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Abstract—Nowadays, millimeter-wave systems are being a key factor
to develop wide band applications. In this paper, a directional coupler
in millimeter-wave band using dielectric overlay is presented. This
leads us to technology aspects, in directional coupler design, are key
points to achieve the proper response of the circuit. The coupler
proposed in this paper covers the 15–45 GHz band and its response has
15-dB coupling-level, 1-dB coupling-ripple and a reflection coefficient
better than 10 dB.
1. INTRODUCTION
In the last years, there has been a great interest in the development
of radiocommunications systems in upper frequencies, higher than
30 GHz. The main reason of using these high frequencies is due to
the demand of warfare systems, and also the appearance of new and
emerging applications, which leads to the development of circuits and
subsystems in these bands. There are many applications working in
millimeter-wave band, as High-Resolution Radars (HRR) in the area
of electronic warfare or LMDS and WiMAX systems in the area of
communications [1].
Moreover, using the higher part of the spectrum makes possible
increasing the available bandwidth, reducing the interferences with
other systems and services, minimizing the size of circuits, and the
use of a less saturated spectrum [2–6]. However, the main problem
Received 27 April 2011, Accepted 15 June 2011, Scheduled 19 June 2011
* Corresponding author: A. M. Peláez-Pérez (apelaez@gmr.ssr.upm.es).
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is solving the new technological problems that appear in these high
frequencies, besides the design, assembly and manufacturing of circuits
and systems in these bands.
Directional couplers are key circuits used in many microwave and
millimeter subsystems [7]. Their function involves acquiring samples
of the input signal. The design, development and measurement of an
ultra-broadband directional coupler using microstrip technology with
dielectric overlay are presented in this article. Moreover, the main
problems of developing this kind of circuits in millimeter frequencies
are described and solved.
The developed coupler bandwidth is 1.585 octaves, from 15 GHz
to 45 GHz. The obtained results show good agreement with the
simulations and the coupler shows a good performance in the whole
bandwidth.
Section 2 describes the basic theory of the design techniques.
Section 3 presents the designed directional coupler.
And, in
Section 4, the simulations and measurements of the circuit designed are
compared. Finally, the main conclusions of this work will be presented
in Section 5.
2. DIRECTIONAL COUPLERS USING MICROSTRIP
WITH DIELECTRIC OVERLAY
Multi-section directional couplers consist of several λ/4-length coupled
transmission lines sections connected in cascade. These circuits have
a flat behavior in the coupling response in a relatively wide band, and
also a good performance in the return losses and isolation responses.
The main problem of this kind of circuits is their development in
microstrip technology, because of the directivity is reduced as there is a
certain difference in the phase velocities of the odd- and even-modes in
a non-homogeneous material. Solving this problem is a crucial factor,
since this technology is used in many radiofrequency systems as it
allows obtaining compact circuits with low cost. Another alternative in
order to design wideband directional couplers at microwave frequencies
is the use of buried homogeneous structures [8], as multilayer LTCC
technology, since this kind of structures support TEM modes with the
same phase velocity. However, LTCC technology supposes a high cost
due to process fabrication complexity and materials prices, so it is more
suitable for mass production, while conventional microstrip technology
is simpler and cost-effective.
In the literature there are several techniques to compensate
and make the phase velocities equal of one coupled-line section in
microstrip technology. Some of these techniques are wiggly couplers
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or sawtooth [9], using anisotropic substrates [10], or using dielectric
overlay [11–14]. The last technique has been selected in this article
because it has been considered the more suitable to work at the high
frequencies of millimeter-wave band.
The use of dielectric overlay makes the phase velocities of both
modes equals since there is an increase in the effective dielectric
constant of the odd-mode and a decrease for the even-mode. Thus,
the presence of overlay means a reduction in wide and gap of coupled
lines for a constant value of odd- and even-mode impedances. Figure 1
shows the scheme of a pair of coupled lines with dielectric overlay.

Figure 1. Coupled lines with dielectric overlay scheme.
There are several techniques to analyze and characterize coupledlines in microstrip technology with dielectric overlay, for instance, the
empiric method based on changes in the obtained data from coupledlines in microstrip technology without overlay [12], or the numeric
method proposed by Sheleg and Spielman [13]. Another technique
is the one proposed by Paolino using the spectral domain [14].
The technique in [12] consists in designing couplers in microstrip
technology with overlay from the tables for couplers without overlay
proposed by Levy in [15]. In these tables, the odd- and evenimpedances of each coupler section are calculated as a function of
the coupling level, the number of sections, the bandwidth and the
coupling ripple. And then, the physical dimensions of every pair of
coupled lines are obtained from the odd- and even-impedances. In
the case of couplers with overlay, the final dimensions of every section
are calculated through a series of approximations based on empirical
changes in the data of the coupler without overlay.
On the other hand, in [14], a technique in the spectral domain is
used to analyze a coupled line with overlay which allows obtaining the
Green’s function to study this kind of coupled structure.
3. DESIGN OF AN ULTRA-BROADBAND
DIRECTIONAL COUPLER
In this paper, it has been designed a wide-band directional coupler
using dielectric overlay taking into account the considerations of the
previous section. The design specifications consist in: a wide band,
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from 15 GHz to 45 GHz (1.585 octaves), 15-dB coupling level, 1-dB
coupling-ripple and return losses better than 10 dB. The substrate is
Alumina, with 9.9 dielectric constant and 0.254-mm thickness and it
has also been used the same substrate for the dielectric overlay.
Herein, the design techniques [12] and [14] are compared and
evaluated in the millimeter-wave band circuit design framework. Thus,
two directional couplers using dielectric overlay will be designed for
both techniques from the same specifications.
3.1. Empirical Changes Technique
For the technique proposed in [12], the first step is to calculate the
odd- and even-impedances of every section from the tables for couplers
without overlay proposed by Levy [15]. These tables are tabulated as
a function of the coupling level, the number of sections, the bandwidth
and the coupling ripple.
When it comes to decide which design is the most suitable for
the initial specifications, it must be taken into account there are
some designs that could not be carried out because too long gaps
could be between two consecutive sections depending on the substrate.
These long-gaps would involve a transition to connect two consecutive
sections, and therefore the response would be significantly worst.
Indeed, as the ripple decreases, the difference in odd- and evenimpedances increases and the gap between two coupled-lines also
increases. Hence, the ripple will be a key parameter in a design that
fulfills the specifications and involves not too long gaps between the
coupled-lines.
From the tables in [15] (directional couplers without overlay), the
feasible design with the minimum ripple for the selected substrate
has been established. The resulting design has four sections, 0.487dB ripple and BW = 8.0 bandwidth. Despite of, there are some
designs from the tables in [15] that fulfill the requirements of ripple
and bandwidth, the physical implementation would lead to gaps too
Table 1. Odd- and even-impedances for coupled-lines sections using
the empirical changes technique [12].
BW = f2 /f1

8

Ripple (dB)

Number of section

Zo (Ω)

Ze (Ω)

0.487

1
2
3
4

37.24
41.76
45.41
47.97

67.14
59.86
55.06
52.115
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long in the coupled-lines, so the design would not be feasible. The
odd- and even-impedances for each coupled-lines section are presented
in Table 1.
It is simple to calculate the coupled-lines physical dimensions of
every section of the directional coupler without dielectric overlay from
the odd- and even-impedances. It has been used Linecalc tool from
the Advanced Design System (ADS ) software to calculate the physical
dimensions using the MCLIN component. These dimensions are shown
in Table 2.
The coupler last section has a too much long gap, so its coupling
level will be very weak and its influence in the total response of the
coupler will not be significant. Thus, it has been decided to remove the
last section in order to avoid the long discontinuity between sections
and not getting a bad response. This fact is important in highfrequencies where small discontinuities could involve degradation in
the circuit response. Once the fourth section has been removed, an
optimization of the width and gap of every section coupled-lines has
been made using ADS in order to achieve coupling and return losses
specifications. The new three-section design fulfills the specifications,
whereas a theoretical three-section design from the tables in [15]
would perform a 0.99-dB ripple for the same bandwidth, which is
twice as much as the four-section design restructured in three-section.
The optimized physical dimensions of the directional coupler without
dielectric overlay can be shown in Table 3.
Table 2. Physical dimensions of directional coupler without dielectric
overlay using the empirical changes technique [12].
BW = f2 /f1

8

Ripple (dB) Number of section W (µm) S (µm) L (µm)

0.487

1
2
3
4

201
221
228
229

121
233
427
832

981
963
953
950

Table 3. Optimized physical dimensions of directional coupler without
dielectric overlay using the empirical changes technique [12].
Number of section

W (µm)

S (µm)

L (µm)

1

195

123

981

2

229

243

963

3

228

453

953
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Table 4. Physical dimensions of directional coupler with dielectric
overlay using the empirical changes technique [12].
Number of section

W (µm)

S (µm)

L (µm)

1

195

123

981

2

229

253

963

3

228

496

953

Table 5. Physical dimensions of directional coupler with dielectric
overlay using the spectral domain technique [14].
Number of section

W (µm)

S (µm)

L (µm)

1

140

153

981

2

152

280

963

3

160

470

953

Once the physical dimensions of the directional coupler without
dielectric overlay have been obtained, it is time to calculate the
final dimensions of the three-section directional coupler with dielectric
overlay that can be shown in Table 4. A new optimization process has
been executed from the data of the coupler without dielectric overlay
in order to fulfill the original specifications.
3.2. Spectral Domain Technique
The second directional coupler presented in this article has been
designed with the technique proposed in [14], where a spectral domain
technique is used to obtain the Green’s functions which allow the study
of this kind of couplers.
From the odd- and even-impedances corresponding to microstrip
coupled-lines in Table 3, the physical dimensions of every coupledline are calculated using the technique in [14], where by means of the
computation of the Green’s function, the physical dimensions of this
kind of coupled-lines are tabulated. These dimensions are presented in
Table 5.
As a summary, a diagram of the design process of the directional
coupler with dielectric overlay for both techniques can be shown in
Figure 2.
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Figure 2. Design process of the directional coupler with dielectric
overlay for both techniques.

(a)

Figure 3.
Asymmetric couplers layout.
technique [12]. (b) Design with technique [14].

(b)

(a) Design with

3.3. Directional Coupler Design Process
Once the physical dimensions have been obtained, both layout designs
have been designed carefully and optimized using Momentum tool of
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ADS to improve the final response of the directional couplers. Both
final layouts are presented in Figure 3.
Discontinuities and bend-lines can lead to degradation in circuit
response in millimeter-wave band, so discontinuities have been
designed to be as smooth as possible and bends have been performed
with the 90-degrees matched bend.
It can be seen in Figure 3 that the isolated port is loaded with
a 50 Ω broadband load which has been designed as a π-attenuator in
order to obtain a good performance in return losses. This attenuator
has been designed with printed resistors, as it is not possible to use
chip resistors in these frequencies to perform a broadband load. Printed
resistors are obtained by depositing a layer of certain material over the

Figure 4. Simulated insertion losses.

Figure 5. Simulated coupling level.
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substrate, and their value depend on the resistivity and thickness of
the material, and the size of the resistor [16]. 50 Ω/square resistors will
be used in the manufacturing process as it is the most common value.
4. SIMULATIONS AND MEASUREMENTS
Figure 3 circuits have been simulated using Momentum tool of ADS.
Figures 4, 5, 6 and 7 show the response comparison for both designed
directional couplers with dielectric overlay.
From these figures, it is shown that the directional coupler
designed with the empirical changes technique (technique 1, [12]) has
better performance than the directional coupler designed with the

Figure 6. Simulated return losses in the direct line.

Figure 7. Simulated return losses in the coupled line.
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spectral domain technique (technique 2, [14]) in the whole bandwidth.
The main difference in both responses can be appreciated in the
coupling level: 1-dB peak-to-peak ripple for technique 1, whereas it is
2.5-dB for technique 2. It can be due to the shape of the coupled line,
which is thinner in technique 2 and could lead to worst performance
in high-frequencies.
Therefore, the directional coupler designed with the empirical
changes technique was manufactured by Indra Sistemas S.A.. Figure 8
shows a view of this coupler.
The connectors that have been chosen in this project are the
model 1414-06SF 2.4 mm which are manufactured by Southwest
Microwave [17] and have an operating range up to 50 GHz. The
connectors’ assembly performance has to be done carefully in order to
get the best performance. An equivalent circuit and a characterization

Figure 8. View of the designed directional coupler without dielectric
overlay for visibility reasons.
Insertion Losses

Figure 9. Insertion losses of the designed coupler.
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of these connectors were presented in [16]. Despite this, problems have
been detected in the assembly process as it is non-repetitive. This lack
of repetitiveness can degrade the connector performance.
The coupler was made using the same type of 0.254-mm thickness
Alumina for both the circuit and the overlay. Both have the same
outline except at the input and output, where the overlay has been
recessed in order to let the line exposed and allow the connections to
be made. Both parts were cut by means of a laser. The Alumina with
the circuit lines was glued to the bottom of the box using a conductive
epoxy.
The circuit was initially measured just placing the overlay on
top of the circuit. The overlay was then glued to the circuit using
a cyanoacrylate adhesive applied on areas separated from the coupled
Direct Line Phase

Figure 10. Direct line phase of the designed coupler.
Coupling Level

Figure 11. Coupling level of the designed coupler.
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Peláez-Pérez et al.

lines, to avoid the glue acting as an additional dielectric layer, thus
changing the results. Both results, before and after applying the
adhesive, were identical.
The connector pins were connected to the tracks by means of a
short gold ribbon.
The vector network analyzer PNA E8364A and the 85056K
calibration kit, both from Agilent Technologies and with an operating
range up to 50 GHz, have been used to measure the designed coupler.
Figures 9, 10, 11, 12, 13 and 14 show the comparison between simulated
and measured responses.
The measured response is similar to the simulated one. Level and
ripple coupling response match in the whole bandwidth, apart from the
band 15–20 GHz where the ripple increases slightly. Measured phase
Coupled Line Phase

Figure 12. Coupled line phase of the designed coupler.
Return Losses in the Direct Line

Figure 13. Return losses in the direct line of the designed coupler.
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Return Losses in the Coupled Line

Figure 14. Return losses in the coupled line of the designed coupler.
responses of direct and coupled lines are similar to the simulated ones,
their slopes are equal and the gap phase is due to initial frequency
of performed simulations and measurements (15 GHz for simulations
and 1 GHz for measurements). Return losses in direct and coupling
lines are better than 10 dB in the whole bandwidth, despite a small
degradation in the measured response, which can be due to a possible
mismatch in the connectors. As conclusion, the coupler described in
this paper presents a good performance in the whole design bandwidth
and it can be integrated in millimeter-wave band subsystems.
5. CONCLUSIONS
The design, manufacture and measurement of an ultra-broadband
directional coupler using dielectric overlay in millimeter-wave band
have been accomplished. The main problems of developing this kind
of circuits in millimeter frequencies have been presented and solved.
Two different techniques to design directional couplers with dielectric
overlay in this band have been analyzed and compared. The designed
coupler presents a good performance in an ultra-broad band, 15–
45 GHz, and fulfills the design specifications.
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