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ABSTRACT
This letter presents the first reported wideband balun‐diplexer for mm‐wave applications, designed for shared‐aperture full‐
duplex array systems. By integrating balun and diplexer functionalities in a single component, we enable per‐element self‐
interference suppression, while also facilitating the interface between the balanced feed of the antenna and the unbalanced

ports found in many beamformer chips. A novel coupled Marchand topology enables a compact footprint compatible with the

strict lattice constraints of grating‐lobe‐free phased arrays, and facilitates integration with the multilayer stackups commonly

used in phased‐array systems. The component targets K/Ka‐band SatCom applications, with two 3.5‐GHz‐wide bands centered
at 19 and 29 GHz, respectively. Fabricated on a Megtron 6 substrate, the prototype achieves a minimum TX–RX isolation of 20

dB, insertion losses of 1.5 and 2.3 dB in the lower/higher bands, respectively, and a common‐mode rejection ratio exceeding 19

dB in both bands. The results confirm the feasibility of the proposed concept and demonstrate the first realization of a compact,

mm‐wave balun‐diplexer for high‐frequency phased‐array integration.

1 | Introduction

The development of 5G and 6G networks demands compact
antennas and highly integrated front‐end architectures for
mm‐wave operation [1–4]. A promising approach for
frequency‐division duplexing systems, such as SatCom,
cellular base stations, or wireless backhaul nodes, is the use
of shared‐aperture full‐duplex array (SAFDA) antennas
[4–7]. This approach offers a significant size advantage over
dual‐aperture antennas, but comes with increased self‐
interference (SI).

Traditionally, SAFDA systems have been realized by using
diplexers to suppress the SI between the receive (RX) and
transmit (TX) chains. This is particularly effective for fixed‐
beam systems, where a single (large) diplexer is connected to a
corporate feed network [8–10]. However, in phased‐array
systems, where beamformer integrated circuits (BFICs) oper-
ate at each antenna element, SI suppression must be im-
plemented on a per‐element basis [4]. This imposes strict
constraints on the size of diplexer circuitry, which must fit
within the array's lattice spacing, typically λ λ0.5 × 0.5 at the
highest operating frequency.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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Furthermore, many SAFDA antenna elements utilize bal-
anced feeds, which provide high immunity to noise interfer-
ence, and reduce undesired parasitic coupling in the feed
network. Differential feeding also improves polarization
purity in the radiating element, which is critical for several
key 6G applications, such as nonterrestrial networks. In
contrast, most of the current commercial mm‐wave BFICs
(from Anokiwave, Renesas, Sivers, Analog Devices, Ensilica)
provide unbalanced signals, which require a balun to inter-
face with the antenna elements.

As the demand for these technologies in the mm‐wave spec-
trum increases, the need for high system integration becomes
critical—particularly for SAFDA systems, where beamsteering
antenna physics results in strict lattice spacing constraints. This
creates a need for innovative design solutions to combine the
functionality of the diplexer and balun components within a
limited physical footprint [4] (Figure 1).

In recent years, several works have reported the balun‐diplexers
in highly compact configurations [2, 11–20]. However, these
designs make use of either microstrip [2, 11–19] or on‐chip [20]
technology, which is not suitable for integration with SAFDA
systems, where the outer layers of the stackup are typically
reserved for the BFIC network and the antenna aperture.
Furthermore, most of these designs operate in the sub‐6 GHz
range, with miniaturization techniques that do not scale well
with frequency.

To address these limitations, we present a novel mm‐wave
balun‐diplexer that combines compact size, wideband per-
formance, and integration compatibility with multilayer
SAFDA architectures. The design uses two superimposed
coupled Marchand baluns to realize both diplexing and balun
functionalities in a small footprint. This approach supports
full‐duplex operation at K/Ka‐band frequencies and is vali-
dated for SatCom user terminal (UT) applications, which
impose stringent constraints on size, weight, and cost. The
primary innovations of this study are as follows:

• a mm‐wave balun‐diplexer with a compact footprint that
conforms to the lattice spacing of a K/Ka‐band SatCom
SAFDA system, realized through;

• a novel architecture that consists of dual‐stacked cross‐
coupled Marchand baluns, enabling stripline‐based multi-
layer integration;

• demonstration of wideband performance in SatCom RX/TX
bands.

The paper is structured as follows: Section 2 outlines the prin-
ciple of operation, the proposed architecture, and the design
constraints, goals, and procedure. The simulated and measured
design validation is shown in Section 3, as well as a comparison
with state‐of‐the‐art (SOTA) designs, followed by the conclusion
in Section 4.

2 | Balun‐Diplexer Design

2.1 | Principle of Operation

The classic Marchand balun consists of two cascaded ∘90

couplers, with short circuit (SC) and open circuit (OC) ter-
minations, as shown in Figure 2a [21, 22]. The reflected
waves from these stubs combine constructively at the bal-
anced port, producing a broadband differential output. For
identical 3 dB couplers and electrically short reflective
stubs, this architecture can realize components with frac-
tional bandwidths of 74%–114% [23–25]. The SC stub
lengths, however, strongly influence the phase of the

FIGURE 1 | Proposed architecture of the SAFDA element. BFIC, beamformer integrated circuit; RX, receive; SAFDA, shared‐aperture full‐
duplex array; TX, transmit.

FIGURE 2 | Development of the balun‐diplexer (“red: high fre-

quency, blue: low frequency”). (a) Classic Marchand architecture,

(b) Proposed balun‐diplexer architecture, and (c) Modified archi-

tecture for SAFDA applications. OC, open circuit; SAFDA, shared‐
aperture full‐duplex array.
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reflected waves and can thus be adjusted to shape or limit
the operational bandwidth, as shown in Figure 3.

This provides a mechanism for embedding diplexing
behavior into the balun structure: by extending the SC lines,
a secondary set of ∘90 couplers can be superimposed. This
forms a second, lower‐frequency Marchand balun that
shares part of its structure with the higher‐frequency one, as
shown schematically in Figure 2b. The result is a dual‐band
configuration in which two Marchand baluns are im-
plemented using only three coupled layers: one operating at
high frequency (red), one operating at low frequency (blue),
and a shared structure which operates in both frequency
bands (purple).

Together, these layers realize simultaneous balun and di-
plexer functionality. Ideally, the high‐ and low‐frequency
paths are electromagnetically isolated, with only the shared
layer mediating coupling. In practice, some residual inter-
action between the two frequency paths remains. However,
this can be partially addressed by choosing the OC stub
lengths so that the unwanted signal from one path experi-
ences destructive interference at the other path's input port.
In this way, the same interference and reflection mecha-
nisms that establish the balun's balanced output are lever-
aged to create frequency‐selective cancellation, and the
diplexing and balun functionalities are combined within a
compact Marchand‐based network.

2.2 | Architecture and Constraints

As described in Section 2.1, we propose a novel architecture of
dual‐stacked cross‐coupled Marchand baluns that integrates
balun and diplexing functions (Figure 2b). The challenge with
this topology is fitting the lower‐band ∘90 couplers within a
lattice spacing of λ λ0.5 × 0.5HF HF , where λHF is the free‐space
wavelength of the highest frequency of operation. This lattice
is required for SAFDA systems targeting grating‐lobe‐free
scanning up to ∘60 , such as SatCom UTs. Within this limited
area, conventional edge‐coupled implementations fail to pro-
vide sufficient coupling at mm‐wave frequencies, since the
coupling coefficient decreases rapidly with frequency as con-
ductor spacing becomes constrained by fabrication tolerances.
Instead, we propose the use of broadside coupled striplines for
the ∘90 couplers, resulting in a triple‐layer structure as shown
in Figure 4b. This maximizes coupled power transfer by
increasing the electric field overlap between the coupled lines
while maintaining low dielectric loss in the Megtron 6 sub-
strate. Not only does this inherently reduce insertion loss, it
also provides a more controllable coupling coefficient, while
maintaining a compact footprint. Furthermore, it introduces
physical distance between the two input layers, which
increases isolation between these ports and improves diplexing
functionality.

A further challenge to consider in highly integrated SAFDA
systems is the potential to couple power to neighboring
components—particularly since Marchand baluns employ OC
stubs in close proximity to adjacent unit cells. To avoid this,
we replace them with SC stubs, appropriately transformed
with quarter‐wavelength impedance converters, as shown in
Figure 2c. This figure also includes practical line lengths
between the respective couplers, θ θ,1 2.

Lastly, to achieve a good common‐mode rejection ratio
(CMRR), which is important for the balun functionality, the
design should be symmetric. However, some asymmetries are
introduced in the design for diplexing functionality: the lengths
of the SC and OC stubs are altered to improve the isolation
between the unbalanced ports, and the widths of the stripline
sections are altered for impedance matching. This trade‐off
between balun and diplexing functionality should be carefully
considered for the chosen application, and symmetry should be
maintained in the design as far as possible.

FIGURE 3 | Marchand balun bandwidth for different SC line

lengths. SC, short circuit.

FIGURE 4 | Multilayer stripline layout of the balun‐diplexer. (a) Top view and (b) perspective view.
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2.3 | Design Goals

The operational bandwidth for K/Ka‐band SatCom UTs is

• 17.7–21.2 GHz for the RX band,

• 27.5–31.0 GHz for the TX band.

To avoid grating lobes over the entire scan volume over these
bands, the footprint of the balun‐diplexer must fit in the
appropriate array lattice spacing of 4.8 mm× 4.8 mm. Fur-
thermore, the works in [26, 27] suggest that a diplexer isolation
of ≥ 10 dB is sufficient for Ku‐band SAFDA systems for SatCom
operation. This should also be sufficient for the K/Ka‐band case,
where the bands of operation are further apart, and the TX and
RX chains have more inherent isolation.

In terms of balun functionality, a good CMRR translates into a
good polarization purity of the SAFDA. However, polarization
purity can also be improved through beamforming schemes
[28]. Therefore, a CMRR of ≥20 dB is considered sufficient for
this design. Lastly, an insertion loss of 1–2 dB is common
among balun‐diplexers. This should be evaluated against a good
isolation level, as the work in [26, 27] shows a clear trade‐off
between system gain and achieved isolation.

2.4 | Design Procedure

Initial line lengths were chosen for the center frequencies of
the operational bands: ∘θ θ= = 90f1 SC1 at 19.45 GHz,

∘θ θ= = 90f2 SC2 at 29.25 GHz, and ∘θ = 90 at 25 GHz (between
the TX and RX bands). Thereafter the impedances and
remaining line lengths (θ θ,SCa SCb ), were optimized using the
full‐wave EM simulator CST Studio Suite 20231 to achieve the
specified insertion loss, CMRR, and isolation. The resulting
triple‐layer stripline structure is shown in Figure 4. From this
figure, it is clear that there is additional potential for minia-
turization if the coupled line sections are meandered. However,
the current component footprint design fulfills the design goal,
and is therefore left unaltered in favor of simplicity.

3 | Design Verification

3.1 | Fabrication and Measurements

The component was fabricated on a seven‐layer Megtron 6
stackup. Solderless 2.92 mm Southwest end‐launch connectors
were used to interface with the device under test (DUT), and a
custom multiline through‐reflect‐line calibration kit was used to
de‐embed the effects of the measuring cables and connectors.
The DUT connected to a four‐port Vector network analyzer is
shown in Figure 5.

Measured and simulated results are compared in Figures 6
(transmission coefficients) and 7 (reflection coefficients). The
transmission coefficients show excellent agreement between
measurement and simulation. However, while overall agree-
ment is good in the reflection coefficients, a reflection‐induced
ripple is observed in the measured results for ports 1 and 3.

Assuming accurate calibration to the microstrip feed lines and a
reflection originating at the first via transition at port 1, the
ripple suggests an additional reflection approximately 30 mm
from the via, which aligns exactly with the via fence at the
opposite printed circuit board edge. This indicates a standing
wave that is trapped between the port and the opposing via
fence, which both degrades the reflection coefficient and con-
tributes to the overall insertion loss of the component. Chang-
ing the via spacing and placement in simulation yields the
adjusted simulation results in Figures 6 and 7, which show
improved agreement with the measurements. In future work,
the via fence will be included explicitly in the EM optimization
process to improve the performance.

FIGURE 5 | DUT with (right) and without (left) the stripline

design. DUT, device under test; TRL, through‐reflect‐line.

FIGURE 6 | Transmission coefficient (TC, defined as  S x2 , where

∈x {1, 3}) and isolation ( S 31 ) of the device under test.

FIGURE 7 | Reflection coefficient of the unbalanced ports.
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3.2 | Comparison With SOTA

The design is compared with the SOTA in Table 1. First, this is
the only design to operate in the mm‐wave spectrum—existing
designs are all for sub‐6 GHz applications. Furthermore, this
study shows a significantly higher fractional bandwidth than
the SOTA, while maintaining a compact footprint of less than
λ λ0.5 × 0.5HF HF . This is achieved through the novel dual‐

stacked cross‐coupled Marchand architecture, which provides
wideband performance while exploiting the z‐dimension to
reduce the component footprint.

Although high‐frequency, multilayer designs typically suffer
from higher losses, our design remains remarkably comparable
to the SOTA in terms of CMRR, isolation, and insertion loss.
This is due to the broadside coupled lines, which maximize the
coupled power transfer of the hybrids. There is potential to
further improve the isolation performance through the addition
of filtering stubs, though omitted here to illustrate the compo-
nent's fundamental performance. The upper band bandwidth
can also be improved with optimization of the via fence to
reduce the interference ripples, as discussed in Section 2.

To the best of the authors' knowledge, this is the first design of
its kind for mm‐wave applications and the only one directly
compatible with multilayer SAFDA stackups.

4 | Conclusion

In this study, a novel wideband balun‐diplexer was
introduced—the first of its kind for mm‐wave systems—based
on the superposition of two Marchand baluns, which is readily
realizable through broadside‐coupled striplines. The advan-
tage of this configuration is its compactness and ease of inte-
gration with multilayer SAFDA systems. On the basis of this
architecture, a component was designed and manufactured in
multilayer stripline for the K/Ka‐band SatCom use‐case, which
requires a fractional bandwidth of 18%/12% in the RX and TX
bands, respectively. The measured results show a minimum
isolation of 20 dB between the TX–RX bands, an insertion loss
of 1.5 and 2.3 dB in the lower and higher bands, respectively,
and a CMRR better than 19 dB in both bands. Furthermore,
the measured and simulated results show good agreement,

despite the presence of additional reflections at the component
interfaces. These results demonstrate the feasibility of the
proposed concept and highlight its potential for high‐
frequency full‐duplex applications requiring compact, inte-
grable front‐end components.
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