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57 ABSTRACT

A frequency conversion device, which may include a radiof-
requency (RF) mixer device, includes a substrate and a fer-
romagnetic film disposed over a surface of the substrate. An
insulator is disposed over the ferromagnetic film and at least
one microstrip antenna is disposed over the insulator. The
ferromagnetic film provides a non-linear response to the fre-
quency conversion device. The frequency conversion device
may be used for signal mixing and amplification. The fre-
quency conversion device may also be used in data encryption
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FREQUENCY MIXER HAVING
FERROMAGNETIC FILM

REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to U.S. Provisional
Patent Application No. 60/895,391 filed on Mar. 16, 2007.
U.S. Patent Application No. 60/895,391 is incorporated by
reference as if set forth fully herein.

FEDERALLY-SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This invention was made with Government support
of Grant No. DE-FGO03-87ER 45332 awarded by the Depart-
ment of the Energy. The Government has certain rights in this
invention.

FIELD OF THE INVENTION

[0003] The field of the invention generally relates to fre-
quency conversion devices and in particular, frequency mixer
devices.

BACKGROUND OF THE INVENTION

[0004] A frequency mixer is one of the basic elements in
many communication devices such as, for instance, mobile
phones. Frequency mixers are used in frequency-to-fre-
quency conversion and are critical components in modern
radiofrequency (RF) systems. Generally, a frequency mixer
converts RF power at one frequency into power at another,
shifted frequency. This can make subsequent signal process-
ing easier and inexpensive.

[0005] A fundamental reason for frequency conversion is to
allow amplification of the received signal at a frequency other
than the applied RF, or audio, frequency. For instance, a
receiver may require as much as 140 decibels (dB) gain.
However, it might not be possible to put more than 40 dB gain
into the RF section of the receiver without risking instability
and potential oscillations. Similarly, the gain of the audio
portion of the receiver may be limited to 60 dB because of
parasitic feedback paths and microphonics. The additional
gain needed for a sensitive receiver is normally achieved in a
mixed frequency (MF) section of the receiver.

[0006] FIG. 1 illustrates a schematic representation of an
ideal mixer, which multiplies two input signals: RF input and
LO input. RF input corresponds to the radiofrequency (RF)
input to the mixer at a first frequency f; while LO input
corresponds to the Local Oscillator input frequency f,. The
mixer multiplies the two input frequencies (f}, f,) and pro-
duces a mixed frequency (MF). Assuming that the two input
frequencies (f}, f,) are sinusoids, the ideal mixer illustrated in
FIG. 1 produces two output frequencies which include the
sum (f, +1,) and difference (f,-f,) of the frequencies.

[0007] Currently, RF mixers are built using electronic
devices such as diodes, field effect transistors (FETs), and
bipolar transistors, which have non-linear I-V characteristics
to provide the frequency conversion mechanism. Unfortu-
nately, there are some downsides to current electronic-based
mixer devices. First, these devices utilize power because of
the electric current-based non-linear elements. Power con-
sumption is increasingly important as commercial devices are
made ever smaller and require longer operational use times.
In addition, electronic devices may not be compatible with
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high frequency operations (e.g., those in the GHz or THz
range) because of internal delays caused by the electronic
components.

[0008] There thus is a need for alternative frequency con-
version devices (e.g., RF mixers) to conventional electronic-
based devices. Such a device should be scalable which can be
made in a very small size using conventional semiconductor
manufacturing processes. The device should be able to oper-
ate at high frequencies, including frequencies in the GHz and
THz range. Power consumption should also be reduced to the
extent possible.

SUMMARY

[0009] In one aspect of the invention, a frequency conver-
sion device includes a substrate and a ferromagnetic film
disposed over the surface of the substrate. An insulator is
disposed over the ferromagnetic film. At least one microstrip
antenna is disposed over the insulator. The frequency conver-
sion device may be a RF mixer device. The substrate may be
a semiconductor material such as silicon or quartz. The fer-
romagnetic film is one which exhibits non-linear character-
istics. The ferromagnetic films may be formed from, for
instance, nickel-iron (NiFe), cobalt-iron (CoFe), and cobalt-
tantalum-zirconium (CoTaZr). The separation distance
between the microstrip antenna and the upper surface of the
ferromagnetic film may be between several or tens of nanom-
eters or hundreds of nanometers. The frequency conversion
device may have a single microstrip antenna or a plurality of
antennas.

[0010] Inanother aspect of the invention, a frequency con-
version device includes a substrate and a ferromagnetic film
of first and second types disposed over a surface of the sub-
strate. Additional types of ferromagnetic film may also be
disposed over the surface of the substrate (e.g., third, fourth,
etc.). An insulator is disposed over the ferromagnetic films.
For each type of ferromagnetic film, a respective microstrip
antenna is disposed on the insulator at a location above the
respective ferromagnetic film type. In this regard, a single
frequency conversion device may provide many different
mixed frequencies given the different underlying ferromag-
netic films underlying the insulator layer.

[0011] The frequency conversion device may be imple-
mented in commercial communication devices such as
mobile phones. Further, the frequency conversion device may
be used in data encryption applications. For instance, differ-
ent devices incorporating the frequency conversion aspect
described herein may be configured to receive a first public
RF input frequency. The second, L.O input frequency, may be
unique to each user and serve as a private key for his or her
device. The LO input frequency may also be tunable or
adjustable such that the private key may be altered or
changed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 illustrates a schematic representation of an
ideal frequency mixer according to the prior art.

[0013] FIG. 2 illustrates a perspective schematic represen-
tation of a frequency conversion device according to one
aspect of the invention.

[0014] FIG. 3 illustrates a perspective schematic represen-
tation of a frequency conversion device according to another
aspect of the invention.
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[0015] FIG. 4 illustrates a magnetization curve of a CoFe
ferromagnetic film in both the soft and hard directions. The
MH loops are similar for NiFe.

[0016] FIG. Sillustrates an experimental setup for measur-
ing the detected spectrum of a ferromagnetic-based fre-
quency conversion device.

[0017] FIG. 6 illustrates a perspective view of the fre-
quency conversion device used in the experimental setup of
FIG. 5.

[0018] FIG. 7 illustrates the detected spectrum response of
a ferromagnetic-based frequency conversion device (NiFe
film) within the range of 3 to 15 GHz.

[0019] FIG. 8 illustrates the detected spectrum response of
the same ferromagnetic-based frequency conversion device
within the range of 0.6 to 0.8 GHz.

DETAILED DESCRIPTION OF THE
ILLUSTRATED EMBODIMENTS

[0020] FIG. 2 schematically illustrates a frequency conver-
sion device 10 according to one aspect of the invention. The
frequency conversion device 10 may include, for example, a
frequency mixer device. The frequency conversion device 10
includes a substrate 20 which may be formed from a semi-
conductor material such as, for instance, silicon. While sili-
con is illustrated in FIG. 2 it should be understood that other
semiconductor-based materials may also be used in the fre-
quency conversion device 10. Quartz may also be used as the
material for the substrate 20 in alternative embodiments.
[0021] AsseeninFIG. 2, a ferromagnetic film 30 is located
on a surface (e.g., upper surface) of the substrate 20. The
ferromagnetic film 30 may be formed by directly depositing a
ferromagnetic material on the surface of the substrate 20. For
example, the ferromagnetic film 30 may be deposited using
conventional sputtering or other deposition techniques gen-
erally used to deposit ferromagnetic materials. Any number
of ferromagnetic materials may be used to form the ferromag-
netic film 30. For example, exemplary ferromagnetic materi-
als include nickel-iron (NiFe), cobalt-iron (CoFe), and
cobalt-tantalum-zirconium (CoTaZr). The ferromagnetic
materials may have any number of different stoichiometric
ratios for the various elemental constituents. For example, a
nickel-iron ferromagnetic film 30 may include Ni, Fes,. A
cobalt-iron ferromagnetic film 30 may include Co;Fe,,. It
should be understood that these are only illustrative and other
ratios beyond those expressly disclosed herein may also be
used in accordance with the invention.

[0022] The ferromagnetic film 30 typically has a thickness
on the order of several nanometers to hundreds of nanom-
eters. The minimum thickness is limited by the paramagnetic
limit (about 10 nm). The upper limit is limited by the skin
depth of the electromagnetic radiation penetration inside the
ferromagnetic film. The ferromagnetic film 30 may have a
thickness that is less than (or about) several hundred nanom-
eters (e.g., less than about 500 nm). A typical thickness of the
ferromagnetic film 30 is on the order of about 100 nm.
[0023] Still referring to FIG. 2, an insulator 40 is disposed
over the ferromagnetic film 30. The insulator 40 may include
a dielectric material such as silicon dioxide although other
insulative materials may also be used. The insulator 40 may
be deposited over the ferromagnetic film 30 using conven-
tional chemical-vapor deposition (CVD) processes known to
those skilled in semiconductor processing techniques. The
thickness of the insulator 40 may vary to place the microstrip
antenna 50 (disclosed in detail below) either closer or further
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away from the ferromagnetic film 30. In some embodiments,
the distance between the microstrip antenna 50 and the upper
surface of the ferromagnetic film 30 is greater than about 10
nm. In other embodiments, the distance between the micros-
trip antenna 50 and the upper surface of the ferromagnetic
film 30 may be tens or hundreds of nanometers (e.g., 500 nm).
Generally, the distance should not be greater than a few mul-
tiples of the wavelength of incident RF energy on the device
10. A smaller the distance between the microstrip antenna 50
and the upper surface of the ferromagnetic film 30 produces a
higher output signal.

[0024] As seen in FIG. 2, a microstrip antenna 50 is posi-
tioned atop the insulator 40. The microstrip antenna 50 may
include any type of microstrip antennas 50 generally used in
RF applications. For instance, the microstrip antenna 50 may
include an asymmetric coplanar stripline (ACSP) antenna 50.
Generally, the microstrip antenna 50 includes a first conduc-
tor 52 and a second conductor 54 that are patterned atop the
surface of the insulator 40. The first and second conductors
52, 54 may then be operatively coupled to off-board circuitry
that applies the LO input frequency f, and also for frequency
response analysis. These two conductors 52, 54 may interface
with the off-board circuitry through, for instance, a coaxial
connection (not shown). The conductors 52, 54 of the micros-
trip antenna 50 are generally formed from a metallic material
such as, for instance, aluminum although other conductors
may be used. The microstrip antenna 50 may be deposited on
the upper surface of the insulator 40 using conventional
lithography/masking techniques. FIG. 2 illustrates a single
microstrip antenna 50 illustrated atop the insulator 40. In
other embodiments, however, there may be a plurality of
microstrip antennas 50 disposed on the insulator 40.

[0025] FIG. 3 illustrates another embodiment of the inven-
tion. In FIG. 3, the ferromagnetic film 30 includes multiple
segments or portions 32, 34, 36 with each portion being
formed from a different ferromagnetic material. For example,
a first film portion 32 may be formed from NiFe, while the
second film portion 34 may be formed from CoFe, and the
third film portion 36 may be formed from CoTaZr. Of course,
the nature or makeup of the particular film portion 32, 34, 36
may include different ferromagnetic materials than those
mentioned above. While three such segments or portions are
illustrated in FIG. 3 it should be understood that there may be
two or more segments or portions. Still referring to FIG. 3,
separate microstrip antennas 50a, 505, 50¢ are disposed on
the upper surface of the insulator 40 above the respective
portions 32, 24, 36 of the ferromagnetic film 30. In this
regard, a single frequency conversion device 10 may provide
a multitude of frequency responses based on the different
underlying ferromagnetic material beneath the respective
microstrip antennas 50a, 505, 50c. Further, in the embodi-
ment illustrated in FIG. 3, the various thicknesses and dimen-
sions discussed above with respect to the device 10 of FIG. 2
also apply.

[0026] FIG. 4 illustrates a magnetization curve of a ferro-
magnetic film 30 in both the soft and hard directions. As
stated above, the ferromagnetic film 30 is the non-linear ele-
ment of the frequency conversion device 10. The non-liner
response of the normalized magnetization (M) as a function
of field strength (Oe) is illustrated for both the soft and hard
directions. The passive ferromagnetic film 30 in the fre-
quency conversion device 10 is what produces the frequency-
to-frequency conversion.
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[0027] Inanideal mixer, such as thatillustrated in FIG. 1, if
the RF input and the LO input are sinusoids, the “ideal” mixer
output is the sum and difference frequencies given by (where
A, and A, represent the amplitudes of the input and LO (local
oscillator) of frequencies f; and f,, respectively):

Apur = [Arcos(fi1)][Azcos( f21)] Eq. 1

ArAy
2

[cos(fi = f2)i +cos(fy + f2)i]

[0028] In general, non-linear magnetization can be
expressed as follows:

M=yHey VH1y PP+ O+ .. .. Eq.2

[0029] Where M is the magnetization of the ferromagnetic
film 30, H is the external magnetic field, and X is the mate-
rial’s magnetic susceptibility. Assuming the RF inputand LO
input signals to the frequency conversion device 10 are sinu-
soids, the input magnetic field is given by:

H=Hpgpcos(fit)+H o cos(Hrt) Eq.3

[0030] Substituting Equation (3) into Equation (2) above,
one can find the output signal on the mixed frequencies of
21,1, 21}, f,+1,, 2f,, 2f, —f,, and f,—f, which is similar to
conventional non-linear mixers.

[0031] FIG. 5 illustrates an experimental setup 100 for
measuring the detected spectrum of a ferromagnetic-based
frequency conversion device 130. As seen in FIG. 5, two
continuous signals at 6.2 GHzand 6.9 GHz were generated by
first and second signal generators 102, 104. The first signal
generator 102 was an Agilent 83711B signal generator while
the second signal generator 104 was an Agilent 83640B signal
generator. The respective signals from the first and second
generators 102, 104 wherein then run through isolators 106,
108 and through a power combiner 110. The signal was
attenuated via an attenuator 112 and subject to amplification
in the travelling wave tube (TWT) power amplifier 114. The
amplified signal was then passed through two bandpass filters
116, 118. The high-frequency bandpass filters 116, 118 (6.16-
7.0 GHz bandpass window) were used to cutoff mixed fre-
quencies produced by the TWT power amplifier 114. The
signal was then passed through a circulator 120 coupled to a
10 W attenuator 122 under a load 124 of 50Q. The circulator
120 is used for input/output isolation.

[0032] Still referring to FIG. 5, signal was then passed to a
frequency conversion device 130. Unlike the frequency con-
version device 10 illustrated in FIG. 2, this frequency conver-
sion device 130 included two (2) microstrip antennas 132,
134 disposed atop the insulator 40 as illustrated in FIG. 6.
Each microstrip antenna 132, 134 was formed as an asym-
metric coplanar stripline antenna. The conductors forming
each microstrip antenna 132, 134 were separated by a dis-
tance of around 2 pum. The ferromagnetic film 30 that was
used was a 100 nm NiFe film. The width of the frequency
conversion device 130 was around 50 pm. The ferromagnetic
film 30 was disposed atop a silicon substrate 20. Signals were
applied and measurements were obtained at room tempera-
ture. The output signal from the frequency conversion device
130 was detected using an Agilent 8592 A spectrum analyzer
126.

[0033] FIG. 7 illustrates the detected spectrum response of
the device 130 within the range of 3 to 15 GHz. The power
(dBm) of the detected signal is plotted as a function of fre-
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quency. As seen in FIG. 7, frequency conversion was
observed where the output spectrum contains the mixed fre-
quencies of the two input frequencies f; (6.2 GHz), f, (6.9
GHz). The two most prominent frequency responses (about
-11 dBm) correspond to the excitation frequencies f; (6.2
GHz), f, (6.9 GHz). Lower power signals were observed also
observed at of 2f,—f, (7.6 GHz), 2f, (12.4 GHz), f,+f, (13.1
GHz), 21, (13.8 GHz), 2f, -1, (5.5 GHz). FIG. 8 illustrates the
detected spectrum response of the same ferromagnetic-based
frequency conversion device 130 within the range of 0.6 to
0.8 GHz. In FIG. 8 the signal atf; —f, (0.698 GHz) canbe seen.
[0034] It should be understood that the frequency conver-
sion devices 10, 130 are compatible with existing, traditional
silicon-based technology which means that the device 10,130
may be incorporated into conventional RF circuitry. For
example, as one illustrative example, the frequency conver-
sion device 10, 130 may be used in personal communication
devices such as mobile phones for signal mixing and ampli-
fication. The frequency conversion device 10, 130 can be
scaled down to relatively small dimensions (thickness on the
order of hundreds of nanometers and micron areas). Further,
because the frequency conversion device 10, 130 is not lim-
ited by the internal delays inherent in electronic-based
devices, high frequency operations in the GHz and THz are
possible. Fundamentally, the operation of the frequency con-
version device 10, 130 is limited only by the spin relaxation
time in the ferromagnetic layer 30 (which is picoseconds at
room temperature). Further, power consumption is low
because there are no electric-current-based non-linear com-
ponents in the device 10, 130. Because of this, the frequency
conversion devices 10, 130 described herein may consume
less power than electronic-based mixers.

[0035] Another potential application of the frequency con-
version devices 10, 130 relates to their use in data encryption
applications. For instance, assume that different frequency
conversion devices 10 all operate by receiving RF signals (1))
on a publicly accessible frequency or channel. The different
frequency conversion devices 10 may each be assigned dif-
ferent LO input frequencies (f,). Each user of a particular
different frequency conversion device 10 can share acommon
public RF frequency or channel while at the same time each
user has his or her personal “private” LO input frequency key.
In one aspect of the invention, the LO input frequency may be
individually adjusted. Thus, a number of users can operate on
a common public RF frequency or channel while users can
decode information on a private, personal LO frequency key.
Different LO input frequencies (f,) will produce different
mixed frequencies which can then be selected and processed
(e.g., amplified or additional performing signal processing).
[0036] While embodiments of the present invention have
been shown and described, various modifications may be
made without departing from the scope of the present inven-
tion. The invention, therefore, should not be limited, except to
the following claims, and their equivalents.

What is claimed is:

1. A frequency conversion device comprising:

a substrate;

a ferromagnetic film disposed over a surface of the sub-

strate;

an insulator disposed over the ferromagnetic film; and

at least one microstrip antenna disposed over the insulator.

2. The device of claim 1, wherein the ferromagnetic film
comprises NiFe.
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3. The device of claim 1, wherein the ferromagnetic film
comprises CoFe.

4. The device of claim 1, wherein the ferromagnetic film
comprises CoTaZr.

5. The device of claim 1, wherein the thickness of the
ferromagnetic film is within the range of about 10 nm to about
500 nm.

6. The device of claim 1, wherein the thickness of the
insulator is within the range of about 10 nm to about 500 nm.

7. The device of claim 1, further comprising circuitry con-
figured to (a) apply an input frequency to the microstrip
antenna and (b) detect a mixed output frequency from the
microstrip antenna in response to an applied radiofrequency.

8. The device of claim 1, further comprising a plurality of
microstrip antennas disposed over the insulator.

9. The device of claim 1, wherein the at least one microstrip
antenna comprises an asymmetric coplanar stripline antenna.

10. The device of claim 1, wherein the device is configured
to receive a first input frequency comprising a public radiof-
requency and a second input frequency comprising a non-
public LO input frequency.

11. The device of claim 10, wherein the non-public LO
input frequency is adjustable.

12. The device of claim 1, wherein the device is configured
to operate in at high frequencies in the GHz and THz range.

13. A frequency conversion device comprising:

a substrate;

a ferromagnetic film of a first type disposed over a surface

of the substrate;

a ferromagnetic film of a second type disposed over the

surface of the substrate;
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an insulator disposed over the ferromagnetic film of the
first type and of the second type;

a first microstrip antenna disposed over the insulator at a
location above the ferromagnetic film of the first type;
and

a second microstrip antenna disposed over the insulator at
a location above the ferromagnetic film of the second
type.

14. The device of claim 13, wherein the ferromagnetic
films of the first and second type are selected from the group
consisting of NiFe, CoFe, and CoTaZr.

15. The device of claim 14, wherein the thickness of the
ferromagnetic films of the first and second type is within the
range of about 10 nm to about 500 nm.

16. The device of claim 15, wherein the thickness of the
insulator is within the range of about 10 nm to about 500 nm.

17. The device of claim 13, further comprising circuitry
configured to (a) apply an input frequency to the first and
second microstrip antennas and (b) detect a mixed output
frequencies from the first and second microstrip antennas in
response to an applied radiofrequency.

18. The device of claim 17, wherein the device is config-
ured to receive a first input frequency comprising a public
radiofrequency and a second input frequency comprising a
non-public LO input frequency.

19. The device of claim 18, wherein the non-public LO
input frequency is adjustable.

20. The device of claim 13, wherein the device is config-
ured to operate in at high frequencies in the GHz and THz
range.



