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Abstract—In this work, a subharmonic frequency mixer for millimeter
wave applications has been designed. The mixing and multiplication
phenomena are simultaneously achieved via a nonlinear component
consisting in a microstrip line gap covered by a graphene film coating.
The circuit structure is made up of various filters, which have
been optimized to ensure high port-to-port isolation. The nonlinear
behavior of the subharmonic frequency mixer has been experimentally
evaluated within the 39-40.5 GHz RF frequency band. The frequency
downconversion is achieved by mixing the RF signal with the second
harmonic component of a 17.9 GHz LO signal. Conversion losses are
minimized by generating a return path for IF, through the use of a
quarter wavelength open-ended stub.

1. INTRODUCTION

During the last years, RF system designers and service providers
have been confronted with the issue of microwave’s spectrum everly
increasing congestion.  However, due to the rapid development
in technology, especially from a manufacturing point of view, a
moderate but constant transition to higher frequency bands is taking
place. With the fabrication constraints almost gone, circuits at
millimeter and submillimeter frequencies are becoming the main topic
for many scientists. Factors such as size reduction, higher data rate
transmissions, increased security of communications or high spatial
resolution play a decisive role in applications oriented toward imaging,
medicine, satellite communications, security and defense [1-10].
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Modern millimeter wave communication systems have strict
requirements in terms of cost and performance. One of the
fundamental blocks in many systems is the frequency mixer module.
For fundamental mixers, the frequency conversion is realized by mixing
the RF input signal with the first harmonic of the LO signal, i.e.,
fir = |frr — fro| (downconversion). Usually, in this type of circuits
the frequency difference between the input signals is quite small. At
millimeter wave frequencies, it may sometimes be difficult to meet the
power requirements with such signal distribution. Subharmonic mixers
offer an alternative to fundamental mixers in that the LO frequency
is at some integer fraction 1/n of the fundamental LO frequency
fir = |frr — (n X fro)|- The main benefit of this approach is that it
allows the use of an LO at a relatively low frequency, where the output
power and phase noise performance may be superior to those available
at the fundamental frequency. Another advantage is that the wide
frequency gap between the RF and LO signals simplifies the LO and
RF separation. Frequency mixer circuits, either in microstrip [11-13]
or in monolithic technology [14-18], generally use transistors [19-24],
or diodes [25-28], in order to generate the desired nonlinear behavior.

The current work is focused on designing a microstrip millimeter
wave subharmonic mixer, which uses graphene as nonlinear component.
The very large carrier mobility for both electrons and holes in
graphene (22 200.000cm?V~!s~! around 300K if extrinsic disorder
is eliminated), being at least one order of magnitude higher than
in Si and GaAs [29], makes it an interesting choice for high
frequency applications.  In [30,31], theoretical analyses on the
nonlinear electromagnetic behavior of graphene revealed frequency
multiplication/mixing phenomena up into the terahertz frequency
spectrum.  In [32], authors have demonstrated the nonlinear
capabilities of this material by designing a fundamental frequency
mixer. In this work, graphene is used not only for the mixing operation
between the two input signals, but also to internally multiply the
fundamental LO signal, with both operations within the same stage.

The proposed microstrip subharmonic mixer is used to downcon-
vert a millimeter wave Ka band RF input signal (fzr = 39.75 GHz) to
an intermediate frequency (frr = 3.95 GHz), by mixing the input sig-
nal with the second harmonic component of a fundamental LO signal
(fro = 17.9GHz). The proposed topology for the graphene based
microstrip subharmonic mixer is described in Section 2.1. In Sec-
tion 2.2, the design, optimization and simulated results of the circuit
input/output blocks are explained. A quarter wavelength open-ended
stub is then placed before the multiplying/mixing stage in order to pro-
vide a virtual ground and create a return path for IF. The measured
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results of the manufactured input/output blocks are presented in Sec-
tion 3. In Section 4, the nonlinear behavior of graphene is illustrated
through a series of power sweeps of the two input signals. The effect
of the quarter wavelength open-ended stub on circuit performance is
also demonstrated.

2. TOPOLOGY AND DESIGN OF THE MILLIMETER
WAVE SUBHARMONIC MIXER

2.1. Topology

The topology of the circuit is presented in Fig. 1. The circuit is
designed to behave as a frequency downconverter from Ka band, with
frr = 39.75 GHz, to an intermediate frequency f;r = 3.95GHz, by
using the second harmonic component of a fundamental LO signal
with fro = 17.9GHz. The frequency selection of the two input
signals is achieved by means of two bandpass filters, while the resulting
intermodulation product at fir = |frr — (2 X fro)| is extracted at
the output port, through a lowpass filtering structure. The nonlinear
component consists of a thin film coating of few layer graphene,
exfoliated from a highly oriented pyrolithic graphite, and placed along
a small microstrip gap. In order to ensure a virtual ground at the
multiplying/mixing stage, a quarter wavelength open-ended stub at
fir is placed. In doing so, we ensure a return path for the IF current,
optimizing the circuit performance in terms of conversion losses.

Jrr fir
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50 Q? fo ' 500
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Figure 1. Topology of the subharmonic mixer. (a) Topology.
(b) Mixing/multiplying stage.
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2.2. Circuit Design

The filters have been designed using both schematic and electromag-
netic simulators (Method of Moments — MoM) of Agilent ADS. The
dielectric substrate chosen was 0.236 mm thick ARLON 25N (e, = 3.38,
tand = 0.0025 at 10 GHz). The input signals are delivered to the cir-
cuit using SouthWest Microwave 2.4 mm SMI end launch connectors.
The same type of connector was used at the output to extract the IF
signal. The five-pole millimeter wave bandpass filters have been im-
plemented using parallel-coupled, half wavelength resonator microstrip
lines (positioned so that adjacent resonators are parallel to each other
along half of their length). The filters have been optimized to provide
minimum insertion losses and high isolation between the input ports
throughout the frequency bands of interest. The interconnection be-
tween the two input branches of the subharmonic mixer was realized us-
ing a microstrip diplexer, designed and optimized first in the schematic
simulator. During the optimization process, a small degree of freedom
was given to the dimensions of the bandpass filters. For the implemen-
tation of the lowpass output filter, an Arbitrarily Width Modulated
Microstrip Line (AWMML) was employed [33]. The AWMML based
filter is basically a structure composed of a large number of tapered
microstrip sections of identical length. To ensure a smooth transition
between adjacent sections, the width modulating function is chosen to
be continuous, in a way that the end width of a microstrip taper is
equal to the begin width of the next one. Further details regarding the
design and optimization of this kind of structure have been presented
in [32].

For simulation purposes, the whole circuit was divided into two
blocks: the first block contains the two microstrip bandpass filters with
the diplexer up to the microstrip gap, while the AWMML lowpass filter
forms the second block. To create a return path for the IF current,
a quarter wavelength open-ended stub at f;r was placed in shunt
with the microstrip line at the end of the input block. The distance
between the stub and the microstrip gap was chosen such that it looks
sufficiently small at frr. The quarter wavelength open-ended stub
guarantees that at A/4 away (interconnection point between the stub
and the 50 microstrip line) the IF side sees a short circuit. The
position of the stub with respect to the microstrip gap does not affect
the frequency performance of the bandpass filters. In other words,
the stub does not behave as a matching network for the input block.
Nevertheless, as it will be shown in Section 4, the placement of the stub
affects considerably the performance of the circuit in terms of output
power.

From the electromagnetic MoM simulations in Figs. 2 and 3 it can
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Figure 2. Layout and electromagnetic simulations of input block.
(a) Input block. (b) Transmission coefficient. (c) Reflection coefficient.
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Figure 3. Layout and electromagnetic simulations of AWMML filter.
(a) Output block (AWMML filter). (b) S parameters.

be seen that all filters provide low insertion loss values (S3; = —2dB,
S39 = —2dB and S54 = —0.5dB) and high isolation between the input
ports. The fractional bandwidth of the filters is FBW gp = 5.5%,
FBW 10 = 7% respectively FBW i = 110%.
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In order to assess the effect of the stub placement toward the
frequency behavior of the two input filters, a series of electromagnetic
simulations were realized for various stub positions. It can be seen from
Fig. 4 that moving the quarter wavelength open-ended stub along the
50 €2 microstrip line has a very limited effect on the frequency response
of the two bandpass filters.

S5, [dB]

__________

40 41 43

39
Frequency [GHz] Frequency [GHz]
() (b)
12.5 mm .
50 Q] 1500

Figure 4. Frequency behavior for various stub positions along the
microstrip line. (a) Transmission coefficient fro. (b) Transmission
coefficient frp. (c) Stub displacement.

3. MEASURED RESULTS

For the validation of the filter designs, two prototypes have been
manufactured using laser micromachining. As previously described,
the whole circuit was divided in two, with the first prototype containing
all elements of the mixer from the input ports 1, 2 to the microstrip line
on the left side of the gap (port 3), and a second prototype containing
the elements from the right side of the gap (port 4) to the output
port 5.

The measured results illustrated in Fig. 5 are in good agreement
with the MoM electromagnetic simulations presented in Figs. 2 and 3.
Both bandpass filters present low insertion loss values (S3; =2 —2.2dB
and S32 = —2.2dB at their corresponding central frequencies) and high
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Figure 5. Measured results — input/output block prototypes.
(a) Prototype — input block. (b) S parameters. (c) Prototype —
output block (AWMML filter). (d) S parameters.
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isolation between the input ports (> 30dB). The measured fractional
bandwidth of both filters is very similar to the simulated results, being
FBW gr = 5%, respectively FBW o = 6%. The AWMML prototype
presents insertion loss values as low as S54 = —0.8dB, and a fractional
bandwidth FBW p = 85%, slightly smaller than in simulations.

4. EXPERIMENTAL VALIDATION OF THE GRAPHENE
BASED SUBHARMONIC MIXER

In order to evaluate the performance of the microstrip millimeter
wave subharmonic mixer, a prototype of the complete circuit was
manufactured. A small gap was micromachined accross the 502
microstrip line that connects the diplexer with the IF side. The
microstrip gap is covered by a thin film coating of few layer graphene,
exfoliated from a highly oriented pyrolithic graphite.

A photo of the graphene based subharmonic mixer prototype is
presented in Fig. 6(a). High LO, RF and IF port-to-port isolation
was measured within the frequency bands of interest, with overall
values better than 45dB (RF/IF > 45dB, LO/IF > 60dB and RF/LO
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Figure 6. Measured port-to port isolation. (a) Subharmonic mixer
prototype. (b) Port-to-port isolation. (c) Port-to-port isolation.

> 48 dB), as depicted in Figs. 6(b), (c).

For the experimental validation of the graphene based subhar-
monic mixer, the RF frequency signal was swept from 39 GHz to
40.5 GHz, for a constant 17.9 GHz LO signal (for the frequency down-
conversion, the second harmonic component of the LO signal was used).
The IF output signal power was measured within the 3.2 GHz—4.7 GHz
frequency band, for different power values of the RF input signal
—9dBm < Prp < 9dBm and LO signal —3dBm < Prp < 17dBm.

From Figs. 7(a), (b) it can be seen that for every 1dB increase
in Prp, Poyr increases by 1dB, whereas for every 1dB increase
in Pro, Poyr increases by 2dB. Note that, the measured output
power Poyr is not yet limited by any saturation effects, if not by the
available local oscillator power Pro. In addition, the efficiency of the
mixing/multiplying stage of the graphene based subharmonic mixer is
almost frequency independent. The fact that it is not entirely flat is
mainly due to the frequency response of the filters involved. Fig. 7(c)
presents the output power signal spectrum, where the IF, LO and RF
tones can be clearly distinguished.
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Figure 7. Measured Poyr in terms of Prp and Pro. (a) Measured
Poyr when varying Prp. (b) Measured Poyr when varying Pro.
(c¢) Measured Poyr spectrum. (d) Measured Poyr w/o stub.

In order to evaluate the influence of the quarter wavelength open-
ended stub on circuit frequency conversion efficiency, the subharmonic
mixer prototype was modified by carefully removing the microstrip
stub. As shown in Fig. 7(d), the absence of the stub drastically
diminishes circuit performance. This is because the circuit is not
being provided with an IF return path for the current that biases
the graphene based nonlinear component. Placing the quarter
wavelength open-ended stub a A/4 distance away from the graphene
based nonlinear component would have produced a similar frequency
response as of “without stub”, due to the zero current state condition
at IF (the IF side sees an open circuit when looking into the RF/LO
block). Measurements of the output power for a single frequency point
(frr = 39.75GHz) were also taken, by simultaneously varying the
power levels of both injected signals Fig. 8.

An overview of the subharmonic mixer performance is presented
in Table 1, comparing it with recently published scientific works,
where: GFC — graphene film coating; G-FET — graphene field effect
transistor; Type — fundamental (F) or subharmonic (S) mixer; LO-RF
— isolation between input ports; CL — conversion loss.
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Figure 8. Measured Ppoyr when varying both Prp and Pro
(3.95 GHz).

Table 1. Subharmonic mixer overview and comparison with other
works.

[32] [34] [35] [36] Current work
Technology | GFC | G-FET | G-FET | G-FET GFC
Type F S S F S
frr [GHz] | 39.3 30.1 3.5 3.8 39.75
LO-RF [dB] | >41 | >20 > 40 n.a. > 48
CL [dB] 40 20 | 2022 27 29

5. CONCLUSIONS

A microstrip millimeter wave subharmonic mixer operating within
the 39 GHz-41.5 GHz RF frequency band has been presented. The
frequency downconversion is achieved through the implementation of a
nonlinear element consisting in a microstrip gap covered by a graphene
film coating, exfoliated from a highly oriented pyrolytic graphite. In
the mixing process, the second harmonic component of a fundamental
LO signal (fro = 17.9GHz) was used. The power measurements
show a very flat frequency response of the subharmonic mixer over
the whole RF frequency band. Conversion losses (CL = 29 dB) were
minimized through the proper use of a quarter wavelength open-ended
stub, placed in the vicinity of the graphene based nonlinear component.
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