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An Ultra-Compact Full-Band Waveguide
Quadrature Hybrid Coupler
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Abstract— This work proposes an easily scalable quadrature
hybrid coupler (QHC) topology with two symmetric stepped
apertures that originate a square coaxial-like mid-section. This
new configuration enables an ultra-compact design, three times
shorter than equivalent structures, having 40% of fractional
bandwidth with 25 dB of matching/isolation and 1 dB of axial
ratio (AR). The impedance transformers can be easily redesigned
to meet other requirements related to electrical performance or
even other desired coupling values. For verification purposes,
a prototype at Ku-band was manufactured and measured showing
good agreement with simulation results.

Index Terms—Directional coupler, full bandwidth, hybrid
coupler, waveguide.

I. INTRODUCTION

IRECTIONAL couplers are one of the basic microwave

circuits that require periodic attention since their capa-
bilities of power division/combination or power sampling need
to face more and more stringent requirements from new
applications. Quadrature hybrid couplers (QHCs) are partic-
ularly important because they allow performing a quadrature
correlation between the two input signals. Among the different
technologies, waveguide is the best option for applications
entailing low insertion loss and high-power handling charac-
teristics such as antenna feed networks. Although waveguide
hardware is bulky in nature, there is a growing interest in the
design of ultra-compact structures with full-band performance
that can be implemented in, for example, Butler matrices,
multi-beam communication networks, or multi-pixel radio
astronomy receivers [1], [2].

Riblet [3] coupler and its evolved version [4] are the
classical option for compact devices in H-plane configuration.
However, these structures rarely achieve a 25% of fractional
bandwidth if reasonable electrical performance is pursued.
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In this context, it is possible to define good electrical perfor-
mances as the input matching and isolation of, at least, 25 dB
and the axial ratio (AR) better than 1 dB. The AR is a figure of
merit that gathers the amplitude and phase imbalances with
respect to equal magnitude and 90° out of phase signals [5].
Therefore, this is a very suitable parameter to characterize
the performance of QHCs. When aiming at waveguide full-
band coverage, 40% fractional bandwidth, and good electrical
performances, E-plane structures offer more flexibility. Thus,
couplers based on multi-hole [6], [7] or multi-window (branch-
line) [8], [9] couplings have demonstrated excellent responses,
but at the cost of long coupling sections which are far from
the compactness concept. A noticeable improvement in terms
of compactness but maintaining good operational bandwidth
has been achieved with the simple design in [10] as well as
with [11] and the natural evolution [12]. In [13], the use
of three apertures arranged in two different levels for the
design of a 10 dB coupler achieves a 44% of bandwidth in
a very compact configuration. However, it requires a number
of matching fins and posts that increase the complexity at the
design and manufacturing stages. These matching elements are
unnecessary in the 10 dB coupler presented in [14], with a 42%
bandwidth. Both Wang [13] and Xin [14] present only simu-
lated results and do not aim at the design of a more challenging
QHC, where the amplitude and phase imbalances are critical.
In particular, [14] exhibits some mechanical limitations such
as very thin metallic gaps between coupling apertures, that
clearly limit the mechanization and frequency scaling, and a
small waveguide height in the coupling section, which requires
several steps in height to get the standard value, thus affecting
its final compactness. In [15], the three apertures are positioned
along the longitudinal axis obtaining a 41%-bandwidth QHC
but at the expense of increasing the total length. Finally, [16]
presents an interesting configuration with two back-to-back
septa originating a single multi-stepped coupling aperture that
exhibits a high degree of compactness and good electrical
characteristics but for a limited bandwidth of about 20%.

To overcome the above drawbacks, this work proposes
a new QHC architecture, close to [12], with two sym-
metric stepped apertures that originate a square coaxial-
like mid-section (see Fig. 1). This configuration enables an
ultra-compact design and broader bandwidth configuration.
The proposed design does not use any additional impedance
transformer at the output ports to reach the standard waveguide
dimensions, and the internal structure can be easily redesigned
to accomplish other requirements, concerning the electrical
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Fig. 1. (a) Three-dimensional and (b) side view of the proposed QHC with

variables definition.

performance or the desired coupling level, with minimum
modification of the total length. Moreover, the thickness of
the internal coaxial-like section is thick enough to allow an
easy mechanical migration toward higher frequencies.

II. CoMPACT HYBRID COUPLER WITH COAXIAL SECTION

Unlike the coupler presented in [16], where the principle
of operation is based on the septum polarizer mechanism
and therefore, inherits its bandwidth limitations with a cou-
pling value strongly dependent on the septum insertion phase,
the hybrid proposed in this work overcomes such limitations.
The coupling mechanism of the coupler in Fig. 1 is similar
to structures with large coupling apertures [11]-[15], with
a very stable phase balance over broad bandwidths and a
coupling value much less sensitive to frequency variations,
thus enabling full-band operation. Indeed, the phase error
around 90° can be mathematically demonstrated, following
a similar procedure as in [5], to be negligible for the case
of a good QHC, i.e., perfect symmetry and good matching
and isolation with values better than 25 dB. Thus, the design
process is simplified to the minimization of the amplitude
imbalance, which is carried out with the help of the steps
in the ridge section. The frequency response is constrained,
in the upper limit, by the appearance of high-order modes
and, in the lower limit, by the acceptable coupler performance,
which rapidly degrades when approaching the fundamental
mode cut-off frequency.

A. Field Analysis of the Coaxial-Like Section

The quasi-squared central section shown in Fig. 1(b), with
external dimensions a, and b,, becomes a half-wave coaxial-
like section, with a rectangular inner conductor of dimensions
hs and w. As a consequence, the fundamental TE;; mode
at the four ports of the coupler will be transformed into a
quasi-TEM mode. In the central section, the electric field is
not given by the only propagation of the TEM mode, but
also few high order modes (TEo-like, TEg-like, and the
TE,-like modes) as shown in Fig. 2, resulting in a radial
field directed from the metallic central section toward the outer
metallic walls. Since the contribution of the high order modes
is not negligible, the complete field in the mid-section will
be the superimposition of the propagating modes, resulting in
a quasi-TEM behavior, assuming a monomodal TE,y feeding
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Fig. 2. Propagating modes in the coaxial section. (a) TEM mode.
(b) TEjp-like mode. (c) TEg,-like mode. (d) TE;;-like mode.
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Fig. 3.
mode in section &5 [see Fig. 1(b)]. (b) E-field in section h4. (c) E-field in
section h3. (d) E-field in section aj.

Electric field propagating through the structure. (a) Quasi-TEM

TABLE I
VARIABLES VALUES OF THE PROPOSED QHC. UNITS IN mm

BW aj as b] bz w l] lg [3
17.6 15.8 8 134 24 2.17 23 1.2

40% Iy Is hy hs hy hs Lo AR
1.2 7.055 147 13 5 3 1.16 1

Ly is the total length of the coupling area divided by Ajy. AR is the
maximum axial ratio within the band in dB. Ports have standard WR75
dimensions: ¢ = 19.05 mm and » = 9.525 mm.

at the input port. As the electric field propagates from one
input port (i.e., P;) to the output port (i.e., P3), the complete
sequence is shown in Fig. 3. Due to the symmetry of the
structure, the same reasoning can be followed for all the other
ports.

B. Design of the Hybrid Coupler

The proposed QHC is schematically depicted in Fig. 1.
It is a structure with three planes of symmetry and con-
sists of a central four-stepped ridge that separates the two
rectangular waveguides building two large and symmetric
coupling windows. The different steps in the ridge section
act as an efficient impedance/mode transformer and they are
obtained through a parametric study and optimization carried
out using a fast mode-matching tool such as uWave Wizard
from Mician [17]. The thickness of the ridge section, w,
is constrained to a thick enough value, > 4¢/10, being ¢ the
free-space wavelength at central frequency, so it enables an
easy frequency scaling to over 100 GHz by using traditional
milling techniques. Finally, and due to the large value of
parameter b;, a key advantage of the proposed coupler is that
only a single step is required to match the waveguide height
in the coupling area to the standard rectangular waveguide
usually required in the final application. This dramatically
reduces the total QHC length regarding other more complex
structures [13], [15]. The final parameters of the designed
QHC having 40% fractional bandwidth are provided in Table I,
whereas the simulation results are presented together with the
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Fig. 4. (a) Measured and simulated reflection at input port (S;;), isolation
(S21), and AR results of the proposed QHC. (b) Measured transmissions

Fig. 5.
Ku-band.

Three-dimensional sketch and photograph of the designed QHC in

measured results in Fig. 4 for a better comparison. These
parameters can be easily reoptimized to accomplish other
fractional bandwidths or coupling values resulting in similar
Lo values, which gives an idea of the interesting flexibility
of the proposed structure. The mechanical tolerance value is
+20 wum, which is checked to not affect significantly the
simulated results at Ku-band after performing a yield analysis.

III. D1SCUSSION ON COMPACTNESS

The main contribution of the proposed QHC is the notice-
able improvement in terms of compactness regarding alterna-
tive structures with similar electrical performances. In order to
perform a fair comparison, which is shown in Table II, only
3 dB couplers aimed at around —25 dB of reflection/isolation
and 1 dB maximum of AR are compared. The total length
is calculated between standard waveguide ports. Therefore,
in the referenced works that do not provide information
about the necessary impedance transformers, they have been
calculated and included together with the declared coupling
section length. For some topologies, and due to the lack
of a suitable work to cite, a coupler has been designed
based on the guidelines found in the available literature.
Thus, a branch line coupler based on standard configurations
[81, [9] is designed covering the Ku-band (10-15 GHz) with
the desired performance. This design requires a minimum

TABLE 1I
COMPARISON BETWEEN QHCS: MEASURED PERFORMANCE

Ref. Si/IS A4 APh AR BW L
(dB) (dB) (deg) (dB) ) (A

[81%, [9]* -25 +0.5 +0.5 1 40 3.2
[12] -30 +0.5 N/A 1 26 1.58
[14]* -25 +0.8 +0.4 1.5 40 4.25
[15] -25 +0.6 N/A N/A 41 4.22
[16] -25 N/A N/A 1 20 2.42
This work -25 +0.5 +0.5 1 40 1.16

* own design based on the referenced structure. Sy, IS, 44, APh, AR, BW
and L, are the reflection, isolation, amplitude imbalance, phase imbalance,
axial ratio, bandwidth and total length between standard waveguide ports
with respect to free-space wavelength at central frequency, Ay, respectively.

of eight coupling windows or branches. On the other side,
a 3 dB coupler covering the whole Ku-band has been designed
following the compact configuration presented in [14] but it
exhibits the limitations explained in the Introduction section.
Finally, couplers in [12], [16] are very compact structures but
with limited bandwidth. Therefore, the proposed QHC is three
times shorter than any other equivalent structure.

IV. MANUFACTURING AND MEASUREMENT RESULTS

The designed QHC covering the whole Ku-band
(10-15 GHz) was mechanized in three aluminum parts
as can be seen in Fig. 5: a central piece, which includes the
two symmetrical coupling apertures along with the impedance
transformers in ridge waveguide, and the two symmetric
blocks that form the two parallel rectangular waveguides.
Total dimensions are 40 x 40 x 30 mm?> and the output ports
are standard WR75.

In order to be able to measure the performance of the
coupler with standard waveguide hardware, additional pieces
are required. These pieces include suitable waveguide bends
so the output ports are conveniently spaced to allow the
connection of two standard WR75 flanges in parallel. Then the
device is measured using a vector network analyzer (VNA),
after a TRL calibration at the WR75 flanges plane, connected
to the desired two ports and waveguide loads in the remaining
ports. Some measured results are presented in Fig. 4. As can
be seen, the input matching and isolation values are below
—25 dB in the whole frequency range of interest whereas the
AR is better than 1 dB as expected from simulations. The
spikes above 15 GHz are due to the appearance of high-order
modes. The insertion loss is calculated to be less than 0.03 dB,
after eliminating the —3 dB split ratio and the phase imbalance
is limited to 40.5° as shown in Fig. 4(b).

V. CONCLUSION

A new coupling architecture that results in an extremely
compact quadrature E-plane hybrid circuit has been experi-
mentally demonstrated in Ku-band. The proposed QHC repre-
sents a clear step forward in the current state of the art in terms
of compactness and bandwidth. The existence of a thick inter-
nal coaxial-like section allows full waveguide band operation
and easy mechanical scaling beyond 100 GHz, while main-
taining good electrical performance and easy mechanization.
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