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Novel Coupled-Line Conductor-Backed Coplanar
and Microstrip Directional Couplers for
PCB and LTCC Applications

Andrzej Sawicki, Member, |EEE, and Krzysztof Sachse

Abstract—Novel coupled-line conductor-backed coplanar and
microstrip directional couplers, convenient for manufacturing in
standard printed circuit board (PCB) or low-temperature co-fired
ceramic (LTCC) technology, are proposed. The coplanar coupler,
consisting of a layered structure with four strips and covering
a —10 to —2.6 dB coupling coefficient, is theoretically ideally
impedance matched and perfectly isolated at all frequenciesunder
the assumption of validity of quasi-static approximation and
two-mode propagation. The microstrip coupler, a modification of
the coplanar one, can be ideally compensated only in an area of
strong coupling coefficients. The novel couplers are not sensitive
to lateral misalignment of conductive layers, and not sensitive
to thickness and dielectric permittivity tolerances of applied
dielectric substrates. Preliminary experimental results for 2.7-,
3-, and 8.34-dB couplers, designed both in PCB, aswell asLTCC
technology are presented.

Index Terms—Asymmetric coupled lines, directional couplers,
low-temperature co-fired ceramic (LTCC), multiconductor
transmission lines, multilayer circuits, printed circuit board
(PCB).

I. INTRODUCTION

DVANCES in substrate technologies and a substantial

progress in computer-aided design (CAD) have led to
the development of multilayer RF/microwave circuits. The
integration of RF, high-speed digital, and dc power circuits
in multilayered assemblies using printed circuit board (PCB)
or low-temperature co-fired ceramic (LTCC) technologies has
become a common practice.

PCBs lay a foundation for RF/microwave circuits and are
being manufactured in unprecedented quantities in a boom pe-
riod from the wireless telecommunications industry [1]. Multi-
layer circuitsin up to adozen or so layers, and mixed-dielectric
circuitsthat incorporate different laminate materialsin the same
multilayer board, are produced. This latter capability provides
circuit designers with the flexibility to mix low- and high-fre-
quency digital and RF/microwave circuits to reduce space and
manufacturing costs.

Multilayer LTCC substrates with screen-printed conductors
are considered recently asakey technology for coming RFwire-
less communication and automotive applications [2]{6]. They
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offer low-cost, high-volume, and small-size modules, which as-
sure three-dimensional (3-D) high integration, high reliability,
and the potential for buried inductors, capacitors, and resistors.
Furthermore, almost all the passive components can be fabri-
cated in one manufacturing process, and a portion of the surface
area can be used for mounting active devices.

Most of PCB or LTCC multilayer RF passive devices are
embedded between the dielectric layers having the same or al-
most the same dielectric permittivity. This way, multilayer cou-
pled-line directional couplers are also realized. If they are de-
signed in a strip-line dielectrically homogeneous configuration,
high coupler’s performance can be achieved. If they are placed
onthetop of the board using microstrip- or coplanar-type diel ec-
trically nonhomogeneous configurations, they suffer from poor
directivity. Techniques used for compensation of couplersin an
inhomogeneous medium (making them quasi-ideal [7], [8]) de-
pend on a coupler structure. Symmetrical couplers are compen-
sated equalizing even- and odd- mode phase velocities[9]{11].
To compensate asymmetrical couplers, two different theoretical
approaches are used. In the first one, optimization of the modal
parametersis applied [7], [14]. In the other, equalization of the
inductive and capacitive coupling coefficients and terminating
the coupled lines with the proper impedances [12], [13] assures
ideal matching and perfect isolation at all frequencies under the
assumption of the validity of quasi-static approximation. Con-
ditions used in the latter approach can be written as follows:

kr = ke )
and
ZTi, :Z7 1= 1a2 (2)
where

kL = L,,/v/I1 - Lz, the inductive coupling coeffi-
cient;

ke = C,,//C1 - Cy, the capacitive coupling coeffi-
cient;

Zri where i = 1,2, the characteristic impedances of
terminating lines;

Z; = +/L;/C;, where: = 1,2, the characteristic
impedance of line in the presence of linej (j =
1,2,j # )

L;, C; wherei = 1,2, the self inductance and self-ca-
pacitance per unit length of line ¢ in the presence
of linej (y = 1,2, j # i), respectively;

L,,, C, themutua inductance and mutual capacitance per

unit length, respectively.
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Fig. 1. (&) Cross-sectional view of broadside three-strip coupled lines.

(b) Corresponding coupling coefficients for the 50-2 matched coupler.
Er1 = &r2 = 4.2,ha/hy = 0.2, = 0.

L umped-el ement compensation of multilayer couplers has been
recently reported [15], but it is effective in a rather narrow fre-
guency band.

Practically none of the above-mentioned techniques can
be applied to compensate a microstrip or conductor-backed
coplanar-line coupler built on the top of a multilayer printed
board made of the same dielectric material. Suspension of the
board [10] or applying atuning septum in the ground plane[7],
[11] is not convenient from the mechanical point-of-view. To
illustrate the problem, let us look into properties of two asym-
metrical coupled-line structures, shown in Figs. 1(a) and 2(a).
Both can be compensated using mixed dielectric media[7], [8],
but—as our calculations prove—they can be compensated only
inavery narrow range of structural parametersif .14 = .2 [See
Fig. 1(b)], where curves of kr, and k¢ intersect for s/hy = 2.0
and so/h1 = 0.22, and Fig. 2(b), where curves of kg, and k¢
intersect for s/hy1 = 1.22). The consequence is that only a
very narrow range of coupling values under condition of the
coupler’s compensation is achievable for a given stratification
of the substrates (kr, = k¢ =~ 0.35, and kt, = k¢ ~ 0.5 for the
couplers shown in Figs. 1(a) and 2(a), respectively).

The intention of this study was to find a coupled-line struc-
ture allowing compensation in the multilayer printed board en-
vironment, having a wide range of realizable coupling coeffi-
cients, and being sensitive neither to lateral misalignment of
conductive layers, nor to thickness and dielectric permittivity
tolerances of applied dielectric substrates. The geometry of the
proposed structures is shown in Fig. 3 [16]. The first struc-
ture, shown in Fig. 3(a), was presented at the last IEEE Mi-
crowave Theory and Techniques Society (IEEE MTT-S) Inter-
national Microwave Symposium (IMS) [17]. In this paper, we
expand the subject on several new calculations carried out for
the first structure and propose a new microstrip version of the
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Fig. 2. (a) Cross-sectional view of offset broadside coupled microstrip lines.

(b) Corresponding coupling coefficients for the 50-(2 matched coupler. e.1 =
vz = 4.2, ha/hy = 0.2,t = 0.
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Fig. 3. Cross-sectional view of novel directional couplers in structures of:
(a) conductor-backed coplanar and (b) microstrip coupled lines.

coupler [see Fig. 3(b)]. The structures are configured as four
coupled conductor-backed coplanar lines or microstrip lines.
Two external lines on the top conductive layer are bridged using
planar wires at the ends of the coupled-line section and are
connected to the first pair of input/output lines. The middle
lineis connected to the bottom one through via-holes, and con-
nected to the second pair of input/output lines. The second pair
of input/output lines reaches the top conductive layer utilizing
via-hole connection. Theinput/output lines can be connected to
the coupled-line structure in such a way that the output signals
are from the same side of the coupler. This feature isimportant
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if the coupler is utilized in balanced circuits such as balanced
amplifiers or mixers.

Areas of achievable coupling coefficients under the compen-
sation conditions, tuning properties, and tolerance behavior are
demonstrated in Section I, mainly for the structure shown in
Fig. 3(a). The microstrip version, shown in Fig. 3(b), is aso
considered and comprehensively examined. Details concerning
two- and four-mode coupler’ s analyses are al so discussed. Fur-
thermore, measured results obtained not only for the tightly
and weakly coupled coplanar couplers, designed in PCB tech-
nology [17], but also for two 3-dB microstrip couplers designed
in LTCC technology, are presented in Section I11.

Il. ANALYSIS

In our analysis, which was performed assuming zero thick-
ness conductors (¢t = 0) and using the quasi-static spectral-do-
main method [18], we calculated the geometrical dimensions
of 50-2 matched directional couplers in the structures shown
in Fig. 3, and the corresponding coupling coefficients kr, and
kg, a@ming to fulfill the condition of k;, = kc. These calcu-
lations were carried out for two different dielectric materials:
BT-Epoxy e, = 4.2 (PCB) and Du Pount 951 or NTK GC-11
e, = 7.8 (LTCC), and the results corresponding to the struc-
ture shown in Fig. 3(a) are presented in Figs. 4 and 5, respec-
tively. The structural dimensions are normalized to the thick-
ness of the first dielectric substrate /1, and are given only for
ha/h1 = 0.2 dielectric substrates thickness ratio. It is clearly
visible that the coplanar couplers for PCB and LTCC applica-
tionsare compensated in the range of coupling coefficientsfrom
—10.6 to —2.6 dB and from —8.0 to —2.8 dB, respectively; let
us notice the difference between sq limitsin Figs. 4 and 5. The
corresponding widths of the lines and spaces between them are
convenient for practical realization. They never lay below the
0.1h1 limit. The assumed coupling coefficient can be realized
in a variety of structural dimensions, especialy in the middle
region of coupling coefficients.

The physical behavior of the “tuning” process of the 50-2
matched coupler is shown in Fig. 6. We assume a priori con-
stant values for sg and s in order to make the tuning process
easier and, in this example, we choose them to achieve the tight
coupling [sg = 1.5hy and s = 0.1hq, See curves plotted in
Fig. 4(a)]. In this way, having only three variables wq, w2,
and w3 and three conditions written by (1) and (2), we give
up achieving a strictly assumed coupling coefficient under the
condition of compensation and we only wish to equalize the
coupling coefficients k1, and k¢. The point of compensation is
searched altering widths of the strips wy, ws, and ws. wy isa
variable and w, and w3 are chosen in such away that the cou-
pler is aways impedance matched. The tuning is begun when
wy issmall. The coupling coefficients &y, and k¢ are then dif-
ferent, and the corresponding isolation of the coupler islow [see
Fig. 6(b)]. With the increase of w, the difference between the
coupling coefficients slowly diminishes. At the point where wy
achieves maximum of its normalized value of approximately
0.86 (for higher values of w; characteristic impedance 7, of
line 1 isthen always lower than 50 €2), &y, is above point O and
ke is above point P, and they are till different. Diminishing
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Flg 4, (a) k = ki = ke, (b) u71/h1, (C) w;/hl, and (d) w:;/hl Versus
so/h1 and s/h, as a parameter for the compensated coupler made in
BT-Epoxy; e, = 4.2, ha/hy = 0.2,% = 0, the coupler’ sstructure—Fig. 3(a).

widths of al the strips the coupler is finally compensated at
point K. Corresponding isolation is very high. Let us remark
that there is no equalization of coupling coefficients at point O,
in which kg, reaches either point O or M, and k¢ reaches point
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Fig.5. (@ k = kr. = ke, (b) wyi/h4, (C) wa/hq, and (d) ws/hy versus

so/h1 and s/hy as aparameter for the compensated coupler made in LTCC;
e = 7.8, ha/hy = 0.2, = 0, the coupler’s structure—Fig. 3(a).

P or O. Plotted in Fig. 6 curves of ki, k¢ [in Fig. 6(a)] and w2
and ws [in Fig. 6(c)] result from the solution of two equations
(Zti = Z;,t = 1, 2), where the independent variable is wy /hq
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Fig. 6. Tuning process. (a) Coupling coefficients, (b) isolation, and (c)
corresponding ws /h1 and ws /hy versus wy /hy; e = 4.2, ha/hy1 = 0.2,
so/h1 =1.5,8/hy = 0.1, = 0, the coupler’s structure—Fig. 3(a).

and the dependent variables are wz /11 and wg/h1. For small
values of w1, when influence of the strip w1 on behavior of the
coupled-line structure is small, there is only the one solution.
Let us notice that, in this area of wq, kL, kc, and Sy are a-
most constant and that only ws decreases substantially when
wy increases (to keep constant 50-€2 characteristic impedance
Zy). From a particular value of wy /hy = 0.55 in each plot of
Fig. 6, there are two branches. Thisisthe reason why out of two
points O and K, in which curves of kg, and k¢ intersect, we re-
ject the first, and only the second is the one we were looking
for. The following conclusion can be drawn from the behavior
of curvesplotted in Fig. 6. It isbetter to begin the tuning process
of acoupler inthe proposed structure [shown in Fig. 3(a) or (b)]
taking rather —as a starting point—dimensions wy and wo €s-
tablished for a small value of ws, than dimensions w, and w3
established for a small value of wy. Slowly increasing ws and



SAWICKI AND SACHSE: NOVEL COUPLED-LINE CONDUCTOR-BACKED COPLANAR AND MICROSTRIP DIRECTIONAL COUPLERS

0.8

0.6

w/h, |
0.4

0.2
0.0 0.1 0.2 0.3 0.4

Fig. 7. Coupling coefficient & and corresponding linewidths versus
normalized thickness of the second dielectric substrate h./h, for the
compensated coupler; e, = 4.2, so/hy = 1.5, s8/hy = 0.1,t = 0, the
coupler’s structure—Fig. 3(a).
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Fig. 8. Effect of lateral misaignment of conductive layers on coupling
coefficients. (@) A case of tight coupling. so/h:s = 1.50, s/hy = 0.15,
wy/hy = 0.643, wa/hy = 0.328, wg/hy = 0.282. (b) A case of weak
coupling. so/h1 = 0.30,s/hy = 0.70, w1 /hy = 1.138, wa/hy = 0.236,
wg/hy = 0.260; ¢, = 4.2, ha/hy = 0.2,t/hy = 0.018. The coupler's
structure—Fig. 3(a).

altering widths of the strips wy and wo in order to keep 50-€2
impedance matching, one can then reach the point of compen-
sation in a considerably shorter time because the number of it-
erations needed is thus much lower.

One feature of the new structure distinguishes it from other
known structures of broadside-type coupled lines. Since strips
wy and wg are connected through via-holes, the structure is
not sensitive on composition of the board. Thisisillustrated by
curves plotted in Fig. 7, showing that tight coupling can be re-
alized in awide range of thickness h..

The novel structure is not sensitive to lateral misalignment
of conductive layers. Present day printed circuit fabrica
tion techniques give typical layer-to-layer alignment ranges
+/ — 0.13 mm [19]. Computations have shown that coupling
coefficient changesfrom —2.89 to —2.78 dB for tightly coupled
coupler, and from —7.58 to —7.03 dB for weakly coupled
coupler, with very small de-compensation (see Fig. 8), and
the couplers mismatch to VSWR = 1.04 over dz/hy = 0.2
of layer-to-layer misalignment. The computations have also
proven that the novel coplanar coupled-line structure is not
sensitive to variation of dielectric permittivity. The coupling
coefficient is aimost constant and the impedances vary by
+/ — 1 Q within the range of ¢, from 4.0 to 4.4, for any
coupling level.
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Fig. 9. Effective dielectric constants for the two modes propagated in the
compensated structure of Fig. 3(a) versus sq/hy and s/hy as a parameter.
e = 4.2, ha/hy = 0.2,t = 0.
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Fig.10. Frequency-dependent characteristics of thedirectional coupler shown
inFig. 3(a) asaresult of two- and four-modeanalyses. e, = 4.2,ha/hy = 0.2,
so/hs = 1.5,8/hy = 0.1, wy/hy = 0.677, wa/hy = 0.337, wz/hy =
0.415,t = 0.

So far presented computations have been carried out as-
suming two-orthogonal-mode propagation. This assumption
isvalid if strips wy and ws, as well as two external strips wq
are perfectly connected along the whole length of the coupled
lines. Since the structure belongs to the class of asymmetric
coupled transmission lines, these two modes always propagate
with different velocities [12], [13]. Examples of curves of
effective dielectric constants for the modes are plotted in
Fig. 9. A correcting length of 50-€2 transmission line should be
added to the proper ports of the coupler to assure constant fre-
guency-independent 90° phase difference between the signals
at the transmission and coupled ports [20], [7]. Comparison of
frequency-dependent characteristics of the coupler, computed
as results of the coupler's simplified two-mode and exact
four-mode analyses, is shown in Fig. 10. It is clearly seen that
the higher the number of via-holes connecting w, and wsg strips,
the higher the return loss and isolation of the coupler. The use
of only two via-holes at the ends of the coupled-line section
may result in deterioration of the coupler’s performance.
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Fig. 12. Area of coupling coefficients available for the compensated
microstrip version of the novel structure and corresponding strip widths.
e = 5.7, ha/hy = 0.2, = 0.

The microstrip version of novel coupled lines is shown in
Fig. 3(b). The compensation possibilities of this structure have
been verified for tight couplings [so—oc for the structure
of Fig. 3(a)]. The results are presented in Figs. 11 and 12.
For the assumed value of s/hy = 0.13, compensation is
achieved for a specified width relation between strips wq
and wg (from Fig. 11(b), ws/h1~0.22, where the isolation
achieves the highest value, and from Fig. 11(a), corresponding
wy/h1 = 0.5, which gives ws /wy~0.44). Compensation in
this structure is possible only in the limited range of structural
parameters (see Fig. 12, where wg reaches 0.1/, geometrical
limit for 4.0-dB coupling). The microstrip version of coupled
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TABLE |
STRUCTURAL PARAMETERS FOR DESIGNED COUPLERS.
DIMENSIONS IN MILLIMETERS

# Fig & o} hy Sp s Wy Wy w3 t k (dB)
1 3a 358 147 025 229 018 117 053 066 0017 -270
2 3a 358 147 025 025 090 201 030 093 0017 -834
3" 3b 78 100 0.20 - 013 028 0.8 010 0010 -295
4 3b 57 1.00 020 - 0.18 049 026 012 0010 -2.95

*#3 coupler is not fully compensated (ky, = 0.718, kc = 0.707), becausc of ws limit.

(2)

®
RSA TI46R2
LTEC78

(b)

Fig. 13. Layoutsof: (a) 2.7-dB coupler (#1, Table |) made using Arlon 25FR
laminates and (b) LTCC test board with two 3-dB couplers (#3, Table 1) and two
50-€2 transmission lines made using NTK GC-11 tape.

lines has small latera dimensions so that very compact me-

ander-shaped space-saving 3-dB couplers can be designed.
The quasi-static analysis presented in this section has shown

many attractive properties of the new coupler structures. Results
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Fig. 14. Characteristics of the 2.7-dB coupler (#1, Table I). (a) Calculated
and measured coupling and transmission loss. (b) Measured isolation and return
losses (the theoretical ones are greater than 39 dB).

of this analysis can be used as a very good starting point for
full-wave and 3-D analyses, where frequency dispersion of the
coupled-line parameters and discontinuities effects can be taken
into account. Nevertheless, exemplary 2.7, 3, and 8.34-dB cou-
plers have been preliminary designed in PCB and LTCC tech-
nologies using only results of the quasi-static analysis. They
have been manufactured and the measured results are presented
in Section 1.

I1l. EXAMPLES OF DESIGN AND EXPERIMENTAL RESULTS

The structural parameters and coupling coefficients for the
lines that form four exemplary coplanar and microstrip couplers
aregivenin Tablel. Two of those couplers (#1 and #2in Tablel)
have been designed as 2.7-dB (#1) and 8.34-dB (#2) coplanar
couplers using Arlon 25FR |aminate and manufactured in PCB
technology. Let us notice that both of them are built using lam-
inates of the same thickness. The third and the fourth, both
of 2.95-dB coupling, utilize NTK GC-11 and NOC-1 LTCC
tapes, respectively. They have been manufacturedin LTCC tech-
nology. The thickness of the metallization ¢ was taken into con-
sideration in the design using LINPAR software [21].

Layouts of 2.7-dB coupler and LTCC NTK GC-11 tape test
board with two 3-dB couplers and sections of single 50-€ trans-
mission lines are shown in Fig. 13. Measured and calcul ated re-
sponses of the couplers, listed in Table | as#1-#3, are presented
in Figs. 14-16, respectively. At the center frequency, the mea-
sured coupling of the 2.7-dB coupler is equal to 2.87 dB, and
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Fig. 15. Characteristics of the 8.34-dB coupler (#2, Table I). (a) Calculated
and measured coupling and transmission loss. (b) Measured isolation and return
losses (the theoretical ones are greater than 43 dB).

itsreturn loss and isolation are greater than 27 dB (see Fig. 14).
The 8.34-dB coupler has coupling equal to 8.51 dB, and its re-
turn loss and isolation are greater than 22 dB at the center fre-
quency (seeFig. 15). Better results, shownin Fig. 16, have been
obtained for the LTCC coupler. The return losses and isolation
follow return loss of apath: SMA-connector, 50-2 transmission
line (without or with the transition through the second conduc-
tive layer), and SMA-connector. This means that the coupler
itself is well impedance matched and has high isolation. The
center frequency is shifted approximately 10% down with re-
spect tothe designed one of 2.15 GHz. Thereturn lossesand iso-
|ation aregreater than 20 dB in the octave frequency band. Better
performance of the LTCC coupler arises from better via-hole
connections in the structure. These connections have been de-
signed as blind ones, contrary to through—ground-vias applied
in PCB couplers designs. The other LTCC coupler, made using
NOC-1 tape (#4 in Table 1), has been also manufactured and
tested. At the center frequency of 1.85 GHz, its measured cou-
pling, transmission loss, isolation, and return losses are equal to
3.0, 3.2, 30.9, and 29.2 dB, respectively.

Here, let us notice a very good agreement between values
of coupling and transmission loss calculated and measured at
the center frequency for all the couplers. Isolation and return
losses calculated for couplers #1-#3 in the frequency range of
measurements are greater than 39, 43, and 36 dB, respectively.
It is necessary to remember that the theoretical characteristics
have been calculated using the quasi-static method of analysis,
in which we neglect all the discontinuity problems and assume
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Fig. 16. (a) Measured response of a path: SMA-connector, 50-¢2 line section
(without and with the transition through the second conductive layer), and
SMA-connector. (b) and (c) Characteristics of LTCC 3-dB coupler (#3,
Table 1). The isolation and return losses calculated in the frequency range of
measurements are greater than 36 dB.

that only a section of four-conductor transmission line with
dielectric and metal losses, modeled using unit inductance,
capacitance, resistance, and conductance matrix parameters
[21], constitutes the coupler. Taking into account a strong
influence of connectors and transitions on measured return
losses and isolation of the coupler, we state a good agreement
between the measurements and theory, especially for the
tightly coupled couplers.
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IV. CONCLUSION

The investigated new structures of directional couplers seem
to be very promising for PCB and LTCC applications, where
the dielectric substrates of the same dielectric permittivity com-
pose the board. Configurations of the couplers are convenient
to be realized in standard PCB or LTCC technology. The con-
ductor-backed coplanar coupler covers —10 to —2.6 dB cou-
pling coefficient (for ha/hy = 0.2), being always compen-
sated, and is not sensitive to variations of technological param-
eters—lateral misalignment of conductive layers, tolerances of
dielectric constant, and thickness of the dielectric substrates.
Compensation of tightly coupled lines can be also achieved in
the microstrip version of the proposed structure for a specified
width relation between strips wy and ws, making it suitable for
compact meander-shaped space-saving 3-dB couplers design.

The measured results for the 2.7-, 3-, and 8.34-dB couplers,
manufactured in PCB and LTCC technologies, show that design
upon quasi-static two-dimensional (2-D) analysis can be avery
good basefor further development using full-waveand 3-D field
solvers.

The nove structures are compatible with different broadside
coupled-line structures, presented, for instance, in [7], [8], [14],
and [22]. Connection of these structures allows design of multi-
section couplers or broad-band baluns, where sections of com-
pensated coupled lines of a different coupling level are neces-
sary.

The following are a few open subjects worthy of considera-
tion in future investigations.

1) What is the behavior of the novel structures if a mixed
dielectric environment is used?

2) How different can dielectric constants be of the substrates
so that it is still possible to compensate the coupler?

3) Isit possible to compensate the pure coplanar version of
the structure without the ground at the bottom plane?
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