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Abstract—We report on the first complete RF characterization
of graphene FET subharmonic resistive mixers in the frequency
interval frr = 2-5 GHz. The analysis includes conversion loss,
noise figure and intermodulation distortion. Due to an 8 nm thin
Al2O3 gate dielectric the devices operate at only ~0 dBm of local
oscillator power, with an optimum measured conversion loss in
the range 20-22 dB. The noise figure closely mimics the conversion
loss, thus determining the noise to be essentially thermal in origin,
which is promising for cryogenic applications. The highest input
third order intercept point is measured to be 4.9 dBm at a local
oscillator power of 2 dBm.

Index Terms—Graphene, FETs, subharmonic resistive mixers,
noise measurements, intermodulation distortion.

I. INTRODUCTION

RAPHENE has recently attracted great attention in the

field of nanotechnology aimed at RF- and microwave
electronics [1], [2]. This was made possible by the first isola-
tion of graphene, a one-atom layer sheet of carbon atoms orga-
nized in a honeycomb lattice, together with the demonstration
of the field-effect, in 2004 [3]. Since, the graphene synthesis
methods have advanced, making it a promising candidate
comparing to e.g. carbon nanotubes (CNTs). The potential for
FETs, derived from graphenes high intrinsic carrier mobility
for both electrons and holes, 100,000 c¢m? /V's, and the high
carrier saturation velocities of 4 —5-107 ¢m/s has been thor-
oughly investigated, as recently reviewed in [4]. Ultimately,
G-FETs with fr and f,,4, in excess of 1 THz are projected,
in the limit of channel length down-scaling and eliminating
the currently deteriorating device parasitics [2]. Moreover,
graphene has the unique property to switch between the n-
and p-channel by electrical gating and distinctive properties
useful in e.g. optoelectronics [5] and sensor applications [6].
Since the realization of the first top-gated graphene field
effect transistor (G-FET) in 2007 [7] there have been consid-
erable efforts to go to higher frequencies. The high-frequency
capabilities demonstrated are far from the intrinsic potential,
with published f,,q. < 35 GHz [8]. Suitability of G-FETs for
microwave circuit applications has been investigated, resulting
in high spectral purity frequency multipliers [9], fundamental
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transconductance mixers [10], [11] with a best conversion
loss (CL) of 27 dB at 4 GHz, a subharmonic resistive mixer
with a CL of 24 dB [12] at 2 GHz and a 10-dB small-
signal power amplifier operating at 1 GHz [13]. In addition,
an RF rectifying detector, with a linear and high dynamic
range response up to 50 GHz [14] has been presented. While
GaAs FET active mixers can provide 6-10 dB conversion
gain [15], resistive G-FET mixers are behind mature GaAs
HEMT counterparts, where fundamental [16] and subharmonic
[18] designs achieve CL of 5.3 dB and 6.5 dB, respectively.
Further performance analysis beyond measuring the CL, in
terms of noise and intermodulation performance is still sparse
for G-FET mixers, with a single value for input third order
intercept point (/IP3) of 13.8 dBm reported at 10 MHz for a
fundamental transconductance mixer [10].

In this paper, we expand the characterization for the G-FET
resistive subharmonic mixer of [19], which included CL and
noise figure (NF). This represented the first study of noise at
microwave frequencies for a G-FET, while previous studies
considered only low frequency 1/f noise and phase noise
[20]. The addition includes intermodulation distortion (IMD)
of the mixer as examined via two-tone measurements to extract
the 7IP3, which besides the CL and NF represents the most
important quantity to study for a microwave mixer, from a
systems perspective. Finally, the large signal model of [21] is
utilized to validate the IMD results.

II. MOTIVATION FOR RESISTIVE G-FET MIXERS

There are basically two operating principles for a FET
mixer; either utilizing the change in transconductance, g,,, or
channel conductance (resistance), G4s (Rgs), with gate source
voltage. In both approaches a local oscillator (LO) signal is
applied to the gate to achieve a resulting time-varying, periodic
quantity g, (t) or G4s(t). The former case is referred to as an
active transconductance mixer, where the RF signal is applied
to the gate, and the latter a resistive mixer, with the RF signal
applied to the drain. The LO pumped time-varying quantity,
either g,, or G4, may be expressed as a Fourier cosine series
in terms of LO frequency harmonics g(¢) [22],
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where the first order coefficient g; of coswrot is responsible
for the efficiency of fundamental mixing and second order
coefficient go for subharmonic mixing.



Best possible performance from a transconductance mixer
is realized by maximizing the variation in g,,, which is
accomplished by biasing the FET in current saturation [15].
Under these conditions the active FET mixer can provide
a maximum conversion gain expressed with its small-signal
circuit elements and the g; coefficient as [22],

G, = _ il
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Contrary to active mixers, for a resistive mixer the drain is

unbiased. It is limited to a conversion loss, which was analyzed
in [16], with the aim of acquiring an intuitive expressions in
terms of device parameters, for understanding of the mixer
operation and preliminary design work. The analysis is done
in terms of the reflection coefficient as seen from the drain
port, T'(t) = (Rgs(t) — Zoy)/(Ras(t) + Zp). This assumes that
all mixing terms are terminated in a matched load, the real
system impedance, Zy. The best performance assumes I'(¢) to
be a 0.5 duty-cycle square wave and yields,
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Further, the ideal case with I',,,, = 1 and T',,;,, = —1,
corresponding to resistance states R,,q, = o0 and R, = 0,
results in a minimum CL of 3.9 dB. This is to be compared
to a CL of 3 dB for an ideal double-sideband mixer with all
terms except the image ideally terminated and a CL of 0 dB if
also the image is reactively terminated [17]. Since the mixing
is related to the g; coefficient of (1), in addition to the on-
off ratio, the CL decreases with an alteration of the Rgs(?)
waveshape. Making the time varying shape triangular instead
yields,

Cquuare = (3)
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which is consistent with the fact that g1 square > 91,triangular-
As a consequence of the currently low transconductance
in G-FETs and the lack of clear current saturation, the so
far reported G-FET transconductance mixers have shown poor
performance, with a high CL. Instead, presently it is more
promising to use the resistive mixing concept. Importantly, it
currently also makes the best utilization of the unique transport
properties of graphene for a novel concept, to do subharmonic
mixing with a single FET. The extension to a subharmonic
resistive design in conventional FETs is done e.g. by a parallel
configuration where the LO is applied 180° out of phase to
the gates of two devices [18]. Since this requires a balun, the
G-FET subharmonic mixer allows a more compact circuit.
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III. DEVICE DESIGN AND FABRICATION

The device design was focused on minimizing the mixer
conversion loss. Since CL o 1/(Tyaz — Dmin)? [11] for
resistive mixers, the above discussion translates this into a
high on-off ratio, i.e. R,,in < Zp and Ry,q. > Zo. This is
true also for the timevarying waveshape resulting from the
symmetric transfer characteristics of a G-FET. In order to
optimize the conditions for our G-FET resistive mixer, the

Fig. 1: Optical image of fabricated device with two gate
fingers, yielding W, = 2 x 15 pum . Scale bar is 10 um.

device dimensions are chosen to be L, = 1 ym and W, =
30 um based upon the reasoning in [12].

The actual devices were fabricated on graphene flakes
produced by mechanical exfoliation on 300 nm silicon dioxide.
The drain and source pads were formed via an electron beam
lithography exposure and subsequent evaporation of 1 nm Ti,
15 nm Pd and 60 nm Au and lift-off. The thin layer of Ti is
used for improved adhesion, while the Pd layer is known to
simultaneously provide good contact resistivity and symmetric
transfer characteristics. A stepwise natural oxidation, while
heated on a hotplate, of electron beam evaporated Al was
used to grow an 8 nm thick Al,O3 gate oxide. The aim was to
reduce the LO power requirement compared to previous work,
since the higher gate capacitance per area reduces the required
gate swing voltage. A second electron beam lithography step
was used to define a top-gate electrode, which uses a similar
metalization stack with more Ti consisting of 4 nm Ti, 15 nm
Pd and 60 nm Au.

The above described methods were used to fabricate three
devices with slightly different performance, as will be sub-
sequently indicated. Device #1 was used for original noise
figure characterization first presented in [19] and device #2
was produced for the intermodulation analysis of this extended
paper. Since device #2 had a too high leakage current, the gate
voltage analysis was performed with device #3, with the main
purpose of comparison to model simulations. A magnified
optical photo of a two-finger G-FET device characterized in
this paper is shown in Fig. 1.

IV. RF MEASUREMENT SETUPS

The mixer operation is based on a sinusoidal LO signal
applied to the gate of the G-FET, biased at the point of
minimum conductivity (Dirac voltage). Due to the electron-
hole duality of the graphene channel conduction, the on
and off states are swept twice in one LO cycle and the
resistance variation as seen from the drain, Rgs(t), has a
fundamental frequency component at twice fro. Thus, the
multiplication with frp, applied to the drain terminal, contains
terms of the form |frr &+ 2n X frol, including the desired
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Fig. 2: Setup for measuring the G-FET subharmonic mixer
noise figure in a 50 €2 system. Details are in Section IV-A.

intermediate frequency component for subharmonic down-
conversion frr = |frr — 2fro| [12], with the frequency
spacing utilized to separate the RF and IF signals at the drain.
All RF measurements were performed on chip using a probe
station.

A. Noise figure measurement setup

The complete measurement setup for the mixer noise is
shown in Fig. 2, the core being the Agilent N8975A noise
figure analyzer (NFA). It was used to determine both the
conversion loss and noise figure versus frequency in the range
frr = 2-5 GHz, with the measurement frequency setto f;p =
100 MHz. The system was calibrated to account for the noise
generated by the NFA itself and also the known losses in the
setup on the signal path from the noise source to the NFA. A
broadband noise source, with ENR = 15 dB £ 0.1 dB in the
relevant frequency range, was utilized to increase the Y-factor,
and thus the measurement accuracy. The signal separation at
the drain terminal was performed with a directional coupler
having 10 dB coupling in the frequency range 1-18 GHz. The
RF noise signal is coupled to the drain of the G-FET and the
reflected signal at f;r = 100 MHz is transmitted directly to
the NFA, since it is out of the coupler bandwidth. Similarly,
noise in the measurement bandwidth originating from the
matching termination connected at port 2 is not coupled to the
NFA. An additional 40 dB isolation between port 1 and port
4 at the measurement frequency of 100 MHz is provided by
an external SMA high-pass filter, to assure that the measured
noise originates from the mixer and not the noise source. The
filter characteristic is flat up to 5 GHz, which sets the upper
limit on the measurement frequency.

B. IIP3 measurement setup

The well-established two-tone measurement principle [15]
is used for the IMD measurement as presented in Fig. 3.
The setup thus uses in total three signal generators. The two
equal-power RF signals are chosen to be at closely spaced
frequencies and separated by 20 MHz, e.g. frr1 = 2.11 GHz
and frro2 = 2.09 GHz. With a standard power combiner at
port 1 of the directional coupler the two RF signals are coupled
to the drain of the G-FET, connected at port 3. The directional
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Fig. 3: Two-tone measurement setup for examination of the
G-FET subharmonic mixer intermodulation distortion (I1P3)
in a 50 Q system. The details are outlined in Section IV-B.

coupler has a 3 dB coupling factor to allow for high enough
input powers to the mixer needed to detect the weak third order
response. The resulting lower frequency signals are transmitted
directly from port 3 to port 4 of the coupler and monitored
with a spectrum analyzer. The expected down-converted linear
responses while pumping with frequency fro = 1 GHz are at
the frequencies frr1 = 110 MHz and frr 2 = 90 MHz and the
corresponding third order IMD responses are consequently at
QfIF,l _f]F’Q = 130 MHz and 2fIF,2 _fIF,l = 70 MHz. The
same intermediate and third order intermodulation frequencies
were used to measure in the interval frr = 2-4 GHz. Port
2 of the directional coupler is again terminated in a matched
load, Zy = 50 €. First, a verification of the integrity of the
measurement setup was done, to ascertain that the signals at
130 MHz and 70 MHz originate from the device and not
from mixing of the outputs between different harmonics of the
signal generators. Connecting the spectrum analyzer directly
to the output of the power combiner, only the two fundamental
tones were observed for the relevant input signal levels.

V. MEASUREMENT RESULTS AND DISCUSSION

To evaluate the mixing capabilities of the fabricated devices
a DC characterization is made. The main purpose is to find
the drain to source resistance as presented in Fig. 4, for both
devices together with the model fitted curves [21]. The devices
exhibit different on-off ratios R,,aq/Rmin = 170/60 =~ 2.8,
Riaz/Rmin = 130/35 =~ 3.7 and Ry42/Rmin = 150/60 =
2.5, respectively, with the other parameters summarized in
Table 1. Mainly the contact resistances and mobilities differ,
while device #2 exhibits a slightly larger asymmetry with
Reyt ~ 8 Q. A gate oxide capacitance of 0.5 pF/cm? is
achieved for all devices. To reach R,,;, = Ry, a larger gate
voltage swing is required, which increases the gate leakage and
with possible risk of dielectric breakdown. The corresponding
gate leakage for device #l1, for which the NF measurement
was performed, was I, < 20 pA, which eliminates the shot
noise and 1/f noise in FET resistive mixers [23]. The small
shift of the Dirac voltage is beneficial for the mixer to operate
at zero gate bias. Also, the asymmetry around V... is small,
which is important for the subharmonic mixing capability.



TABLE I: Summary of device parameters used for simulations

Re () | pe em?/Vs) | pp (em?/Vs) | Reat ()
Device #1 21 1750 1750 3
Device #2 12 2550 2600 8
Device #3 4 300 900 I
180———
o Device #1
1601 ] o Device #2
140t | O Device #3
120! — Modeled
G
2100
x
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Fig. 4: Corresponding resistance swept by the LO in mixer
operation for the devices at Vs = 0.1 V, together with the
modeled resistance curves used in the simulations.

A. Mixer noise figure

The resulting conversion loss and noise figure for the mixer,
given by device #1, in the frequency range frr = 2-5 GHz
are shown in Fig. 5 as measured by the NFA. The conversion
loss lies in the interval 20-22 dB (41 dB) and was verified at
frr = 2 GHz using a spectrum analyzer. The high conversion
loss is limited by the uneven distribution in time of R,,q:
and R,,;, and the waveform shape. This requires a higher
on-off ratio to reach the same performance as conventional
fundamental resistive FET mixers [16]. Due to the thin gate
dielectric, the required LO power was merely Pro = 0 dBm,
a significant improvement to Pro = 15 dBm in [12]. The
operating frequency interval corresponds to the best reported
G-FET mixers, while conversion loss represents a state-of-the-
art result [11], [12], [24].

The noise figure presented in Fig. 5 is single-sideband (SSB)
after applying a 3 dB correction to the measured double-
sideband (DSB) quantity, which is valid as outlined in the
analysis of mixer noise figure below. The SSB noise figure is
greater than the conversion loss by < 1 dB, with an estimated
measurement accuracy of +2 dB according to the investigation
in [25]. At this high conversion loss, the accompanying noise
figure must be high in order to be measured, but still the result
is sensitive to imperfections in the setup. The error is mainly
attributed to mismatch at the drain, which is approximately
equal at frr and frp due to the low frequency. Harmonic
balance simulations using the large signal model in [21]
predicts the RF and IF impedances presented by the mixer
to be 100 €2, which yields VSW R = 2 with Z; = 50 .

Despite the measurement uncertainty, there is clearly a
close correlation between conversion loss and noise figure,
Frizer,ssp =~ CL. This relation between conversion loss and
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Fig. 5: Conversion loss and SSB noise figure of the device #1
G-FET resistive mixer versus RF frequency. The measurement
is performed at room temperature. The error bars correspond
to =2 dB and +£1 dB, respectively.

noise figure was analyzed with the attenuator noise model for
passive mixers [23]. For a FET resistive mixer, in the absence
of gate leakage current, the noise is generally entirely thermal.
The model establishes that under these conditions the noise
temperature is dependent only upon conversion loss, assumed
to be L,,qer for both sidebands, and physical temperature,
T,, as

Tmimer,SSB = Tp : (LMiIGT - 2) &)

In the ideal case where both RF and image sidebands are
down-converted with the same conversion loss, it is valid that
Tssp = 2 - Tpsp. The definition of noise figure for mixers
is ambiguous, although the most relevant relation to noise
temperature is given by

Tmia:er,SSB

Ty (6)

Fmiwer,SSB =2+
The main benefit of (6), where Ty = 290 K, is that it
preserves the relation from SSB and DSB noise temperatures,
such that Fsgg = 2 - Fpgp, as utilized above to convert
the noise figure from DSB to SSB. At room temperature,
where T, = Tp, inserting (5) into (6) translates finally into
Friiger,5sB = Lmizer. The result of Fig. 5 is thus a con-
firmation of the noise to be essentially thermal in a graphene
FET resistive mixer, true for e.g. a GaAs fundamental resistive
mixer [26] and CMOS subharmonic resistive mixer [27].
Hence, an evident approach to improve the noise figure is
to reduce the conversion loss, as for every passive mixer. It
should also be possible to cool the mixer to low temperatures,
with a greater improvement as compared to e.g. Schottky
mixer diodes which are then limited by shot noise [28]. A
Y-factor measurement with a combination of high loss and
low noise figure would, though, result in an unacceptable
uncertainty and was therefore not conducted at this stage.
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Fig. 6: Linear and third order response for device #2 at 2 GHz,
Vgs = Vairac and Ppo = 2 dBm with I/P3 = 4.9 dBm.

TABLE II: Measured IIP3 at Vg = Vgjrae and PLo = 0 dBm

2 GHz
2.9 dBm

3 GHz
3.9 dBm

4 GHz
3.9 dBm

frF
1IP3

B. Mixer intermodulation

The two-tone measurements for device #2 are summarized
in Table II-IIT versus RF frequency and LO pump power level.
Results for device #2 at 2 GHz are presented in Fig. 6, with the
linear and third order responses (error £0.5 dB for both). To
deduce the third order intercept point the regression analysis
enforces a slope of one for the linear response and a slope of
three for the third order response. The highest measured value
for the G-FET subharmonic resistive mixer is /IP3 = 4.9 dBm
at PLo = 2 dBm at frr = 2 GHz.

Although it is possible to have single-device, balanced
designs [29], the comparison to earlier work considers single-
ended fundamental resistive FET mixers as presented in Table
IV. On one side, for high power handling GaN and SiC
FETs [30], [31] IIP3 values in excess of 30 dBm have been
reported. These, however, come at the expense of 23-27 dBm
LO power. On the other hand, in CMOS IIP3 of 16.5 dBm
has been achieved with 4 dBm LO power [32]. In between,
GaAs single-ended resistive mixers achieve IIP3 = 28 dBm
with Pro = 10 dBm [26]. Another way of comparing to
reported work in the literature is the use of /IP3 quality factor,
Q(IIP3) =IIP3/PLo, also shown in Table IV. For our G-
FET mixer, the maximum Q(IIP3) = 3.9 dB, from Table II.

Further, the comparison of IIP3 to subharmonic FET resis-
tive mixers (although more seldom reported in the literature)
has to consider more complex design architectures, since the
single-ended subharmonic mixer is a novel G-FET concept.
The IMD is generally worse, with e.g. a single-balanced
CMOS mixer reaches IIP3 = 14 dBm and Q(I/IP3) = 7 dB at
a CL of 12 dB [27].

In order to evaluate the IMD results, two-tone harmonic
balance simulations were conducted with the large signal
model presented in [21]. The gate bias voltage was varied and
the measured and simulated linear and third order responses
were compared. The results at Vs = Vi;rq. are compared in

TABLE III: Measured /IP3 at Vs = Vyirqc and frr = 2 GHz

-2 dBm
1.7 dBm

0 dBm
2.9 dBm

+2 dBm
4.9 dBm

Pro
1IP3

TABLE 1V: Comparison of the G-FET subharmonic mixer
with fundamental single-ended resistive mixers

Parameter [26] [30] [31] [32] This work
Technology GaAs | GaN | SiC | CMOS G-FET

CL (dB) 6.5 6.9 10.2 11.6 20
Pro (dBm) 10 23 27 4 0
frr (GHz) 10 11 3 60 2-5
IIP3 (dBm) 28 30 35.7 16.5 3.9
Q(IIP3) (dB) 18 7 8.7 12.5 3.9

Fig. 7. This was performed for device #3, which exhibited
a symmetric transfer characteristic and therefore only one
branch was considered. The measured and simulated results
for 7IP3 are given in Table V. A slightly higher value of
Pro =0.75 dBm was used for this measurement to provide a
comparable R,,, despite the lower mobilities (compare Table
D). Clearly, at Vs = Vyirqc the results from the model agree
excellently with measurements. On the other hand, away from
the Dirac voltage the model tends to overestimate the third
order IMD response, leading to a lower IIP3 point. A complete
linear response comparison, showing the rapidly increasing
conversion loss with a bias deviating from the Dirac voltage, is
presented in Table VI, with good agreement. The discrepancy
that exists is partly attributed to an error in the estimated losses
in the RF and IF paths of the measurement setup. These results
are in line with similar HEMT/MESFET models [33].

To improve the [IP3 of future G-FET resistive mixers,
operation at higher LO power is preferred, as observed in the
literature for resistive mixers, the trend in Table III, as well as
in Section VI. Also, conventional FET resistive mixers biased
at zero drain voltage operate in a linear regime in gate source
voltage. The introduction of the resistive mixer was partly
motivated by the fact that also a time-varying linear element
can be used for mixing [26], with improved intermodulation
performance. This can be understood by describing the output
voltage as a general nonlinear network in terms of a Taylor
series in input voltage,

V! " ’U(S)
vo:vo(O)—i—T"vi—&—?"v?—l— %vf’—i— (7

With a two-tune input at frequencies f; and fo the cubed
term of (7) results in the harmful third-order intermodulation
products 2f1 — fo and 2 fo — f1, which are virtually impossible
to filter out. By the use of a linear mixing network these
frequency products can be suppressed.

The current G-FET resistive mixers, though, have an R (t)
shape for each branch that is not linear, but instead saturates
at higher gate bias as limited by the parasitic resistances. To
make the resistance for each branch more linear a decrease
of the parasitic resistances is thus an important step. This is
further discussed in Section VI.
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Fig. 7: Measured and modeled linear and third order response
for device #3 at 2 GHz, Vs = Vjjirqc and Pro = 0.75 dBm.

TABLE V: Comparison between measured and simulated /IP3
for device #3 at frr = 2 GHz and Pro = 0.75 dBm

vgs Vdirac Vdirac -025V Vdiruc -05V
1IP3 (measured) | 4.9 dBm 5.5 dBm 4.6 dBm
IIP3 (simulated) | 5.5 dBm 3.3 dBm 1.3 dBm

C. Discussion about mixer conversion loss

The reduction of contact- and access resistances also helps
to reduce Ry, especially it yields Ry, << Zy (typically
50 ), to make I';,,;, — —1. To improve the conversion
loss for the resistive mixer application, the introduction of a
bandgap in single-layer graphene is not crucial for the purpose
of achieving current saturation in the G-FET. Instead, it is
important to have R,,q, >> Zj to make I'},,,, — 1 and also
so that the on and off states can have a more equal duration
in time. Together, these steps will make T'(¢) resemble a 0.5
duty-cycle square wave and help minimize the conversion loss.

Moreover, lower contact- and access resistances and the
introduction of a bandgap would improve the device transcon-
ductance. This makes it more suitable for transconductance
mixing with the prospect of achieving higher conversion gain
in future G-FET mixers. In this context, increased mobility is
of course an important step towards improved performance.

VI. FUTURE PERFORMANCE PREDICTION

In order to predict the possible future performance of the
G-FET subharmonic mixer, simulations were performed when
biased at the Dirac voltage for optimum conversion loss. The
model confirms that higher LO power is a general route to
improved IIP3, as seen from Fig. 8. In order to reduce the
demands on LO power, increased mobilities are essential for
a steeper transfer characteristic, to change from R,,,, to
R,,;n with a smaller voltage swing. Furthermore, concerning a
lowered contact resistance, R, the results from the simulations
partly contradict the claim of Section V-B, which is attributed
to a simultaneously improved conversion loss, presented in
Fig. 9. This yields higher amplitudes for the down-converted
signals at frequencies frp,1 and frr 2 and consequently higher

TABLE VI: Comparison between measured and simulated CL
for device #3 at frr = 2 GHz and Pro = 0.75 dBm

Vgs Vdirac Vdi'r‘ac -025V Vdirac -05V
CL (measured) 25 dB 34 dB 38 dB
CL (simulated) 23 dB 36 dB 38 dB
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Fig. 8: Modeled IIP3 versus Pro and R, at the Dirac voltage
Vys = Viirac. Measured performance in this work encircled.

power, Ps, for the third order intermodulation products. The
results on conversion loss translate also to noise figure, due to
the thermal noise with F},;z¢r 55 = CL. Finally, combining
the simulated //IP3 and CL data, the mixer spurious free
dynamic range (up to the P;,, where P5 reaches the noise floor)
is calculated [34] according to (8), assuming unity SNR at the
mixer output, and presented in Fig. 10. In (8) , Ny is the output
noise power assuming a BW = 100 MHz. The performance
of the devices presented in this work, with good agreement
between experimental and simulated results, is encircled in
Fig. 8 through Fig. 10, with a current DRy ~ 52 dB. From
Fig. 10, this can be improved significantly at higher LO power.
Operation at higher LO power, though, requires an improved
gate oxide quality to prevent gate current conduction.

2
DRy = g(IIP3+C'L—N0) (8)

VII. CONCLUSION

The first noise figure measurement and IMD analysis of
a subharmonic resistive G-FET mixer have been conducted
and reported. The devices exhibit state-of-the-art performance
for graphene based mixers concerning LO power require-
ment and conversion loss. The noise was determined to be
essentially thermal. Future low temperature experiments will
clarify possible departure from thermal noise. Nevertheless, it
is important to address the issue of high conversion loss to
realize a practical G-FET mixer, e.g. for receiver sensitivity.

Accomplishing a lower conversion loss of the mixer in-
cludes an increased on-off ratio, by decreasing parasitic re-
sistances and introducing a bandgap in graphene, as well as
devices operating at higher LO power. The latter makes the
subharmonic mixer operation more linear to keep the IIP3
advantage of resistive mixers to active mixers. A bandgap
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Fig. 9: Modeled CL versus Pro and R, at the Dirac voltage
Vys = Viirac. Measured performance in this work encircled.
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Fig. 10: Modeled DR versus Pro and R, at the Dirac voltage
Vys = Viirac. Measured performance in this work encircled.

formation helps to have a, for lower conversion loss, beneficial
shape of Rg4s. If these important steps can be achieved, the
G-FET resistive subharmonic mixer can be competitive with
CMOS counterparts concerning both performance and cost.
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