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Abstract— This article, for the first time, presents the design,
fabrication, and measurement results of a novel microwave
brain stimulation system enabling efficient probe focusing of
rectangular-pulse enveloped 6.5-GHz waves. While the conven-
tional ON/OFF stimulation systems in literature employ low
frequencies below 0.5 GHz, the proposed system employs 6.5 GHz
that can achieve more spatial energy focusing and a moderate
level of energy penetration depth. In the proposed system, the
ON/OFF modulated microwave signal is generated by a single
chip consisting of a voltage-controlled oscillator (VCO) and
power amplifier (PA). The VCO is driven by a switch at the
current source to generate modulated signals with over 20-dB
isolation between the high and low states. The probe with
a center-opened aperture surrounded by a symmetric loading
enables low power reflection toward the brain and focuses the
field in the square-shaped aperture of 1-mm2 area. Finally,
it is demonstrated that the 20-min stimulation of an in vivo
mouse brain using microwave signals with 1-Hz repetitive pulse
envelopes and 1% duty cycle enables the normalized firing
rate to reach up to 0.2 while the normalized firing rate stays
just within ±0.05 under no stimulation. This suggests that the
proposed brain stimulation system can achieve a dramatic change
in the activity of individual hippocampal neurons.

Index Terms— Brain stimulation system, microwave circuits,
neural probe, neuromodulation, probes, stimulation system.

I. INTRODUCTION

D IVERSE brain stimulation techniques have been used
to modulate brain activities during clinical and basic
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research [1]–[4]. In particular, brain stimulation methods using
electrical and magnetic components have become increas-
ingly popular over the past decades, and their effects on
neural circuits and behaviors have been intensively investi-
gated [3], [5]–[7]. Conventionally there are several different
ways to stimulate the brain. Deep brain stimulation, for
example, is an invasive stimulation method in which electric
current passes through electrodes at specific parts of the
brain for neuromodulation. Transcranial magnetic stimulation
(TMS) [7]–[9] and transcranial direct current stimulation
(tDCS) [10], [11], on the other hand, are typical noninvasive
brain stimulation methods. The effects of brain stimulation
on neural excitability can be separated into immediate and
long-term changes. Immediate effects show when the stimula-
tion is applied, while long-term effects observed after stimu-
lation require several minutes of stimulation to develop [12].
Beyond simply experimenting immediate effects, recently,
research into the long-term effects of deep brain stimulation,
tDCS, and TMS is increasing [13]–[15]. The conventional
noninvasive brain stimulation methods have both advantages
and disadvantages. For instance, tDCS is less expensive than
TMS [16], [17], but it is a relatively primitive technique
compared to TMS. It is inefficient because approximately half
of the dc current flows out through the scalp [18], it has
difficulty in focusing the stimulation location, and it causes
more skin irritation than TMS. Despite the advantages of TMS
over tDCS, TMS also has disadvantages of high cost, lack of
portability, and disturbing acoustic noise [17]. The induced
current for stimulation requires a magnetic field as much as
several tesla, which entails high power consumption for TMS.
The coil used to focus the stimulating effects to a small area
in TMS can also form a strong magnetic field around the
wing of the coil, thereby unintentionally activating nontarget
areas [19]. Prior evidence has shown that such electromagnetic
fields directly affect the biological system, causing tempera-
ture increases, molecular signaling, and interactions with the
nerves [20]. Recently, new brain stimulation techniques have
been developed to treat neurological and psychiatric disorders
more efficiently [21], [22]. However, the frequencies of the
signals used in these techniques still cause long penetration
depth and lack the ability to limit stimulation to a specific
location.

Changes in the amplitudes of microwave signals have
been reported to induce changes in brain activity [23], [24].
Recently, the effects of electromagnetic radiation on brain
tissues at microwave frequencies that are considerably
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higher than the prior brain stimulation frequencies, has
been investigated [25]. Accordingly, the mechanism of
neuromodulation excited by microwave brain stimulation, has
been reported [26]. While 6.5 GHz, such high frequencies,
are desired to improve spatial energy focusing, a modulated
envelop signal generated by switching 6.5-GHz waves can
enhance stimulation effects on brain tissues since neurons act
as low-pass filters [27] similar to repetitive transcranial mag-
netic stimulation (rTMS) changes cortical excitability [11].
Conventional amplitude modulation methods using a switch at
the signal path have low isolation below 20 dB between the ON

and OFF states, which can generate unintended effects. Planar
open-ended coaxial structures have been used for probes for
biological application at microwave frequencies [28]–[30].
In the conventional design, the target frequency determines
the aperture shape and size of the open-ended coaxial
structure. Practically, the intended measurement area limits
the shape and size of the probe, which degrades frequency
responses such as the reflection coefficient at the target
frequency. In addition, the aperture size must be fixed to
stimulate a specified area and avoid undesired stimulation in
other regions. Since the conventional probe was designed to
measure the permittivity of biological materials, the reflection
coefficient is typically quite high. S11 < −10 dB toward
the probe input is utilized as the desired criterion. So far,
no studies have measured both immediate and long-term
change to brain using microwave signals simultaneously.

In this article, to confirm the effect over a long-term and
immediate response, a novel 6.5 GHz focused brain stimula-
tion system using enhanced probe focusing and switch-driven
modulation is proposed to solve the aforementioned issues.
Microwaves generated at 6.5 GHz are used to narrow the stim-
ulation area, since the penetration depth into biological tissue
is shortened at such frequencies. In addition, a center-opened
aperture with a looped stub is proposed as the probe topology
to match the biological material constituting a mouse brain
at 50 �, thereby further focusing the field distribution. The
complete system can be fabricated using a semiconductor
process and printed circuit board (PCB) technology for low
cost, low power, and portability.

II. DESIGN OF STIMULATION SYSTEM

A. Brain Modeling

The mouse brain was modeled as depicted in Fig. 1, being
simulated by a full-wave electromagnetic simulator (CST
Microwave Studio Suite 2018). This model only consists of
the brain and skull due to the skin resection on the probe
attachment to the mouse head. It should be noted that the
measured brain permittivity and CST reference permittivity of
the skull were applied in the model. The brain permittivity
was measured using a conventional permittivity measurement
probe [30]. By measuring S11 of reference materials such as
air, distilled water, ethanol, and a mouse brain, the frequency
dispersed permittivity can be calculated to be 36.3 + j·13.7 at
6.5 GHz. For simplicity, the mouse brain was assumed to be
a homogenous material and modeled as a sphere of 10-mm
radius and the skull was modeled as a spherical shell of
0.2-mm thickness. The top of the model was flattened as a

Fig. 1. Simplified mouse brain stimulation environment when the stimulation
probe is on the brain model.

Fig. 2. Simulated E-field attenuation in the brain model for frequencies
of 2.4, 6.5, and 10 GHz.

circle of 0.5-mm radius to consider actual contact, rendering
a flat boundary between the brain model and probe.

B. Stimulation Signal Generation

In general, it is known that the loss in bio-tissue in the
microwave frequency band is large, so selection of an appro-
priate frequency is required. For frequencies of 2.4, 6.5, and
10 GHz, changes in E-field intensity with depth of a brain
model is simulated and normalized as shown in Fig. 2. At 1-
mm depth, for 10 GHz it shows a decrease of 27% as E-field
of 0.73, while for 2.4 and 6.5 GHz it shows a decrease of 10%
and 13%, respectively. In the case of a probe with a resonant
structure fabricated based on a PCB, the higher the frequency
leads to smaller size [31]. Therefore, a frequency of 6.5 GHz
was chosen that adequately satisfies the tradeoff in the size of
the overall system and attenuation.

A 6.5-GHz brain stimulation system was implemented to
demonstrate the feasibility of brain stimulation using modu-
lated microwave signals. The frequency of 6.5 GHz, which
is higher than the frequencies used in prior works, was
selected to achieve more focused stimulation. Stimulation
signal with small guided wavelength can be focused in a
small area (<1 mm2) and stimulate only surface region
(<1-mm depth). Fig. 3 shows an overall block diagram
of the proposed brain stimulation system consisting of a
switch-driven voltage-controlled oscillator (VCO), buffers,
a power amplifier (PA), a transformer, and a stimulation probe
with a center-opened aperture. When the integrated circuits
are separately fabricated and connected by bonding wires,
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Fig. 3. Block diagram of the proposed microwave brain stimulation system.

Fig. 4. (a) Schematic of switch-driven VCO and (b) buffer for output power
control with variable load and isolation between VCO and PA.

the performance of the system is degraded and unpredictable
due to the inaccurate inductance of the bonding wire. To solve
this problem and facilitate integration, the switch-driven VCO,
buffer amplifier, PA, and transformer were integrated onto a
single chip.

The VCO, the microwave signal source, generates a
6.5-GHz microwave signal. A schematic drawing of the
switch-driven VCO is provided in Fig. 4(a). The VCO is
designed with a widely adopted n-type metal oxide semicon-
ductor (MOS) and p-type MOS cross-coupled structure [32].
The output frequency of the oscillator is determined by the
resonant frequency of the LC tank in the load and tuned by
adjusting the varactor capacitance C in Fig. 4(a). Since the
signal modulation is necessary because the neuron cell acts as
a low-pass filter, a switch-driven VCO is proposed in which a
switch is applied to the current source transistor in the VCO
to generate the modulated signal. The switch controls the gate
bias of the current source transistor and makes the VCO turn
on and off, leading to high isolation of the amplitude modula-
tion. In addition, the conventional method in which the switch
is connected to the output node of the VCO causes power
degradation due to the large parasitic capacitance effect of the
switch at microwave frequencies, which becomes larger when
the number of switches is increased to support complicated
modulation. However, the switch-driven VCO has no power
degradation due to control of the current source, which is
connected to the virtual ground of the circuit. Furthermore,
no additional power degradation occurs when the number of
switches is increased.

The buffer amplifier is used to prevent the LC resonance
frequency from changing due to variations in the impedance

at the VCO output. The buffer amplifier consists of a variable
load, allowing control of the output power of the entire system.
Power control should be possible by observing the stimulation
effects according to the power level of the stimulus signal
and finding the minimum power that causes the stimulation
effect. Fig. 4(b) shows a schematic of the buffer amplifier with
the variable load. The loads of the common source include
resistors R1 and R2 and a transistor, which operates as a
variable resistor. When the gate voltage of the transistor, Vl is
close to drain voltage, the transistor is turned on and the ON-
resistance becomes very small so that the equivalent resistance
becomes R1 ‖ R2. When the gate voltage reaches zero, the
transistor is turned off and the value of R2 is observed.
Consequently, the gate voltage of the transistor determines the
load impedance between R2 and R1 ‖ R2. The total output
power is controlled by changing the load impedance of the
common source amplifier.

Since brain cells are vulnerable to elevations of temperature,
the maximum power of microwave signal is adjusted to
20 dBm by adding the PA. According to our simulation results,
the designed switch-driven VCO with a buffer generates the
maximum output power near 0 dBm. Thus, the PA must
amplify the microwave signal by 20 dB. Considering the
maximum available gain of the 0.28 μm silicon on insula-
tor (SOI) complementary MOS (CMOS) field effect transistor
at 6.5 GHz, the two-stage design approach was adopted. The
cascade structure is used to hold a drain voltage of 3.8 V
for output powers greater than 20 dBm. In addition, transistor
Cgs reduction is used to overcome the breakdown voltage of
the transistor [33] to ensure safe operation. A schematic of
the PA is shown in Fig. 5, where a differential structure is
used to avoid source degeneration, which generally degrades
the performance of the PA. At the output of the main stage,
a varactor is applied to adjust the load matching. Since
the microwave stimulation signal should be delivered to the
biological material through a single-ended probe, a transformer
is employed to convert the differential signal of the PA into
a single-ended signal. To minimize the use of bonding wires,
the transformer is integrated into a chip. The lateral coupling
structure is used, considering the current capability of the
metal layer. The integrated transformer, which has a 1-to-
2 ratio to alleviate the control of impedance matching of the
PA. Through optimization of the transformer, the size of the
secondary coil was determined to be 0.18 mm × 0.18 mm,
which greatly reduces the total size of the system due to
integration.

C. Design and Characterization of the Proposed Probe

A novel probing topology with a center-opened aperture
surrounded by symmetric loading is proposed. As shown
in Fig. 6(a), the open-ended planar coaxial aperture of the
conventional probe attached to the brain model makes a
ring-shaped stimulation area, which suggests fields distrib-
uted along the ring-shaped open aperture, and is fed from
the center. The ring-shaped stimulation area prohibits the
specification of an accurate stimulation point due to the low
field intensity at the center. On the other hand, the proposed
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Fig. 5. Schematic of two-stage and two-stacked PA.

Fig. 6. Field distributions at the probe aperture with (a) planar open-ended
coaxial (conventional) and (b) center-opened aperture formed by two metallic
patches (proposed).

center-opened aperture with two metallic patches produces a
square-shaped stimulation area, which can structurally include
a target point, as illustrated in Fig. 6(b). This allows for greater
focusing and equal distribution of the stimulation field on
the target region under the square-shaped stimulation area.
Fig. 7(a) and (b) present oblique views of the proposed probe
at the top and bottom. The probe consists of a top metal,
a substrate, a bottom metal, and metallic via holes, as shown
in Fig. 7(c). At the top metal, a U-shaped ground and feed line
are applied to attach the right-angle mount-type sub-miniature
push-on (SMP) connector. It should be noted that when a
conventional subminiature version A (SMA) connector is used,
the signal cable connected to the SMA connector has physical
interference with the mouse body. To mitigate this undesired
effect, a right-angle mount-type SMP connector was chosen.
The largest metallic via in Fig. 7(c) is used to feed microwave
signals from the SMP connector to the proposed center-opened
aperture formed by the symmetric looped stub. The other vias
are used to equalize the potential between the top and bottom
ground metals.

Fig. 8(a) shows the center-opened aperture formed by the
two metallic patches contacting the brain model. The brain-
contact patches are connected to the top feed patches through
metallic vias. To characterize the variations of the input
impedance, the stimulation area was fixed to be 1 mm × 1 mm.
In Fig. 8(b), the impedance varies from 17.7 − j·5.1 � to
21.6 + j·9.44 � when the length of the patch is changed
from 1 to 5 mm. The center-opened aperture shows a

Fig. 7. Oblique views of the (a) top, (b) bottom, and (c) partially exploded
view of the proposed probe. The feed structure is added to the center-opened
aperture surrounded by the symmetric looped stub.

Fig. 8. (a) Proposed probe with a center-opened aperture and (b) impedance
variation on a Smith chart as a function of the length of each metallic patch
when contacting the brain model.

6.5-GHz resonant frequency corresponding to a patch length
of 1.6 mm, where the input impedance becomes purely real as
18.9 �. The return loss of the proposed structure was observed
to be 6.9 dB, which is still low and thus lowers the power
efficiency of the brain stimulation system.

As discussed in Section I, a high return loss is essential to
achieve efficient power delivery to the brain model. Fig. 9(a)
is a simplified diagram of the environment in which the probe
is in contact with the brain. ε1 and ε2 are the permittivities
of the probe substrate and the mouse brain, respectively. w, t ,
and g are the width, thickness, and spacing of the metal line.
For the additional capacitance caused by the fringing field,
the capacitance formula was derived considering the different
dielectrics that exist above and below the metal line. Referring
to [34] and [35], the capacitance caused by the metal gap of
the proposed probe was obtained as follows:

Cg = (ε1 + ε2)
t

2g

[
1 + g

π t
ln

(
π t

2g

)]
. (1)
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Fig. 9. Simplified diagram of the (a) structural capacitance and (b) inductance
of the proposed probe.

Fig. 9(b) is a diagram of grounded shunt stubs connected to
Cg , a capacitor formed by a metal gap. Since the structure of
the diagram has symmetrical stubs, the equivalent inductance
is half of each stub inductance. The inductance of the grounded
shunt stub can be expressed as [36]

L S(nH) = 2×10−4 ·l
[
ln

(
l

w+t

)
+1.193+0.2235·w+t

l

]
·Kg

(2)

Kg = 0.57 − 0.145 · ln
w

h
(3)

where Kg , w, t , and l are the correction factor, width,
thickness, and total length. According to our heuristic studies
considering the brain model, the initially designed aperture
structure consisting of only two metallic patches is lacking in
control of the real part of the input impedance while main-
taining an imaginary part of zero. In this sense, it is proposed
to place a looped stub around the two metallic patches as
reactive control loading to achieve a low reflection coefficient
toward the brain model, as illustrated in Fig. 10(a). The
equivalent circuit of the center-opened aperture formed by a
looped stub can be expressed as a combined series and parallel
LC resonators, as shown in Fig. 10(b). The input impedance
and resonant frequency of the focusing center-opened aperture
in cooperation with the proposed reactive loading can be
expressed using (4) and (5), as shown at the bottom of the
next page.
where Ls and Lv are the inductances of the stub and via,
respectively. C is the sum of the capacitances of the two
patches and the parasitic capacitance of the stub. Rb is the
loss factor of the brain model at microwave frequencies.
Changing the dimensions of the stub affects the values of
C and Ls in (5), and thus many combinations of C and Ls

can be employed to achieve a specific resonant frequency.
Consequently, the real term of the impedance Zmtch in (4)
can be varied by choosing adequate stub dimensions while
maintaining resonance at 6.5 GHz, as shown in Fig. 10(c).
Finally, it was found that Zmtch could be controlled to be
45.3 � near 50 � at 6.5 GHz when the length and width of
looped stub were chosen to be 11 and 11.3 mm, respectively.

The field distributions at the aperture were simulated using
an injected power of 10 mW. A single looped stub forms
a nonuniform and asymmetric stimulation area, while the
desired uniform field distribution can be obtained by applying
the proposed symmetric looped stub, as depicted in Fig. 11.
Since the area of the field is confined only between the gaps,
the proposed probe has a stimulus area in square millimeters.

Fig. 10. (a) Schematic, (b) equivalent circuit, and (c) input impedances
for the various dimensions of the looped stub surrounding the center-opened
aperture contacting the brain model.

Fig. 11. Simulated field distributions for symmetric looped stub applied
probes.

The probe is manufactured through a general PCB process
without any additional processing and is designed to comply
with the regulations of a minimum linewidth of 100 μm,
a gap of 100 μm, and via diameter of 200 μm. Mismatch
effects are simulation by applying the variation of 50–100
μm, the maximum error range of the linewidth that can
be occurred during the PCB fabrication, is applied in the
transmission line and stub width of the probe as shown
in Fig. 12. The width of the transmission line and stub varied
in the range of 0.9–1.1 and 0.4–0.6 mm, respectively. Gen-
erally, when the linewidth decreases, the mutual inductance
increases, but the parasitic capacitance of the line decreases
due to the area reduction. Since the matching of the probe
is based on the resonance of the inductor-capacitor, as a
result, the increase in inductance and the decrease in capac-
itance are canceled out and the resonance frequency remains
unchanged.
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Fig. 12. Simulated S11 of probe according to 100-μm width mismatches.

Fig. 13. Photographs of (a) switch-modulated microwave generator integrated
circuit and (b) fabricated brain model-matched probe.

III. IMPLEMENTATION AND MEASUREMENT OF THE

PROPOSED BRAIN STIMULATION SYSTEM

A. Microwave Stimulation System

Fig. 13(a) provides a photograph of the fabricated integrated
chip for generating a switch-modulated microwave signal.
An integrated chip was fabricated using a 0.28-μm SOI CMOS
process. The dimensions of the entire chip were 1.38 mm ×
0.91 mm, and it was mounted on a 30 mm × 30 mm module.
The measurement bias of the IC was 3.8 V. The designed brain
model-matched probe was fabricated using PCB technology
considering cost effectiveness. The length of the looped stub
was chosen to be 6 mm, and the total dimensions of the probe
were 11.8 mm × 8 mm. An RO/Duroid 3010 (Rogers Corp.)
with a high dielectric constant (εr = 10.2) was selected to
minimize the probe dimensions for the small size of the mouse
brain, and a thickness of 0.635 mm was used for rigidness and
tight attachment to the surface of the brain. Fig. 13(b) shows
a photograph of the fabricated probe.

Fig. 14 compares the simulated S-parameter and power
density inside the brain model at a depth of 0.4 mm between
the conventional open-ended coaxial probe and the proposed
probe when the injected power was 10 mW. The excited
power density inside the brain must be correlated with S11,
and thus S11 must be low for high power density inside the
brain model. Using the proposed probe, the power density

Fig. 14. Comparison between conventional and proposed probing topologies
in simulated S11 and power density inside the brain model at a depth
of 0.4 mm.

can be improved from 1.62 to 16.4 mW, and S11 is improved
from −6.1 dB (25% reflection) to −21.4 dB (0.7% reflection)
at 6.5 GHz. These results suggest that the proposed probe
requires ten times less power to achieve the same power
density inside the brain. Fig. 15(a) and (b) compare the
simulated and measured S11 of the proposed probe when the
center-opened aperture was in contact with the air, distilled
water, and the mouse brain. In Fig. 15(a), the return loss is
0.27 dB at 6.5 GHz when the probe is not in contact with any
material, only the air. On the contrary, when the proposed
probe with a center-opened aperture is in contact with distilled
water, the return loss increases to 11.2 dB. Fig. 15(b) shows
that S11 was measured to be less than −10 dB in the range
of 6.1–7.7 GHz, where S11 is −13.2 dB at 6.5 GHz. Linking
the measured values of S11 in Fig. 15(b) to the simulated
power density in Fig. 14, the probe demonstrates enhanced
power efficiency at 6.5 GHz.

The measured output signals of the microwave signal gen-
erator chip are compared in Table I along with other state-
of-the-art VCO and PA operating in similar frequency. The
chip was turned on with 3.8-V drain bias and consumed a
dc current of 350 mA. The frequency was tuned between
5.7 and 7.12 GHz, changing the varactor voltage in the VCO
from 1.2 to 5 V. With the modulation switch turned off,
the output power varies from 3.2 to 22.4 dBm at 6.5 GHz.
The variable load voltage in the buffer changes from 0.6 to
5 V. Fig. 16 also confirms that the continuous signal was
modulated when rectangular pulses were applied to the system.
Rectangular pulses with a 1-MHz pulse frequency and 50%
duty cycle were used as the stimulation protocol. When the
protocol was applied, the average power consumption of the
signal was reduced by 3 dB (50%) compared to when a
continuous signal was employed. The pulse-enveloped signal
has more than 20-dB isolation between the ON and OFF

Zmtch = ω2 Rb L2
s

(Rb − ω2 RbC Ls)2 + ω2 L2
s

+ jω
2R2

bC2 L2
s L2

vω
4 + (2L2

s Lv − 4R2
bC Ls Lv − R2

bC L2
s )ω

2 + 2R2
b Lv + R2 Ls

(Rb − RbC Lsω2)2 + L2
s ω

2
(4)

ω2
r = 4R2

bC Lv + R2C Ls − 2Ls Lv

4R2
bC2 Ls Lv

±
√

R4
bC2 L2

s + 4L2
s L2

v − 16R2
bC Ls L2

v − 4R2
bC L2

s Lv

4R2
bC2 Ls Lv

(5)
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Fig. 15. Simulated and measured S11 of the proposed probe when the
center-opened aperture was in contact with the (a) air and distilled water
and (b) mouse brain.

Fig. 16. (a) Experimental setup consisting of the proposed modulated
microwave signal generator and a probe and (b) photograph of the stimulation
probe and nichrome wires of a microdrive.

states. While the clinical stimulation protocols of rTMS or
theta burst stimulation (TBS) typically use frequencies less
than 100 Hz, the proposed brain stimulation system generates
stimulus signals over a wide frequency range up to 1 MHz,
including the stimulation protocols used for rTMS and TBS.

B. Animal Experiments

Mice were used to validate the feasibility of the proposed
brain stimulation system. First generations of male hybrid mice
of C57BL/6JúI129/SvJae (more than 8-weeks old) were used
in both a single-unit recording experiment and a temperature
measurement experiment. The mice were housed under an
alternating 12-h light/dark cycle (lights on at 9 AM) and

TABLE I

PERFORMANCE COMPARISON OF VCO AND PAS

had free access to food and water. The experimental proto-
cols for the animal study were approved by the Institutional
Animal Care and Use Committee of the Korea Institute of
Science and Technology (Approval Number: 2015019). The
experimental setup with the proposed stimulation system and
probe is shown in Fig. 16(a). We connected a commercial
power monitoring device between the system and an probe
to measure the signal power. Two pairs of couplers (158020,
Krytar) and a power meter (E4417A, Agilent) were used to
separate the incident and reflected powers, and an isolator
(DMI6018, DiTom Microwave) was employed to isolate them.
The detailed settings used to measure the incident and reflected
powers can be found in [41]. By measuring the incident and
reflected powers, the power delivered from the probe to the
brain was calculated. In this experiment, the average delivered
power was −11.27 dBm (= 74.6 μW), with 8.73-dBm peak
power.

C. In Vivo Neural Signal Recording

Mice anesthetized with urethane were used to measure
the effects of stimulation on the activity of individual hip-
pocampal neurons in the brain. Four mice were used as a
stimulation group to which the modulated stimulation signals
were delivered. Four additional mice were used as a control
group that underwent the same procedure except for the
stimulation delivery. The head of each mouse was fixed with
a small animal stereotaxic instrument (Kopf, USA) for precise
stimulation and recording of the target brain region. After
removing the skull above the target region, a stimulation
probe was placed in direct contact with the brain. Then,
nichrome wires of a micro-drive were inserted into the target
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Fig. 17. Cellular response to the modulated microwave signal. A positive
value indicates excitation, while a negative value indicates the inhibition of
neuronal activity. Normalization was performed based on the baseline firing
rate. (N = 34 neurons, four mice in the stimulation group; N = 18 neurons,
four mice in the control group.)

brain area through a via hole in the signal line of the probe
to record the electrophysiological activity of neurons in the
brain [42]. Fig. 16(b) shows a photograph of a probe placed
on the top of a mouse brain with nichrome wires (12 μm in
diameter) to measure the neuronal activity changes induced
by the microwave stimulation. The wires were mounted in
a microdrive to adjust the recording depth in the brain. The
nichrome wires used to record the neuronal activity, which
were placed through a hollow metallic via hole in the signal
line of the probe. Brain stimulation and neuronal activity
recording were performed simultaneously to investigate the
direct effects of the new brain stimulation method.

Microwave signals were delivered in the form of pulse
envelopes (10-ms width, 1-Hz repetition). The modulation
switch was operated for 10 ms and repeated every 1 s. As a
result, the envelope of the microwave signal had a rectangular
pulse shape with a duty cycle of 1%.

Single unit data were sorted and confirmed to be isolated
from the noise through various tasks such as temporal coher-
ence and principal component analysis (PCA) with a unique
interspike interval histogram model and auto correlogram
model that hippocampal neurons have. In detail, 600–6000-Hz
filtering was performed and then sorted into a single neuron
unit in a standardized method of tetrodes. Then, the recorded
data of the CA1 pyramidal neurons in the hippocampus
were used for further analysis. In total, 34 neurons from the
stimulation group and 18 neurons from the control group were
recorded. To assess the effects of stimulation on neuronal
activity, the firing rates of the neurons were recorded for
40 min: before (10 min: baseline), during (20 min: during
stimulation session, 10 ms pulse width), and after (10 min:
after stimulation session) stimulation. In the control group,
the first 10 min of data from the total of 40 min of recorded
data were used as a baseline to measure the effects of time
during the experimental procedure on the firing activity for
comparison.

The effects of the modulated microwave signal on brain
stimulation were observed by comparing the firing rates before

TABLE II

NEURONAL ACTIVITY IN EACH SESSION

(baseline), during, and after stimulation. Fig. 17 presents the
resulting firing rates relative to the baseline, which were
normalized using the following equation [43]:

Normalized firing rate

= firing rate in unit time-firing rate of baseline

firing rate in unit time + firing rate of baseline
. (6)

Values greater than 0 indicate increased activity, while
values less than 0 indicate decreased activity relative to the
baseline. The error bars indicate the standard error of the mean
(SEM). During the stimulation session, the stimulation group
that received repetitive 1 Hz stimulation showed significantly
enhanced neuronal activity as the stimulation time elapsed,
whereas the control group did not show any differences.
Two-way ANOVA with repeated measures; significant effect
of group, F(1, 50) = 5.718, P = 0.021; significant effect
of group × time interaction, F(2.072, 103.591) = 4.384,
P = 0.014; no significant effect of stimulation time, F(2.07,
103.591) = 1.978, P = 0.142), as shown in Fig. 17.
Waveforms of measured neural activity in the time domain
are shown in Fig. 18. Neural signals contaminated by noise
generated by the measurement equipment were excluded from
the experimental results. The enhanced neuronal activity per-
sisted for a short time after the stimulation was turned off
(after-stimulation session). Table II summarizes the average
raw data of firing rate (Hz) ± SEM and the average normalized
values ± SEM relative to the baseline during each session.
These results imply that the duration of stimulation is strongly
correlated with the magnitude of the increase in neuronal
activity (Fig. 17). Moreover, the after-stimulation session
shows that the enhanced neuronal activity remained for a short
time even after the stimulation ended. This finding indicates
that stimulation has both immediate and lasting effects that
influence neuron activity.

After confirming the effects of stimulation on neuronal
activity, we investigated whether or not temperature influenced
the results, since brain activity is sensitive to temperature
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Fig. 18. Measured neural activity waveform in time domain for each cluster.

Fig. 19. Changes in temperature in the hippocampus and on the brain surface
when microwave energy is delivered to the brain.

changes. An increase in brain temperature of 6–8 ◦C causes
irreversible damage to brain tissue, and an increase by
1.5–3 ◦C noticeably affects neuronal activity [44]–[46].
Microwave energy generates frictional heat by rotating water
molecules in the brain; this heat, if any, could have caused
changes in neuronal activity. Therefore, temperature changes
were measured separately before, during, and after brain stim-
ulation. A fiber optical thermometer (m822, Luxtron), unlike
a conductor thermometer that does not change the boundary
conditions of the electromagnetic field, was used. The brain
temperature measurement results obtained when the delivered
power was equal to that of the stimulus signal revealed that no
temperature changes were induced by the stimulation used in
this study, as shown in Fig. 19. The temperature measured for 5
min before stimulation was averaged as a baseline temperature.
Then, the temperature difference between during and after
each session was calculated at each time point by comparison
with the baseline temperature. The average temperature varia-
tions during and after stimulation were found to be −0.126 ◦C
and −0.128 ◦C, respectively. These results confirm that the
temperature changes did not cause the neuronal activity to
change and strongly suggests that the electromagnetic field
amplitude with the new stimulation method may have been the
sole factor causing the firing rate of the neurons to increase.

IV. CONCLUSION

In this article, we proposed, for the first time, a 6.5-GHz
focused noninvasive system to stimulate neurons in the brain
using a switch-driven VCO to generate a rectangular-pulse

enveloped microwave signal with a desired level of ON/OFF

isolation as high as 20 dB. A microwave frequency of 6.5 GHz
is chosen for its enhanced spatial focusing ability and the
required penetration depth due to its small guided wavelength.
A signal generator (switch-driven VCO), buffer, PA, and trans-
former were fabricated using a CMOS process and integrated
into a single chip for generating enveloped microwave signal
with low cost. The proposed probe with a center-opened
aperture topology is small, lightweight, and able to boost
power density in a narrow specified target area. Therefore,
the proposed probe is appropriate for attachment onto the
small head of a mouse to transmit and focus brain stimulation
signals.

The effect of the modulated microwave signal on brain
activity was evaluated by measuring the activity of individ-
ual neurons in mice. Before, during, and after stimulation,
the changes in neuronal activity were measured and analyzed.
The pulse enveloped signal, with 10-ms width, was delivered
once per second. The stimulation increased the neuronal activ-
ity over time gradually and significantly. Finally, the effects
persisted for some time after the 20-min stimulation had
stopped. Our results demonstrate that modulated microwave
probing with pulse envelopes is an effective and successful
method of stimulating neurons. It offers several advantages
over conventional brain stimulation approaches. The proposed
system focuses the distribution of the electromagnetic field
on a narrow region and thus the power consumption can be
lowered compared to those in other studies on TMS effects
using small animals. In addition, since this experiment was
conducted for mice, such a small animal, a very low power
level, approximately 74.6 μW, was enough to change neural
activities as intended. The dc power consumption of the new
stimulation method is extremely low, near 1.33 W at most,
while the commercial TMS devices consume about 400 W
(eXimia TMS, nexstim). The proposed stimulation probe is
also easily adjustable within the given range of the stimulation
area. Stimulation depth can be adjusted by optimizing the size
of the probe gap, the frequency of the stimulation signal, and
the power intensity. In addition, since the pulse width and
repetition frequency of the stimulus signal can be adjusted
easily, several different stimulation protocols, which may have
different effects on neural activities, can readily be tested.
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