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ABSTRACT This work presents the design and experimental validation of an integrated single-layer 4 × 4 Nolen
beamforming matrix (NBM) implemented in groove gap waveguide (GGW) technology as an enabling front-end for
multi-beam satellite gateway systems. The matrix is designed for operation within the 30–40 GHz upper Ka-band region,
with optimal impedance matching and beamforming performance centered around 38 GHz, offering low-loss planar
routing suitable for compact mmWave front-end architectures. The network combines broadband H-plane directional
couplers (3.04, 4.77, and 6.0 dB) with fundamental and delay-compensation phase shifters to equalize amplitudes
and maintain progressive phase. A WR-28-compatible input-feeding transition enables practical interfacing without
disturbing the internal phase states, and a linear 4×4 slot-array antenna is integrated to demonstrate wide-angle multi-
beam radiation. In contrast to prior Nolen matrices, including recent GGW implementations, this work introduces a
fully single-layer GGW realization with parallel routing and built-in delay compensation, achieving phase error within
(±10◦), near-equalized amplitudes, and simplified fabrication within a compact footprint. In particular, compared to the
recent GGW-based Nolen matrices, which employ the multilayer configurations and report only simulation results, the
proposed work demonstrates the first experimentally validated single-layer GGW Nolen matrix with integrated feeding
transition and radiating array. Measurements confirm return loss better than −15 dB, port-to-port isolation exceeding
15 dB, amplitude imbalance within ±1.2 dB (around 6 dB nominal output), and phase error within ±10◦ with stable
phase progression around 38 GHz.

INDEX TERMS Nolen beamforming matrix (NBM), groove gap waveguide (GGW), multi-beam antenna arrays,
mmWave, space and satellite multiplexers.
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I. INTRODUCTION

BEAMFORMING networks (BFNs) for multi-
beam antennas are increasingly central to satellite

communication systems because they enable directional
transmission and reception, spatial selectivity, and
interference mitigation [1], [2]. These capabilities improve
link reliability, spatial selectivity, and interference mitigation
and coverage in dense tag environments [3], [4]. By precisely
controlling signal phase and amplitude, BFNs enhance link
budgets, reduce collisions, and enable sectorized coverage
in logistics, retail, and industrial space and satellite
deployments [5], [6]. These strengths complement broader
uses in terrestrial and space telecommunications [7], [8] and
align with phased and beam-steered architectures envisioned
for emerging 5G and 6G platforms [9]. The performance of
any BFN depends on its topology, the radiating elements,
and their spatial arrangement, which together determine the
amplitude and phase profiles required for forming multiple,
well-separated beams. BFNs are broadly categorized into
digital and RF (analog) beamforming networks [10].
Digital BFNs are prevalent in adaptive arrays [11] but
add complexity, power consumption, and cost that can be
prohibitive for multi-beam space and satellite multiplexers.

RF beamforming networks (BFNs), which are widely used
in fixed multi-beam arrays, are typically classified as either
lens-based or circuit-based. Lens-based approaches, such as
Luneburg [12], Ruze [13], and Rotman lenses [14], [15],
provide true-time-delay characteristics and wideband perfor-
mance; however, their large physical size, higher insertion
loss, and packaging complexity can limit practical integra-
tion. In contrast, circuit-based BFNs—including Blass [16],
Nolen [17], [18], and Butler matrices [19], [20]—offer more
compact, low-loss solutions that are well suited for planar
RF front-end implementations. The Butler matrix is widely
deployed thanks to its symmetric and balanced paths, while
the Nolen matrix has gained renewed attention for advantages
particularly attractive in dense, high-frequency layouts such
as elimination of line crossings, scalability in port count, and
an inherently planar routing architecture.

A long-standing challenge of the traditional Nolen matrix
is its limited bandwidth, arising from phase dispersion
caused by unequal electrical path lengths. Unlike the inher-
ently balanced Butler matrix, a conventional Nolen network
struggles to preserve constant inter-port phase progres-
sion across frequency, which is problematic for wideband
reader operation and for minimizing beam squint. This
motivates enhanced Nolen topologies that retain archi-
tectural benefits while improving bandwidth and phase
stability.

Recent work has begun exploring Nolen matrices in gap-
waveguide (GW) technology. For example, Castro et al. [21]
demonstrated a 4 × 4 GW-based Nolen matrix operating
at 38 GHz; however, their design relies on a multilayer
configuration and is limited to simulation results, without
experimental validation or integration with a practical feeding
network and radiating structure. The present work instead

focuses on a groove gap waveguide (GGW) realization that
is experimentally validated and implemented as a complete
beamforming front-end. To improve performance, a pre-
dominantly parallel routing architecture is adopted together
with integrated delay-compensation phase shifters, enabling
enhanced phase stability and improved bandwidth behavior
compared with [21].

In this context, the delay-compensation sections corre-
spond to additional phase-shifting elements introduced along
selected signal paths to correct phase imbalances caused by
unequal electrical lengths and coupler-induced phase delays.
By properly tailoring these compensations, the network main-
tains the required progressive phase relationship across output
ports over a wide frequency range.

Several recent studies have explored Nolen matrix imple-
mentations at higher frequencies; however, many of these
works remain limited to specific technologies or lack system-
level validation. This highlights the need for experimentally
verified mmWave beamforming networks that bridge the gap
between theoretical designs and deployable systems.

Motivated by these developments, our earlier work pre-
sented at APMC 2025 [22] established general design
guidelines for implementing mmWave beamforming matrices
using GGW technology, demonstrating flexibility in real-
izing both Butler and Nolen configurations with arbitrary
port counts. Building on these guidelines, the present work
develops a free-crossover 4 × 4 Nolen beamforming matrix
and extends the concept to a fully integrated system by
incorporating a WR-28 compatible input feeding transition
and a 4 × 4 slot-array antenna. The design is validated
through comprehensive measurements. Consequently, this
work advances the state of the art by providing a GGW-
based Nolen matrix with improved phase accuracy, wideband
operation, and complete system-level integration enabling
wide-angle multi-beam radiation.

In this work, we present a single-layer 4×4 Nolen matrix
implemented in GGW technology, an emerging platform for
low-loss, high-isolation mmWave interconnects and passive
components [23], [24], [25], [26], [27], [28]. The pro-
posed design targets upper Ka-band operation (30–40 GHz)
with optimum performance near 38 GHz, a regime relevant
to exploratory mmWave high-resolution sensing. Operation
in this upper Ka-band range is particularly attractive for
emerging mmWave platforms because it aligns with several
high-impact application domains. The 33–39 GHz region
supports high-resolution sensing and multi-beam interroga-
tion for industrial automation environments, enabling fine
spatial selectivity and rapid sector scanning. It also overlaps
with candidate FR2 extensions for 5G and early 6G testbeds,
where compact multi-beam front ends are required for
beam tracking and localized coverage. In the non-terrestrial
domain, portions of the upper Ka-band are allocated for
satellite feeder links, high-throughput gateway antennas, and
electronically steered user terminals, all of which benefit
from low-loss, multi-beam beamforming networks. These
combined terrestrial and space-oriented use cases therefore
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motivate a compact, broadband Nolen matrix capable of
delivering stable multi-beam performance across much of the
30–40 GHz region.

Given these motivations, a predominantly parallel phys-
ical layout is adopted to minimize routing imbalance, and
delay-compensation sections are introduced to correct resid-
ual phase errors. The network employs broadband couplers
together with fundamental and compensating phase shifters to
equalize output amplitudes and enforce near-constant phase
progression across the band.

To facilitate practical evaluation and real-world interfacing,
we introduce an input feeding transition compatible with a
WR-28 waveguide flange adapter, enabling accurate mea-
surement without disturbing the intended phase relations.
Finally, a broadband linear slot-array antenna is integrated
at the matrix outputs to validate multi-beam radiation
and wide-angle beam scanning. The resulting GGW-based
Nolen beamforming network combines single-layer planar
implementation with low-loss operation, stable phase perfor-
mance, and high isolation, making it a strong candidate for
advanced antenna arrays and mmWave multi-beam systems
in satellite-oriented applications. Despite recent progress,
existing mmWave Nolen matrix implementations remain
constrained by limited bandwidth due to phase dispersion,
reliance on multilayer or complex structures, and a lack of
experimentally validated system-level realizations. In par-
ticular, achieving stable phase progression across a wide
frequency range while ensuring a practical and manufac-
turable design remains a significant challenge.

The present work addresses these limitations by com-
bining a GGW-based implementation with an integrated
delay-compensation strategy tailored for mmWave opera-
tion. Rather than focusing solely on footprint reduction, the
proposed approach emphasizes low-loss propagation, high
isolation, and stable phase performance at 38 GHz. The
delay-compensation technique is co-designed with the GGW
structure and implemented within a predominantly parallel
routing architecture, enabling improved phase stability with-
out increasing structural complexity. In addition, the design
is experimentally validated as a complete beamforming front-
end, including a practical input feeding transition and an
integrated slot-array antenna.

A key contribution of this work is the first experimen-
tally validated single-layer GGW Nolen matrix operating
at 38 GHz in the upper Ka-band, which extends beyond
the frequency range of most previously reported planar
implementations.

The main contributions of this work can be summarized
as follows:

1. A single-layer GGW-based 4 × 4 Nolen matrix with
integrated delay-compensation strategy;

2. Experimental validation of phase-stable multi-beam
operation at mmWave frequencies;

3. Integration of a WR-28 feeding transition and slot-array
antenna into a complete beamforming system.

FIGURE 1. (a) Structure of the proposed unit-cell configuration based on GW
technology, and (b) its dispersion diagram.

TABLE 1. Pin’s structural parameters.

FIGURE 2. Graphical representation of the proposed 4 × 4 NBM. The phase shift
angle values of the compensator phase shifters are: „1=−37

◦
,„2=−84

◦
,„3=−90

◦
, and

„4=−116
◦

.

II. SINGLE LAYER NBM USING GGW TECHNOLOGY
A. UNIT-CELL DESIGN
As explained in [23], [24], and [25], Artificial Magnetic
Conductor (AMC) layouts are crucial for GW structure
implementations, providing band-stop behavior across the
desired working frequencies. This part elaborates the pro-
posed approach for designing the AMC structure for feasible
GW implementation. The AMC structure is achieved using
mushroom-like pins, one of the earliest and most used
designs in GW structures [29]. In this case, the AMC struc-
ture is realized with fully metallic pins, a low-loss technique.
These metallic pins can take various configurations, including
rectangular cuboids [23], cylinders [30], cone-shaped forms
[31], and even spring-like models [32].

It’s important to note that while the geometric shape of
the AMC pins has minimal impact on the working bandwidth
[30], the choice of geometry often depends on manufactur-
ing considerations. Several factors influence the bandwidth
performance of this pin-based structure, such as the pin’s
width or diameter, height, the periodicity of the pin array,
and the air gap between the pins and the top metallic surface.
Fig. 1(a) demonstrates the topology of the proposed metallic
pin with a rectangular cuboid shape, and its dispersion
diagram shown in Fig. 1(b) demonstrates a broad stopband
between 21–40 GHz. The structural parameters are listed in
Table 1.
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FIGURE 3. H-plane directional coupler using GGW technology.

TABLE 2. Coupler’s structural parameters.

B. CIRCUIT-BASED BUILDING BLOCK OF THE NBM
The proposed 4×4 NBM layout includes H-plane directional
couplers with attenuation values of 3.04, 4.77, and 6.0-dB,
each providing a 90◦ phase difference between their coupled
and direct ports. It also incorporates phase shifters with phase
differences of 45◦, 90◦, 135◦, and 180◦, as illustrated in
Fig. 2. To achieve wideband design capability, the com-
ponents of the NBM are arranged in a ‘parallel’ layout.
Additionally, to optimize performance, delay compensation
phase shifters have been designed and integrated into the
beamforming network.

1) COUPLER DESIGN
Fig. 3 illustrates the topology of the GGW directional cou-
plers with matched H-plane impedance steps, which prevent
the propagation of the unwanted TE30 mode [33]. The
three different couplers are optimized using the 3-D elec-
tromagnetic simulation tool CST Microwave Studio. Table 2
represents the geometric parameters.

The apparent gap between the first and second row of pins
in the coupler is intentional. This clearance forms the cou-
pling region between the two GGW channels and is required
to achieve the target coupling levels. Although the surround-
ing AMC “bed-of-nails” structure appears locally sparse, the

stopband characteristic of the GGW pin lattice remains intact
over 30–40 GHz, ensuring that fields are laterally confined
and preventing unintended leakage. This is supported by the
simulated S-parameters, which show return loss and isolation
better than 15 dB across the band, indicating negligible
parasitic radiation. Additional parametric studies showed that
partially filling this region with pins increases confinement
only marginally but disrupts the coupling aperture, leading to
deviations from the desired 3.04-, 4.77-, and 6.0-dB coupling
responses and a reduction in broadband matching. For this
reason, the final pin configuration maintains a deliberate
clearance around the coupling window while preserving the
required GGW stopband behavior and wideband coupler
performance.

Fig. 4 presents the S-parameter results for the directional
couplers over a broadband frequency range of 30–40 GHz.
For the 3.04 dB coupler, the coupling value ranges from
2.44 dB at 30 GHz to 3.97 dB at 40 GHz, with a nom-
inal value of 3.04 dB at the target frequency of 38 GHz.
For the 4.77 dB coupler, the coupling value varies from
3.60 dB between 32 and 33 GHz to 6.65 dB at 40 GHz,
with a nominal value of 4.77 dB at 38 GHz. Finally, for
the 6.0 dB coupler, the coupling coefficient ranges from
3.60 dB between 35 and 36 GHz to 9.82 dB at 40 GHz,
with a nominal value of 6.0 dB at 38 GHz. For all three
couplers, return losses and isolations are greater than 15 dB,
and the phase shift between the direct output and coupled
ports is consistently 90◦, i.e., Ang. S21–Ang. S31 = 90◦ across
the entire 30–40 GHz with the optimal results observed near
38 GHz.

The use of different coupling values, i.e. 3.04 dB,
4.77 dB, and 6.0 dB, is essential to achieve the required
power distribution at the output ports of the NBM. In a 4×4
NBM topology, each input signal passes through a unique
sequence of couplers before reaching the outputs. The dif-
fering coupling strengths are therefore synthesized to ensure
equal output amplitudes (ideally 6.02 dB) for all ports while
preserving the required 90◦ phase difference between the
direct and coupled ports, regardless of the number of stages
traversed. This tailored approach ensures power balance and
avoids the need for attenuators or terminations, contributing
to a more integrated and efficient design.

2) PHASE-SHIFTER DESIGN
Four fundamental phase shifters with values of 45◦, 90◦,
135◦, and 180◦ are designed by combining the characteristics
of unequal-length (L , L1) and unequal-width (W1 , W2)
transmission lines, except for the 45◦ phase shifter that has
L = L1. They have been arranged as shown in Fig. 2. The
topology of these fundamental phase shifters, along with their
structural parameters, is depicted in Fig. 5 and detailed in
Table 3. As indicated, the most critical geometric param-
eters for realizing the fundamental phase shifters are L1,
L2, and W2.

Fig. 6 shows the reflection coefficients of the phase
shifters, which are below -15 dB across the 30–40 GHz. All
phase shifters achieve required phase shifts at 38 GHz.
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FIGURE 4. Couplers’ S-parameters include the reflection coefficients (S11 < -10 dB), transmission coefficients (S21 and S31), isolation (S41), and the
phase-shift difference between the direct output and coupled ports. (a) 3.04-, (b) 4.77-, and (c) 6.0-dB.

FIGURE 5. Unequal-width unequal-length phase shifters.

TABLE 3. Phase-shifter’s structural parameters.

3) COUPLER’S DELAY COMPENSATION
In a conventional Nolen matrix, signals propagating from a
given input port to different output ports experience unequal
electrical path lengths due to the sequential arrangement of
couplers and phase shifters. These path-length differences
introduce frequency-dependent phase errors, which degrade
beamforming accuracy and limit bandwidth. To mitigate this
effect, dedicated delay-compensation sections are introduced
in the proposed design. These sections consist of additional
phase shifters strategically placed along specific signal paths

FIGURE 6. Characteristics of 45◦, 90◦, 135◦, & 180◦ phase shifters.

TABLE 4. The path length differences and the corresponding phase compensations
of the proposed parallel physical layout.

to counteract the excess phase delay accumulated in longer
routes and the insertion phase of the directional couplers.

Fig. 2 highlights the different routes between input
port 1 and the output ports 5–8. The signal propagated toward
ports 7 and 8 goes via the 6.0-, 4.77-, and 3.04-dB couplers
sequentially. The signal propagated toward port 6 goes via the
6.0- and 4.77-dB couplers. To achieve wideband operation,
the insertion phase of the 3.04-dB coupler’s direct ports
should be compensated for signals going to ports 5 & 6.
Additionally, the electrical way between ports 1 & 5 needs
to compensate the phase-delay to account for the insertion
phase generated by the 4.77-dB coupler’s direct port, along
with the delay from the 3.04-dB coupler.

Further phase shifts are necessary for sufficient broadband
operation of other input ports, as demonstrated in Fig. 2.
These phase shifts are additional to those typically needed
by a standard NBM, with numerical amounts shown in
the figure. The layout of the couplers’ delay compensation
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FIGURE 7. Structure of the coupler’s delay compensation phase shifters for phase
shift angles of −37◦ − 84◦ − 90◦ and −116◦.

phase shifters of the proposed parallel physical layout,
along with their structural parameters and the path length
differences are displayed in Fig. 7 and summarized in
Tables 3 and 4. As noted in Table 3, instead of using
two consecutive phase shifters, their combined values are
utilized in the final matrix structure. Specifically, a −84◦

delay compensation phase shifter is combined with a 135◦

fundamental phase shifter, resulting in a single-phase shifter
of 51◦. Similarly, on the path between ports 4 and 8, a
−37◦ delay compensation phase shifter in series with a 180◦

fundamental phase shifter results in a combined phase shifter
of 143◦. This combination simplifies the matrix layout.

The required compensation values are determined based on
the relative path-length differences between signal routes, as
summarized in Table 4. These differences are translated into
equivalent phase shifts at the design frequency (38 GHz), and
corresponding GGW phase shifters are designed to realize
the required corrections. To minimize layout complexity,
compensation phase shifters are combined with adjacent
fundamental phase shifters wherever possible, resulting in
a reduced number of physical components while preserving
the desired phase response.

Fig. 8 shows the reflection coefficients and differential
phase shifts for the coupler’s delay compensation phase
shifters for phase shift angle of −37◦, −84◦, −90◦, and −116◦,
as well as the combined phase shifters of 51◦ and 143◦. These
phase shifters provide the required differential phase shifts at
the desired frequency of 38 GHz, with reflection coefficients
below −15 dB across 30–40 GHz.

Without compensation, the unequal electrical path lengths
would lead to significant phase dispersion across the
operating band. The introduced delay-compensation sec-
tions effectively reduce these deviations, resulting in a
near-uniform phase progression with an error limited to
approximately ±10◦ across the band.

FIGURE 8. Characteristics of the coupler’s delay compensators.

FIGURE 9. Proposed 4 × 4 NBM using GGW technology.

C. IMPLEMENTATION BY COMPONENTS INTEGRATION
To implement the proposed 4 × 4 NBM, the H-plane direc-
tional couplers and phase shifters designed in the previous
sections must be integrated. The configuration of this beam-
forming matrix is illustrated in Fig. 9. To construct a planar
eight-port Nolen matrix, six H-plane directional couplers are
combined with eleven phase shifters—six fundamental phase
shifters and five coupler delay compensation phase shifters.

As previously mentioned, to simplify the design and
decrease the number of phase shifters in the final Nolen
matrix structure, the cascaded phase shifters shown in Fig. 2
(comprising both fundamental and coupler’s delay compen-
sation phase shifters) are merged by appropriately adding the
relevant parameters, namely L1, L2, and W2. Consequently,
Fig. 9 shows nine phase shifters because the −84◦ phase
compensator, which is in series with the 135◦ phase shifter
located just before output port 8, has been combined into
a single-phase shift of 51◦. Additionally, a −37◦ phase
compensator in series with the 180◦ phase shifter on the
path between ports 4 & 8 is also combined, resulting in
a phase shift of 143◦, which has been incorporated in
place of the original components. This integration of delay-
compensation sections within the signal paths ensures that
all output ports maintain a near-uniform phase progression
across the operating band, which is critical for achieving
broadband multi-beam performance.

Fig. 10 shows the S-parameters for input ports 1–4. The
transmission coefficients exhibit some frequency-dependent
variation, which is typical for wideband designs using GGW
couplers and phase shifters. Despite this, power distribution
remains within ±1.2 dB, which is acceptable for broadband
beamforming. In addition, the port-to-port isolation remains
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FIGURE 10. S-parameters of the proposed 4 × 4 NBM, (a) Port 1, (b) Port 2, (c) Port 3, and (d) Port 4. To avoid crowding the curves, the isolations
have been plotted only for port 1 because the other ports have a similar isolation response. (e) Phase differences between consecutive outputs.

better than 15 dB across the operating band, confirming effec-
tive suppression of undesired coupling between channels.

It is noted that the transmission coefficients do not remain
fully constant across the entire 30–40 GHz band. This
behavior is expected in wideband implementations of the
Nolen matrix, particularly when realized using practical
GGW couplers and phase-shifting structures. Each H-plane
coupler exhibits a frequency-dependent coupling response, as
shown in Fig. 4, and the phase shifters likewise introduce
slight dispersion over the band. When these components
are cascaded within the serial architecture of the Nolen
matrix, small variations accumulate and manifest as the
measured amplitude ripples in the transmission responses.
Such behavior has also been reported in previously published
Nolen matrices across microstrip, SIW, and gap-waveguide
technologies. Despite these inherent wideband challenges,
the proposed design maintains amplitude imbalance within
±1.2 dB, and return loss and isolation better than 15 dB,
confirming that the observed variations do not compromise
the wideband beamforming capability of the system. At
the target operating frequency of 38 GHz, the transmission
coefficients are well equalized at approximately 6.2 dB for all
input ports, closely aligning with the theoretically predicted
value of 6.02 dB for a standard Nolen matrix.

Unlike the standard Nolen matrix, the insertion losses in
this wideband design are consistent across different ports.
In other words, the losses do not vary with the electrical
path length; the shorter path (from port 1 to port 5) has
nearly the same losses as the longer path (from port 4 to
port 8). This uniformity is achieved because, in the proposed

design, the signal path from port 1 to port 5 or port 8
is effectively the same, thanks to compensation. The same
applies to signals from any other input ports to output ports,
resulting in wideband performance across all paths.

Fig. 10(e) exhibits the phase dispersions between the
output ports of the GGW-assisted NBM when each input
port is excited. In a standard Nolen matrix, when an input
port is stimulated, the phase differences between each pair of
consecutive output ports should be equal. The average phase
differences between the output ports of the proposed matrix
at 38 GHz are −44.5◦, +139.2◦, +47.3◦, and −136.7◦ when
ports 1 through 4 are stimulated, respectively. This indicates
an excellent agreement between the results of the proposed
Nolen matrix and the theoretical results of a standard Nolen
matrix (−45◦, +135◦, +45◦, and −135◦).

The results also demonstrate that the proposed matrix
provides an almost constant phase dispersion amongst the
whole frequency band of 30–40 GHz for all input ports. How-
ever, slight phase-progression deviations within ±10◦ are
observed, that is partly because of the frequency-dependent
specifications of the phase shifters. In other words, the
serial feeding characteristic of a Nolen matrix contributes
to the frequency-dependent phase. The incremental phase
shift between neighbour outputs changes with frequency, yet
despite this, the achieved results remain in good agreement
across the entire bandwidth with a worst-case error of ±10◦.
This demonstrates the effectiveness of the proposed delay-
compensation strategy, as the uncompensated structure would
exhibit substantially larger phase deviations and degraded
beamforming performance.
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FIGURE 11. (a) Layout of the proposed IFT, (b) reflection coefficients, isolation, and transition coefficients between the input ports
and their corresponding direct output ports, and (c) differential phase differences between the consecutive output ports at 38 GHz.

D. DESIGN OF INPUT FEEDING TRANSITION (IFT) AND
ITS INTEGRATION TO NBM
For the experimental testing of the proposed NBM, it is
essential to implement a feeding transition at the input
ports to accommodate the WR28 waveguide flange adapters
for proper excitation of the input ports. The operating fre-
quency band of the matrix and the width of its waveguides
(7.112 mm) are aligned with the frequency spectrum and
the geometrical parameters of the WR28, that is why this
waveguide flange adapter is chosen.

It is important to note that the performance of the IFT
should not interfere with the matrix’s overall performance.
Specifically, the magnitude of the transmission coefficients
between the input ports and their corresponding direct output
ports should be approximately zero, i.e., S51 = S62 = S73 =

S84 � 0 dB. Additionally, the phase differences between each
pair of consecutive output ports should also be zero, meaning
that the outputs should have the same phases at 38 GHz, i.e.,
Ang. S51 = Ang. S62 = Ang. S73 = Ang. S84, ensuring that
Ang. S62–Ang. S51 = 0◦. When these conditions are met, all
signals passing through the IFT will enter the matrix with the
same phase, ensuring that the IFT does not affect the matrix’s
phase performance. In this case, the IFT serves solely as a
signal transition board.

The layout of the implemented IFT, which has a length of
21 mm and a width of 55.5 mm, along with its performance
parameters are shown in Fig. 11. It is evident that the
isolation between the input ports is sufficiently high. Due
to the symmetry between ports 1 & 4 and ports 2 & 3, the
isolation between ports 1 & 2 and ports 2 & 3 is ensured to
prevent any repetition.

The next step in the design process is to integrate the
designed IFT with the NBM to assess its impact on the
matrix’s performance. Fig. 12 represents the topology and
performance parameters of the integrated NBM and IFT. It is
evident that the matrix with the IFT exhibits almost identical
performance to the matrix without the IFT, as shown in
Fig. 10. This demonstrates the precision and effectiveness
of the proposed IFT design.

It should be noted that, while the standalone IFT exhibits
near-zero phase difference as shown in Fig. 11, small

TABLE 5. Antenna’s structural parameters.

deviations are observed after integration with the Nolen
matrix in Fig. 12(f). This is due to cascading effects,
minor impedance mismatches, and fabrication tolerances,
which introduce slight phase perturbations. However, these
deviations remain negligible and do not impact the overall
beamforming performance.

E. SLOT ARRAY ANTENNA DESIGN
This section demonstrates the design and implementation of
a slot array antenna for integration into the output ports
of the matrix for the radiation process. First a single slot
array antenna using GGW technology is developed to cover
30–40 GHz, as exhibited in Fig. 13. The antenna design
includes a 0.5mm air gap between top and base layers, consis-
tent with GGW principles. Antenna’s geometrical parameters
are listed in Table 5.

The layout of the 4×4 linear slot array antenna is displayed
in Fig. 13. It shares the same structural parameters as the
single slot array antenna but contains of four single slot
array antennas arranged linearly. Fig. 13(b) demonstrates that
each port covers the frequency range of 30–40 GHz with a
reflection coefficient better than −15 dB, and the isolation
between ports is better than 40 dB. Due to the symmetrical
design of the array, ports 1 & 4, as well as ports 2 & 3,
exhibit identical S-parameter performances.

The Cartesian and polar radiation patterns for
ports 1 & 2 in both the H- and E-planes at 38 GHz
are depicted in Figs. 13(c) and (d), respectively. These
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FIGURE 12. (a) Topology of the integrated NBM and IFT, (b–e) reflection coefficients, isolation between input ports, and transition coefficients between the input ports and
their corresponding direct output ports, (f) differential phase differences between the consecutive output ports.

FIGURE 13. (a) Layout of the single and 4 × 4 linear slot array antennas, (b) reflection coefficient, and (c) cartesian and (d) polar H-plane (left-side) and E-plane (right-side)
radiation patterns of the 4 × 4 linear slot array antennas at 38 GHz.

patterns indicate that the array antenna provides high
radiation gains, exceeding 15 dBi, in both planes at
38 GHz.

F. ASSEMBLING
The final beamforming structure consists of the NBM, IFT,
and a 4 × 4 linear slot array antenna, enabling the proposed
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FIGURE 14. Proposed GGW-based beamforming network composed by NBM, IFT, and slot array antennas, (a) layout without top-layer, (b) layout with
top-layer, (c–f) reflection coefficients (S11 <-10 dB) and isolation between the input ports, and (g) radiation patterns at 38 GHz.

system to radiate at various angles with wideband scanning
capabilities at the target frequency of 38 GHz. The configu-
ration is shown in Fig. 14. In Fig. 14(a), the top layer of the
matrix and its IFT are hidden to provide a comprehensive
view of the internal configuration and arrangement of sub-
components such as couplers and phase shifters. Fig. 14(b)
displays the complete beamforming system with the top layer
included.

The reflection coefficients and isolations between the input
ports of the beamforming system are plotted in Figs. 14(c–f).
The results demonstrate that the beamforming network covers
entire upper area of the Ka-band ranging from 30 to 40 GHz
when its input ports are excited.

In addition to excellent broadband reflection coefficients
(better than −15 dB), the design achieves high isolation
between the input ports (exceeding 15 dB), ensuring effective
decoupling and stable multi-port operation. This performance
enables high radiation gain at 38 GHz, as shown in Fig. 14(g).
The radiation patterns are highly directive, demonstrating
wide-angle beam scanning capability.

A slight performance degradation is observed when the
Nolen matrix is integrated with the input feeding transi-
tion and slot-array antennas. While the components were
individually optimized, cascading them introduces inevitable

mechanical and electromagnetic discontinuities, including
tolerances in the GGW pins and air gap, surface roughness,
and minor misalignments at the interfaces. Additionally, once
the slot-array antenna is connected, the output ports no
longer terminate into ideal matched loads but instead into a
radiating structure that exhibits mutual coupling, producing
small amplitude and phase perturbations, particularly along
longer routing paths. Nevertheless, the resulting degradation
remains minimal, with return loss and inter-port isolation
better than 15 dB, amplitude variation within ±1.2 dB, and
phase error within ±10◦ near 38 GHz, demonstrating that the
integrated system successfully retains the intended broadband
beamforming performance.

G. MEASUREMENT SET-UP AND EXPERIMENTAL
VALIDATION
The fabricated Nolen matrix-based beamforming network is
exhibited in Fig. 15. The measurements are conducted in
an anechoic chamber to minimize reflections and external
electromagnetic interference. The chamber, shown in Fig. 15,
is lined with absorbing material (blue pyramidal foam) to
simulate free-space conditions, ensuring the accuracy of
the S-parameter and radiation pattern measurements. The
proposed beamforming system was mounted securely on a

VOLUME 7, 2026 6483



ALIBAKHSHIKENARI et al.: BROAD-BAND NOLEN BEAMFORMING MATRIX INSPIRED BY GGW TECHNOLOGY

FIGURE 15. The fabricated Nolen matrix-based beamforming network, (a) top-, (b) bottom-, and (c) side-view. (d) The measurement set-up.

positioning stage for precise alignment with the measurement
equipment. WR28 waveguide flange adapter was used to
feed the input ports of the beamforming network. The ports
are excited sequentially or simultaneously, depending on the
S-parameter measurement requirements. A high-frequency
VNA was used to measure the S-parameters of the system
across the target frequency range of 30–40 GHz. Calibration
of the VNA and other equipment is performed prior to the
measurements to ensure accurate S-parameter readings. The
VNA was connected to the input and output ports of the DUT
via precision coaxial cables and waveguide adapters to ensure
minimal loss and high measurement accuracy. A calibrated
receiving antenna is located at a specific distance from the
DUT to measure radiation patterns and verify beamforming
performance. The position of the receiving antenna can be
adjusted to capture the radiation characteristics in various
directions.

The plots in Figs. 16 (a)–(d) illustrate the experimental
and simulated S-parameters for Ports 1 − 4. The reflection
coefficients show that good impedance matching is achieved
primarily around the design frequency of 38 GHz. However,
Ports 2 and 3 exhibit noticeable degradation, with several
frequency regions where |S11| exceeds −10 dB in both

simulation and measurement, indicating reduced impedance
matching in those bands. The transmission coefficients rep-
resent the well-defined separation with predictable behavior
between the Ports. Simulated results exhibit expected cou-
pling levels showing consistent performance and proper
power distribution demonstrating effective signal control
and phase alignment. The measured data closely follow
the simulated trends in terms of overall shape and null
locations but display minor deviations, such as ripples and
slight frequency shifts. These discrepancies are likely due
to fabrication imperfections, measurement setup tolerances,
practical measurement limitations, and assembly imperfec-
tions. Overall, the ports demonstrate acceptable reflection and
transmission characteristics, with optimal performance near
the design frequency of 38 GHz.

It should be noted that the S-parameters in Fig. 16(a–d)
are plotted with an extended vertical scale down to −40 dB
for completeness. However, when evaluated using the con-
ventional |S11| < −10 dB criterion, the effective impedance
bandwidth is reduced and varies across ports.

The measured radiation pattern of the proposed beamform-
ing network is shown on Fig. 16(e), while the simulated
radiation pattern is presented on Fig. 14. Both sets of patterns
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FIGURE 16. The simulated and experimantal S-parameters of the proposed Nolen matrix-based beamforming network, (a) Port 1, (b) Port 2, (c) Port 3,
and (d) Port 4. (e) Experimantal radiation patterns at 38 GHz.

exhibit multiple lobes with a generally similar structure,
indicating good consistency between the simulation and
experimental results. However, some differences are evident.
The main lobes in both the simulated and measured patterns
are aligned near the central angle (Phi = 0◦), demonstrating
the network’s beamforming capability. Secondary lobes in
the measured patterns show slight deviations in position and
magnitude compared to the simulated patterns. Additionally,
the gain values in the simulated patterns are higher overall,
with sharper peaks in both the main and secondary lobes. In
contrast, the measured patterns exhibit smoother variations
and slightly reduced peak gains, likely due to practical
factors such as fabrication imperfections, material losses,
or inefficiencies in the measurement setup. Another notable
observation is the symmetrical patterns. While the simulated
results are more symmetrical around Phi = 0◦, the measured
results display minor asymmetry, especially in the side lobes.
This asymmetry could be attributed to real-world variations
in the experimental setup or minor misalignments during
testing.

While Port 1 demonstrates the most favorable return loss
and consistent radiation performance, the characteristics of
Ports 2, 3, and 4 show moderate degradation. This dis-
crepancy is mainly attributed to practical implementation
challenges such as physical asymmetries in the GGW layout,
sensitivity to fabrication tolerances, and minor mismatches
between the matrix outputs and the slotted array antenna
inputs. These effects become more prominent along the off-
center paths of the matrix. In future work, improvements
in layout symmetry and tighter control of manufacturing
tolerances will be pursued to enhance uniformity across all
output ports.

III. COMPARISON WITH PRIOR ARTS
In this section, the proposed beamforming system is eval-
uated against representative Nolen matrix implementations
reported in the literature, with particular emphasis on recent
mmWave and high-frequency designs to enable a meaning-
ful like-for-like comparison. The evaluation considers key
parameters including topology, design method, matrix size,
bandwidth, design frequency, reflection coefficient, isolation
between input ports, and design complexity and planarity,
as summarized in Table 6. Furthermore, the proposed design
operates at 38 GHz, which is significantly higher than many
reported Nolen matrix implementations, thereby demonstrat-
ing feasibility at mmWave frequencies where losses and
phase errors are more critical. The proposed design spans
a wide design bandwidth of 30–40 GHz; however, the effec-
tive impedance bandwidth, defined by |S11| < −10 dB, is
narrower and varies across ports, with optimal performance
concentrated around 38 GHz.

The design spans 30–40 GHz (28.5%) in terms of physi-
cal structure; however, optimal performance is concentrated
around 38 GHz. The usable beamforming bandwidth is
therefore concentrated around the design frequency of 38
GHz, where amplitude balance, phase progression, and
matching conditions are simultaneously satisfied. This per-
formance is competitive among reported mmWave Nolen
matrix implementations. Although [34], [35], [41], and [42]
provide wideband design capability, but they operate at lower
frequencies (1.8 and 3 GHz), which are not suitable for
mm-wave applications. The proposed design demonstrates
competitive performance within the mmWave regime, partic-
ularly at 38 GHz, where amplitude balance, phase accuracy,
and impedance matching are simultaneously achieved. This
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TABLE 6. Comparison of reported Nolen matrix implementations. Bandwidth values are reported according to the definitions provided in
the original references (typically |S11 | < −10 dB where specified). Comparisons across different technologies and frequency ranges reflect
trade-offs in performance, loss, and integration rather than direct equivalence.

frequency is notably higher than most designs compared,
which generally operate below X-band (12 GHz), except for
[37], [39], [40], [45], [46], and [48].

The proposed design features a planar and single-layer
configuration, simplifying the fabrication process and reduc-
ing production costs. It should be noted that, unlike
microstrip-based implementations, the GGW structure does
not primarily aim to minimize footprint; instead, it provides
advantages in terms of reduced loss, improved isolation, and
robustness at mmWave frequencies. While GGW structures
require high fabrication precision, particularly in maintain-
ing uniform pin geometry and air gaps, they eliminate
the need for multilayer alignment and provide improved
electromagnetic performance at mmWave frequencies, rep-
resenting a trade-off between manufacturing tolerance and
performance. This design approach contrasts with multi-
layer or more complex topologies used in other systems
[33], [36], [37], [42], [43], [44], [45], [46], [47], [48], [49].
The planar design contributes to ease of integration and
lower complexity, making the system more accessible and
cost-effective.

The straightforward topology of the proposed design mini-
mizes complexity and cost, providing an economical solution
compared to more intricate designs. For example, systems in
[34] and [41] use complex methods like SFGs, and bandpass
filters, respectively. The simplicity of the proposed design
facilitates easier manufacturing and integration contributing
to its durability and consistent operation. The proposed
system’s robustness ensures reliable performance under var-
ious conditions.

The proposed beamforming system provides high band-
width, competitive phase accuracy (±10◦), and simple planar
design making it particularly well-suited for terrestrial and
space telecommunications, and 5G communication systems.

It is also important to highlight that, unlike the GGW-based
Nolen matrix reported in [21], which is based on a multilayer
structure and limited to simulation, the proposed design is
realized in a single-layer configuration and experimentally
validated as a complete beamforming system.

Quantitatively, the proposed design achieves return loss
better than −15 dB, port isolation exceeding 15 dB, amplitude
imbalance within ±1.2 dB, and phase error within ±10◦,
demonstrating competitive performance among state-of-the-
art mmWave beamforming networks.

IV. CONCLUSION
This paper investigated the design, fabrication, and experi-
mental validation of an integrated single-layer 4 × 4 Nolen
matrix beamforming network implemented in groove gap
waveguide (GGW) technology and optimized for operation
around 38 GHz within the upper Ka-band. Broadband H-
plane directional couplers and phase shifters were combined
in a predominantly parallel routing topology, and dedi-
cated delay-compensation sections were introduced to correct
residual path-length disparities while preserving a compact
footprint. An input-feeding transition compatible with WR-28
waveguide interfaces was incorporated without disturbing the
intended amplitude and phase relationships. A linear GGW
slot-array antenna was integrated to validate multi-beam
radiation and wide-angle scanning. While the structure spans
the 30–40 GHz range, the effective impedance bandwidth
is narrower and varies across ports, with best performance
observed near 38 GHz.

In contrast to prior Nolen matrix implementations, includ-
ing the GGW-based multilayer design in [21], which is
limited to simulation results, the proposed work provides
a fully single-layer realization with complete experimen-
tal validation and system-level integration. The design
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incorporates built-in delay compensation, achieves improved
phase accuracy (±10◦), and supports practical integration
with a radiating array. Measurements confirm return loss
better than −15 dB, port-to-port isolation exceeding 15 dB,
amplitude imbalance within ±1.2 dB, and phase error within
±10◦, with stable phase progression around the design fre-
quency and only modest degradation at the band edges due to
practical assembly tolerances. These results demonstrate that
the proposed approach offers a viable path toward broad-
band mmWave multi-beam front ends for satellite-oriented
communication systems.

Compared to existing mmWave Nolen matrix imple-
mentations, the proposed approach provides a practical
balance between performance, structural simplicity, and
system-level integration, addressing key limitations of prior
designs.

As observed in Table 6, many reported Nolen matrix
implementations operate at lower frequencies or rely solely
on simulation results. In contrast, the proposed design
demonstrates a fully measured implementation at 38 GHz,
highlighting its feasibility for mmWave applications where
loss, fabrication tolerance, and phase stability become more
critical.

These characteristics make the proposed beamforming
network particularly suitable for satellite-oriented multi-beam
systems operating in the upper Ka-band.

Future work will explore the integration of GGW-
based beamforming networks with reconfigurable radiating
structures such as leaky-wave and pinching antennas to
further enhance beam agility and spatial multiplexing
capabilities.
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