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Abstract

In this article a new method for creating mixer component in
infrared and THz is suggested. Since the nonlinear property
of admittance creates frequency components that do not
exist in the input signal and the electrical conductivity is
associated with admittance, in our work we have proven and
simulated that the nonlinear property of graphene admittance
can produce mixer component. The simulation results show
that the mixer component is larger than other components,
therefore the mixer works properly. Because of nano scale
of graphene structure, this method paves the road to achieve
super compact circuits.

1. Introduction

Mixers are used to shift signals from one frequency range to
another range of frequencies. For example mixer converts
the intermediate signals produced by a generator to RF
signals, This procedure is named Up Conversion. The same
operation is performed in receiver.

Graphene is the first example of two dimensional structures
with one atom thickness that have received much attention
in recent years[1,10]. Its unique electrical and photonic
properties have several usages in the optical and THz
circuits and systems. One basic parameter in describing
graphene optical properties is its complex conductivity, .=
Oyt o, which depends on frequency o of incident wave, I'
charged particle scattering rate which represents loss
mechanism, temperature T, and chemical potential p, which
depends on the carrier density and can be controlled by a
gate voltage that produces electric field, magnetic field
and/or chemical doping [11,12], hence conductivity is
frequency dependent and controllable by varying its
chemical potential. Due to the complex conductivity,
equivalent circuit including a resistor and a capacitor or an
inductor may be considered. Graphene is suitable for
realizing transistor actions due to High intrinsic carrier
mobility and speed[13,14,15]. Recently, graphene has been
utilized for devising subharmonic resistive mixers[16]. In
this article we demonstrate that the nonlinear conductance
property can make biased graphene suitable for mixer
application.

There are other technologies such as schottky barrier diodes
and Hot-Electron bolometer for mixers. A small area barrier
between a metal and a semiconductor can be used as

Schottky barrier diode. A strongly nonlinear current-voltage
characteristic makes Schottky barrier diode useful for
mixing application. A major disadvantage is that relatively
high level of LO power is required for SBD (Schottky
Barrier Diode) to act as a nonlinear device for optimum
performance as a mixer. Furthermore, SBD is more sensitive
than other types of devices which have stronger non-
linearities. The other method is Hot-Electron bolometer. In
this method, the bolometer output signal is proportional to
the power of the incident radiation. To utilize it as
heterodyne detector the bolometer should be fast enough to
follow the fast IF amplitude modulation of a RF signal. The
major disadvantage of this type of mixer is poor electrical
stability. Our mixer is 2D and can reduce the scale of the
circuits to nano. Also due to tunable nature of graphene this
scheme would be broadband. Its strong nonlinearity has
given graphene good performance as a mixer. Simulation
results confirm our conclusion. Section II describes the
electronic model of graphene. Section III is a brief
explanation of the action of nonlinear conductivity in mixer
application. Section IV surveys graphene as a nonlinear
conductivity and this characterization is proved analytically
and in simulation.

2. Electronic model of graphene

Graphene is the 2D kind of graphite and modeled as one
atom thickness material sheet with a surface conductivity
tensor[17]. Graphene electrical conductivity is considered
as[17]:
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Where o is the radian frequency, . is the chemical potential
(which may vary by the electric and/or magnetic fields),
E= Ey and By  ( are the induced electric and magnetic
fields, respectively, I" is the electron scattering rate and T is
temperature. Three general cases for graphene conductivity
are considered. We assume the graphene conductivity in
three types of bias such as: without any electric bias or
magnetic bias with spatial dispersion, with an electric bias
and with a magnetic bias. Here we consider second type for
graphene. So the formulation for the electrical conductivity
of graphene will be[11]:
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Using the above relations and kubo formula the electrical
conductivity is[11]:
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Where f, (2)=[e“ """ +1]".

If o, is considered as G,  Giyerband T Ointraband> re€al and
imaginary part may be estimated as below:
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Figure 1 shows the real and imaginary parts of the graphene
conductivity.

The equivalent circuit of graphene is considered as a resistor
that represents loss and a parallel capacitor or inductor Due
to imaginary part of conductivity being positive or negative
(figure 2).

3. Application of the non-linear conductivity of
graphene for realizing mixing action

Graphene has nonlinear characterization that relates its
voltage to its current. Since nonlinearity produces output
frequencies that do not exist in input signal, we may use the
nonlinear conduction property for mixer application as
follows [18]:

1=1(v) (7)
This system is biased by V(t)= Vi cos(m t)+v(t) in which
Vicos(mrt) is a large signal and v(t) is a small signal where
V_is the amplitude of the large signal. The large signal acts
as a time variant bias. We may ignore high order terms due
to the small voltage, so that we assume that the system acts
linearly for small signal. By expanding the current around
the large signal, Vi cos(w.t), equation 7 is obtained.
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The terms with odd exponent produce terms like
bacos(mrt)cos(wgst), so we can use the first component as a
mixer term and the third as an inter-modulation term. Since
higher order terms have smaller values, the saturation occurs
later.
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4. Non-linear conduction of the graphene and the
role of mixing

As shown in Figure 3, the conductivity of the graphene,
associated with its admittance, is non-linear versus the
chemical voltage. Therefore, we can use it as a mixer. From
[18] we know that when p. is varying in small range, the
relation between E and ., can be approximated as a linear

equation. Since the electric field is proportional to voltage in
TEM structure, we can bias the graphene in this range and
conclude that . is proportional to bias voltage. Therefore, a
cosine voltage causes a cosine chemical potential. For good
performance, graphene needs to be biased in a suitable
acting point that has strong nonlinearity to cause higher
order terms. Before breaking point the conductivity has
strong nonlinearity and after that point conductivity tends to
be linear.
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Figure 1: The real and imaginary parts of graphene
conductivity versus frequency. The top picture is real part
and the bottom picture represent the imaginary part for three
value of chemical potential.

B2,

Fig 2. equivalent circuit model for the graphene where R represent the loss
and L or C represent the resonance nature of graphene and are caused by
imaginary part of its conductivity.

Our purpose is achieving equation 9 for graphene, to prove
that graphene can be applicable as a mixer. Assume that a
slab of graphene is biased such as figure 4. We know that
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j=ocE (10)
By integrating the equation 10 we have:
JVJ.dS:JVO'E.dS (1 1)
ds=dl.dl' (12)
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Figure 3: Optical conductivity of graphene versus voltage.
The top picture shows the real part of conductivity and the
bottom picture shows the imaginary part of conductivity
versus chemical potential for three value of frequency.

Also we know in TEM structure:
v= J‘E.dl

(14)
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Figure 4: schematic of biased graphene in mixer application.
The DC voltage is used for significant the suitable acting
point and the large ac signal creates higher order terms that
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are multiplied to small signal to produce mixer components.
The electric field which is shown with red arrow is bias field
and should be perpendicular to surface.

By substituting equation 14 to 13 the admittance is obtained
as:

ll=0l'v (15)
|- o‘%.v (16)
Derivative of both sides of equation 16 will be:
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And its second derivative will be as follows:
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By substituting equation 18 in 8 different components of
conductivity are expanded. At first we expand O;p¢erpand-

(19)
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In order to find the mixer components, we obtain the
expansion of the term inside the parentheses of equation 19
as series around zero:
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Also we expand the second term of the conduction,
Ointerband aS:
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Equation 24 is still nonlinear, so that in order to find the
mixer components, we obtain the series expansion of the
term inside the parentheses equation 24 as series around
Zero:
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In equations 27 and 20 the mixer component exists, hence
graphene could be used as a mixer.

To wverify our conclusion the spectrum of graphene
conductivity which is biased with cosine voltage as
I+sin(wt)+100*cos(4wt), 1+.001sin(ot)+ cos(4wt) and
1+10*sin(wt)+ cos(4mt) where o is 10 THz is plotted in
figure 5.

As seen in figure 5 the spectrum has components in input
frequencies, w; — w, and w; + w,. Also it has unwanted
components that have small amplitude in compare to
desirable components. So mixer components can be easily
achieved by filters.
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Figure 5: Spectrum of the current on the graphene when it is
biased with a) l+sin(ot)+100*cos(4wt) b) 1+.01*sin(wt)+
cos(4ot) and c¢) 1+10*sin(wt)+ cos(4wt)  where the
frequency o in the bias voltage is 10 THz, chemical

18

potential is 125 mev, scattering rate is 0.43 mev and
temperature is 20K.

5. Conclusions

Graphene has unique physical properties that -create
controllable nonlinear conductivity. Using these properties
we study the possibility of using graphene as a mixer in THz
and infrared bands. To study electronic properties of
graphene using quantum relations, different values of the
electrical conductivity from 10 THz to 50 THz are obtained.
In this article, by writing small signal relations around the
bias voltage and extracting the electrical conductivity, it is
proved that a slab of biased graphene can be used as a mixer.
Because the equivalent circuit of graphene is a combination
of a non-linear capacitance and a resistance (since taylor
expansions have complex coefficients), we have a phase
shift in the mixer component.
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