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A Printed Transition for Matching Improvement of
SIW Horn Antennas
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Abstract—The substrate integrated waveguide (SIW) technology
allows to construct several types of commonly used antennas in a
planar way. However, frequency limitations associated to commer-
cial substrates appear in the implementation of certain types of
antennas, e.g., SIW horn antennas are not well matched when the
substrate thickness is much smaller than the wavelength. A printed
transition is proposed to overcome this problem. Differently from
current solutions, no bulky elements are required allowing to main-
tain the most important features of this technology namely its com-
pactness and ease of manufacturing. In order to quickly analyze
and design the transition, both a coupled resonator and a trans-
mission line models are developed, together with design guidelines.
The proposed transition is designed to match a H-plane SIW horn
antenna built in a thin substrate (thickness < Aq/10) at dif-
ferent frequency bands at the Ku-band. Experimental results for
3 different transitions show that the matching characteristics are
efficiently improved compared with the conventional SIW horn an-
tenna and validates the proposed models.

Index Terms—Bandwidth, horn antenna, low profile, matching,
printed transition, substrate integrated waveguide.

I. INTRODUCTION

HE substrate integrated waveguide (SIW) technology is

a very promising candidate for systems operating in the
microwave and millimeter-wave region. The most significant
advantage of SIW is the possibility to integrate all the compo-
nents in the same substrate, including passive components (fil-
ters, couplers, etc.), active elements (oscillators, amplifiers, etc.)
as well as antennas [1]-[8].

For applications requiring end-fire radiation, the most com-
monly used antenna is the SIW horn [9]-[11]. The design of
an integrated H-plane sectoral horn antenna was proposed in
[12]. However, its performances diminish when the substrate
thickness is much smaller than the wavelength [13], [14]. This
is also the case for other types of antennas such as the SIW slot
antenna whose traditional formulae must be modified to fit the
small thickness. At frequencies lower than 20 GHz, this is a fre-
quently encountered situation when commercial substrates are
used.
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Fig. 1. Side and top view of a SIW horn with the proposed printed transition
to the air.

Being able to overcome this thickness limitation would
greatly extend the use of the SIW horn antennas. First, antennas
working at lower frequencies could be built in commercial
substrates. Second, other feeding techniques could substitute
the typically used coaxial probe to completely integrate the
antenna with other elements printed in the same substrate.

One of the main problems of SIW horns is the mismatch be-
tween the edge of the dielectric slab and the air which decreases
the operational bandwidth. Several strategies have been devel-
oped to overcome this problem. Some of them require the use
of non-printed elements [9], [15] making the building proce-
dure more complicated. Solutions based on integrated dielectric
lenses [10], [11] have also been proposed but their performances
are limited by the thickness of the substrate. In the following, the
terminology thin-substrate is used to describe a substrate with
a thickness of less than Ag/10.

In this paper, a printed transition introduced in [16] for im-
proving the matching between thin-substrate SIW horn antennas
and the air is proposed. The transition is etched on the same di-
electric slab as the antenna and does not require the use of non-
printed elements. This eases the manufacturing process while
keeping the advantages of both compactness and integration of
the SIW technology. A sectoral H-plane SIW horn with the pro-
posed transition is represented in Fig. 1.

The paper is organized as follows. In Section II, the limi-
tations of SIW horn antennas are explained and the proposed
transition is described. Its working principle is analyzed in
Section III where a coupled resonator model is derived to
quickly predict its resonant frequencies. For more quantitative
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Fig. 2. |S11| comparison of a dielectric loaded SIW horn with a substrate of
different thicknesses.

information about the reflection coefficient | S11|, a transmission
line (TL) model is developed in Section IV. Design guidelines
are given in Section V and used to manufacture a prototype
with different transitions. Finally, measurement results are
provided in Section VI to prove both the improvements this
printed transition brings in terms of matching and the validity
of the proposed models.

II. SIW HORN LIMITATIONS AND PROPOSED
PRINTED TRANSITION

The design rules for SIW horn antennas follow the same prin-
ciples as normal horn antennas [17]. To ensure the single mode
excitation of a H-plane SIW horn, the width of the feeding wave-
guide a (see Fig. 1) should be such as A\o/(2,/2,) < a <
Ao/+/€, and the height / (in this case the substrate thickness)
smaller than a, where Ag is a wavelength in free space. There-
fore, in order to only excite the fundamental mode TEqg, 7 can
be as small as desired. However, when the dielectric slab be-
comes thinner, the mismatch between the horn aperture and the
air increases which yields a poor matching and bandwidth.

To the author’s best knowledge, the only currently available
integrated solutions to improve the matching are based on di-
electric lenses. This procedure provides good results in terms
of matching and radiation as reported in [11]. Nevertheless,
for substrates of small thicknesses (generally speaking h <
Ao/6), such solutions can not be applied because the effect of
the lens is negligible.

To illustrate these limitations, the performances of a dielectric
loaded SIW horn antenna with different thicknesses are com-
pared. The horn is designed to work at 16.5 GHz in a substrate of
g, = 4.5 that is extended 18 mm after the horn aperture to create
the lens effect. According to the notations in Fig. 1, the dimen-
sions of the horn are [mm]: W = 28, D = 20 and a = 9. The
|S11| of this horn with different substrate thicknesses 4 was sim-
ulated using the 3-D EM simulator Ansys HFSS v13 (see Fig. 2).
With a A of 4.7 mm, a —10 dB bandwidth of 10% is achieved
around 16.5 GHz. However, as i decreases, the bandwidth is
greatly reduced until the point that, at 1.5 mm (A < Xq/10), the
|S11] is practically flat presenting only poor narrow resonances.

The degradation of the reflection coefficient does not depend
on the feeding system since the mismatch is located at the an-
tenna-air interface. To smooth the impedance gap between the
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Fig. 3. Cutting view of the printed transition with the associated notations.

horn aperture and the air, a transition (represented in Fig. 1)
printed on the same substrate as the horn is proposed. As de-
tailed inSection III, a proper design of the printed transition
(choice of the length L and gap distance s) will match the horn
at the desired frequency bands.

III. COUPLED RESONATOR MODEL

The proposed printed transition can be studied as a 2D struc-
ture where the width (z direction) is assumed to be infinite (see
Fig. 3). To explain its working principle, the transition can be
seen as a concatenation of blocks acting as resonators, each one
being a parallel plate waveguide separated by gaps. The reso-
nant frequency fr, of one block is

fr (1

C
 2Leqy/Er

where L., is an equivalent length that is larger than L to con-
sider the effect of the fringing field. According to [18], L., can
be estimated by L(1 4+ 0.7h/L).

When two or more blocks are separated by a distance s,
charges build up on the ends of the metallic plates, generating
a capacitance which produces a shift in the resonant frequency
fr1. The physical explanation of this shift is that the coupling
effect enhances and reduces the capability of a single block to
store charge [19]. Thus, in the case of two blocks, a frequency
higher (fro4) and a frequency lower (fro_) than fr; are
generated.

In the theory of coupled resonators, a coupling factor ks is
used to calculate fro4. This factor is defined as the ratio be-
tween the capacitance generated by the coupling effect, C'¢r, and
the capacitance of the original structure, Cy. Therefore, the new
resonant frequencies can be calculated as follows:

fr

\/l:sz.

Note that the presented structure differs from coupled mi-
crostrip resonators since there is no ground plane, i.e., there is a
discontinuity (gap) at the ground plane. The presence of this gap
slightly modifies the procedure used in the coupled resonators
theory for calculating fr;_ [19]. Actually, in this case, the gap
enhances even more the capability to store charge of a single res-
onator. Therefore, the fr;  generated by the proposed structure
are lower than the model predictions. However, in Section IV-C
it is shown that the frequencies fr;_ are of less interest than the
friy.

Let us now describe how to find the coupling factor %;, i.e.,
C¢ and Cy, in the case of a structure of 2, 3 and N blocks.

2)

frax =
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Fig. 4. Representation of the electric field distribution in the half upper part of
a 3 block transition.

A. Two Block Structure

When two blocks are concatenated, the capacitances C's gen-
erated by the gaps at the top and bottom faces contribute to the
coupling effect. Therefore, since both gaps are in series, C¢
equals Cs /2.

The capacitance per unit of length C's can be obtained using
the conformal mapping technique [20]. Thus, provided that
s/h < 1, Cs is given as follows:

K(\/1-p*(L1, L))

K(p(L1, La))

Cs(L1, Lo) = eo(e, + 1) 3)

p(Ly, Le) = \/(1

where K () is the complete elliptic integral of the first kind. The
lengths of the metallic plates at each side of the slot are noted
as L1 and L. In the current case, two equal blocks are concate-
nated meaning that Ly = Ly = L.

Concerning the capacitance of the original structure Cy, its
value is twice the capacitance between the two metallic parallel
plates of one block, 2C'p. The fringing fields effect must be
considered to obtain an accurate result for C'p. This effect is
only relevant at the exterior faces while it can be neglected at
the junction between blocks. Following the approach presented
in [21], the capacitance per unit of length C'p can be estimated

by

with

1444 Lo
FT) (14 2)

8

“

Finally, the coupling factor for the case of 2 blocks is calcu-
lated as

Co  1Cs(L,L)

]{::—:
T 0, 2 20p

. )

B. N Block Structure

Several aspects should be taken into account when more
than 2 blocks are concatenated. As an example, a structure of
3 blocks is now considered. A sketch of the electric field in
the upper part of this structure is presented in Fig. 4, where it
can be seen that now the central metallic plate contributes to
generate two capacitances.
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TABLE 1
RESONANT FREQUENCIES FOR DIFFERENT TRANSITIONS
(L=38mm.h=15mm.s=0.15mm,e, = 2.94)
Number Full-wave Coupled Resonator
of blocks | simulations (GHz) Model (GHz)

1 17.95 18.03

2 15.75 16.61

19.50 19.89

15.25 16.21

3 17.20 18.03

20.40 20.63

In order to obtain the coupling capacitance C¢, the new
values for the different C's can be calculated by applying again
the conformal mapping technique. Nevertheless, for s/L < 1,
a good approximation for the capacitance of each gap is to
apply (3) with L1 = L and L = L/2 as illustrated in Fig. 4.
This approach can be also followed in the case of more blocks.
It provides a physical insight on the behavior of the structure
without the need to use the conformal mapping technique in
each scenario.

Regarding the calculation of Yy, the exterior blocks in a 3
block structure are under the same conditions as the ones of
a 2 block structure. Thus, their capacitance value is also Cp.
However, the middle block has no exterior faces meaning that
its capacitance is calculated neglecting the fringing fields effect.
Therefore, its per unit length value is Cpg = goz, L/ h.

From the previous reasoning, the coupling factor k3 for the
case of 3 blocks is

_ Cc _ 1 ZOS(L%)

gy = = = 22l
P70y 220p+ Cpy

(6)
The same reasoning can be extended to N blocks by adapting
the values of C's and C'p for each gap or parallel plate structure,
respectively. The general expression of the coupling factor &
where N > 3 is
;= 1205(‘[’7 %) + (‘ZV B 3)05(%7 %)
N 2Cp + (N — 2)Cpy

Q)

The intermediate frequencies that appear between the lowest
and highest frequency are also obtained following the theory
of coupled resonators [19]. However, it will be explained in
Section V that it is practically not convenient to design a more
than 3 block transition.

C. Coupled Resonator Model versus Full-Wave Simulations

To validate the Coupled Resonator model, the resonant fre-
quencies of a printed transition composed of 1, 2 and 3 block
are also computed using HFSS. The resonances above fr are
predicted with a very good accuracy (relative error < 2%) as
shown in Table I. As expected, the resonances below fr; are
less well estimated (~6%).

This Coupled Resonator model allows for a quick prediction
of the resonant frequencies of the proposed transition. When
quantitative information about the |S11| is required, more as-
pects need to be considered: source and load impedances, prop-
agating modes, radiation losses, etc. Therefore, a Transmission
Line model is proposed in Section IV.
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Fig. 5. Transmission Line model of the system: antenna, transition, air (a) TL
model of one block (b) TL model of the whole system.

IV. TRANSMISSION LINE MODEL

A TL model is proposed to compute the |S11]| of the printed
transition. The transition is also decomposed into blocks, now
taking into account the width W in the z direction defining a 3D
problem. Each block is formed by a slot, modeled as a capaci-
tance (g in parallel with a radiation resistance I?,.,4, and a par-
allel plate waveguide, defined by its characteristic impedance
Z,p and propagation velocity v,,. These blocks are then cas-
caded to model the full transition.

Note that the TL model of one block is asymmetric (see
Fig. 5(a)). This has been chosen to accurately represent the
transition structure which starts after the horn aperture with a
gap and ends with a parallel plate open-ended termination.

The antenna (horn) is modeled as a generator with an equiv-
alent impedance Z 4. Finally, a load Z,;, connected at the end
of the TL model represents the outer boundary of the transition,
i.e., the open-ended termination of the last parallel plate wave-
guide (see Fig. 5(b)).

The computation of the TL model parameters is now detailed.

A. Blocks Parameters

One block is completely defined by four parameters: Cg,
LRyqq, Zyy and vy,

The different values of C's are obtained using (3) with W as
length dimension. For more accurate results, the substrate thick-
ness £ is also considered when using the conformal mapping
technique [22].

The electric field distribution across the slot is nearly uniform.
Therefore, the radiated power can be computed as the one of a
uniform distribution aperture and, by assuming that the voltage
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between plates is V' = |Ejp| s, the radiation resistance R,..q is
given as follows:

|Eo|? s2
Ryaa = +—0 " 8
1§ WoudS ®

where W, is the average power density of a uniform distribu-
tion aperture [17].

It is assumed that the main propagating mode in the parallel
plates waveguide is the TEM mode. Therefore the following
expressions are used:

Lipp = Cpp 9)
PP
1
Uy — ———— 10
P VErppEoLho (19)

where L,,, and C,,, are the inductance and capacitance ina TEM
parallel plates waveguide and ., is the effective relative per-
mittivity between the rectangular parallel plates.

To obtain more accurate results, the values for C,,, and ¢,
are computed taking into account the effect of the fringing fields.
The expression of (,,, depends on the position of the block
following the same reasoning described for C'p (4). Using the
quasi-static approximation and figures presented in [23], €., is
computed as the quotient between the capacitance of the parallel
plates filled with a dielectric substrate and filled with air.

B. Antenna and Air Parameters

A good approximation of the horn impedance where only the
TE1y mode propagates is given by
ku,'g'r}uvg h

Z4= _
AT By W

(11)

where k,,, is the wavenumber, 7,,, the wave impedance and
B the propagation constant of the waveguide [24].

The open-ended termination of the last parallel plate wave-
guide is modeled with an air impedance Z,;, computed as

1

Loir = s
W (g, + 5bs)

(12)

The real part of the air admittance W g, represents the ra-
diation effect while the imaginary part Wb, models the stored
energy. Their expressions can be found in [25].

C. TL Model versus Full-Wave Simulations

A transition composed of several blocks is placed in front
of a long horn in order to minimize the amplitude and phase
error at the aperture. A commercial substrate Rogers RO 4350
(e, = 3.66,h = 1.524 mm) is considered and the different
dimensions [mm]: L = 3.6, s = 0.2, W = 20, D = 50. With
these parameters, fr is equal to 16.8 GHz (1).

The |:S11| comparison between HFSS simulations and the TL
model for a transition of 2 and 3 blocks is presented in Fig. 6.
In both cases, a good agreement is achieved concerning the
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Fig. 6. |S11| comparison between HFSS and the TL model for a SIW horn with
different transitions (a) Transition of 2 blocks (b) Transition of 3 blocks.

position and level of the resonances. Therefore, it is clearly
demonstrated that fast and accurate preliminary results can be
obtained using the TL model before performing final full-wave
simulations.

As pointed out in Section II1, the low resonances fr;  are due
to the enhancement in the storage capability obtained with the
coupling effect. It can be seen that, in general, these resonances
present a poor matching (|S11]| > —10 dB) being of less interest
than the ones above fr;.

V. DESIGN GUIDELINES

The steps to design a SIW horn with the proposed transition
are the following:

1) With a given substrate (h and ¢,.), the horn dimensions are
chosen (D, W, and a) to excite only the TE;o mode and
to obtain an acceptable quadratic phase error at the horn
aperture [17].

2) The number of blocks (N) is chosen depending on the de-
sired number of frequency bands. Then, (1)—(2) are used to
compute the initial dimensions of the printed transition (L
and s). Afterwards, the TL model of Section IV is applied
to further tune these dimensions.

According to the Coupled Resonator model described in
Section III, it is in principle possible to design a transition
working at any desired frequency. However, the following
trends should be kept in mind when it comes to choose the
values of L, s, h and &,:
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Fig.7. |S11| comparison between HFSS and the TL model for a SIW horn with
a 5 block transition.

« Increasing the ratio i/ L improves the matching and band-

width but other modes might be excited.

* Reducing the ratio s/ L diminishes the radiation losses, but

also the bandwidth is reduced.

* Increasing the value of ¢, increases even more the an-

tenna-air mismatch.

A reasonable trade-off is the following: 0.25 < h/L < 0.5,
0.03 < s/L < 0.06, &, < 5. The accuracy of the two proposed
models is good when the transition dimensions are within these
boundaries. Considering the transition as a transformer between
the antenna and the air impedances, a recommended starting
point is to set to L = 0.4Xo/ /2.

Regarding the choice of the number of blocks, it is recom-
mended not to use more than 3. Adding more blocks increases
indeed the radiation losses which leads to narrower and poorer
resonances. To illustrate this effect, a transition of 5 blocks is
placed in front of the SIW horn used for the comparison of
Section IV-C. The simulated |S11| results with HFSS and the
TL model are plotted in Fig. 7. As expected, even with the use
of 5 blocks, only 3 narrow working frequency bands (relative
bandwidth around 5% at —10 dB) are obtained.

VI. PROTOTYPE AND EXPERIMENTAL RESULTS

A sectoral H-plane SIW horn antenna was built to show
both the improvements this printed transition brings in terms of
matching and the validity of the proposed models.

Using a commercial substrate Rogers TMM3 (s, =
3.27,h = 1.91 mm), this antenna alone presents a poor
matching (]|S11]| > —10 dB) between 12 and 18 GHz as shown
in Fig. 9(a). Therefore, the proposed transition is implemented
to match the SIW horn at different frequencies at this range.

Following the steps described in Section V, the dimensions
of the prototype are [mm]: @« =9, D =22, W =22, L = 4.3,
s = 0.2. In order to keep the radiation losses reasonably low, ac-
cording to [2], the separation between vias and the via diameter
were chosen to be 1.7 mm and 1 mm respectively. To feed the
SIW horn with a microstrip line, a tapered microstrip-to-SIW
transition was designed as described in [26].

The initial SIW horn prototype with a 3 block transition is
shown in Fig. 8(a). As explained in Section III, the same horn
can work at different frequency bands depending on the number
of blocks at its aperture. In order to prove it, a diamond saw was
used to cut one by one the exterior blocks of the transition. Thus,
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Fig. 8. Manufactured H-plane sectoral SIW horn prototype with a transition
of different number of blocks (a) Original prototype with a 3 block transition
(b) 2 block transition (¢) 1 block transition (d) No transition.

as shown in Fig. 8, the same SIW horn with 3, 2, 1 and no block
transition could be measured.

The |S11| comparison between the results of the coupled res-
onator model, the TL model, HFSS simulations and measure-
ments are presented in Fig. 9(b)—(d). Clear working bands are
obtained according to the printed transition number of blocks:
14.7 GHz for 1 block, 12.2 and 16 GHz for 2 blocks, 14.4 and
17.3 GHz for 3 blocks. As expected from Section IV-C, the
lowest resonant frequency obtained with a 3 block transition has
a poor matching being of less interest.

The measured and simulated positions of the resonant fre-
quencies are in good agreement with the predictions of both
proposed models. The measured bandwidths at —10 dB are nar-
rower than predicted by the TL model, but bands with a 10%
relative bandwidth are obtained. Furthermore, a 4.5% —10 dB
bandwidth is obtained with a two block transition at 12.2 GHz.
At this frequency, the substrate thickness is thinner than Ao /12.

To obtain similar matching performances by the use dielectric
lenses as proposed in [10], [11], a substrate thickness of around
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Fig. 9. |S11| of the SIW horn prototype with a transition of different number
of blocks. Results for: Coupled Resonator (CR) model, TL model, HFSS and
measurement (a) No transition (b) 1 block transition (c) 2 block transition
(d) 3 block transition.

Ao/5 would be required. This means a 4 mm thick substrate
instead of the 1.91 mm one used.
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Fig. 10. Normalized radiation patterns of a SIW horn with different transitions.
(a) 1 block transition at 14.7 GHz. (b) 2 block transition at 12.2 GHz.

VII. RADIATION CHARACTERISTICS

The presented solution is focused on improving the reflection
coefficient of H-plane SIW horn antennas. Depending on the
application, a drawback of this type of antennas is the potentially
high back radiation. The horn aperture practically behaves as a
slotin an infinite ground plane with a front-to-back ratio (FTBR)
close to unity.

The proposed printed transition does not significantly modify
the radiation characteristics of a conventional SIW horn. The
main radiating element of a SIW horn with the proposed tran-
sition is indeed the open-ended termination of the last parallel
plates waveguide. Therefore, the differences in the radiation
performances are mainly due to diffraction effects at the tran-
sition edges. In Fig. 10, the E and H-plane radiation patterns
of a SIW horn alone and with different transitions are com-
pared. The presented patterns correspond to frequencies where
h < A/10 and the horn is well matched by using a 1 and a 2
block transition. It is shown that the variation on the H-plane
half power beamwidth is less than 5% and the FTBR is im-
proved by 3—4 dB.

Modifications of the transition geometry are also under in-
vestigation to improve the radiation performances of SIW horn
antennas.

VIII. CONCLUSIONS

A printed transition to improve the matching of H-plane
SIW horn antennas has been proposed. Its aim is to reduce
the mismatch between the horn aperture and the air at desired
frequency bands. A coupled resonator and a transmission
line models have been developed to analyze and design this
transition. They allow for a quick prediction of its resonant
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frequencies as well as accurate preliminary results for the
[S11]- The validation of the models with full-wave simulations
and measurements have been done in scenarios with different
parameters to prove their wide validity range.

Design guidelines and recommendations to choose the tran-
sition dimensions are provided. They have been applied to
manufacture a prototype of a thin-substrate H-plane SIW horn
antenna which can work at different frequency bands at the
Ku-band. The overall antenna dimensions are very reasonable:
horn length and width remain around 1.1Ay for a substrate
thickness of Ag/10 and every transition strip only adds less
than 0.25A¢ to the total horn length. The experimental results
have shown both the matching improvement brought by the
transition and the validity of the proposed models.

It has been proved that the thickness of H-plane SIW horn
antennas can be greatly reduced thanks to this transition. This
allows the use of commercial substrates to built thin SIW horns
working well below 20 GHz. Furthermore, a multi-band be-
havior can be achieved using a transition with different number
of blocks. This extends the frequency range of horn antennas in
SIW technology making them attractive for many other appli-
cations.
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