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ABSTRACT Empty Substrate Integrated Waveguide (ESIW) technology preserves the many advantages
of the Substrate Integrated Waveguide (SIW) such as low cost, low profile, and easy integration with
Printed Circuit Boards (PCBs). Moreover, it has additional advantages due to the avoidance of dielectric
filling: lower insertion losses and resonators with higher quality factor. In order to connect the ESIW
line to classical planar lines, the design of transitions becomes specially important. Due to this, some
microstrip-to-ESIW transitions have been published in recent years. Problems of these transitions are usually
the complexity of the manufacturing process or increased radiation losses. Knowing the aforementioned
disadvantages of the published solutions, in this paper, the transition with an expanded ESIW section has
been improved, by adding an easy-to-manufacture dielectric taper that minimizes the undesired radiation
losses. Additionally, the new proposed transition can be mechanized easier than previous solutions based on
sharp tapers. Moreover, the slight overlap between the microstrip line and the upper ESIW metal cover has
been avoided, thus enhancing the return losses of the proposed transition. To validate the proposed transition,
two back-to-back prototypes have been manufactured both in Ku- and Ka-band, obtaining insertion losses
lower than 0.31 dB and return losses higher than 20.8 dB in Ku-band, and insertion losses lower than 1.36 dB
and return losses higher than 14.75 dB in Ka-band.

INDEX TERMS Empty substrate integrated waveguide (ESIW), microstrip, transition, elliptical taper,
millimeter-waves systems, Ku-band, Ka-band.

I. INTRODUCTION
Empty Substrate Integrated Waveguide (ESIW) was origi-
nally proposed in 2014 [1]. It preserves the main advan-
tages of the Substrate Integrated Waveguide (SIW) [2]: low
cost manufacturing, small size and easy integration with
other printed circuits in the same substrate. Since the dielec-
tric material has been removed along the propagation path
of the guided fields in the ESIW, it exhibits higher per-
formance than an equivalent SIW counterpart, i.e. lower
losses and higher quality factor in resonators. Many differ-
ent devices, such as filters, antennas, directional couplers
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or phase-shifters, among others, have been implemented in
ESIW technology [3].

Several transitions have been also proposed to connect the
ESIW tomicrostrip lines. The first one consists of a two-stage
mode converter, being the microstrip mode transformed into
the fundamental mode of the waveguide through a metallic
iris followed by an exponential taper, which provides a soft
transition between the dielectric of the feeding microstrip
line and the empty ESIW. Since this transition fails for thin
substrates, another version was proposed in [4] where an
additional taper was included in the microstrip feeding line.
The third version of this transition was proposed in [5], where
two air holes were added to increase its mechanical accuracy,
and via holes were used to prevent radiation losses. Another
transition based on sharp exponential dielectric taper is the
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multilayer transition [6], in which a transformer in height
adapted to the ESIWwas included. This transitionmakes pos-
sible the integration of ESIW devices with a higher number
of layers, i.e. with increased height and quality factor, but this
is not the aim of the transition proposed in this paper.

Apart from these previous versions, directly derived from
the original transition, four other transitions have been pro-
posed in the literature. Liu et al [7] replaced the sharp dielec-
tric taper by an additional ESIW section of expanded width,
which provided a less sensitive solution but at the cost of an
increased size and radiation losses. Another transition is pro-
posed in [8], where the ESIW is excited with a through-wire
from the microstrip line, which is implemented in an adjacent
layer (i.e. in one of the covers of the ESIW). This new
transition is compact, less sensitive to manufacturing errors,
and more versatile (since any angle between the feeding line
and the ESIW can be chosen). Moreover, in the through-
wire transition the ESIW and the microstrip feeding line
are implemented in different layers. The transition proposed
in [9] modifies the solution of [7] using a tapered artificial
dielectric slab matrix, reducing the area of the transition, but
the cost and complexity of the transition is increased due to
the manufacturing process of the rectangular metallic rods
in the aluminum plate to create the artificial dielectric slab.
The last solution has been recently proposed in [10] with a
taperedmicrostrip transition between the 50�microstrip line
and ESIW for impedance and mode matching. The problem
of this transition is that the radiation losses are even higher
(an 8%) than those for the solution presented in [7].

The disadvantage of the transition with a sharp dielectric
taper [5] is related to the difficulty of the manufacturing
and soldering processes, which increases the probability of
manufacturing errors of the transition. To solve this problem it
is possible to think in a blunt transition but, although it solves
problems related to the manufacturing process, has a poorer
adaptation. Another solution could be an extended transition
as the one described by Liu et al in [7]. Regarding this transi-
tion, a potential drawback is related to the abrupt transition
between the microstrip line (filled with dielectric) and the
empty waveguide. This discontinuity involves an impedance
mismatch, which can cause that part of the incident power is
either radiated, or reflected back to the microstrip line, thus
reducing the transmitted power to the ESIW.

In this paper, both solutions have been combined by adding
an elliptical taper to the transition proposed by Liu et al [7].
The elliptical taper mechanically improves previous sharper
tapers and the artificial dielectric slab matrix taper, being eas-
ier to manufacture with standard printed circuit board (PCB)
processes.Moreover, the proposed solution reduces the return
and radiation losses, because it improves the impedance
matching between the microstrip and the empty integrated
waveguide. The only drawback of this transition is the
increase in size compared with other transitions apart from
the one based in an extended guide. Another advantage of this
transition is that the overlap between the taper and the upper
cover has been avoided, enhancing the return losses of the

proposed transition, being higher than those of the through-
wire transition.

II. DESIGN OF THE PROPOSED TRANSITION
Figure 1 shows the layout of the central layer of the new tran-
sition. As can be observed, it consists of an expanded-width
ESIW section and an elliptical dielectric taper. The structure
is closed by an upper and a bottom cover manufactured
in FR4.

FIGURE 1. Layout of the central layer of the proposed microstrip to ESIW
transition.

The design procedure of the proposed transition combines
a first taper in the microstrip line with a second tapering
structure inside an extended-width ESIW. To do that, the
design methods explained in [5] and [7] have been properly
adapted. In the proposed transition, the shape of the taper has
been modified to be elliptical, which is easier to manufacture.
The shape of the taper has been chosen after testing with
different shapes, such as sinusoidal ones.Moreover, two holes
of diameter df have been mechanized at both sides of the
taper, assuring the width of the opening in the back wall of the
ESIW. Finally, via holes are designed and manufactured fol-
lowing the same procedure as that for standard SIW vias [11],
in order to avoid possible leaky waves traveling through the
substrate outside the ESIW.

Apart from all previous contributions, including the ellipti-
cal shape of the taper, another improvement of this transition
is the fact that there is no overlap between the microstrip line
and the upper cover of the ESIW. As it can be seen in Fig. 1,
where the upper layer contour is plotted in red, an incision
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has been done in the upper layer over the taper, thus avoid-
ing the overlapping with this microstrip part. Nevertheless,
outside such area, the overlapping is kept to properly solder
both layers, thus incresing the mechanical resistance of the
proposed solution. As a result of this non-overlapping, the
matching is increased and the transition response, in terms of
return losses, is improved.

In order to design the proposed transition, it is important
to find a good initial point for the design parameters. Equa-
tions (1) to (5) provide good approximations for the design
parameters, and can be used to obtain a good initial point.
These expressions have been adapted experimentally from
those included in [5] and [7].

a2 = 1.5a (1)

L =
3λg(f0)[wider guide]

8
(2)

lt = ltms =
λms(f0)

4
(3)

wtms = 0.3a (4)

wti = 1.2wtms (5)

Expressions (1) to (5) have been used to design two dif-
ferent transitions in a Rogers 4003C substrate. The first
one covers the whole frequency range of Ku-band with the
same width as the standard WR-62 rectangular waveguide,
substrate height of 0.813 mm and copper metallization of
17.5 µm. The second transition is for an ESIW with the
width of a WR-28 rectangular waveguide, substrate height of
0.305 mm and copper metallization of 17.5 µm, covering the
whole frequency range of Ka-band.

Once initial values are obtained as indicated before,
an optimization process is next applied to fine tune the
design parameters using the Computer Simulation Technol-
ogy (CST) Microwave Studio Suite commercial software.
In particular, the dimensions that define the transition (a2, L,
lt , ltms, wti and wtms) have been optimized applying a Nelder
Mead Simplex algorithm to maximize return losses and min-
imize insertion losses. Table 1 shows the values chosen for
the fixed geometrical parameters, as well as the initial values
obtained with equations (1) to (5), and the final optimum
values.

Figure 2 shows the initial and final results obtained for the
proposed transitions. These results correspond to simulations
made with CST Microwave Studio without losses. It can be
observed the good initial points obtained with return losses
higher than 15 dB. After the optimization process, both transi-
tions (forWR-28 and forWR-62) provide return losses higher
than 30 dB in the whole frequency range of the ESIW.

III. BACK-TO-BACK PROTOTYPE
To validate the proposed solution, two back-to-back tran-
sitions have been designed both in Ku-band (ESIW width
a = 15.798 mm) to cover the whole frequency range
from 12 to 18 GHz, and in Ka-band (ESIW width a =
7.112 mm) to cover the whole frequency range from 26.5 to
40 GHz. The central layer of the back-to-back transition in

TABLE 1. Dimensions of the two designed transitions.

FIGURE 2. Comparison between initial and optimum designs in CST
Microwave Studio without losses for WR-62 (top) and for WR-28 (bottom).

Ku-band has been designed using Rogers 4003C substrate,
of 0.813 mm height and copper metallization of 17.5 µm;
whereas for the Ka-band design a Rogers 4003C substrate,
of 0.305 mm height and copper metallization of 17.5µm, has
been used. FR4 substrate, of 1 mm height and copper metal-
lization of 17.5µm, has been used in both cases for upper and
bottom layers. Despite being all layers metallized, additional
copper electrodeposition of height 9 µm has been added on
each side. Figure 3 shows the manufactured back-to-back
transition in Ka-band before assembling, and figure 4 shows
the final integrated prototype. The Ku-band prototype has
also been manufactured and presents a similar appearance.

Figure 5 shows the comparison between the results for the
new proposed transition in Ka-band, compared with those
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FIGURE 3. Back-to-back prototype in Ka-band of the proposed transition.

FIGURE 4. Assembled back-to-back transition in Ka-band.

of another one based on an elliptical taper without extended
guide, and one more based on the solution described in [7]
(which has been properly designed to satisfy the Ka-band
requirements). The Ka-band has been chosen for performing
this comparison because, as the frequency is higher, designs
are more sensitive to manufacturing errors. Once a design
is validated at higher frequency, it should properly work
when the frequency is reduced, as it is less sensitive to the
cited manufacturing issues. These results correspond to sim-
ulations from CST Microwave Studio without considering
losses. The transition with the blunt taper has a poor adap-
tation with return losses above 12 dB, insertion losses around
0.15 dB, and almost without radiation losses. Although these
results are similar to those obtained in [8], the transition
with the blunt elliptical taper has not the advantages of
the through-wire transition: compactness, freedom to select
microstrip and ESIW heights, and possibility of varying the
feeding angle. Given that the transition without taper has
an abrupt discontinuity between the dielectric and the air
transmission media, which implies an impedance mismatch,
part of the incident power is lost by radiation increasing
the insertion losses. This fact is more important when the
frequency is increased, obtaining a power balance lower than
0.92 and insertion losses higher than 0.77 dB at the end of the
Ka-band. Combining both solutions, the discontinuity is
avoided and the impedance matching is better. The results
obtained in this case show a balance higher than 0.995 and
insertion losses of 0.056 dB in the worst case, which
means that the proposed transition reduces the related
insertion losses in 0.71 dB compared with the transition
proposed in [7].

Concerning the manufacturing process, since the dielec-
tric taper has an elliptical shape, it is easy to manufacture
with standard PCBmanufacturing processes, such as drilling,
cutting, milling, plating and soldering. The manufacturing
complexity is almost the same for both considered transitions
(with and without elliptical taper).

FIGURE 5. Back-to-back comparison (Ka-band) in CST Microwave Studio
without losses in terms of S11, S21 and balance (1− |S11|

2 − |S21|
2).

To take into account in simulation not only the material
losses, but also the effect of the copper roughness [12], each
one of the metallic layers of the manufactured filters has been
measured with an Accretech Handysurf+ roughness meter.
Table 2 shows the mean rms values in microns, where Ra
is the arithmetical mean roughness value, Rz is the mean
roughness depth, and Rt is the total height of the roughness
profile. These results have been included in CST Microwave
Studio Suite to take into account the reduced conductivity of
thematerial (3.0133·107 S/m inKu-band and 2.1719·107 S/m
in Ka-band), instead of the typical value for the conductivity
of the copper (5.8 · 107 S/m).

Figure 6 shows the measurement results of the two
back-to-back prototypes with a network analyzer Anritsu
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TABLE 2. Rugosity measurements (rms values in microns).

MS4644A using a TRL calibration kit (see figure 7). As it
can be observed, there is a good agreement between sim-
ulation (considering losses and rugosity) and measurement
results. Differences in return losses are due to manufactur-
ing errors that become more important when the frequency
range is increased. In the whole Ku-band of the ESIW back-
to-back prototype, the measured return losses are greater
than 20.8 dB, and insertion losses are smaller than 0.31 dB
(i.e. 0.155 dB for each one of the two involved transi-
tions). In Ka-band the measured return losses are greater
than 14.75 dB, and insertion losses are smaller than 1.36 dB
(i.e. 0.68 dB for each one of the two involved transitions).

A yield analysis was carried out to analyze the robustness
of the proposed transition, considering that the dimensions of
the elliptical taper and the section of expanded width had a
randomized and independent variation given by manufactur-
ing tolerances. It has been assumed that these variations have
normal distribution with zero mean and standard deviation
of 2 (the laser micromachining process tolerance), 5, 25 and
50microns. The threshold to consider the quality of the proto-
types acceptable is to achieve return losses above 20 dB in the
whole frequency band (from 12 GHz to 18 GHz in Ku-band,
and from 26.5 GHz to 40 GHz in Ka-band). Table 3 shows
the percentage of prototypes that will satisfy the considered
quality requirement, being the transition almost insensitive to
manufacturing errors in Ku-band. In Ka-band the transition is
insensitive to small manufacturing errors (2 and 5 microns),
and quite robust when the manufacturing errors are increased
(25 and 50 microns), being the tolerances to manufacturing
errors lower than in previous transitions (see for example [8]).

TABLE 3. Results of the yield analysis for the proposed transition
(in Ku- and Ka-band).

Table 4 compares our solution with all the previously
published microstrip-to-ESIW transitions in terms of number
of layers to manufacture the component (complexity), the
central frequency of the operational bandwidth, the insertion
and return losses of the manufactured back-to-back transition
in the whole operational bandwidth of the ESIW, and the
total electrical length of the structure (expressed in terms
of the free-space wavelength). The table shows the good
performance of this transition compared with previous ones.
In Ku-band, return losses are similar to the values of other
back-to-back prototypes at the same frequency (e.g. [5]
and [7]); whereas insertion losses are better than any other

FIGURE 6. Results of the back-to-back prototypes in Ku-band (top) and
Ka-band (bottom).

FIGURE 7. TRL calibration kit in Ka-band.

result. In Ka-band both return and insertion losses are similar
to those in [9] operating at the same frequency. Moreover,
transition is shorter than those proposed in [7] and [13],
of similar length to the solution in [9], and has a higher
length than the others. Finally, the manufacturing process is
easier than those used in [5], [9] and [13]; and similar to
those described in [7], [8] and [10]. All things considered,
this transition is the most suitable one to manufacture devices
independently of the operating frequency band.
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TABLE 4. Performance comparison of the proposed back-to-back
transition with other microstrip-to-ESIW back-to-back transitions.

IV. CONCLUSION
In this paper, a new microstrip-to-ESIW transition has been
proposed. The combination of an extended-width ESIW with
an elliptical taper reduces the radiation losses of the proposed
transition, thus enhancing the matching level between the
microstrip line and the ESIW. Moreover, the overlap between
the upper cover and the taper has been avoided, improving
the return loss level in the whole frequency range. In order
to validate the proposed solution, both a Ku- and a Ka-band
back-to-back transition have been successfully designed and
manufactured using standard PCB processes. In the whole
Ku-band frequency range (from 12 GHz to 18 GHz), the
measured return losses are greater than 20.8 dB, and insertion
losses are smaller than 0.31 dB. In Ka-band (from 26.5 GHz
to 40 GHz) the measured return losses are greater than
14.75 dB, and insertion losses are smaller than 1.36 dB.
Moreover, the yield analysis has shown that the proposed
transition is almost insensitive to manufacturing errors in
Ku-band, and it is also very robust for Ka-band applica-
tions. After the comparison of the proposed transition with
others previously published, it can be concluded that this
one has better performance independently of the considered
frequency range.
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