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ABSTRACT In this work, a graphene-based single-stage high-order subharmonic mixer is presented. The
device is able to up- and downconvert a signal in the 330–500 GHz frequency range, using a local oscillator
signal with frequency located in the 26–40 GHz band. It exploits the strong nonlinear electromagnetic
behavior exhibited by macroscopic graphene sheets when they are exposed to an incident electromagnetic
wave to generate the output signal as a mixing product between the input signal and a high-order harmonic
component of the local oscillator, which is internally generated without requiring additional circuitry.
A prototype was implemented and its performance was experimentally characterized considering several
different local oscillator multiplication orders. The maximum measured downconversion gain is around
−50 dB, whereas the maximum output signal reached when working as upconverter is−43 dBm at 340 GHz
and −63 dBm at 480 GHz. These values are good enough to be used in practical short-range applications.
Furthermore, the measurement results are in good agreement with the theoretical predictions about graphene
behavior.

INDEX TERMS Electromagnetic modeling, frequency conversion, graphene, subharmonic mixer, submil-
limeter wave technology.

I. INTRODUCTION
The development of electronic devices working in the
submillimeter wave frequency band is presently attracting a
considerable research effort. Due to the non-harmful nature
and the particular penetration characteristics of electromag-
netic radiation in that frequency band, a continuously increas-
ing number of electromagnetic imaging applications in fields
as diverse as medical diagnosis [1]–[4], pharmaceuticals [5],
security [6], non-destructive material testing [7], or analysis
of artworks [8], [9] is being proposed.

Nowadays, the most common approach to generate and
detect signals in the submillimeter wave band involves
the use of Schottky diodes [10] to implement frequency
multipliers [11]–[16] and subharmonic mixers [17]–[21].
Because of the low efficiency of Schottky diodes when
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generating harmonic components with order greater than
2 or 3, and with the exception of some recently developed
single-stage quadrupler designs [15], [16], the frequency
multipliers and the local oscillator chain of subharmonic
mixers are usually composed of several low-order mul-
tiplying stages [20], [22], [23], generally requiring the use
of inter-stage components, such as power amplifiers and
isolators. Although this technology represent the state-of-
art, the high economic cost derived from the complexity
of the required topologies and the involved manufactur-
ing processes, specially when working at frequencies near
the THz band, limits the practical development of commercial
applications.

During the last decade, the scientific community has paid
a great attention to graphene. Due to its unique properties,
a very large number of applications have been found in a wide
variety of scientific and technical fields. Regarding the design
of frequency mixers, several works describing the use of
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graphene-based diodes [24], [25], and graphene Field Effect
Transistors (GFET) [26]–[31] in integrated MMIC designs
have been reported, with promising results. The main draw-
back of this approach is the fact that the maximum working
frequency of GFETs is strongly conditioned by their max-
imum oscillation frequency fmax ≈ 40 GHz, limiting their
use as active devices to the microwave band. Nevertheless,
the use of GFET to implement subharmonic mixers [32]–[35]
and signal detectors [36], [37] working in the submillimeter
wave band has also been described. In this case, resistive
mixer implementations are usually used to overcome the fmax
limitation, showing that they are able to downconvert RF
signals at frequencies up to fRF = 400 GHz. However, the use
of a lowmultiplication value in the local oscillator (LO) chain
implies the use of a very high frequency input local oscillator
signal to provide a moderate intermediate frequency (IF).

On the other hand, a radically new generation of submil-
limeter wave signal generators and detectors based on the
use of macroscopic graphene sheets instead of GFETs or
Schottky diodes has been developed in the last few years.
This technology allows the implementation of single-stage
high-order frequency multipliers [38], [39], [41] and subhar-
monic mixers [42], [43], which exploit the nonlinear elec-
tromagnetic behavior exhibited by graphene layers exposed
to an incident electromagnetic field to generate high-order
harmonic components in the case of the multipliers, and
mixing products in the case of the mixers. Regarding the fre-
quency multipliers, devices covering the 140− 220 GHz [8],
220 − 330 GHz [38]–[40], and 330 − 500 GHz [41] bands
have been described, whereas subharmonic mixers capable
of downconverting RF signals in the 140− 220 GHz [8] and
220−330GHz [42], [43] bands have also been reported. Both
the multiplier input and the mixer local oscillator signals are
located in theKa band (26−40GHz). The performance of this
technology is noticeably far from the state-of-art represented
by Schottky diode based devices, but the use of easily obtain-
able graphene layers combined with a single-stage topology
allows a drastic reduction of the economic cost, since the
only additional external device is an amplifier working in
the Ka band, and no MMIC implementation techniques are
required. Furthermore, it has been demonstrated that the
proposed frequency multipliers and mixers provide output
power and conversion gain values that are good enough to
be used in practical submillimeter wave transmitters [44],
receivers [45], [46], and imaging systems [8], [9].

In this work, a graphene-based single-stage high-order
subharmonic mixer working in the 330 and 500 GHz, and
capable of performing up- and downconvervsion operations,
is presented. The input LO signal is located in the 26−40GHz
band, and the intermediate frequency fIF is around 400 MHz.
The device performance in terms of downconversion gain and
maximum output power will be experimentally characterized.
The presented device provides a low-cost solution to detect
and to generate signal in the 330 − 500 GHz band, with a
performance good enough to be used in cost-effective short-
range applications. To the best knowledge of the authors,

FIGURE 1. (a) Section view of the mixer. The inset shows details of the
planar circuit around the transitions. (b) Planar circuit. The dark area
represents the structured graphene sheet, whereas the light shaded area
represents the polyimide substrate.

this is the first time that a graphene-based mixer capable
of working with an RF signal in the 330 − 500 GHz is
described. Furthermore, the obtained measurement data is in
good agreement with the theoretical studies about graphene,
which predict that it is able to generate an infinite set of har-
monic components of an input signal, with slowly decaying
amplitude, and that this effect should be observable at room
temperature from the microwave to the low-THz frequency
bands [47]–[50].

Te paper is organized as follows. In section II, the topology
and the working principle are presented. Section III describes
the design process, whereas some implementation details are
provided in section IV. Section V is devoted to the in-depth
experimental characterization. Finally, the obtained results
are discussed in section VI.

II. TOPOLOGY AND WORKING PRINCIPLE
A. TOPOLOGY
Because of the advantages of the topology proposed in [42],
in terms of cost and ease of implementation, the proposed
device presents a similar structure, which is schematized
in Fig. 1 (a). Themain dimensions are summarized in Table 1.
The device is composed of a planar circuit embedded in a
waveguide structure that is used to provide the input and to
extract the output signals. The planar circuit is represented
in Fig. 1 (b). It is composed of a polyimide substrate film on
which a graphene film was transferred, to act as the circuit
metallization. The graphene sheet is structured to obtain one
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TABLE 1. Value of the main dimensions of the planar circuit, indicated
in Fig. 1 (b).

high- and two low-frequency probes that are the planar parts
of the planar-to-waveguide transitions. It also includes one
low-pass structure to block the leakage of the RF and LO
signals towards the IF port. On the other hand, the waveguide
structure is composed of two identical WR28 sections to
manage the OL signal, one WR2.2 section for the RF signal,
and a channel interconnecting them to host the planar circuit.
Note that in Fig. 1 (a) only one of the two identical halves
obtained from cutting the waveguide block along the E-plane
of the waveguides is represented.

The proposed mixer can work as up- and downconverter.
In both cases, the local oscillator signal is located in the
26 − 40 GHz frequency band. It is provided to the device
through one of theWR28 waveguide sections, and coupled to
the planar circuit at the corresponding low-frequency probe,
exciting the graphene film. The portion of the LO signal
that cannot be converted at the graphene layer is coupled
to the second WR28 waveguide section and delivered to a
matched load, minimizing in this way the return losses at the
LO port over the whole 26− 40 GHz band without requiring
additional components.

B. WORKING PRINCIPLE
It was theoretically predicted [47]–[50] that a graphene sheet
exposed to an incident monochromatic electromagnetic wave
with angular frequency ω = 2π f generates a current J com-
posed of a theoretically infinite set of odd-order harmonic
components with slowly decaying amplitude:

J ∝
∞∑
n=0

1
2n+ 1

sin{(2n+ 1)ωt} (1)

From (1), the amplitude of the induced harmonic components
does not depend on the magnitude of the input field, provided
that it is greater than a certain threshold, which depends on
the temperature and working frequency. This effect can be
observed at room temperature, from the microwave to the
low-THz frequency range [47]. Thus, the bandwidth of a
device based in the described phenomenon is virtually only
limited by the circuitry surrounding the graphene sheet. The
described behavior was experimentally demonstrated using
simple topologies capable of working as second- [51]–[54]
and third-order [55]–[57] frequency multipliers.

Furthermore, if two signals at different frequencies fLO
and fRF , i. e. the LO and the RF signals, respectively, are
present in the circuit, the induced current J will also contain
mixing products with frequency fmix = |m · fLO ± k · fRF |,

TABLE 2. Approximate fLO values for different multiplication orders. All
the values are expressed in GHz.

with m and k integers [58]–[60]. Since the level of the
received RF signal will be, in general, much lower than that of
the LO signal, only the terms with k = 1 will be observable.
In addition, it has to be taken into account that, because of the
central symmetry of graphene, and under normal incidence of
the driving signal, the amplitude of the odd-order harmonic
components of the LO signal (odd m) and that of the mixing
products (with even value of m) will be dominant.
When working as downconverter, the RF signal propa-

gates towards the planar circuit along the WR2.2 waveguide
section and is coupled to it through the high frequency probe.
The output IF signal, with frequency fIF = 400 MHz is
then obtained as a mixing product between a high-order
harmonic component of the LO signal, which is generated
at the graphene sheet, and the received RF signal. Hence, its
frequency can be expressed as fIF = fRF − m · fLO. Since
this signal cannot propagate towards any of the waveguide
sections, it will be guided to the output IF port.

On the other hand, if the device works as upconverter,
the IF signal is provided to the planar circuit at the IF port
and mixed with a high-order harmonic component of the
LO signal to obtain the RF signal, whose frequency can be
expressed as fRF = m · fOL ± fIF . It will be coupled to the
WR2.2 waveguide section at the high-frequency transition to
be extracted from the device.

The combination of WR28 andWR2.2 rectangular waveg-
uides for the LO and the RF signals, respectively, allows
the use of different local oscillator multiplication orders m
to downconvert/generate the RF signal. Table 2 shows the
approximate LO frequencies required toworkwith RF signals
located in the 330 − 500 GHz range, as a function of the
selected value of m. The empty cells are associated to fLO
values which are outside the nominal monomode working
range of theWR28 standard waveguide (i. e.≈ 22−42 GHz)
and, thus, they should not be used.

III. DESIGN
Because of the unavailability of a graphene model capable
of accurately predicting the amplitude of the induced current
terms, the main goal of the design procedure is to optimize
the frequency response of the device, in order to ensure that
the graphene sheet will be properly driven by the LO signal,
and that the IF and the RF signals will be efficiently coupled
from/to the planar circuit, depending on the working mode.

All the simulations were performed using the commercial
Ansys High-Frequency Structure Simulator electromagnetic
solver, based on the finite element method. The multi-layer
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graphene sheet was modeled as a 5 µm-thickness layer with
parallel and perpendicular conductivity values σ‖ = 2.1 · 106

and σ⊥ = 500 S/m, respectively, provided by the manu-
facturer. In addition, the Groiss model implemented in the
simulation software was used to compute the additional prop-
agation losses in the waveguide sections due to the roughness
of their walls [61].

The dimensions of the cross-section of the waveguide
segments used to propagate the LO and the RF signals
coincide with those of the standards WR28 and WR2.2,
respectively. To design the planar circuit, it is divided into
three sub-networks associated to the RF, LO, and IF signal
paths, as represented in Fig. 1 (b), and the indicated ports
are defined. Then, the main parameters are roughly estimated
using conventional analytical approaches and, finally, they
are optimized through CAD techniques.

A. RF PATH
The RF sub-network includes the region indicated with a
dashed-line square in Fig. 1 (b), together with the channel
which hosts the planar circuit and the WR2.2 waveguide
section. Three ports PRF1 , PRF2 , and PRF3 were defined at the
marked points to evaluate its frequency response.

Regarding the behavior in the 330 − 500 GHz range,
the goal is to maximize the efficiency of the high-frequency
transition. It is achieved by minimizing the value of SRF11
and SRF22 , and ensuring that the value of |SRF31 | is as close
to 0 dB as possible, and exhibits flat frequency response
along the considered band. The geometrical parameters defin-
ing the E-plane rectangular-shaped high-frequency probe
and the shape of the WR2.2 waveguide around it were
optimized using CAD techniques. Furthermore, the chan-
nel cross-section was calculated to have a cut-off frequency
above 500 GHz, avoiding in this way the propagation of the
involved signals as a waveguide mode. Finally, because of its
dimensions, the influence of the high-frequency probe on the
LO signal is negligible. The obtained results are represented
in Fig. 2 (a). On the one hand, a good performance in terms of
matched bandwidth was obtained. On the other hand, the cou-
pling factor from PRF1 or PRF2 to PRF3 exhibits a flat frequency
response along the whole frequency range, with a −5 dB
value. Note that it takes into account the propagation losses
in the planar circuit and in the WR2.2 waveguide section.

B. LO PATH
After designing the RF sub-network, the frequency response
of the LO signal path, indicated with a green dashed trace
in Fig. 1 (b) is analyzed. In this case, the considered
sub-network includes the two WR28 waveguide sections,
the two low-frequency transitions, and the previously opti-
mized RF sub-network placed between them. Two refer-
ence ports PLO1 and PLO2 , located at the interface with the
two WR28 waveguide sections, are defined to evaluate the
network performance. Now, the main goal is the optimiza-
tion of the low-frequency waveguide-to-planar transitions

FIGURE 2. Simulated frequency response of the device (a) RF sub-circuit.
(b) LO sub-circuit.

to maximize the LO oscillator power coupled to the planar
circuit over the 26− 40 GHz frequency range.
The two identical low-frequency probes are composed

of several partially-overlapped triangular-shaped sections.
In order to maximize their efficiency, the parameters defining
their geometry and that of the waveguide sections around
them, as well as the position of the terminating backshorts,
were optimized using CAD techniques. Figure 2 (b) shows
the obtained results. From the plotted data, a good input
impedance matching was achieved between 28 and 39 GHz.
The insertion losses in the same frequency band present a flat
frequency response, with a value around 4 dB, which can be
considered an acceptable performance. At this point, it has
been taken into account that this parameter corresponds to the
back-to-back connection of the two low-frequency transitions
and, thus, includes the losses at the two WR28 waveguide
sections and the planar circuit.

Regarding the LO-to-RF leakage, since the frequency of
the LO signal is located in the 26− 40 GHz band, it is below
the cut-off frequency of the standard WR2.2 RF waveguide.
Therefore, the LO power present at the RF port will be
negligible. On the other hand, when working as upconverter,
the frequency of the mth harmonic component of the LO
signal involved in the mixing operation is very close to
that of the RF signal and, thus, it can be coupled to the
WR2.2 waveguide together with the RF signal. However,
the power of them·fOL component is considerably lower than
that of the RF signal because it is an even-order harmonic
component [47]–[50]. In this way, the desired RF signal is
hardly distorted.
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FIGURE 3. Implemented prototype (a) Detail of the planar circuit.
(b) General view. Note that the LO ports are in a hidden face.

C. IF PATH
Once the performance of the planar circuit and the waveguide
sections is optimized in the 26− 40 and the 330− 500 GHz
frequency ranges, one low-pass structure was added to the
planar circuit. It consists of two parallel triangular stubs, and
is located between the IF port and the nearest low-frequency
transition. The purpose of this structure is to limit the LO
signal leakage through the IF port, and it provides a mini-
mum 17 dB isolation throughout the whole bandwidth of the
low-frequency transitions.

IV. IMPLEMENTATION
A prototype of the subharmonic mixer was implemented to
validate the proposed design approach.

A. PLANAR CIRCUIT
The graphene sheet used as metallization of the planar cir-
cuit was obtained through direct exfoliation from a block of
highly-ordered pyrolytic graphite. Then, it was transferred
onto a 25 µm polyimide substrate, with dielectric constant
εr ≈ 3.5 and loss tangent tanδ = 0.008. After that,
the graphene sheet was structured through a laser ablation
process, in order to obtain the desired shape.

B. WAVEGUIDE BLOCK
To obtain the waveguide block, eight 1 mm thickness brass
sheets were sequentially micromachined. Then, they were
stacked and aligned using several 1 mm diameter screws,
and the planar circuit was mounted and fixed to the chan-
nel. Standard interface flanges for both the WR28 and
the WR2.2 waveguides were separately manufactured and
soldered to the waveguide block. Finally, a end-launch
SMA-type coaxial connector was mounted at the IF port.
Figure 3 shows different details of the manufactured
prototype.

FIGURE 4. Measurement setup. (a) Mixer working as downconverter.
(b) Mixer working as upconverter.

V. EXPERIMENTAL CHARACTERIZATION
A. MEASUREMENT SETUP
The prototype was experimentally characterized using the
measurement setup schematized in Fig. 4, composed of a
vector network analyzer (VNA) and a frequency extender
module. The LO signal is generated by the VNA and an
amplifier working in the 26 − 45 GHz range. Regarding the
behavior as downconverter, the test RF signal is generated by
the high-order multiplier chain embedded in the frequency
extendermodule. Due to its frequency response, the RF signal
power varies from−15 to−35 dBm along the 330−500 GHz
range. This power variation was experimentally characterized
in order to accurately evaluate the prototype conversion gain.
The level of the generated IF signal, at a fixed frequency
fIF = 400 MHz, is directly evaluated with the VNA.
To evaluate the performance as upconverter, the measure-

ment setup is modified, as indicated in Fig. 4 (b). In this case,
the IF signal is provided by a conventional signal generator,
and the power of the RF signal generated at the device is
measured using the frequency extender module working as
receiver.

B. LO-BAND PERFORMANCE
The input impedance matching and the insertion losses of
the LO signal path were characterized by connecting both
WR28 waveguide terminals to two ports of the VNA, to mea-
sure the reflection and the transmission parameters. The
obtained results are represented in Fig. 2 (b), together with
simulation data. Considering the input impedance matching,
the frequency range in which S11 < −10 dB is extended with
respect to the simulation, to be approximately between 28 and
40GHz. In the case of the insertion losses, themeasured value
is slightly higher than the simulated one, specially at the lower
frequency end. It is probably due to a slight misalignment
between the planar circuit and the waveguide block. In addi-
tion, when transferring exfoliated graphene sheets onto a flex-
ible substrate, the presence of micro-fissures on the graphene
sheet was observed. These defects are also expected to have
a negative impact on the overall circuit losses. At any case,
since the difference between the simulated and the measured
SLO21 is below 2 dB, a good mixing performance is expected
for fLO between 30 and 40 GHz.

C. PERFORMANCE AS DOWNCONVERTER
The conversion gain is defined as Gc (dB) = PIF (dBm) −
PRF (dBm), i. e., the difference between the power values
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FIGURE 5. (a) Measured maximum conversion gain Gc in
downconversion mode, with PLO = 24 dBm. (b) Evolution of the
maximum conversion gain with PLO.

of the output IF and the input RF signals, PIF and PRF ,
respectively. It was evaluated for even-order LO multipli-
cation values m between 8 and 16, which provide the IF
signal as an odd-order mixing term. Figure 5 (a) represents
the evolution of the measured conversion gain along the
330 − 500 GHz band, obtained when the power of the local
oscillator is PLO = 24 dBm.

First, as was theoretically predicted in [47], the nonlinear
electromagnetic behavior of graphene exhibits a flat fre-
quency response from the microwave to the low-THz range.
Therefore, the output signal should be generated when the
graphene sheet is properly driven, i. e., when the LO fre-
quency, calculated as fLO = (fRF − fIF )/m ≈ fRF/m,
is located inside the nominal monomode working range of the
WR28 standard waveguide, as indicated in Table 2. However,
the cutt-off frequency observed in the traces with m = 8 and
m = 10, at fRF ≈ 360 and 450 GHz, respectively, is due to
the amplifier frequency response, whose upper limit is around
45 GHz. In addition, the lower limit of the traces withm = 14
and m = 16, at fRF ≈ 370 and 430 GHz, respectively,
is imposed by the lowest frequency of the amplifier response,
which is about 25.9 GHz. Finally, the observed ripple is
due to the combined effects of all the circuitry surrounding
the graphene, which includes the frequency responses of the
amplifier, the waveguide block and the transitions, specially
that of the LO path shown in Fig. 2 (b), and the measurement
equipment.

On the other hand, the traces associated with the multi-
plication orders m = 10, 12, and 14 reveal the existence
of a region around 400 GHz in which the conversion gain

sensibly reduces. The effect is observed for different LO
multiplication orders and it is located around the same out-
put frequency region, which means that it occurs for very
different values of the LO frequency. On the other hand, since
the simulation and measurement data relative to the RF and
LO signal paths shown in Fig. 2 do not reveal any anoma-
lous behavior, a design error can be discarded. Furthermore,
as has been previously stated, the graphene exhibits a flat
frequency response along the considered frequency range.
Thus, the most likely cause is an unexpected behavior of the
implemented high-frequency transition between the planar
circuit and the WR2.2 waveguide section, which is probably
due to manufacturing issues derived from using exfoliated
graphene sheets and a flexible substrate.

Figure 5 (b) represents the evolution of the conversion
gain with the local oscillator power, evaluated at the out-
put frequency which provides the maximum value for each
LO multiplication order in Fig. 5 (a). The conversion gain
increases with PLO, whereas the slope of each trace when
PLO > 14 dBm is smaller than the expected m + 1 value,
which indicates that the graphene sheet is saturated. Finally,
it was observed the that local oscillator power values under
10 dBm did not provide output signal with power greater
than the noise floor of the measurement equipment, whereas
values higher than 24 dBm were unsafe, since they were near
to the power limit that can be managed by the planar circuit.

D. PERFORMANCE AS UPCONVERTER
Regarding the behavior of the prototype as upconverter,
the input IF signal, with frequency fIF = 0.4 GHz is mixed
with the mth-order harmonic component of the LO signal to
generate the RF output signal with frequency fRF = m · fLO+
fIF located in the 330− 500 GHz range.

The evolution of the measured upconversion gain Gc,up
along the 330−500 GHz range, reached with PLO = 24 dBm
and IF signal power PIF = 12 dBm, as a function of
the LO multiplication order m, is represented in Fig. 6 (a).
Similar considerations about the frequency response as in
the downconversion mode can be extracted. On the other
hand, the evolution of the output RF signal power with PLO,
as a function of m was represented in Fig. 6 (b). As in the
downconverter case, the LO power was swept from 10 to
24 dBm, with a 2 dB step.

VI. DISCUSSION
Considering the downconversion performance, from the evo-
lution of the measured conversion gain with the LO power
and the LO multiplication order m represented in Fig. 5 (b),
it increases with PLO, since the nonlinear electrodynamic
response of the graphene is progressively strengthened. The
theoretically expected increment rate, i. e., the slope of the
characteristic Gc vs. PLO, is m + 1. This rate is approxi-
mately verified for all the multiplication orders when con-
sidering low LO power values, but it tends to saturate for
LO power values greater than ≈ 14 dBm, which means
that the given graphene sheet is generating the maximum
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FIGURE 6. (a) Measured maximum conversion gain Gc,up in
upconversion mode, with PLO = 24 dBm. (b) Evolution of the maximum
conversion gain with PLO.

FIGURE 7. Evolution of the measured up- and downconversion gain
values with the LO multiplication order m, for three different PLO values.

achievable IF power. Figure 7 represents the variation of
the measured up- and downconversion gain with the LO
multiplication order, for three different values of PLO. As it
is expected from (1), the conversion gain slowly reduces as
m increases, which is consistent with the theoretical results
reported in [47], [48], andmakes possible the practical imple-
mentation of single-stage high-order topologies.

Regarding the upconversion mode, the RF output power
measurement data shown in Fig. 6 (b) reveals that the max-
imum reached values with m = 8, 10 and 12 are similar
for a given PLO, which is consistent with the assumption
that the graphene sheet is saturated and, thus, generating
the maximum achievable output power. On the other hand,
LOmultiplication ordersm = 14 and 16 provide lower output
RF level, following the behavior predicted by (1). Figure 8
represents the estimated output RF voltage VRF as a function

FIGURE 8. Measured output RF voltage VRF as a function of m in
upconversion mode, compared with the theoretical evolution ∝ 1/(m + 1).

of the LO multiplication order m. The values of VRF were
derived from the measured output RF power assuming a 50�
load. The measured output RF voltage exhibits good agree-
ment with the theoretically predicted evolution proportional
to 1/(m+ 1), with the exception of the trace corresponding
with PLO = 24 dBm when considering m values greater
than 12. At any case, it has been taken into account that
both, the downconversion gain and the output RF power
were measured at different RF frequencies and, thus, they
are slightly affected by the variations of the device frequency
response.

The evolution of the downconversion gain and the output
RF voltagewith themixing orderm+1 shown in Figs. 7 and 8,
respectively, exhibits good agreement with the theoretically
predicted electrodynamic response of graphene [47]–[50].
On the one hand, together with the preliminary results pre-
sented in [41], it is demonstrated that the nonlinear elec-
tromagnetic response of graphene can be experimentally
observed, at least, up to 500 GHz at room temperature.
On the other hand, the slowly decaying characteristic of the
amplitude of the induced harmonic components and mixing
terms was experimentally verified. At any case, note that the
theoretical electrodynamic behavior of graphene was derived
under ideal conditions, considering 2D infinte and isolated
graphene layers.

Finally, Table 3 summarizes a performance compari-
son between the described prototype and other recently
reported graphene-based mixers capable of working above
100 GHz. References [32]–[34] describe MMIC circuits
based on GFETs. Although they reported good conversion
gain values, LO signals with frequency around 100 [33], [34]
and 200GHz [32], and power level between 8 and 16 dBm are
used, requiring external high-performance frequency multi-
pliers. On the other hand, works [8] and [42] present sub-
harmonic mixers based on macroscopic graphene sheets,
following a design approach similar to that used in this work.
When comparingwith [32]–[34], the reached conversion gain
is considerably reduced, but they use a LO signal located in
the 26− 40 GHz frequency band which, despite the required
power level, is easier to obtain, since the power amplifier
technology in the Ka band is well established. This fact, com-
bined with the single-stage topology and the use of simple
manufacturing techniques, enables a drastic cost reduction.
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TABLE 3. Summarized comparison between the actual device and
recently reported graphene-based mixers capable of working above
100 GHz.

Furthermore, the measured performance of the actual device
is comparable to that reported in [8] and [42], which means
that the device can be used as signal detector or generator in
practical short-range applications.

VII. CONCLUSION
This work presents a graphene-based single-stage high-order
subharmonic mixer working in the 330−500 GHz frequency
band, with local oscillator in the 26 − 40 GHz range and a
400 MHz intermediate frequency, which is able to work as
up- and downconverter. A prototype was implemented and
its performance was characterized as a function of the local
oscillator power and multiplication order. First, the perfor-
mance of the implemented prototype, in terms of the down-
conversion gain and output RF power, is similar to that of
the other previously reported devices which have shown their
technical viability to be used in the development of practical
short-range applications. On the other hand, the single-stage
topology, combined with the use of a relatively low frequency
local oscillator signal, and the fact that MMIC technology is
not required, enables a drastic cost reduction when comparing
with other approaches working in a similar frequency range.
Finally, the measurement data is in good agreement with the
previously reported theory, which predicts that the nonlinear
electromagnetic behavior of graphene is observable from the
microwave to the low-THz spectrum region.
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