [12], and one element-{o —
. o . . . —) and two element complex{V —) compensation (this paper).

graph analysis, as it is depicted in Fig. 5. For the sake of

simplicity we take the same compensating impedances at

port 2 and port 4, thus obtaining equal reflections =

rop = 72. The isolation conditionS;; = 0 can be solved

for the optimal reflection coefficient as:

“A+VAZ 2B 54

in [12] were originally observed at a frequency below the
center frequency. The overall length of the coupler was
then shortened, in order to shift this peak to the center
frequency. The capacitive compensation of [9] however,

T20pt = B (6) shows an advantage over the other methods regarding

where the bandwidth. Further, the effect of the compensation
impedances on the input reflection at portl has been

A=2-(Sy -S4 — S11-S31), (ra) investigated. Fig. 7 shows the input reflection as a function
B=2-S3-(1-2-52)—4-S11-So1-Su. (7b) of the coupling for the uncompensated coupler as well

as for the two compensated variants. The inhomogeneity
In the same manner as in (3), the required impedanceas taken as: = 1.25. For couplings frome = —1dB
can be calculated therefrom. In Fig. 6 the simulated resultto ¢ = —30dB the S;; of the uncompensated coupler
of the complex one- and two-element compensation arelecreases from-30dB to around —40dB. The input
compared to the cases presented in [9] and [12] and to theeflection of the one-element compensation remains always
uncompensated coupler. The simulation are made for about 20 dB below. In contrast, the two-element compensa-
10 dB coupler on a substrate with thicknéss- 1.52mm  tion exhibits an input reflection that increases up-t®dB
and e, = 6.45 (RF60-0600from Taconig. The optimal for a 30dB coupler. The reason for this tremendous degra-
values of the compensating impedances are found to beation is that a coupler with weak couplirgneeds large
R=415Q, L =239nH andR =47.5Q, L =13nH reflections at port2 and port4 for phase compensation.
for the one element and for the two element compensatiorAs a consequence, a large part of the incident signal is
respectively. It is clearly seen, that both approaches leackflected back to the input port with almost no attenuation
to the predicted perfect isolation at the center frequencybecauseSy; > —1dB. With an equally good isolation,
The optimal values found in [12] ard; = 1.24nH  but a better input reflection, the one-element compensation
and L; = 1.31nH for the singly and doubly compen- method is consequntly the preferred choice among the two
sated case, respectively. Furthermore, the isolationgpeakariants.



IV. CONCLUSION

We presented a novel phase compensation method
for coupled line structures in inhomogeneous media. By
means of a rigorous flow-graph analysis, optimal values

the real and imaginary parts of the compensating

impedance were obtained. The frequency shift of the
isolation peak mentioned in previous publications can be
explained with the neglect of the real part. Further, it was
shown that the one-element compensation is superior to
the two-element compensation, because it does not only
lead to a perfect isolation, but also improves the input

reflection. To validate the novel approach, we designed
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Fig. 7. Input reflection of compensated and uncompensatedersugs

a funtion of the coupling coefficient fot = 1.25.
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