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Single-Layer Microstrip High-Directivity
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Abstract—A novel symmetrical coupled-line circuit structure
without patterned ground plane is proposed to design tight-cou-
pling high-directivity couplers, which would be found in numerous
applications in a microstrip RF front end because of its simple
structure and inherent excellent compatibility. Based on a tradi-
tional even- and odd-mode technique, closed-form mathematical
equations for both circuit electrical parameters and scattering
parameters are obtained. Due to the use of two coupled-line
sections placed in the vertical direction, the directivity of this
novel coupler without any other compensation techniques can be
enhanced while maintaining tight-coupling performance of almost
3 dB. For demonstrative purposes, three typical full-wave simu-
lation examples with realized physical dimensions in microstrip
technology are presented, indicating high directivity and tight
coupling coefficient. Finally, a practical microstrip coupled-line
coupler is designed and fabricated to operate at approximately
2 GHz. The measured results show good return loss, quadrature
phase characteristics, high directivity, and strong coupling perfor-
mances.

Index Terms—Coupled line, high directivity, microstrip coupler,
tight coupling.

I. INTRODUCTION

M ICROSTRIP coupled-line couplers [1] are widely used
for the designs of various balanced power amplifiers,

mixers, modulators, measurement systems, circularly polarized
antennas, beam-forming array antennas, etc. In practical appli-
cations, on the one hand, the coupling level of microstrip cou-
pled-line coupler is mainly limited by the narrow separation
between two parallel edge-coupled transmission lines, usually
0.1 mm, in the printed circuit board (PCB) fabrication. On
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the other hand, the poor directivity is mainly due to the dif-
ference in the phase velocities of even and odd modes on cou-
pled microstrip lines. In general, only the traditional microstrip
quarter-wavelength coupled-line coupler can provide coupling
in the 8–40-dB range [1] while the measured directivity is usu-
ally smaller than 20 dB [2]. Therefore, the main limitations of
the traditional coupled-line couplers are low coupling level and
poor directivity in microstrip implementation.
To achieve a tight coupling coefficient of 3 dB in microstrip

coupled-line couplers, several methods have been studied. For
instance, Lange type [3], tandem connected form [4], multi-
layer broadside-coupled or single-layer with patterned ground
plane structures [5]–[9], vertically installed configuration [10],
and additional quarter-wavelength noncoupled connecting
delay lines [11]–[14]. Although these methods can enhance the
coupling performance, they may include some disadvantages
such as inconvenient extra bonding wires [3], [4], complicated
design procedures or multilayer circuitries [5]–[10], and large
circuit areas [11]–[14]. It is important that the directivity of
these couplers is still poor.
Besides the coupling enhancement approaches, in order to

improve the directivity of the microstrip coupled-line couplers,
various kinds of compensation techniques have been investi-
gated. These techniques include wiggle-line structure [15], ve-
locities-compensation capacitors [16], [17] or inductors [2], ad-
ditional output-ports matching networks [18], [19], and a com-
bination of a regular microstrip and a negative-refractive-index
line [20]. These techniques can achieve high directivity; how-
ever, the coupling coefficients are small. Recently, a novel dual-
band coupled-line coupler is proposed in [21]. Note that the low
coupling coefficient still exists and the directivity has space for
improvement in practical applications.
In this paper, by combining two coupled-line sections,

which are different from the noncoupled connecting delay lines
[11]–[14], a novel coupled-line coupler with tight coupling
coefficient and high-directivity performance is proposed, and
this is suitable for microstrip PCB realization. Although all
coupled lines in this proposed coupler are realized by loosely
coupled microstrip structures, they can provide flexible param-
eters to enhance the coupling capability and compensate the
difference between the phase velocities of the even and odd
modes, simultaneously. This proposed microstrip coupled-line
coupler offers several advantages that include: 1) tight coupling
coefficients of almost 3 dB; 2) excellent full-wave simulated
directivity higher than 60 dB; 3) without any via-holes or wire
bonding; 4) easy realization in common microstrip technology
with planar loosely coupled structure; 5) analytical design

0018-9480/$31.00 © 2013 IEEE
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Fig. 1. Original circuit schematic of the proposed compact coupled-line cou-
pler with tight coupling coefficient and high directivity.

Fig. 2. Equivalent circuit configurations of the proposed coupler under the even
and odd symmetric excitations.

equations for initial circuit electrical parameters and scattering
parameters; and 6) symmetrical structure in a single layer with
intact ground plane.

II. NEW CIRCUIT OF THE PROPOSED COUPLED-LINE
COUPLER AND ITS DESIGN THEORY

Fig. 1 shows the circuit configuration of the proposed cou-
pled-line coupler, which has the advantage of single-layer
construct without any patterned ground planes and bond wires.
This coupler essentially includes two groups of coupled-line
sections. The even-mode characteristic impedance of the first
(second) section coupled line is , and the odd-mode
characteristic impedance of the first (second) section coupled
line is . Without loss of generality, the even- and
odd-mode electrical lengths at the operating frequency of the
first (second) section coupled line are and ,
respectively. In addition, the port impedance is defined as .
Since the proposed structure shown in Fig. 1 has inherent

symmetry, for simplification, the even–odd decomposition
method described in [22] and [23] is applied to analyze
the whole coupled-line coupler structure. This structure has
twofold symmetry along the horizontal and vertical directions.
It is very simple that the four-port structure depicted in Fig. 1
is simplified as four one-port structures shown in Fig. 2.

The scattering parameters of the proposed coupled-line cou-
pler can be expressed in terms of its corresponding single-port
circuits, which is given by [22], [23]

(1a)

(1b)

(1c)

(1d)

Due to the symmetry feature in the planar structure, (1) can
completely represent other scattering parameters values of the
proposed couple-line coupler. , , , and are the
input reflection coefficients for the even–even-, even–odd-,
odd–even-, and odd–odd-mode equivalent circuits, as shown in
Fig. 2, respectively.
For mathematical simplification, all characteristic impedance

values are normalized with respect to the port impedance ,
which is expressed as

(2)

Based on the conventional transmission-line theory, the input
reflection coefficients can be calculated by

(3a)

(3b)

(3c)

(3d)

where

(4a)

(4b)

(4c)

(4d)

If the perfect input-port matching and isolation conditions are
satisfied simultaneously, (1a) and (1d) lead to

(5)

After combining (3) and (5), we can obtain

(6)
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If a 90° coupler with arbitrary power division is designed, the
relationship of the coupling and transmission parameters should
be

(7)

where is the power-dividing coefficient. Similarly, after com-
bining (1), (3), and (7), another important equation can be found
as

(8)

To easily solve these nonlinear equations and achieve compact
size applications for this proposed coupler, the following con-
strains are assumed for the initial design:

(9a)

(9b)

After condition (9) is considered, two different cases to solving
(6) and (8) are solved separately.
Case 1: The condition is .

By substituting (9a) and the condition into
(4), the following four relationships can be obtained:

(10a)

(10b)

(10c)

(10d)

Combining (6), (8), and (10) leads to the following
equations:

(11)

Notice that there are five unknowns, i.e., , ,
, , and , but only two conditions of (11)

are available. Here, the electrical length is as-
sumed as a known parameter. Different known pa-
rameter assumptions for normalized characteristic
impedances in (11) will result in different analytical
solutions. Based on known parameters and ,
the first group of solutions can be given by

(12)
The second group of solutions is based on known
parameters and , which is (13), shown at the
bottom of this page. Since the loose coupling co-
efficient of the first section coupled line should be
predefined manually, solution (12) becomes more
useful than solution (13).

Case 2: The condition is
In this case, the electrical lengths of two-section
coupled lines are not fixed and the solutions are
more general. From (4) and (6), we can obtain the
following relationship:

(14)

From (4) and (8), the following condition should be
satisfied:

(15)

Equations (14) and (15) can be easily solved when
the parameters , , and are assumed as known
constant numbers. Mathematically, the solutions for
(14) and (15) are shown in (16) at bottom of the
following page. Next, let us establish the connection
between the (12) and (16). If directly substituting
the condition into the generalized solution

(13)
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(16), the corresponding equations can be simplified
as

(17)

It is very interesting that solution (17) is a special
case of solution (12) when is consid-
ered. However, it can be concluded that solution
(12) cannot include totally solution (16), and vice
versa. Therefore, two case discussions are necessary
in theory.

III. ANALYSIS OF CIRCUIT ELECTRICAL PARAMETERS
AND SCATTERING PARAMETERS

Based on the previous theoretical investigation, there are two
different kinds of mathematical solutions (Case 1 and Case 2)
for this novel coupled-line coupler. How to choose these two
cases becomes a serious design problem. For the purpose of ex-
planation, theoretical scattering parameters of typical examples
designed using solution (12) or (16) are presented and discussed.
For the convenience of discussion, the coupling coefficients of
two-section coupled lines are defined as

(18)

For the Case 1 solution, the fixed circuit parameters of the fol-
lowing examples are , , ,
, dB. For this given tight coupling require-

ment , other parameters such as and
can be calculated by using (12) when the electrical length
varies in the range of 40 to 50 . The calculated parameter
curve is plotted in Fig. 3. It can be observed from Fig. 3 that
the even-mode (odd-mode) characteristic impedance
shifts higher (lower) as the electrical length increases, indi-
cating a strong coupling for the second section coupled line. The
maximum coupling coefficient of the second coupled-line
section is 7.9 dB, thus, two coupled lines have loose coupling.

Fig. 3. Calculated design parameters and coupling coefficient of the proposed
coupler with different electrical length .

Therefore, two loosely coupled lines can be used to construct a
coupler with external tight coupling performance. According to
this numerical analysis, the admissible range of the coupling co-
efficient of the proposed coupler is . Although the 40
electrical length gives shorter physical length compared to
the 50 electrical length , the smaller coupling coefficient of
the case results in a larger separation between coupled
lines. Thus, there is a compromise between electrical length and
coupling strength. To illustrate the theoretical response of the
designed couplers in the normalized frequency band, two typ-
ical examples with and are shown in Figs. 4 and 5,
respectively. Good return loss, perfect isolation, precise phase
difference, and almost 3-dB coupling can be observed clearly
from both Figs. 4 and 5.
Next, if the electrical length is an arbitrary value in the

range of (9b), but not equal to 90 , the design equation (16)
should be chosen. In the Case 2 solution, the following circuit
parameters are fixed: , , . Another
parameter can be obtained using (16). When the
electrical length varies from 50 to 60 , the values of
and with the corresponding coupling coefficient are as
plotted in Fig. 6. Furthermore, the theoretical scattering param-
eters and phase difference of two typical examples as in Ex-
ample A for and Example B for are il-
lustrated in Fig. 7. Compared to the theoretical response of ex-
amples derived from the Case 1 solution, the coupler designed

(16)
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Fig. 4. Calculated scattering parameters and phase difference of the proposed
coupler with electrical length .

Fig. 5. Calculated scattering parameters and phase difference of the proposed
coupler with electrical length .

using the Case 2 solution (16) has two main differences, which
are: 1) more suitable to design loose coupling performance such
as 10 dB and 2) the response curve is usually not symmetrical,
as shown in Fig. 7. As a result, because the tight coupling is re-
quired in this paper, only the Case 1 solution is chosen in the
following simulated and measured results. Since the analytical
design and analysis equations are given, it is necessary to use
effective optimization algorithms in looking for the most opti-
mized solutions for different special requirement.

IV. FULL-WAVE SIMULATED AND MEASURED RESULTS

The design theory and parameter analysis of this proposed
coupled-line coupler has been theoretically explained in the
aforementioned sections. However, the difference between
the even- and odd-mode phase velocities are not considered
in the analytical design equations such as in (12) and (16).
Thus, the theoretically calculated scattering parameters in
Figs. 4 and 5 are just used to illustrate the tight coupling per-
formance without directivity deterioration. For demonstrative
purposes, three full-wave simulated examples and a fabricated
coupled-line coupler will be discussed in this section. These
circuits or models are designed or fabricated using an RF

Fig. 6. Calculated design parameters and coupling coefficient of the proposed
coupler with different electrical length .

Fig. 7. Calculated scattering parameters and phase difference of the proposed
couplers including Example A for and Example B for .

substrate with a relatively dielectric constant of 2.65 and a
thickness of 2 mm. These examples are designed using mi-
crostrip realization technology with a complete ground plane in
the bottom layer. The operating frequency is chosen as 2 GHz.
The above-layer circuit trace layout of the proposed coupler
with defined dimension parameters is shown in Fig. 8.
According to design equation (12) based on previously

manually chosen parameters such as electrical lengths and
port impedance , the following initial prac-
tical electrical parameters are calculated and summarized as

, , , , ,
, and . The initial phys-

ical circuit parameters are , mm,
mm, mm, mm, mm, and

mm. Note that the physical length of 50 can
be freely chosen according to practical design requirements. To
accommodate the parasitic effects of junction discontinuity and
the difference between the even- and odd-mode phase veloci-
ties, all simulated scattering parameters and phase information
are finished with the help of the commercial electromagnetic
full-wave simulation software Ansoft HFSS [24]. The max-
imum full-wave simulated directivity in the operating band
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Fig. 8. Layout of the proposed tight-coupling high-directivity coupled-line
coupler.

TABLE I
PHYSICAL CIRCUIT PARAMETERS (UNIT: MILLIMETERS)

OF EXAMPLES 1–3

(from 1 to 3 GHz) for the original coupled-line coupler without
any optimizations is smaller than 30 dB. Since only four
physical parameters, , , , and , are main optimized
parameters, three examples, such as Examples 1–3, with high
directivity can be easily achieved after simple manually opti-
mizations. Their accurate physical circuit parameters are listed
in Table I while the corresponding scattering parameters are
plotted in Fig. 9. In Fig. 9, it can be observed that the highest
directivity (almost 64.5 dB) occurs at the frequency 1.97 GHz
in Example 2 while the strongest coupling (almost 1.6 dB)
occurs at the frequency 2 GHz in Example 3 due to the smallest
space separation in these three examples. Fortunately, these
three examples achieve high directivity and strong coupling
characteristics simultaneously.
Fig. 10 shows the fabricated microstrip coupled-line coupler.

The physical circuit parameters are adopted from Example 1
due to the relatively large space separations mm and

mm. Fig. 11 shows the measured scattering parameters
and phase difference of the fabricated microstrip coupled-line
coupler presented in Fig. 10. The measured results show that
the return loss is better than 26.5 dB, coupling is larger than
5 dB, directivity is higher than 25 dB, and phase difference is
near 90.5 0.6 over a wide range from 1.78 to 2 GHz. The
measured directivity at 2 GHz is around 25 dB and the mea-
sured power division ratio at 2 GHz is smaller than
2 dB. The highest measured directivity is 36.6 dB at the fre-
quency 1.88 GHz, while the strongest coupling is 4.22 dB at the
frequency 2.04 GHz. Small frequency shifting and performance
degradation could be due to the conductor loss, dielectric loss,

Fig. 9. Full-wave simulated scattering parameters and phase difference of:
(a) Example 1, (b) Example 2, and (c) Example 3.

fabrication errors, or measurement errors. In general, the mea-
sured results of our proposed coupled-line coupler exhibit good
return loss, strong coupling, and high directivity. It is very im-
portant that this coupler is implemented using common PCB
fabrication technology without any limitations.
Based on the investigation on the proposed high-performance

coupled-line coupler, a simple design procedure for this coupler
can be summarized as follows.
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Fig. 10. Top view of the fabricated microstrip tight-coupling high-directivity
coupled-line coupler.

Fig. 11. Measured scattering parameters and phase difference of the fabricated
tight-coupling high-directivity coupled-line coupler.

1) Determine the power-dividing coefficient and the center
frequency according to the design requirements. Obtain
the values of dielectric constant and thickness of the used
substrate material.

2) Choose electrical length , even (odd)-mode character-
istic impedance . The values of and are
mainly affected by the dielectric constant and thickness
due to the minimum space limitation of the PCB etching
process. Other electrical parameters of the proposed cou-
pler are mainly calculated by these known coefficients in
the above steps.

3) Calculate the even (odd)-mode characteristic impedance
by using the (12), and make sure that the coupling

coefficient is calculated by (18) in the realized range.
4) Convert all the electrical parameters to the physical dimen-
sions given in Fig. 8, and simulate the total scattering pa-
rameters and phase information by using full-wave simu-
lation software tools such as HFSS and IE3D.

5) Tune the physical dimensions including , , , and
to obtain high directivity without affecting the coupling

and matching performance. If the proper physical dimen-
sions with the required performance cannot be achieved,
the design should be restarted from (2) with other poten-
tial values.

V. CONCLUSIONS

A novel coupled-line coupler has been proposed in this paper
together with the design methodology and full-wave simula-
tion verifications. This coupler, constructed by loose coupled
lines, maintains strong coupling and high directivity simultane-
ously. To demonstrate the practical coupling and directivity per-
formance, a microstrip coupled-line coupler is designed, fabri-
cated, and measured. The measured return loss, coupling, and
directivity are good, which verifies the proposed concept for
high-performance couplers. Due to its simple circuit structure
and ease of fabrication and integration in common microstrip
systems, this proposed coupler is practical to use, especially in
strong coupling situations.
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