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ABSTRACT

This paper presents an in-depth study of mixer metasurfaces comprising a frequency-selective surface (FSS) mixer layer and a

secondary transmission line local oscillator (LO) layer. Through both simulation and experimental measurement, we demon-

strate how an upconverted signal is maximised by optimising metamaterial design and the separation of mixer components.

Local oscillator signals at 2.1, 3, 4.2, and 4.45GHz were applied to the LO layer to drive the switching diodes on the mixer layer.

The resulting metamaterial reflectivity, transmission, surface currents, scattering patterns, and 1D probe data were analysed,

with results from a large-scale fabricated model verifying the simulations. Finally, the structure is augmented with a meta-

material absorber to suppress generated harmonics, demonstrating a novel multi-layered approach to incident signal manip-

ulation and scattering control.

1 | Introduction

Controlling and reducing electromagnetic (EM) scattering of
signals is an area of significant interest across various sectors,
such as within the aviation and maritime industries [1, 2].
Although this interest has driven the development of numerous
design methodologies, approaches such as mixer diodes have
only seen limited use. Although basic semiconductor compo-
nents have been used before for resistive tuning [3], this work
aims to expand and establish a new concept for mixer-based
metamaterials.

In metamaterial research, various types of transmitting surfaces
have been designed using nonlinear devices to introduce effects
such as variable resistance, capacitance and signal mixing,
documented from the 1990s to the present day [4-8]. Meta-
materials represent a broad research field valued for their
unique properties, with frequency-selective surfaces (FSSs)
functioning as low-pass, high-pass, bandpass or bandstop filters
as well as absorbers [9-11]. These properties arise from the

inductive and capacitive effects of geometric patterns printed on
a substrate, which enable passive filtration properties. Elec-
tronic components can further enhance the inductive or
capacitive characteristics of a metamaterial. Components such
as PIN and mixer diodes that contribute to resistive and mixing
effects can also introduce parasitic capacitance and inductance.
These properties can shift the operating frequency of the
structure and have been used for tuning applications [12-14].

In the context of mixing, various electromagnetic and meta-
material structures, such as diode grid mixers, have been
developed to utilise the superheterodyne effect for combining
two signals. When an AC stimulus is applied, it activates the
diodes, generating the desired f; = f, harmonics. Mixer-based
metamaterials have previously been employed to achieve this
effect by combining two signals that illuminate metamaterial
structures, and a DC biasing signal switches on the diodes to the
desired nonlinear region [15-17]. These metamaterials have
been designed by adapting research taken from the literature
[18, 19] and adding Schottky diodes to the surface. This creates
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multiple-element, single- and multidiode grid mixers that have
been capable of drawing a downconverted signal from the mixer
diodes to a ground point or off a surface [16, 17]. The super-
heterodyne principle has also been applied in harmonic tags for
wildlife and object tracking, where minimal RF circuitry and
mixer components facilitate frequency doubling [20, 21].

This study advances previous work [22] by transitioning from a
4 x 4 metamaterial mixer structure to a larger 8 x 8 array with
an expanded LO layer. The 8 x 8 configuration is used to
mitigate edge effects, whereas the expanded LO layer provides
an AC stimulus necessary to bias the diodes. This enables the
mixing of an LO signal (fio) with an incident signal (f;)
allowing for a more comprehensive analysis than previously
possible. For demonstration, a target 6.2-GHz signal is gener-
ated by illuminating the structure with a 2-GHz incident wave,
whereas a 4.2-GHz signal is fed through the LO layer. Although
the response of metamaterials across various frequencies is well
documented, the specific frequency range selected for this paper
was determined by the availability of silicon-based components
and the requirement for design simplicity.

Metamaterial absorbers are designed to suppress specific fre-
quencies based on their structural design, a capability utilised to
modify the radar cross-section (RCS) of dipole antennas [23]
and control the scattering of phased arrays [24-26]. Building on
these techniques, this study proposes that, by integrating an
absorber with a metamaterial capable of frequency upconver-
sion, the resulting harmonics can be effectively dissipated. This
multilayered approach introduces a novel method for scattering
control, whereby an incident signal is upconverted by a mixer
layer and subsequently captured by an absorbing layer. Because
these target harmonics exist at higher frequencies, the required
absorbing structure can be significantly thinner than conven-
tional low-frequency counterparts.

Within the scope of this research, simulations and measure-
ments are conducted to model and verify the mixer effect within
these metamaterial structures. These findings provide a foun-
dation for future designs, offering a framework to optimise or
augment mixer-based metamaterials. Potential applications
include the development of dual-band metamaterials, the mix-
ing of multiple input signals and the exploration of novel ave-
nues in metamaterial research. Furthermore, this approach
enables the miniaturisation of future absorber designs by inte-
grating common metamaterial architectures with active mixer
components.

2 | Model Design and Structure Configuration
2.1 | Structure Configuration

Figure la shows the basic concept of the multilayered super-
heterodyne metamaterial; this structure consists of an FSS layer
with silicon oxide Schottky diodes that make the surface act as a
mixer layer when excited by an external stimulus. A local
oscillator (LO) layer is positioned 3 mm beneath the mixer layer
to provide an AC stimulus via a transmission line network. For
demonstration purposes, this network is optimised to minimise
losses at 4.2 GHz. When an external LO signal is applied, the
mixer layer upconverts a 2-GHz incident signal to 6.2 GHz,

which is then re-radiated. This upconversion mechanism re-
duces the magnitude of the original incident signal. Further-
more, the mixing efficiency can be modulated by adjusting the
LO signal magnitude, thereby controlling the interaction across
the Schottky diodes.

The 3-mm separation between layers was maintained in both
simulation and measurement to ensure effective LO signal
coupling while minimising parasitic losses and structural
reflectivity. Finally, as depicted in Figure 1b, an absorber layer is
integrated into the structure to suppress unwanted harmonics
and further attenuate the illuminating signal.

2.2 | Mixer Layer Unit-Cell Design

A mixer layer unit cell consists of a single aperture loop printed
on a 1-mm-thick FR-4 substrate with a single central patch FSS
and is used for the bandwidth it provides at the target frequency
(2 GHz + 200 MHz), using the same design as in Ref. [22]. To
achieve the mixing effect, two Schottky diode pairs are con-
nected across the gap in the loop, as illustrated in Figure 2. The
design parameters in Table 1 are implemented to ensure reso-
nance at 2 GHz. The aperture loop design was selected for its
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FIGURE1 | Diagrams of transmitting metamaterial and full absorber
structures.

di

FIGURE 2 | Mixer layer unit cell with PEC denoted in black and FR-
4 in yellow.
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structural simplicity and the ease with which diodes can be
integrated into the surface for mixing. Although alternative
components such as transistors or integrated circuit (IC) mixers
could be considered, they introduce significant architectural
complexity. Incorporating such components into a square
aperture loop would necessitate extensive redesigns. Further-
more, the additional interconnects required for active mixers
could adversely affect the frequency response.

The structure is designed to resonate at 2 GHz, utilising diode
pairs to provide the mixing required for upconversion. Although
downconversion is possible using this approach, it is limited by
the FSS unit-cell size and is beyond the scope of this study.

2.3 | LO Layer Unit-Cell Design

The LO layer consists of a transmission line network configured
to minimise losses at a single frequency. The design of this layer
follows the concept in Figure 3, whereby a parallel, separated
microstrip is adopted. Using this topology, we can vary the line
separation, substrate thickness and width of the two lines,
thereby controlling the characteristic impedance. Furthermore,
the electric field distribution (indicated by red dotted lines in
Figure 4) may be induced using an LO signal connected be-
tween the (+) and (—) conductors. These conductors are shown
in Figure 3 as the black and grey lines that denote the parallel
lines on either side of a 1.2-mm-thick FR-4 substrate. These
fields are polarised to maximise induced currents on the mixer
layer. These currents flow through the diodes, providing both
the required stimulus and the fio signal necessary to upconvert
the incident signal ( ﬁ). To minimise reflections, the LO layer
can be extended and connected to a specifically designed fre-
quency splitter. The LO layer shown in Figure 3 is designed
according to the parameters in Table 2 to achieve a character-
istic impedance of 100 Q, ensuring compatibility with the
splitter depicted in Figure 5. This transmission line splitter is
designed using the parameters in Table 3, whereby the input is
matched to an input impedance of 50Q and by using a T-split
power divider topology [27], the output lines of the splitter
have a characteristic impedance of 100Q, such that it can con-
nect to the parallel separated transmission lines with minimal

TABLE 1 | Mixer layer design parameters.

Parameter X di pl
Value/mm 39.8 26 28.8 2

_W
_W

reflections. This process may be repeated multiple times
depending on the available power levels and the desired size of
the LO layer.

A larger, complete architecture can be realised by integrating two
sets of transmission line splitters. These are matched to 50 Q at
the inputs, with outputs feeding directly into the LO layer. To
achieve the required 100 Q output impedance and ensure
compatibility with the previously designed differential lines, the
microstrip traces are physically separated at the splitter outputs.
Furthermore, the lines feature chamfered and mitred bends to
optimise the overall S-parameter response. These design re-
finements minimise reflections at the interface with the primary
transmission line situated beneath the mixer layer.

2.4 | Absorber Layer Concept

As illustrated in Figure 1b, an absorber layer is integrated to
dissipate the upconverted harmonics scattered into the far field.
For this design, a Salisbury screen metasurface absorber is
selected due to its structural simplicity. The absorber comprises a
dual-polarised FSS situated above a ground plane, utilising the
same aperture loop concept as the mixer layer. Surface-mount
resistors connect the outer loop to the inner patch to provide
the necessary resistance for matching the free-space impedance,
1o (377 Q). When the optimal separation distance D between the
ground plane and the FSS is established, the structure achieves
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FIGURE 4 | Transmission line concept.

TABLE 2 | LO layer design parameters.

Parameter P a w
Value/mm 39.8 26 4.2

FIGURE 5 | LO layer splitter network that connects to LO layer.

TABLE 3 | Splitter design parameters.

Parameter G m v w
FIGURE 3 | Unit-cell LO layer. Value/mm 159.2 3.2 11 42
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minimal reflectivity at 6.2 GHz. This configuration effectively
suppresses unwanted harmonics without interfering with the
primary mixing operation. In this work, the FSS Salisbury screen
depicted in Figure 6 with parameters detailed in Table 4 serves as
a proof of concept for the integrated mixer-absorber architecture.

3 | Simulation
3.1 | Simulation of Individual Layers

Preliminary simulations of the two individual layers in Figures 2
and 3 were carried out to find the transmitting frequency and S-
parameters of the two layers, respectively. The results in
Figure 7 show the simulated reflectivity and transmission,
where the mixer layer displays a resonant reflectivity at
2.05 GHz with a magnitude of —31 dB and behaves as a trans-
mitting surface at this frequency. Although the targeted fre-
quency was 2 GHz, the design choice was intentionally offset to
compensate for the frequency shift expected when integrated
with the LO layer. The coupling between the input and ground
lines is illustrated in Figure 8, where the electric field orienta-
tion is optimised to induce diode currents once the mixer layer
is positioned above. Simulation data indicate that increasing the
separation between layers significantly reduces the induced
current, as the electric field amplitude decays rapidly with dis-
tance. This attenuation is visualised in the vector plot, where
field magnitudes decrease from 34, 613 V/m at the source to less
than 400 V/m as the distance increases.

Absorber FSS Ground Plane

fFecipaca

Ua

a) Absorber FSS design b) Absorber Salisbury screen arrangement

FIGURE 6 | Absorber layer unit cell with PEC denoted in black and
FR-4 in yellow.

TABLE 4 | Absorber layer design parameters.

Parameter Uc Ua 2 D
Value/mm 19.9 16.82 2 21
i = |
" ]
Eas \f ]

g-an |

1 2 3 4
Frequency/GHz

FIGURE 7 | Reflectivity and transmission results of mixer layer
alone.

Figures 9 and 10 present the simulated S-parameters for the
integrated LO architecture, including all splitters and trans-
mission lines. As expected, the complexity of the combined
structure leads to a marginal increase in both insertion loss and
reflections. The S;; results remain below —20 dB at 4.2 GHz,
indicating excellent impedance matching at the input. Although
the S magnitude is slightly higher than anticipated, remaining
just above — 10 dB at 4.2 GHz, this is primarily attributed to the
physical length of the LO distribution network. For this proof-
of-concept demonstration, these performance metrics are
acceptable; however, future iterations could be optimised to
further reduce ohmic losses and enhance coupling efficiency.

3.2 | Mixing and Optimisation of Signals

When determining the optimal diode placement, three topol-
ogies were evaluated based on their current distributions at the
6.2-GHz harmonic frequency, as shown in Figure 11. Analysing
the direction and magnitude of these currents is essential, as

R R R R Ry

FIGURE 8 | E-fields round the LO layer.
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FIGURE 9 | S11 result of LO layer when splitters are connected to
microstrip.
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FIGURE 10 | S21 result of LO layer when splitters are connected to
microstrip.

c) Two diodes,
opposite directions

b) Two diodes,
same directions

a) Single diode

FIGURE 11 | Current distribution for different diode orientations.
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they directly dictate the radiation characteristics of the gener-
ated harmonics.

In the single-diode arrangement in Figure 1la, currents on
opposite sides of the aperture loop flow in opposing directions.
Specifically, the single-diode results in a phase mismatch across
the gap, preventing a coherent radiating mode. To resolve this,
dual-diode configurations were investigated to establish a
circulating current loop.

In the configuration shown in Figure 11b, although two diodes
are used, their identical orientation prevents the formation of a
continuous loop. Instead, the currents flow in opposing di-
rections, leading to destructive interference that significantly
degrades harmonic radiation. This led to the final design
(Figure 11c), where the diodes in each pair are oriented in
opposite directions (antiparallel). This arrangement facilitates a
circulating current path between the diodes, effectively forming
a current loop that radiates the harmonic more efficiently than
the previous iterations.

To optimise the magnitude of the harmonics, a preliminary
study was conducted to determine how diode placement in-
fluences surface current distribution, as shown in Figure 12. We
compared the surface currents generated for 5 and 6.2 GHz
outputs, resulting from 3 to 4.2 GHz LO signals, respectively.
The results reveal current loops circulating between the two
diode pairs, effectively forming a radiating element within
the aperture loop. With a fixed diode separation of 26 mm, the
spacing approaches A/2 for the 6.2-GHz harmonic
(4 = 48 mm), but not for the 5-GHz signal (1 = 60 mm). This
/2 separation facilitates optimal radiation of the 6.2-GHz har-
monic, as evidenced by the enhanced resonance effects shown
in Figure 12a,b. This behaviour compares well with previous
research where lumped reactive components were utilised to
induce similar resonant effects [28]. This resonance is further
validated by the normalised E-field spectra in Figure 13. When
the LO frequency is 3 GHz, the resulting 5-GHz harmonic is
10 dB lower than the 6.2-GHz harmonic produced by a 4.2-GHz
LO signal (normalised amplitudes of —19.3dB and —9.6 dB,
respectively). Although frequency-dependent scattering may
contribute to this discrepancy, it cannot account for the full 10-
dB difference; the increased amplitude is primarily attributed to
the optimised surface current distribution at 6.2 GHz. Further-
more, the LO signal amplitude significantly influences the
mixer's operating state. We observed that the 4.2-GHz LO signal
reaches a higher normalised amplitude (11.9 dB) compared to
the 3-GHz signal (—1.4 dB), likely due to antenna gain effects

TEEELN o % 2 4 -

a) 6.2GHz currents

2) 5GHz currents

FIGURE 12 | Current distribution around the aperture loop when
LO power is 14 dBm.

within the LO layer. This variation in LO magnitude affects
diode saturation levels, which, in turn, modulates the suppres-
sion of the 2-GHz incident signal. Specifically, the 2-GHz signal
is reduced to — 3.3 dBV/m when using a 3-GHz LO, whereas it
remains at 0 dB with an LO frequency of 4.2 GHz, indicating
that the mixing efficiency is highly dependent on the LO power
level.

A parametric study was conducted to evaluate the impact of
diode separation (di in Figure 2) by varying the distance from 6
to 26 mm (Figure 14). As illustrated in Figure 14a, the magni-
tude of the 2-GHz incident signal decreased as the diode sepa-
ration was increased in 4 mm increments. This provided a
tuning range from —0.9 dB at a 6-mm separation to —4.9 dB at
26 mm. Conversely, Figure 14b demonstrates that the desired
6.2-GHz harmonic reached its peak magnitude of —4.2dB at a
separation of 26 mm, approximately 1/2 before dropping to
— 8.6 dB at 18 mm. These findings justify the selection of the 26-
mm separation for the final design, as it maximises the 6.2-GHz
harmonic radiation. This design methodology is scalable;
therefore, future iterations must precisely account for diode
spacing to optimise the output of the targeted upconverted
harmonics at different frequencies.

3.3 | Effects of Different LO Signals on the
Metamaterial Structure

Although this study primarily focuses on optimising the 6.2-
GHz harmonic, additional LO frequencies, specifically 2.1, 3 and
4.45 GHz were investigated to characterise their impact on the
system's mixing performance. These frequencies were selected
to evaluate the mixer's response across a broad spectral range. It
was hypothesised that the diode arrangement, in conjunction
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FIGURE 13 | Frequency spectra taken directly behind the structure
when 3 and 4.2 GHz are used as stimuli for the LO layer.
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diode spacing is varied.
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with the LO input frequency, could be used to control and
maximise the magnitude of the upconverted harmonics. The 2-
GHz incident frequency was kept constant throughout this
evaluation.

Building on the optimisation study in Section 3.2, the 3D electric
field distributions for various LO frequencies are detailed in
Figure 15. Each LO signal was applied at 0 dBm to ensure a
mixing effect while avoiding diode saturation. As shown in
Figure 16, the magnitude of the electric fields coupling onto the
mixer layer directly influences the induced surface currents.
Analysis of Figure 16 shows that a 2.1-GHz LO signal induces
the highest current amplitude (4.82 x 10~7 A/m), whereas the
4.2-GHz LO signal results in the lowest (4.33 x 10~7 A/m). The
intermediate stimulus frequencies of 3 and 4.45 GHz induce
currents of 4.37 x 107 A/m and 4.43 x 10~7 A/m, respec-
tively. These results suggest that an optimal LO frequency when
paired with the previously discussed diode separation can
maximise signal conversion. Specifically, the high current
induced by the 2.1-GHz LO signal is expected to produce a 4.1-
GHz upconverted product with a greater amplitude than the 5-,
6.2- or 6.45-GHz harmonics generated by the other stimulus
frequencies. This design methodology provides a framework for
tailoring future metasurfaces to specific upconverted harmonic
requirements.

The scattering spectra for LO frequencies of 2.1, 3, 4.2 and
4.45 GHz are presented in Figure 17 when the structure is
illuminated with a 2-GHz signal. It was found that the ampli-
tude of the LO signal increased with frequency with magnitudes
of —7.3dB, —1.4 dB, 11.9 dB and 12.9 dBV/m at 2.1, 3, 4.2 and
4.45 GHz, respectively. This is despite the signals all being input
through the LO layer with equal amplitudes. This was a func-
tion of the transmission line’s frequency-dependent S-parame-
ters. Because the network was optimised for 4.2 GHz, the
structure exhibits superior transmission efficiency at higher
frequencies, resulting in the LO signal being radiated with its
maximum amplitude at these frequencies.
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FIGURE 15 | Electric field distribution on mixer metamaterial of LO
power when input power is 0 dBm for different frequencies.

Despite the variation in LO magnitudes, the resulting upcon-
verted harmonics at 4.1, 5, 6.2 and 6.45 GHz have amplitudes of
—15 dB, —19.3 dB, —9.6 dB and —8.3 dB, respectively. This re-
flects the results that were previously produced, whereby the
higher LO amplitudes correspond to a greater mixing effect.
Although a maximum reduction of — 3.4 dB was achieved at an
LO frequency of 3 GHz, the signal remained at 0 dB when the
LO frequency was 4.2 GHz. This is unexpected given that the
4.2-GHz LO produced a higher-magnitude upconverted har-
monic. This discrepancy may be attributed to frequency-
dependent scattering effects or structural resonances within
the metamaterial, which alter the overall scattering parameters
independently of the mixing efficiency.
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FIGURE 17 | Scattered frequency spectra taken when different
stimuli are input through the LO layer with an input power of 0 dBm.
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It is therefore assumed that, for different LO signals, a different
input power could be required to achieve optimal mixer results
due to the coupling and switching effects each LO stimulus
contributes to the structure. When comparing to the previous
results in Figure 18, we found that, when the power is increased,
the structure appears to exhibit greater mixer effects. Because of
the results seen in the polar plots in Figure 19 and when
comparing to Figure 17, it can be assumed that the diodes, when
the LO frequency is 4.2 GHz, have moved further into the
nonlinear region and induced a greater mixing effect, creating a
greater conversion effect. This can be attributed to a higher LO
frequency which is input to the LO layer. This effect can thus be
assumed for different frequencies whereby different power
levels for each frequency will result in varying mixing effects,
and by choosing the optimal power and LO frequency, the mixer
structure exhibits fewer resistive effects on the reflectivity of the
structure and greater conversion effects.

The electric field, current and scattering results all point to the
effects of different LO frequencies on the mixer layer, and by
using a suitable frequency, the upconverted harmonic can be
optimised and maximised. This combination of factors and the
input power through the LO layer are each used to switch on the
diodes to a desired point in the nonlinear region, where mixing
is maximised and the resistive effects on the reflectivity of the
structure are minimised.

3.4 | Scattering Simulations and Nonlinear
Performance

To simulate the structure, the mixer and LO layers from Sec-
tion 2 were layered using the arrangement in Figure 1 and
simulated with the mixer layer modelled as a 4 x 4 structure
and the LO layer modelled as two separated lines running un-
derneath it. The diodes on the mixer layer are modelled as
point-to-point lumped element diodes using the corresponding
separation detailed in Figure 2 and provide the desired mixer
effects on the surface. Because the time-domain solver plane
wave function is used only to measure the scattering from a
surface, it displays the results of what is generated inside the
bounding box, and an array of dipole antennas is used to illu-
minate the structure. The reflectivity and transmission results in
Figure 20 were produced using a frequency-domain solver.
Comparing the results in Figure 7, where the mixer layer alone
was simulated, the overall reflectivity has increased from
—31 dB to —24 dB, with a slight shift in frequency from 2.05 to

s

——LO layer switched OFF
——LO layer switched ON (0dBm)
——LO layer switched ON (14dBm)

- A " n(ww\mw‘/vwf “th M""“W«vwmw% i
| \

- i T ——

i oo A —

I I I

2 3 4 5 6 7
Frequency (GHz)

a) Whole spectrum of simulated far field scattering

N
S

o
S

Normalised E field/dB
3 °

&
2

o

——LO layer switched OFF
‘\ ——LO layer switched ON (0dBm)
f h ——LO layer switched ON (14dBm)

li ‘ MWU\I’ !WW ﬂﬁm ﬂ ;\

3 6 7
Frequency (GHz)
b) Zoomed in spectrum

o
T

&
T

>
T

Normalised E field/dB

o
N

FIGURE 18 | Far-field scattering of harmonics at a 165° lobe.

1.98 GHz. This is due to the added effect of the LO layer that
contributes to this slight shifting; however, the structure may
still be used at 2 GHz.

Following on from the reflectivity and transmission results,
simulations were carried out using the time-domain solver to
evaluate the scattering when f; and fio signals were generated
as sinusoidal waves using MATLAB and input through the
illuminating source and LO layer. In this simulation, an array of
dipoles was used to illuminate the structure so that the scat-
tering of the illuminating 2-GHz signal could be evaluated.
Simulations were performed when the LO layer was switched
off and switched on with a 14-dBm signal to ensure mixing
across the structure. A 4.2-GHz signal is input through wave-
guide ports at the edge of the LO layer down through the inputs
of the transmission lines to provide stimulus and f;o to the
mixer structure that then upconverts the illuminating 2-GHz
signal. This produced the results in Figure 21 where the mea-
surements were taken directly underneath the structure. When
examining the results in Figure 21a, where the top and bottom
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FIGURE 19 | Electric field (dBV/m) results for different input
powers.
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FIGURE 20 | Reflectivity and transmission of whole structure.

0 T T T

— Gonamear
0 v”””’“”wﬂ‘wMMPWMMIW WMW g™

100 L L L L L
1 2 3 4 5 6 7

Frequency/GHz
a) Voltages of top and bottom diode pairs across mixer layer unit cell

Normalised Voltage/dB

T T T T

200 [——Transmitted Fields|
—— Reflected Fields

MMF‘?,%WWW"WM MIW = .“ kww A \;

|m ,’ (i

Normalised E field/dB

I L | I
1 2 3 10
quuency/GHx
b) Reflected and transmitted far field results

FIGURE 21 | Lumped element and scattering results with an input
power of 14 dBm.
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diode pairs are shown, it was found that the desired 6.2-GHz
harmonic was generated alongside a second 8.4-GHz signal.
This was expected, as the 8.4-GHz signal was generated by the
doubling of the 4.2-GHz f1o signal, which appears in the diode
results as the largest generated harmonic with amplitudes of
—33.1 dB and —26.6 dB for the top and bottom diode pairs,
respectively. This was expected because the amplitude of the
4.2-GHz signal is larger than the 2-GHz signal, which, due to
mixer theory and as found in common mixer circuits [29-31],
will have an impact on the overall amplitude of the 6.2-GHz
signal. When examining the 2.2- and 6.2-GHz harmonics in
Figure 19a, these were the second-largest harmonics and are of
similar amplitudes between —41 dB and —40 dB. These are the
upconverted and downconverted products of the mixing of the f;
and fio signals and will be radiated by the structure. Other
harmonics exist, such as the 6.4-GHz harmonic, which is the
product of the 8.4-GHz harmonic mixing with the 2-GHz input
signal and, as such, is lower than the f; + f1o products with an
amplitude of —43 dB.

The 6.2- and 8.4-GHz harmonics were then observed in the
scattering plot in Figure 21b, where in the transmitted fields,
these harmonics have amplitudes of —10.4 and 0 dB, respec-
tively. A similar effect was found in the reflected fields, whereby
the 6.2- and 8.4-GHz harmonics are —13.9 dB and —2.8 dB,
respectively. These results were smaller than expected given the
change in the 2-GHz signal, and as such, a greater study of the
scattering of the 6.2-GHz signal was required. The 2-GHz signal
is found to be attenuated when comparing the transmitted and
reflected fields, as there is a difference of 8 dB; however, it is
found that the 6.2-GHz signal is not as high as this harmonic,
and thus further probes are required to be placed around the
structure to determine the direction and magnitude of the
scattering to determine where maxima are occurring. The 8.4-
GHz harmonic is also observed to be larger than the 6.2-GHz
signal, which is expected due to the voltage results across the
diodes; however, from looking at these results, a larger 6.2-GHz
harmonic was expected, leading to an additional investigation of
this signal.

To study the scattering of the 6.2-GHz harmonic around the
mixer structure, E-field polar plots were generated for the
¢ = 270° cut, as shown in Figure 19. These plots detail the
scattering at LO input powers of 0 dBm and 14 dBm, with a
black dotted line superimposed to denote the mixer structure.
From the two plots, we see at 165° a main lobe at amplitudes of
4 dBV/m and 3 dBV/m; when the power was increased, a sec-
ond lobe began to appear at 235° that tends towards —5 dBV/m
at 14 dBm. Other lobes are also observed at 15° and 205°%
however, in the scope of this research, the lobes at 165° and 235°
were examined further.

To examine the far-field scattering at the 165° lobe, the spectra
in Figure 18 were analysed to find the maximum 6.2-GHz
harmonic. Figure 18a illustrates the 1-7-GHz spectrum, where
the 4.2-GHz LO signal has amplitudes of 14.6 and 25.4 dB at LO
input powers of 0 dBm and 14 dBm, respectively. These levels
confirm that the LO signal successfully biases the diodes
compared to the “off” state. Consistent with the polar plots in
Figure 19, the generated 6.2-GHz harmonic at the 165° lobe is
significantly larger than those in Figure 21b, with its amplitude

approaching that of the 2-GHz signal. These 1D scattering re-
sults, measured with far-field probes, verify the previously
observed scattered lobes. In Figure 18b, a zoomed-in spectrum is
presented. In these results, we see that the 2-GHz signal was
attenuated by approximately 6 dBV/m (reducing from 0 dBV/m
to —5.5 dBV/m) when comparing the off and 14-dBm states, and
this is attributed to the mixing effect. As the LO power in-
creases, diode saturation leads to more mixing and conversion.
This saturation effect is further seen in Figure 18b, where the
6.2-GHz harmonic appears to decrease as the LO power is
switched from 0 dBm to 14 dBm. This follows the trend
observed in the polar plots at 165°, where the harmonic
magnitude diminishes as LO power increases. Furthermore, as
the LO power rises, new lobes emerge at other coordinates such
as 235°, suggesting that diode saturation can shift the scattering
direction of the generated 6.2-GHz harmonic.

Other signals were generated, such as the downconverted
component at 2.2 GHz corresponding to the fio — f; mixing
product. This component exhibits an amplitude of —16 dB,
which decreases as the LO input power increases; however,
similar to the 6.2-GHz case, these harmonics are expected to
increase at different spatial points around the structure. A final
scattering product appears at 6.4 GHz, corresponding to the
2fro — f; harmonic. As predicted by the diode voltages in
Figure 21a, this signal remains low, measuring —11.1 dB at an
LO power of 0 dBm and dropping to —16.9 dB at 14 dBm. This
suggests a pattern similar to the 6.2-GHz polar plots, where the
amplitude decreases at one angle while increasing at another.
The results across these frequencies indicate that a consistent
physical effect occurs regardless of the LO frequency, a trend,
that is, expected to persist for other generated harmonics.

3.5 | Adding the Absorbing Layer to the Structure

With the nature of the far-field scattering of upconverted har-
monics studied, the next step involved integrating the absorbing
layer conceptualised in Section 2.4 to absorb the 6.2-GHz har-
monics generated by the mixer layer. To design an optimal
absorber that operates at 6.2 GHz, parameter sweeps of the
distance between the resistive FSS and ground plane D were
carried out. Following this, the resistance of components on the
absorber layer was varied to optimise the structure’s reflectivity.
The results of these sweeps are presented in Figure 22.
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FIGURE 22 | Results of initial simulation of absorber.
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By sweeping the distance between the FSS and ground plane for
an initial resistance of 10Q, the ideal value of D was found. This
process is shown in Figure 22a, where the distance is swept in
3 mm increments to coincide with the size of spacers that are
used in the fabricated structures. We find here that the optimal
distance was 21 mm. This is larger than the /Zl spacer require-
ment found in classic absorber designs; the surface has an
equivalent parallel LC circuit topology with the inductance of
the surface dominating at low frequencies, and as such, the
spacer needs to have an equivalent capacitive impedance to
achieve resonance, leading to an electrically thicker structure.

Following the initial distance sweep, the reflectivity of the
structure was optimised by selecting a resistor value that pro-
vided appropriate matching to the free-space impedance, 7,.
Figure 22b illustrates the results of this optimisation, where the
resistance was swept across commercially available SMD
resistor values. It was determined that 5.9 Q resistors achieved a
reflectivity magnitude of —28 dB at 6.2 GHz. It should be noted
that this resistance is a practical selection based on commercial
availability rather than a theoretical optimum. This configura-
tion provides an absorber tuned to this frequency, intended to
suppress the 6.2-GHz signals radiated by the structure when the
2-GHz f; signal mixes with the 4.2-GHz f;, signal.

The next stage involved assessing the absorber’s performance
within the full structure. Simulations were conducted with the
absorber positioned behind the mixer/LO layers. A parameter
sweep was performed on the separation between the mixer layer
and the ground plane, with the diodes modelled as 1IMQ re-
sistors to represent an off state. By varying the distance from 36
to 57 mm in 3 mm increments, it was determined that a 54-mm
separation was required to provide resonance at 2 GHz. These
results are presented in Figure 23a, where the simulated
reflectivity is —1.4 dB at 2.03 GHz. To evaluate how diode
resistance influences the absorption, Figure 23b illustrates the
effect of varying the resistance from 1 MQ to 300 Q. This
transition simulates the diodes switching from an open-circuit
to an ‘on’ state. At a resistance of 300 Q, the structure ach-
ieves a minimum reflectivity magnitude of —25 dB at 2 GHz.
This investigation shows that both absorption, from the diode
resistance, and frequency conversion, from mixing, could
contribute to the final reflectivity of the structure.
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FIGURE 23 | Reflectivity results of whole structure.

4 | Fabrication/Measurement

4.1 | Measurements—Reflectivity and
Transmission

To verify the simulated reflectivity and transmission results in
Figure 20, measurements were carried out using an NRL arch
and transmission systems (Figure 24a,b) and a fabricated 8 x 8
mixer structure was tested. The final dimensions of the mixer
layer are 318.4 mm x 318.4 mm, fabricated on 1 mm-thick FR-4,
whereas the LO layer is 469.4 mm x 318.4 mm, fabricated on a
1.2-mm-thick FR-4. A design trade-off was made between elec-
trical size (approximately 24) and edge diffraction; although a
larger sample would have been preferable to minimise edge ef-
fects, these dimensions were selected as a practical compromise.
The two measurement environments differ significantly in
character. The NRL arch (Figure 24a) is located within an
anechoic chamber to minimise multipath reflections. In contrast,
the transmission set-up (Figure 24b) is subject to the inherent
scattering of a standard laboratory setting. Consequently, fre-
quency spectra derived from the transmission measurements are
expected to exhibit higher noise levels and interference from
reflections off the surrounding laboratory environment.

The results (Figure 25a,b) (reflectivity) (transmission) indicate
that the integration of the BAT15 diodes causes the operational
frequency of the FSS to shift from 1.98 to 1.75 GHz. This shift is
attributed to the parasitic reactance and resistive effects of the
diodes. A comparison between the simulated and measured
“off” state reflectivity reveals a magnitude shift of 6.7 dB,
moving from a simulated —24.5 dB to a measured —17.8 dB.
This discrepancy is likely due to diode parasitic capacitance and
resistance, with minor structural warping causing the measured
reflectivity and transmission to occasionally rise slightly above
0 dB, though this effect remained minimal (under 2 dB). The
structure's response varies significantly with LO frequency. At
an fio of 2.1 GHz, a substantial amplitude shift is observed, with
reflectivity reaching —11.3 dB at 1.75 GHz. This suggests that
the diodes are more heavily biased at this frequency, leading to
increased resistive effects. Conversely, a 3-GHz LO stimulus
produces a minimal shift (measured at —17.4 dB), whereas 4.2
and 4.45 GHz stimuli result in intermediate shifts of —14.25 dB
and —13.75 dB, respectively. These trends suggest that the

a) NRL arch setup

b) Transmission Setup

FIGURE 24 | Experimental set-ups.
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2.1-GHz stimulus drives the diodes further into saturation.
Similar trends are observed in the transmission results. The
operating frequency shifted to 1.75 GHz, with amplitudes of
—0.26 dB (simulated) and 0.96 dB (measured) when the LO
layer is in the ‘off” state. The measured transmission exceeding
0 dB is attributed to environmental noise and reflections
inherent to the experimental set-up. As with reflectivity, the
2.1-GHz LO signal induced the greatest amplitude shift,
decreasing to —4 dB at 1.75 GHz, whereas the 3-GHz signal
showed a negligible 1-dB difference between states. These re-
sults imply that different levels of mixing and nonlinear
behaviour can be expected depending on the saturation level
induced by the specific LO frequency.

The measured S-parameters for the LO layer are presented in
Figure 26a,b. The measured S;; at 4.45 GHz deviates from the
simulated —22.2 dB to —27.6 dB. Although some deviation is
expected due to the power splitter used to feed the LO layer, the
larger variance is likely attributable to manufacturing toler-
ances, SMA connector effects and cables. Despite these de-
viations, the S;; magnitude at the 4.45-GHz target frequency
remains below —20 dB, indicating minimal reflections. The
measured S,; results (Figure 26b) follow the simulated profile
but exhibit higher overall losses, which increase with frequency.
This is a known characteristic of the FR-4 substrate, which
becomes more lossy at higher frequencies. However, the devi-
ation at 445 GHz is acceptable, shifting from a simulated
—10.23 dB to a measured —12 dB. In summary, although the LO
layer is more lossy than predicted, the additional losses are not
sufficient to render the layer redundant. The performance at the
desired 4.45-GHz frequency remains close to the design targets,
ensuring that the LO layer will function effectively within the
integrated system.

4.2 | Measurements—Far-Field Scattering

To verify the simulated far-field scattering, the experimental set-
up shown in Figure 24b is employed. The sample was positioned
on the test bed and illuminated with a 1.75-GHz signal at an
input power of 10 dBm. This frequency was selected to align
with the resonant frequency identified in prior measurements.
Scattering was measured in dBm using a spectrum analyser and
a receiving horn antenna positioned beneath the sample.

Simulated
LO layer OFF

Figure 27 presents these results across five different configura-
tions. Figure 27a,b illustrates the response at various LO signal
frequencies with 20 dBm input power, Panel (c) shows the
system with the LO layer deactivated, Panel (d) displays a
metallic reference plate of equivalent dimensions, and Panel (e)
represents the open test bed. The results from Figure 27d,e serve
as benchmarks for the maximum and minimum expected
scattering, thereby defining the dynamic range of the mea-
surement. As shown in Figure 27a, the reduction of the 1.75-
GHz signal depends significantly on the LO layer input fre-
quency. These results mirror the trends in Figure 25; as shown
in Figure 27b, we find that a 2.1-GHz LO input yields a 1.75-
GHz amplitude of —8.21 dBm, whereas an LO input of 3 GHz
results in a 1.75-GHz amplitude of —4.03 dBm. When the LO
layer is deactivated (Figure 27c), the amplitude is —3.1 dBm.
These observations correlate with the transmission and reflec-
tivity data, where the greatest impact on the transmission
parameter occurs at an LO frequency of 2.1 GHz. Similarly, LO
frequencies of 4.2 and 4.45 GHz produced 1.75 GHz amplitudes
of —6.76 dBm and —6.47 dBm, respectively, further confirming
the previously observed trends. A comparison with the reference
cases (Figure 27d,e) representing the open test bed with a 1.75-
GHz amplitude of —2.87 dBm and the metallic sheet only,
where the 1.75-GHz amplitude is —16.69 dBm, indicates that the
1.75-GHz signal magnitude for any given stimulus remains
within this dynamic range. The variations in amplitude are
attributed to the combination of reflectivity and frequency
conversion provided by the mixer structure. This is further
evidenced in Figure 27b, where the 2.1-GHz LO signal provides
a more pronounced reduction in the 1.75-GHz signal compared
to the 3-GHz LO signal. Finally, Figure 27a illustrates the
magnitudes of the converted harmonics. For the various LO
inputs, the sum-frequency harmonics (f; + fro0) at 3.85, 4.75,
5.95 and 6.2 GHz yielded amplitudes of —38.19, —42.4, —37.05
and —37.9 dBm, respectively. Because of the angular nature of
harmonic scattering, the results at 5.95 and 6.2 GHz represent
local maxima for the current horn position. It is therefore
anticipated that higher amplitudes for the 3.85- and 4.75-GHz
harmonics could be measured if the receiving horn were repo-
sitioned to locate their respective main lobes. The magnitude of
the 6.2-GHz harmonic aligns with the radiation patterns shown
in Figure 19, suggesting that a similar spatial distribution exists
for the other generated harmonics.
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4.3 | Measurements—Fabricated Absorber

Following the scattering results that verify mixing, the simu-
lated absorber performance must be validated. The 6.2-GHz
absorber, conceptualised in Section 3.5, was fabricated as a
318.4 x 477.6 mm structure (Figure 28a), slightly larger than
the LO layer and utilising an aluminium ground plane. The
absorber was positioned behind the mixer structure, as shown in
the side profile in Figure 28b. Elastic bands were employed to
minimise structural warping, whereas 3 mm polystyrene spacers
maintained the necessary cavity between constituent layers.

Using the set-up from Figure 24a, the measured reflectivity of the
fabricated absorber was compared to simulations using 5.9 Q
resistors. As shown in Figure 29, an absorption null of —26.8 dB
was measured at 6.2 GHz, correlating well with the simulated
value of —30.3 dB. A second null appears at 8.37 GHz with an
amplitude of —17.2 dB. Additionally, some results between 6.5
and 7.5 GHz slightly exceed 0 dB. This result is likely due to
structural bowing causing parabolic reflection effects compared

to the flat metallic calibration plate. Furthermore, edge effects
and the wide beamwidth of the horn antennas in this frequency
range likely introduced unwanted reflections. Although a larger
sample (~104 or 1500 mm) would mitigate these distortions, the
current set-up remains sufficient for this proof-of-concept.

To verify the integrated results from Figure 23, the separation
between the mixer and absorber was adjusted using 3 mm
spacers. Experimental results (Figure 30a) indicate an optimal
cavity depth of 42 mm, a departure from the 54-mm predicted
by simulation. This discrepancy is attributed to the parasitic
capacitance of the diodes, which makes the structure appear
electrically thicker than the idealised model. Figure 30b illus-
trates the effect of varying the 4.2-GHz LO power. When the LO
layer is inactive, reflectivity is —5 dB. As input power increases
towards 20 dBm, the diodes reach their switching threshold,
acting as resistive elements and transitioning the structure into
an absorbing state, as predicted in Figure 23b.

These results follow the scattering results in Figures 25 and 27,
where, when the same methodology was employed, the diodes on
the mixer layer begin to switch on, activating the nonlinear mixer
and resistive effects that characterise the mixer metamaterial.

The frequency sensitivity of the LO layer is examined in Figure 31
using 2.1, 3, 4.2 and 4.45 GHz signals at 20 dBm. The trends align
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FIGURE 27 | Scattering measurements when different stimuli are

input through the LO layer.

b) Mixer absorber side profile

FIGURE 28 |
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TABLE 5 | Comparison of current work with existing literature.

Scattering
Reference reduction (dB) Jo (GHz) d/Ae Reduction method
This paper 19.8 2.00 0.132 Mixer diodes and absorber
[8] 34.5 17.0 0.588 Concentric-SRR arc-dipole
[15] 9.3 10.2 1.022 Mixer components
[25] 20.0 110 and 290 4.03 and 10.6 Absorber

with Figure 25, where, at an LO frequency of 3 GHz, the reflec-
tivity of —8 dB is nearly identical to the “off” state at —7.75 dB,
indicating minimal activation. Conversely, when the LO fre-
quency is 4.2 and 4.45 GHz, the reflectivity increases to —17.8 dB
and —19.2 dB, respectively, as the diodes begin to switch on. The
most significant effect occurs at 2.1 GHz, where a reflectivity of
—26 dB was measured. This confirms that the LO frequency
profoundly influences diode activation. This increased response
at 2.1 GHz is likely due to enhanced coupling between the LO
transmission lines and the mixer layer, inducing larger surface
currents. This experimental finding is consistent with the simu-
lated surface currents in Figure 16, confirming that the 2.1-GHz
signal provides the most efficient frequency conversion.

5 | Conclusions and Future Work

An in-depth analysis of a mixer metamaterial, coupled to an LO
layer, has been provided and gives an understanding of how the
LO layer can be used to provide frequency conversion when a
low-frequency plane wave illuminates the structure. By ana-
lysing surface currents, field distributions and scattering pa-
rameters, it was demonstrated that LO frequency tuning
significantly modifies harmonic generation. Specifically, simu-
lations and measurements both indicate that a 2.1-GHz LO
frequency induces a stronger resistive effect than a 3-GHz input.
The minimal difference in harmonic magnitude between these
frequencies suggests that the perceived conversion loss is
partially governed by the resistive states of the embedded di-
odes, which cause the structure to reflect the incident 2-GHz
signal rather than purely converting it.

This work was further expanded by integrating a metamaterial
absorber behind the mixer structure to suppress the 6.2-GHz
sum-frequency harmonic. The absorption depth was found to be
highly sensitive to the LO input frequency at 2.1 GHz; the null
depth increases significantly compared to 3 GHz due to the
enhanced resistive switching of the mixer diodes. This verifies
the presence of simultaneous resistive and mixing effects and
suggests that harmonic generation can be further optimised.

Table 5 compares this work against existing literature. Although
the authors in Ref. [8] achieve a higher reduction of 34.5 dB, it
operates over a narrow bandwidth. In contrast to the down-
conversion focus of Ref. [15] (which utilised a directly con-
nected 2.2-dBm LO signal), this research achieves a 19.8-dB
reduction without DC biasing or direct LO injection, albeit at
the cost of higher required LO power. Furthermore, although
the absorber in Ref. [25] achieved a 20-dB reduction using a
complex multilayered structure with a high d/A, ratio, this
study achieves comparable results using a simpler, low-profile
absorber. Future work will focus on maximising the f; + fio

harmonic, which was lower than theoretically anticipated. Po-
tential improvements include the implementation of high-Q
diodes and the optimisation of the LO layer to minimise
coupling losses. Additionally, investigating the power ratios
between the incident f; and LO signals will help identify the
saturation points for harmonic generation. Finally, exploring
Jaumann absorbers or ohmic-sheet Salisbury designs could
provide a thinner, broadband solution for suppressing other
mixing products, such as f; — fro or 2f; harmonics.
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