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Abstract: This paper presents the results of spintronic wireless communication using a new modula-
tion method, spin RF-direct on-off keying modulation using a frequency division multiplex (FDM),
which modulates amplitude and frequency simultaneously with a spin torque nano-oscillator (STNO)
array. For the new modulation technique, each channel can be assigned to every STNO on the STNO
array, and each STNO is simultaneously modulated by on-off keying with digital data directly. These
modulation technologies have the advantage of increasing the data transmission rate by the number
of operating STNOs. In recent years, efforts to increase the speed of transmission are important as
the amount of data it sends increase. The receiver demodulates data on every channel through a
band pass filter acquiring the frequency assigned to each channel, respectively. To initially confirm
the possibility of realizing spin RF-direct on-off keying modulation using an FDM, we demonstrated
the proposed modulation technique with two STNOs in an array, setting one STNO at 3.5 GHz
frequency and the other at 4.2 GHz, and communicated wirelessly with a two-channel receiver in
the near field. A data rate of up to 4 Mbps is obtained with the new modulation technique under
10 mm distance, and the DC power consumption is 0.18 mW per STNO in transmitter, including
logic circuit operation.

Keywords: dual channel; frequency division; multiplex; spintronic oscillator; STNO; array

1. Introduction

As the use of multimedia based on AI increases in IoT environment, the need to
increase transmission speed is rising. In addition, devices used in IoT environments of-
ten operate based on battery, so low-power consumption is important, and small-sized
implementations are required to be applied anywhere. In this environment, communica-
tion technology based on a spin torque nano-oscillator (STNO) technology is becoming
an alternative.

An STNO features an ultra-wide band-tuning range that exceeds nearly 100%, and it
has the advantage of being driven by low power consumption operations [1,2].

Furthermore, an STNO has a remarkably small size (100 nm or less in diameter) as the
unit of STNO itself has an oscillation microwave frequency. An STNO can thus easily be
structured with an array, as STNOs are made hundreds of nanometers in size.

Owing to these characteristics of STNO, it has been reported that an STNO can feasibly
be used for wireless communication by using frequency shift keying (FSK) or phase shift
keying (PSK) modulation [3–8]. However, although the transmission rate is announced up
to 4 Mbps, it has limitations in improving the transmission rate due to the poor frequency
oscillation characteristics, and frequency nonlinearity characteristics of STNO’s current.

A new modulation method is required for the realization of adequate communica-
tion using an STNO. We use on-off keying (OOK) modulation [9,10]. This non-coherent
communication method for wireless transmission allows data transmission via air without
changing the frequency to transmit wirelessly, even in the presence of STNO non-linearity
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phenomena. Additionally, as STNO has the setting time in nano-second units of fast os-
cillation signals [11], it has the advantage of realizing high speed transmission through
OOK operation.

By exploiting nanotechnology, spintronic devices can be easily realized in an STNO
array structure, and each STNO can be set to one of the isolated various frequencies among
many channels that can be assigned due to wideband operation. Based on this, data are
carried at each frequency for every STNO.

We then propose a new modulation concept that is adaptable to the STNO in the study,
and provides frequency and amplitude modulation simultaneously. It facilitates spintronic
wireless communication at higher data rates according to the number of STNOs within an
array, as OOK is executed with each frequency assigned at each STNO with the targeted
frequency. We have previously reported on the need for a new communication concept that
can be adapted to STNO characteristics, as well as the result of a modulation technique,
in [10]. In this manuscript, we report spintronic communication results between a new
spintronic modulator and demodulator developed by the authors as well as a transmitter
and receiver considering communication link budgets in a new communications system
with spintronic oscillators. Communication performance is also analyzed describing
transient characteristics with the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation.

2. Wireless Spintronic Communication

The spin transfer torques of a free ferromagnetic layer are described in terms of
magnetization dynamics, M (r,t), and can be derived by the Landau–Lifshitz–Gilbert (LLG)
equation which calculates the precession of the spin-polarized magnetization from dipolar
interactions and damping [12,13].

The STNO is operated through the spin transfer torques in a spin nano-pillar by
flowing the current across a spin nano-pillar, and/or applying a magnetic field around
a spin nano-pillar, which is comprised of three layers: the free ferromagnetic layer, the
spacer, and the pinned ferromagnetic layer.

The current passing through the polarized magnetization can generate a spin wave
signal with angular momentum in the free layer caused from an effective negative damping.

For the wireless communication applying an STNO, a spin torque magnetic tunnel
junction device is fabricated. Figure 1 shows a block diagram of a fabricated STNO
structure, and the measurement setup.
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Figure 1. A block diagram of a fabricated STNO structure, and the measurement setup.

A stacking structure of Co6Fe2B2 (2 nm depth) is deposited on the synthetic structure
pinned layer by a magnetron sputtering process as a free layer. The pinned and free layers
are separated by a thin MgO (1 nm depth) layer as a tunnel barrier. All of the stacked layers
are manufactured by a single deposition process. After an e-beam masking process, ion
milling etching process is carried out, and the etch is stopped in the middle of the CoFeB
pinned layer. At that time, the junction size is decided as 90 × 100 nm2. A post annealing
process is carried out over 30 min at 300 ◦C, under a 4 kOe magnetic field.
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For measuring an STNO, a C-type magnetic closed circuit was placed at the center
of the probe station for a function of the applied magnetic field. A constant current was
applied to the electromagnet and a fringing field was generated at the core gap. The
fabricated magnetic tunnel junction (MTJ) was located at the center of the core gap. Thus,
magnetic flux line is aligned in parallel to the wafer plane. This magnetic flux line is also
mechanically rotated from 0 to 360 degrees.

The magnetoresistance (MR) of MTJ device has a dependence of the applied magnetic
field. When the magnetic field is applied, the MR is appeared into one of two states,
anti-parallel (AP) or parallel (P) [14]. The MR of the fabricated MTJ between AP and P
relation of magnetization was found to be from 48 Ω to 80 Ω by a magnetic field from
−250 Oe to 250 Oe.

Figure 2a shows the fabricated STNO oscillation characteristics of frequency depend-
ing on the magnetic field. Frequency variation is from 2.1 GHz to 5.0 GHz when an external
magnetic field is applied from 0 Oe to 350 Oe. The STNO frequency tuning ratio is around
80%, whereas the LC-VCO electrical circuit generally has difficulty obtaining a tuning
range above 20%. Figure 2b shows the oscillation frequency can also be set by the rotation
field angle at the one magnetic field condition. Figure 2 notices that if the frequency is set
into 3.5 GHz and 4.2 GHz, the magnetic field could be adjusted into the 125 Oe and 175 Oe
at the same rotation field angle, or the rotation field angle be into 0 degrees and 45 degrees
at the 175 Oe same magnetic field.
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Figure 2. Spintronic oscillation characteristics of the fabricated STNO depending on (a) the magnetic
field and (b) the rotation field angle at the condition of IDC = 1.5 mA. (1 Oe (Oersted) = 1 Gauss in
air = 0.1 millitesla).

Figure 3 shows that the peak power level and signal linewidth vary between −71 dBm
and −76 dBm and 130 MHz and 260 MHz, respectively, when an external magnetic field is
applied from 0 Oe to 300 Oe at the condition of a zero-rotation field angle, and a 1.5 mA
current DC supply flowing through the STNO. In particular, 130 MHz linewidth measured
in our fabricated STNO is meaning the phase noise is −63 dBc at an offset of 130 MHz.
Figure 3 shows that the STNO power level and signal purity should be improved for use in
wireless communication.

To overcome challenges to communicate with the STNO, we used the OOK modula-
tion method when directly modulating a signal of one STNO with data, as OOK modulation
supports communication regardless of the signal purity. It also allows wireless communi-
cation without a PLL circuit, and with a simple structure for direct modulation. To date,
there have been no reports on a realization of the frequency PLL for an STNO signal for
communication. OOK can be used for communication by exploiting the advantages of the
STNO for low power consumption and nano-meter scale size. Receiving of data can be
easily realized simply with the function of envelope detection in the receiver.
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Consequently, we target the realization of wireless communication with low power
consumption under the constraint of application in near field communication due to the
low level of the output signal.

Each STNO has a different frequency in the array. On this basis, a new spintronic RF-
direct OOK modulation using a frequency division multiplex (FDM) technique is realized
for wireless communication without interference.

The new modulation concept provides frequency modulation with an FDM by assign-
ing each frequency at every STNO on an array structure. Amplitude is simultaneously
modulated directly in the RF signal generated from the STNO with OOK on each STNO.

By simultaneously applying OOK modulation to all STNOs while generating different
frequencies for multiple STNOs on an array structure, we present a new spin RF-direct OOK
modulation using an FDM that modulates data together with amplitude and frequency
signals for wireless communication using an STNO array.

3. Design of the Spin Modulator

A spintronic RF-direct OOK modulation technique using an FDM is designed by
actively exploiting the strengths of the STNO, which can be easily fabricated with an array
structure in a small form factor. Figure 4 shows the proposed spintronic RF-direct OOK
modulation technique using an FDM concept realized with an STNO array. In particular,
we designed near field communication with low power consumption by not amplifying
the signal at the low power level of the STNO.

For realizing spintronic RF-direct OOK modulation using an FDM, one antenna is
used in the transmitter. For easy verification, the receiver has one antenna per channel.
Figure 4 shows a block diagram of wireless spintronic communication applying spintronic
RF-direct OOK modulation using an FDM.

Here, Dn, IDCn, and fn are nth data, current, and frequency, respectively; STNOn is
the nth STNO, and MNn is a matching network for the nth frequency at the nth STNO.

We executed experiments with two STNOs to check whether wireless communication
can be realized with spintronic oscillation, and also assessed whether spintronic RF-direct
OOK modulation using an FDM concept was practicable. We simply modulated the signal
of a spintronic oscillator with two STNOs in the array. Accordingly, the STNO, which has
conditions of a magnetic field of 125 Oe for 3.5 GHz and 175 Oe for 4.2 GHz, generates
nearly maximum output peak power of −71 dBm with a minimum linewidth of 130 MHz,
especially has conditions of a rotation field angle of 45 degree for 3.5 GHz and 0 degree for
4.2 GHz at the same magnetic field, 175 Oe; the STNO under these conditions will be used
for wireless communication in this work.
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3.1. Matching the Circuit on Each STNO

The channel interval is decided between the two signals of spintronic oscillators
to ensure there is no interference, considering that an STNO needs a wide separation
distance between frequencies due to its poor signal purity. The signal level at the offset
point corresponding with the channel separation between two channels from each carrier
frequency should be selected to be below the minimum sensitivity, −79 dBm, considering
the linewidth and signal level. We thus selected frequencies of 3.5 GHz and 4.2 GHz with
700 MHz channel separation for two STNOs for the channel separation to be at least three
times the linewidth.

A T-junction structure is applied to the PCB for assigning the frequencies generated
on two STNOs to transmit a signal in the air through a single antenna.

We designed matching networks with a low pass filter (LPF) circuit for a 3.5 GHz
STNO, and a high pass filter (HPF) circuit for a 4.2 GHz STNO, to provide operation
without interference between the STNOs. Each output port of the matching circuit was
then connected with the other ports of the T-junction, taking into consideration an antenna
that was situated at the center port of the T-junction. The STNO has a resistance of 80 Ω at
an AP state, where the STNO provides good signal oscillation [14].

An HPF circuit is applied to obtain higher isolation at 3.5 GHz as well as low insertion
loss at 4.2 GHz, and vice versa in the LPF circuit. Higher isolation and low insertion loss
cause all of the signals to flow into the antenna port of the T-junction. Measured results
of the T-junction are a 3 dB insertion loss and 7 dBc isolation at the 3.5 GHz, and 3.5 dB
insertion loss and 6.5 dBc isolation at the 4.2 GHz.

Figure 5 shows the matching results for each frequency of 3.5 GHz and 4.2 GHz. The
3.5 GHz matching results yield a matching result of a return loss of −10 dB or less in the
band range of +/−50 MHz, while the frequency band of 4.2 GHz or higher has a matching
result of a return loss of −5 dB or higher. Conversely, 4.2 GHz matching results show that
a matching result of less than a return loss of -10 dB in the +/−50 MHz frequency band
range is obtained, while a frequency band of less than 3.5 GHz has a matching result of
more than a return loss of −5 dB.
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Figure 5. Matching results of the T-junction matching circuit.

The antenna is located immediately after the T-junction and it has a band from 3.1 GHz
to 5.2 GHz, and 2 dBi gain.

The number of channels is decided with broadband oscillation and linewidth charac-
teristics. The operation bandwidth of STNO is already sufficiently broad, and the linewidth
will be improved soon. It helps a communication circuit to be designed even without any
filter for isolation between channels.

3.2. Biasing and Modulation on STNOs

An oscillation signal is generated by the current flowing through the STNO. Current
can be supplied via a current mirror circuit as a bias for a stable current supply. Figure 6
shows the schematic of biasing an STNO and modulating data through the current mirror
circuit including the T-junction matching circuit on the two STNOs of the array structure.
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We designed a current mirror circuit as a circuit supplying current with two PMOS
transistors (M1, M2, M4, and M5), as shown in Figure 6. The ratio of the transistor width
for the current mirror circuit must be set at 1:8 to reduce the leakage current to 1/8th of the
current flowing through the STNO.

The STNO is easily broken by the breakdown current, as the magnetic tunnel junction
(MTJ) is operated with a tunneling effect in the inserted insulator as a non-magnetic layer.
A variable resistor (VR1 or VR2) is added in the current mirror circuit to limit the current
for safe operation together with R3 and R4. The value of VR1 or VR2 is set for the current
flowing through STNO to flow as around 1.5 mA in this work.

The supplied current drives the STNO to generate oscillation. We then modulate the
STNO with the OOK method, where the current supplied from the current mirror circuit is
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switched on/off. This function is executed through a NMOS transistor (M3 or M6) switch
that enables operation of the current mirror circuit.

3.3. Simulation on an OOK Modulation Rate in the STNO

Although [11,15,16] reported that current clearly modulates pulse repetition frequency
(PRF) up to 5 MHz, and an STNO has a fast settling time, nearly 1 ns, the usable frequency
of PRF is limited by the bias delay driving current at the transmitter, and by a falling time
of 180 ns and a rising time of 100 ns for detection at the receiver in the experiments reported
in this work.

By introducing the Landau–Lifshitz–Gilbert–Slonczewski (LLGS) equation, we con-
ducted a simulation to assess how the rising and falling time of oscillation for the MTJ
pillar is delayed by the effect of the bias circuit to drive the STNO in the transmitter. This
condition is that each matching circuit is perfectly matched to the antenna and isolated
each other between two ports of an STNO. Magnetic dynamics of the free layers of an
STNO are found from the LLGS equation [12,13,17,18]. The LLGS equation used here is
given as Equation (1).

dm̂
dt

= −γm̂ × He f f + αm̂ × dm̂
dt

+ γaJm̂ × (m̂ × σ̂) + γbJm̂ × σ̂ (1)

where m̂ is the unit vector of free layer magnetization, γ is the gyromagnetic ratio, α is the
Gilbert damping parameter, and σ̂ is the unit vector of pinned layer magnetization. The
effective magnetic field, He f f , is composed of an applied magnetic field, Happ, a uniaxial
anisotropy field, Hk, and the demagnetization filed, Hd. Therefore, the effective magnetic
field can be written as:

He f f = Happ x̂ + Hk(m̂ · x̂)x̂ − Hd(m̂ · ẑ)ẑ (2)

where x̂ and ẑ are the unit vectors along the x and z axes, respectively.
The first part of Equation (1) is the Larmor precession, the second is Gilbert damping,

the third is in-plane spin torque which is competes with the Gilbert damping, and the last
is the perpendicular spin torque equation [12,17,19]. aJ and bJ in the third and the fourth
part of Equation (1), respectively, are the current density, which is related to the scale of
spin torque. aJ is the in-plane torque efficiency and bJ is the perpendicular torque efficiency.
The in-plane field torque, aJ , competes with the damping (α) whereas the perpendicular
torque, bJ , acts similar to a magnetic field [20].

We assumed that the capacitance is located parallel with the STNO due to the bias
circuit, and there are ideally no parasitic components except the internal resistance of the
STNO having a value between 48 Ω and 80 Ω. Figure 7 shows the simplified circuit driving
the STNO for the simulation.
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In the MTJ structure of 100 × 90 nm2 with a 1 nm tunneling gap, the parasitic capac-
itance is around 0.1 femto-Farad, and the parasitic inductor is around 1 pico-Henry in
the condition of 1.5 mA operation. These parasitic components can be neglected in the
equivalent circuit and the numerical equations of a 3~5 GHz band circuit.

We also assumed that the STNO directly modulates the on/off signal of the DC current
for operation of OOK modulation. The high or low DC current signal, IDC, has a level of
1.5 mA or ground for a logic level; however, we made this signal have a 1 ns delay time for
the input of the bias circuit to drive the STNO. This reason is for obtaining settling time
from the response of the on/off current signal into the real delay value, as the function
generator, AFG3251C, outputs a rectangular wave with a 1 ns delay time into the on/off
DC signal [21].

The current induced into the STNO, IS, can be expressed as Equation (3).

d[IS(t)]/dt = (IDC − IS(t)− CIS(t)d[R(t)]/dt)/(CR(t)) (3)

where C is the capacitance located in parallel with the STNO, and R(t) is the internal
resistance of the STNO.

IS is modulated into the STNO after being delayed by the internal resistance of the
STNO and the capacitance, which is a main part of the bias-T circuit, as delineated in
Equation (3). In this equation, we defined the internal resistance of the STNO, as expressed
in Equation (4). The parallel MR, RP, of the fabricated MTJ pillar is 48 Ω, and the anti-
parallel MR, RAP, is 80 Ω according to the magnetization angular momentum of the free
layer for MTJ pillar.

R(t) = (RAP + RP)/2 − (RAP − RP)/2 cos[θ(t)] (4)

The transient delay for an STNO oscillation signal obtained from a modulated sig-
nal is solved from the LLGS equation, given as Equation (1). bJ/aJ is assigned as 0.1
in our simulation. The simulation of Equation (1) is performed by the Runge–Kutta al-
gorithm. The parameters used in our simulation are enumerated as follows: α = 0.01,
γ = 1.85 × 1011 Hz/T [20].

If the RF signal flows through the bias circuit path and the modulating signal output
circuit path, the RF signal loss decreases as the capacitor value between the bias circuit and
the STNO decreases.

Additionally, this capacitor value is related to the setting time of the STNO oscillation signal.
In this paper, to reduce RF signal loss while minimizing latency, the capacitor between

the bias circuits of STNO is selected as 10pF. The simulation results for the 10pF circuit
conditions resulted in RF signal loss of −32 dB and setting time of 16 ns. As RF signal
loss is weak, the capacitor value is set to 10 pF based on the setting time. The resulting
communication transfer rate was calculated to be constrained to 3.38 Mbps (= 1/296 ns,
16 ns for transmitter, 100 ns + 180 ns = 280 ns for receiver).

Figure 8 is the time domain signal transmitted from the transmitter after transmitting
OOK signals of the STNO, and signals received from the receiver located at a distance of
10 mm from the transmitter after demodulating the signal.

As the third part of equation, the in-plane toque component, in the LLGS equation is
affected by the long initial start time, long lag time occurs before generating a spin toque
signal. Therefore, we used the measurement AFG3251C for short delayed modulation
signal under 1 ns, resulting in the short rising time into 10 ns. Figure 8 displays the
measurement results observed from the RF monitor after modulating 1 MHz data together
with the simulation results. The experiment results show that a data rate of up to 2 Mbps
is obtained at each frequency. This shows that a data rate of up to 4 Mbps is acquired by
spintronics RF-direct OOK modulation using an FDM with two STNOs in the array. It
should be noted that we proposed a new method, making it possible to easily increase the
data rate by actively applying an STNO array structure.
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4. Design of the Spin Demodulator

As shown in Figure 4, we applied a broadband antenna to the receiver to accom-
modate all channels with the same type of antenna, and located a band pass filter (BPF)
immediately after each antenna in order to separately select and detect the target signal
on a channel assigned at each STNO. The antenna used is ANT1085-4R1-01A from TDK,
and the bandwidth of the antenna used is sufficiently covered from 3.1 GHz to 5.2 GHz,
with an antenna gain of 2 dBi. BPF applied Johansson’s 3600BP for the 3.5 GHz band and
Taiyo Yuden’s 4224-to-4752 for the 4.2 GHz band. BPF has an insertion loss of 1.5 dB and
2.0 dB for 3.5 GHz and 4.2 GHz, respectively. In particular, isolation between channels is
important for receiving a signal without interference in the condition of two channels on a
single board. Isolation for BPF is above 35.5 dB at 4.2 GHz when transmitting a 3.5 GHz
signal, and above 14.8 dB at 3.5 GHz when transmitting a 4.2 GHz signal.

For good sensitivity of the receiver, a Low Noise Amplifier (LNA) was placed imme-
diately after each BPF. The LNA used was applied to Avago’s MGA86563. The LNA has
a noise figure of 1.8 dB and 2.0 dB at 3.5 GHz and 4.2 GHz, respectively, and the gain is
measured as 20.0 dB and 17.1 dB, respectively. In particular, isolation between channels
is important for receiving a signal well without interference in a two channels condition
on a single board. Figure 9 shows the isolation and gain characteristics obtained from
measurement, together with the BPF and LNA. The measured results are a gain of 20.0 dB
and 17.1 dB, and isolation of 14.8 dB and 35.5 dB at 3.5 GHz and 4.2 GHz, respectively,
considering BPF loss of 1.5 dB and 2.0 dB.

We additionally could situate the attenuator of −8 dB after the LNA at the 3.5 GHz path
to secure more isolation even in the wired condition between the transmitter and receiver.

In this study, we targeted wireless communication under 10 mm distance between the
transmitter and receiver, considering the used MTJ pillar has approximately a −71 dBm
output power level.

The link-budget for short distance range communication is calculated with the band-
width, taking into consideration the signal purity as well as the power level, antenna
characteristics, path loss, and noise figure in the receiver. Table 1 shows the link-budget
of the wireless communication for 10 mm distance when making the STNO operate at
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3.5 GHz and 4.2 GHz. The link budget is calculated with the air loss as 5 dB in a distance
of 10 mm.

The power level transmitted through the antenna is −72.0 dBm and −72.5 dBm at
3.5 GHz and 4.5 GHz, and the thermal noise level is −92.9 dBm in the 130 MHz STNO
linewidth. The SNR in the transmitter is thus 20.9 dB (= −72.0 + 92.9) and 20.4 dB
(= −72.5 + 92.9), respectively. The transmission margin is 11.9 dB (= 20.9 − 9.0) and
11.4 dB (= 20.4 − 9.0), as the required SNR is 9.0 dB for the 10−3 bit error rate (BER) in the
OOK system.

In the receiver we tested at a distance 10 mm, the system noise figure is 4.3 dB
and 4.5 dB at 3.5 GHz and 4.2 GHz, respectively, and the minimum sensitivity of the
receiver is optimally −79.6 dBm and −79.4 dBm at 3.5 GHz and 4.2 GHz, respectively,
considering the system NF and the required SNR. The transmission margin is then 4.6 dB
(= −75.0 + 79.6) and 3.9 dB (= −75.5 + 79.4) at 3.5 GHz and 4.2 GHz, respectively. The
margin for 3.9 dB corresponds to supporting transmission up to 15.8 mm distance in a
4.2 GHz communication system.
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Figure 9. Measurement results of the BPF and LNA for the 3.5 GHz and 4.2 GHz signal paths.
(a) Results of the gain and isolation at 3.5 GHz when transmitting a 4.2 GHz signal (20.0 dB for gain,
14.8 dB for isolation) (b) Results of the gain and isolation at 4.2 GHz when transmitting a 3.5 GHz
signal (17.1 dB for gain, 35.5 dB for isolation).
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Table 1. The specification and the signal flow in the receiver and transmitter.

Parameters Transmitter
Air

Receiver

Signal Flow STNO Output T-Junction Antenna Antenna BPF LNA Demod
Sensitivity

Specification
(3.5 GHz/4.2 GHz) −71 dBm −3.0 (LPF)/−3.5

dB (HPF)

2 dBi
(covering 3.1 to 5.2

GHz)

20 log 4πd
λ = −5 dB

@ 10 mm

2 dBi
(covering 3.1 to 5.2

GHz)

−1.5/
−2.0 dB

20/17.1 dB
(12 */17.1 dB) Min. sensitivity:

−79.6 dBm @ 3.5
GHz/−79.4 dBm

@ 4.2 GHz

Signal flow 3.5/4.5
GHz Level (dBm) −71 −74/

−74.5
−72/
−72.5

−77/
−77.5

−75/
−75.5

−76.5/
−77.5

−64.5/
−60.4

System Gain (3.5
GHz/4.2 GHz) −1 dB/−1.5 dB 14.5 dB/17.1 dB

Isolation at 3.5 GHz
from 4.2 GHz

−71 dBm

−10 dB
(−81 dBm)

2 dBi
(−79 dBm)

0 dB (on wired
condition)

2 dBi
(−77 dBm)

−14.8 dB
(−91.8 dBm) 12 dB −79.8 dBm

Isolation at 4.2 GHz
from 3.5 GHz

−10 dB
(−81 dBm)

2 dBi
(−79 dBm)

0 dB (on wired
condition)

2 dBi
(−77 dBm)

−35.5 dB (−112.5
dBm) 17.1 dB −95.4 dBm

Noise level (kTB) kTB: −92.9 dBm @ 130 MHz Bandwidth
(k: Boltzmann’s constant, T: Temperature, B: Bandwidth)

Receiver NF (3.5
GHz/4.2 GHz)

LNA NF: 1.8/2 dB
System NF: 4.3/4.5 dB

OOK SNR: 9 dB @ 10−3 BER
Min. sensitivity: −79.6 dBm @ 3.5 GHz/−79.4 dBm @ 4.2 GHz (= −92.9 + 4.5 + 9)

* The −8 dB attenuator is added right after the LNA only at a 3.5 GHz path to secure isolation.
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5. Measurement Results

Figure 10 shows the block diagram for the test and the measurement setup environ-
ment. To perform the test for wireless communication, the fabricated spintronics array
transmitter is placed on a C-type magnetic closed circuit to apply a magnetic field around
the DUT. Constant current is applied to the electromagnet by a precision current source,
and a fringing field is generated depending on the current quantity. The direction of
the magnetic field, rotation field angle, is also changed by manually making the C-type
magnetic closed circuit rotate, as shown in Figure 10. Current quantities were supplied
by changing the current corresponding to each STNO bonded to the 50 ohm line through
the bias-tee, allowing the required magnetic field amplitude and phase to be obtained by
limiting the current to protect the STNO.
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Figure 10 shows the spintronics array Tx bonded with STNOs structured in a 2 × 4
array for transmitting multi-channel signals on the magnetic field generator. We selected
two out of the eight STNOs and set the target frequency by controlling the magnitude of
the magnetic field, the rotation field angle of the applied magnetic field to the STNO, and
the current quantity based on STNO operation [22].

Figure 10 also shows a photo of the two channels receiver, each of which has an
antenna, BPF, LNA, and detector, and the receivers are designed into the assigned frequency
band excluding the antennas, which cover both channels. We situated an RF switch between
the LNA and the detector to monitor the received signal at the assigned RF monitor port.
The RF switch is controlled by a dip switch.

Under these design boards, we carried out the test of wireless communication by the
spintronic RF-direct OOK modulation using an FDM with two STNOs in the array.

The receiver is located at a distance of 10 mm from the transmitter. Under these
measurement conditions, we tested the operation of the transmission on two frequencies
modulating OOK into one antenna.

In Figure 10, red text indicates the equipment to adjust the frequency and amplitude for
the two channel signals, black text is the measurement equipment for the communication
test, and yellow text is the transmitter and receiver board designed with the STNO array.
The test setup was supplied by the Korea Basic Science Institute (KBSI, Deajeon, Korea).

The measurement results show that a data rate of up to 4 Mbps is obtained at array
STNO, and the power consumption is under 3 mW per STNO at these measurement
conditions. It is observed that 0.18 mW power consumption occurs at one STNO. The value
of 0.9 nJ/bit obtained from the power consumption result of spintronic modulated radio
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technology is not a remarkable achievement, as it uses commercial circuits supplied with
2 VDC. Nevertheless, this is the first successful trial of communication with spintronic
technology in the array structure.

Based on this transmission and reception result, the UART interface was used as a
modulation input to obtain and transmit the serial signal wirelessly, and it was confirmed
that the image was displayed successfully. In this experiment, the maximum transmission
rate of UART was 115,200 bps.

These circuits will be fabricated in the near future, together with a sub-10 nm scaled
STNO array CMOS technology such as a magnetoresistive random-access memory (MRAM).
The size and power consumption of the wireless technology of spintronic modulation con-
sequently approach those of the core block, the STNO.

STNOs have low power consumption behavior characteristics, which are more than
10 times less than other published results [23–25] designed for lower milliwatt operation,
as shown in Table 2. Notably, the wireless technology of spintronic modulation could be de-
signed with much smaller size, as shown in Table 2, than even a ring VCO which is designed
without an inductor [25], as it is operated independently as a nano-scaled resonator.

Table 2. The STNO Performance comparison with other Works.

Ref. LC VCO [23] LC VCO [24] Ring VCO [25] STNO (This Work)

Oscillation frequency
(GHz) 4.0~4.34 13~19 0.11~0.55 2.1~4.9

Tune range (%) 8.2% 37.5% 133% 80%

Phase noise −113.6 dBc/Hz @ 1
MHz −113 dBc/Hz @ 1 MHz −71 dBc/Hz −63 dBc/Hz @ 130

MHz

Core Pdc (mW) 1.8 24 3.69 0.18

Size 0.19 mm2 0.14 mm2 0.01 mm2 0.009 µm2

The STNO and a ring VCO has a wider tuning range than LC VCO, whose frequency
range is limited by the resonance of the inductor and capacitor. A ring VCO has broadband
operating characteristics, but generally has low frequency oscillation characteristics, and it
is difficult to generate RF frequencies. However, STNOs can obtain frequencies up to RF and
millimeter waves. This allows design as a communication structure with direct conversion.

The characteristics of a low power consumption, wide tuning range, and small size
provide flexibility of design for array structure. In spite of these characteristics of STNO,
the spectral purity of the STNO is much worse than others. We thus proposed a wireless
communication with STNO-adopted OOK modulation which can overcome the problems
of poor spectral purity.

6. Conclusions

We demonstrated a new communication technique with spintronics technology. It is
the first report to implement wireless communication by applying STNO array to mod-
ulate frequencies and amplitudes simultaneously. The obtained results demonstrate the
possibility of increasing data rates remarkably by using an STNO array, which features a
wide band range even exceeding 100%, low DC consumption at the micro-watt level, and
nano-sized realization. However, many barriers must still be surmounted. In particular,
the linewidth of STNO’s oscillation signal was 130 MHz, so in this paper, only two STNOs
could be transmitted using the on-off Keying modulation to secure twice the transmission
speed. As research is currently under way to improve linewidth to ~ MHz, it is believed
that RF-Direct on-off Keying Modulation can be performed on a number of STNOs. It
would be easy to increase the transmission speed. Increased transmission speed in the
big data environment is an essential requirement for communication. This paper presents
a technology that can easily speed up transmission data in the array structure of STNO.
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Furthermore, as STNOs are capable of implementing nano-size in low power consumption
in µW and array structures, the proposed plan is expected to run competitively on high-
speed, low-power, and small-scale near field communication (NFC) at relatively low cost.
In addition, STNO’s output level is expected to increase even at low power consumption
in the future, so it can be applied not only to proximity applications but also to various
communication applications.
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