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Programmable Transcranial Magnetic
Stimulation: A Modulation Approach for the
Generation of Controllable Magnetic Stimuli

Majid Memarian Sorkhabi , Moaad Benjaber, Karen Wendt , Timothy O. West , Daniel J. Rogers ,
and Timothy Denison

Abstract—Objective: A transcranial magnetic stimulation
system with programmable stimulus pulses and patterns
is presented. The stimulus pulses of the implemented sys-
tem expand beyond conventional damped cosine or near-
rectangular pulses and approach an arbitrary waveform.
Methods: The desired stimulus waveform shape is defined
as a reference signal. This signal controls the semicon-
ductor switches of an H-bridge inverter to generate a high-
power imitation of the reference. The design uses a new
paradigm for TMS, applying pulse-width modulation with
a non-resonant, high-frequency switching architecture to
synthesize waveforms that leverages the low-pass filter-
ing properties of neuronal cells. The modulation technique
enables control of the waveform, frequency, pattern, and
intensity of the stimulus. Results: A system prototype was
developed to demonstrate the technique. The experimen-
tal measurements demonstrate that the system is capable
of generating stimuli up to 4 kHz with peak voltage and
current values of ±1000 V and ±3600 A, respectively. The
maximum transferred energy measured in the experimental
validation was 100.4 Joules. To characterize repetitive TMS
modalities, the efficiency of generating consecutive pulse
triplets and quadruplets with interstimulus intervals of 1 ms
was tested and verified. Conclusion: The implemented TMS
device can generate consecutive rectangular pulses with a
predetermined time interval, widths and polarities, enables
the synthesis of a wide range of magnetic stimuli. Sig-
nificance: New waveforms promise functional advantages
over the waveforms generated by current-generation TMS
systems for clinical neuroscience research.
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I. INTRODUCTION

TRANSCRANIAL magnetic stimulation (TMS) is an im-
portant tool used by researchers to study the central and pe-

ripheral nervous systems, and by clinicians to diagnose and treat
diseases such as depression, stroke and pain. The key advantage
of TMS is that it is non-invasive, and carries relatively few risks
for test subjects, patients and research animals [1]. Furthermore,
the choice of specific TMS stimulation parameters (e.g. timing of
pulse sequences) can have either inhibitory or facilitatory effects
on brain networks, including induction of long-lasting neuro-
plasticity [2], [3]. Repetitive TMS (rTMS) protocols, where
stimulation pulses are provided in rapid succession, are also
growing in popularity; but generating consecutive and constant
stimuli at high rates a challenging for present-day TMS systems.

Commercially available TMS technology limits the possibil-
ities for novel stimulation paradigms in neuroscientific exper-
iments. Many of these limitations are inherent in the physical
principles by which particular TMS technologies operate. Due
to the large instantaneous power demand, conventional TMS
devices often use LC oscillator circuits, which generate damped
cosine stimuli efficiently and without requiring very large power
switches, but they can produce only restricted stimulus shape
options. The technical limitations of existing methods may limit
their clinical effectiveness, and certainly constrain their potential
for TMS stimulation in research.

The rapid advance in power electronics technology has made
it possible to more precisely control the peak megawatt electrical
power required in TMS devices. This control is often used for
the generation of near-rectangular pulses. For example, con-
trollable TMS (cTMS) devices were introduced in 2008, 2011
and 2014 with three different architectural variations. These
designs generated a near-rectangular stimulus whose pulse width
is adjustable [4]–[6]. Pulse amplitude (so-called TMS intensity)
setup was performed separately using adjunctive equipment. The
use of two different DC supply voltages (in the second and third
versions) provides greater flexibility but increases the complex-
ity and cost of the system (for example, when attempting energy
rebalancing between the capacitors in the monophasic repetitive
protocols). In addition, because the system is not symmetric, the
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stimulus polarity can only be reversed by mechanically changing
the orientation or connection of the stimulation coil.

To improve TMS flexibility, flexTMS was introduced by Gat-
tinger et al. in 2012 [7]. This instrument uses a single external DC
source and employed a H-bridge structure to control resonance
at different time intervals. Several limitations of flexTMS result
from its small energy storage capacitors, which cause a large
voltage decay at the beginning and end of each pulse, and
greatly reduce the effective pulse width. The flexTMS design is
optimized for producing pulses up to 200 μs wide. In addition,
relatively large-amplitude oscillation artifacts are seen in the
switching sequence. Other designs have demonstrated more
adjustable stimulus parameters, although they are generally re-
stricted to low power and thus are only suitable for small-animal
experiments [8], [9].

Implemented TMS architecture uses standard power-
electronic modulation techniques with a non-resonant, high-
frequency switching architecture to construct arbitrary, high-
power waveforms. Specifically, we employ pulse width mod-
ulation (PWM) to drive a H-bridge circuit in order to create
a highly controllable AC output waveform from a DC source.
PWM is a common technique used extensively in electric motor
drivers, solar photovoltaic (PV) inverters and a multitude of other
power conversion applications [10], [11]. PWM provides the
ability to synthesize an AC output stimulus pulse with variable
frequency and amplitude from a single DC input voltage source.
The fundamental principle of PWM for TMS is to supply a
sequence of constant-amplitude, variable-width pulses of DC
voltage to the coil to approximate the desired stimulus. The shape
and the average value of the stimulus across the stimulation coil
are managed by sequentially switching semiconductor switches
on and off.

PWM produces sharp-edged rectangular voltage pulses that
have significant high frequency content. This should, ideally,
be removed by suitable filtering in order to produce the desired
TMS stimulus waveform. In a TMS application, there are ef-
fectively two cascaded low-pass filters naturally present in the
system: Firstly, the inductance of the stimulation coil provides
filtering through integration of the applied PWM voltage leading
to the resulting coil current. Secondly, the neural activation
response is also low-pass in nature and further reduces the
effect of remaining high frequency content in the magnetic
field produced by the coil current. To better characterize filter
properties of the neural circuit, the effect of a TMS stimulus
on a neuronal membrane in the human cortex can be modelled
using the leaky integrate-and-fire model. Considering only the
subthreshold dynamics, this model describes a cell membrane
as a capacitor, which is charged by an incoming current, and
a resistor, representing the current slowly leaking across the
membrane [12]. The net effect is that the cellular dynamics
act approximately as a low-pass filter. When an electric field
waveform E(t) is applied to the neuron, the change in membrane
potential (ΔVm) in a specific spatial coordinate is proportional
to:

ΔVm ∼ α.E (t) ∗ h (t) (1)

where ‘∗’ denotes the temporal convolution, h(t) is the impulse
response of a low-pass filter [13] and α is a constant value

Fig. 1. The overall diagram of the implemented pTMS system.

depending on the neural type, length, and location of the neuron
relative to the electric field [14]. The impulse response can be
defined as

h (t) =
1

τm
e−t/τm u (t) (2)

where u(t) is the Heaviside step function and τm is the membrane
time constant [13]. Assuming that the transcranial stimulation
preferentially stimulates the axons, this time constant is approx-
imately 150 μs [4], [13], [15]. Note that for cellular excitation,
the time constant is an order of magnitude larger and so the
signal is filtered more strongly; axonal excitation can therefore
be viewed as a worst-case scenario for filtering.

II. PTMS DESIGN

A. Circuit Topology and Switch Selection

The conceptual block diagram of the implemented pro-
grammable TMS (pTMS) system is shown in Fig. 1. The design
converts the mains power to high-power magnetic pulses in
three distinct stages. The first stage is the step-up of the mains
voltage by the transformer. In the second stage, the full-wave
rectifier-bridge converts the AC to a DC voltage and contains an
energy storage reservoir in the form of DC capacitors. In the third
stage, a 3-level H-bridge inverter creates the PWM stimulus from
the DC voltage with a non-resonant, high frequency switching
design. The dSPACE controller converts the reference waveform
generated by the stimulus controller into a train of PWM pulses
that operate the switches in the H-bridge. The voltage generated
by the H-bridge causes a current to flow in the TMS coil to pro-
duce a time-varying magnetic field. According to the Faraday–
Henry law, current flows in a conductor (including the nervous
tissues) exposed to a time-varying magnetic field. This electrical
current leads to the activation of neurons and ultimately causes
the excitation/inhibition of central or peripheral nerves.

The H-bridge circuit and control block are illustrated in
Fig. 2(a)-(b). This block converts and controls the electromag-
netic energy flow between the DC capacitors and the stimulation
coil. The transistors in the H-bridge operate as switches, ei-
ther in the fully-conducting state (near-zero resistance, ON) or
fully-blocking state (near-infinite resistance, OFF) states. The
OFF-ON and ON-OFF transitions occur very rapidly and so the
transistors spend negligible time in a state of partial conduction.

The switches used to construct the H-bridge can, in principle,
be any fully-controllable device such as BJTs, MOSFETs, IG-
BTs, or GTOs (thyristors are not suitable because they cannot
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Fig. 2. Basic units for the H-bridge inverter; (a) Power circuit (b) Unipo-
lar PWM logic block to generate the control signal.

be gated off). The silicon IGBT is generally considered to be the
most cost-effective selection for medium- to high-power appli-
cations operating in the 1–4 kV range with switching frequencies
below 20 kHz [16]. Therefore, the IGBT was selected as the
power switch in the pTMS system.

B. Operational Principles

The behaviour of the H-bridge inverter for an inductive stim-
ulation coil is illustrated in Fig. 3. The inverter operates in
the powering mode, zero mode, and regeneration mode [17],
depending on the state of the IGBTs and the direction of the coil
current. The details of the paths between the switches, diodes
and coil current are outlined in Fig 3(a-h).

In the powering mode, energy is transferred as current from
the power line to the coil generating a magnetic field (the
magnitude of the coil current increases). In this case, the energy
is transferred from the DC capacitors to the coil (modes I and
V). In the regeneration mode, the stored energy in the coil field is
transferred back to the DC capacitor (magnitude of the coil cur-
rent decreases, modes IV and VIII). Regeneration represents a
recovery of energy and therefore results in a lower average power
draw from the mains supply compared to a system that reduces
coil current by dissipating energy. In the zero-operation mode,
the connection between the coil and the DC capacitors is cut off
and the coil is shorted via IGBTs/diodes, so approximately zero
voltage is applied to the coil, and the current remains constant
(modes II, III, VI, VII). In practice, the intrinsic resistances of the
coil and H-bridge transistors result in a small loss in all modes,
which will cause heating in these components.

The desired coil current waveform can be produced by con-
trolling the state of the switches in the H-bridge using PWM [18],
[19]. To derive switching states for each switch in the H-bridge, a
common method is to compare the reference signal (+VRf) with
a carrier signal (VC), as demonstrated in Fig. 2(b). Generally,
the carrier signal is a triangular waveform and its frequency
is several times that of the reference signal frequency, where
the reference signal is the requested stimulus waveform to be
mimicked by the PWM. In order to generate a three-level output
the carrier signal is compared with two reference signals, which
are of the same magnitude and frequency but 180 degrees out

of phase (VRf and −VRf). This method is called unipolar PWM
(UPWM) with two phase-shifted reference signals [20].

An example of this process for a simple cosine reference
signal is shown in Fig. 4. According to Fig. 2(b) and Fig. 4,
(+VRF) and (−VRF) are used for controlling (S1-S2), and (S3-
S4) respectively. As can be observed from Fig. 4, each switch is
operated several times in one cycle of the reference signal. In this
switching scheme the stimulus voltage level changes between
either 0 and +VDC or from 0 and −VDC; the stimulus has three
discrete levels: 0, −VDC, and +VDC.

One of the major advantages of the PWM approach to TMS
systems is the ability to adjust the stimulus power by chang-
ing the reference wave amplitude, meaning that the stimulus
intensity can be adjusted rapidly without needing to vary the
DC voltage produced by the rectifier. If the maximum value
of the reference is equal to the maximum value of the triangle
carrier, the H-bridge will generate the highest voltage. In the
PWM technique, the amplitude modulation index (ma) is [21]:

ma =
̂VRf

V̂C

(3)

where ̂VRf and V̂C are the peak values of the reference and
carrier signals, respectively. ma is commonly adjusted by vary-
ing the peak of VRf while keeping VC constant. The H-bridge
inverter can generate an output voltage linearly proportional
to the reference wave in the range of 0 ≤ ma ≤ 1 [16]. The
frequency modulation index (mf ) is determined as [21]:

mf =
fC
fRf

(4)

where fC and fRf are the frequencies of the carrier and reference
signals, respectively. Clearly, whilst the voltage output generated
by the H-bridge contains the desired fundamental component, it
is also rich in high frequency harmonics. In unipolar PWM,
the first set of harmonics are the largest and are distributed
around 2fC [21], and then occur at higher multiples of fC.

By increasing the frequency modulation index (by increasing
the carrier frequency), the undesirable higher harmonics can
be moved away from the fundamental, which will improve the
low-pass filtering effect of the stimulus coil and nervous system
and so provide a higher-fidelity response. However, fC is limited
by the capability of the H-bridge switches – increasing fC will
tend to increase losses and will eventually lead to overheating.

In the TMS system, the coil connected to the pulse generator
is inductive, so the inverter circuit must always have an alternate
path to allow the coil current to continue to flow when the switch
is turned off. For this purpose, an antiparallel diode must be
connected across each power switch, as shown in Fig. 2(a).

C. Physiological Response Models for the PWM
Stimulus

A key assumption is that the neural substrate will act as a low
pass filter to suppress the high frequency content of the PWM
stimulus. Barker et al. estimated the time constant of the nerve
membrane under electromagnetic stimulation to be in the order
of 150 μs [15]. In prior work characterizing TMS systems, the
same time constant has been used to predict changes of axonal
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Fig. 3. Equivalent circuits of the 3-level inverter in the different operating modes when connected to the inductance load of the stimulation coil;
(a) Mode (I); (b) Mode (II); (c) Mode (III); (d) Mode (IV); (e) Mode (V); (f) Mode (VI); (g) Mode (VII); (h) Mode (VIII).

Fig. 4. Basic key waveforms of the UPWM H-bridge inverter (fRf = 2.5
kHz, and fc = 15 kHz, mf = 6, ma = 0.9). (a) Triangular waveform com-
parison with 2.5 kHz cosine reference (VRf) and 180◦ shifted reference
(−VRf). (b) Trigger signal for S1. (c) Trigger signal for S2. (d) Trigger
signal for S3. (e) Trigger signal for S4. (f) Coil voltage and current and
working modes (I-VIII).

membrane potential in response to stimulation [4]. To allow
comparisons of the performance of the implemented system
and other studies, a similar value is considered to determine
nerve membrane dynamics. By connecting a passive RC filter
(R represents membrane resistance and C represents membrane
capacitance) with a combined time constant of 150μs, the output

Fig. 5. Simulation of the ideal and approximated behavior of a neu-
ronal membrane during transcranial stimulation, together with the ap-
plied pulse-width modulated coil voltage.

of the filter can be considered as an estimate of the changes in
membrane potential (ΔVm) [22].

The approximation of the membrane as a low-pass filter
supports the principle of using PWM in our design. To illustrate
this, Fig. 5 shows the membrane voltage change (ΔVm) for a 2.5
kHz cosine stimulus as generated by the PWM method compared
to an ideal waveshape (this shape can be induced by the Magstim
Rapid system).

Membrane voltage changes for the ideal pulse are consistent
with the experimental results of the measurements presented in
[22]. For the PWM stimulation, although some slight residual
distortion due to high-order harmonics generated by the PWM
process is visible, the membrane potential change closely fol-
lows the shape of the ideal sine wave, validating the use of the
pulse-width modulated coil voltage.

Using the introduced physiological model, it is also possible
to estimate neural behavior in the suprathreshold stimulation and
the spike firing of the neuron by defining and selecting a certain
threshold value [12].

III. CIRCUIT DESIGN DETAILS

We constructed a prototype to demonstrate the design
concepts. The prototype was a complete circuit cross-section
intended for design evaluation with existing coil hardware,
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Fig. 6. Detailed schematic of the pTMS power circuitry. The black lines indicate high-voltage high-current connections and the grey lines indicate
low-voltage low-current control lines.

TABLE I
KEY COMPONENTS OF THE PTMS

a) Repetitive peak forward current, tp = 5 μs, F= 5 kHz square. b) Peak current value at collector output during pulse operation. C) Repetitive peak forward current of the
free-wheeling diode.

and not scaled for immediate clinical translation. The detailed
structure of the implemented pTMS is demonstrated in Fig. 6,
and the main components used in the implementation of pTMS
are provided in Table I.

A. Rectifier and DC Capacitor

The rectifier and DC capacitor condition energy from the
mains for the H-bridge. Referring to Fig. 6, the AC/DC converter
comprises a full-wave diode rectifier, a current limiting resistor,
and four high-voltage energy-storage capacitors. The size of
the DC capacitors determines the maximum energy that can be

delivered in one pulse. The DC link voltage change ΔVDC after
the stimulus delivery (valid for small ΔVDC

VDC
), can be calculated

as

ΔVDC ≈ 1

VDCCDC
(Psupplytpulse − Epulse) (5)

where VDC is the DC link voltage, CDC is the total DC link
capacitance, Psupply is the average supply power, tpulse is
the pulse duration and Epulse is energy per pulse in Joules.
The DC capacitor should be sized to give no more than a
5-10% voltage drop for the worst-case pulse, otherwise stim-
ulus waveform quality may be adversely affected. For brief
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pulses (tpulse<< π
√
LcoilCDC/2), the capacitor voltage can

be assumed to be almost constant. Repetitive-pulse protocols,
such as theta-burst stimulation (TBS) [2] will tend to drive the
determination of the capacitance value because they represent a
high average power. The current limiting resistor (RDC) restricts
the peak current of the capacitor during the charging cycle. In
the repetitive protocols, proper heatsinking of these resistors is
required due to the high rate of pulses drawing significant power
from the mains.

B. H-Bridge Implementation Details

TMS requires the generation of very high peak power pulses
(over 3 MW), which will typically exceed the switching capabil-
ity of individual IGBT die. However, the average power of TMS
is relatively low (a few hundred Watts in repetitive modalities).
Therefore, TMS is an example of a pulsed power application
which tend to place severe electrical and thermal stresses on
the transistors [23], [24]. Due to the importance of repeatability
and stability in medical devices, as well as operator and patient
safety, all components of the TMS should be strictly operated in
their safe operating area (SOA) to ensure reliability.

The parallel connection of IGBT dies is necessary for in-
creasing the current carrying capacity of transistors beyond
that of a single die [25]. In our implementation of pTMS,
two parallel IGBT modules are used in each leg (totalling 4
modules for the DC/AC inverter block). All eight switches
(Q/D) are implemented with 1200V/1800A IGBT modules
(Semikron, Germany). The tolerances in IGBT parameters,
process variations, unbalanced stray inductance in the circuit,
and dissimilar propagation delays in driver circuits can cause
asymmetrical current sharing among parallel-connected IGBTs
under both static and dynamic operation [25]. In our implemen-
tation, IGBT emitter resistors (RE) are used to encourage cur-
rent sharing between the parallel-connected modules, as shown
in Fig. 6.

The IGBT module baseplate temperature is measured con-
tinuously using the NTC thermistor embedded in the module.
A real-time temperature measurement is used by the dSPACE
controller to shut down the system and halt operation if outside
a prescribed limit.

C. IGBT Gate Driver

The gate driver circuit provides the transient currents required
to charge/ discharge the MOS-gate structure of the IGBTs. Dur-
ing the switching transient, the driver can also control the dv/dt
and di/dt rate by the external RG(off) and the RG(on), respectively
[26]. Controlling the transient behaviour of the circuit helps to
reduce the stress on switches.

To drive the parallel-connected switches in each leg, a central
driver with separate external resistors is used. As well as emitter
resistors, symmetrical wiring between driver and IGBTs, DC
link and inverter, and inverter and stimulation coil helps to
further encourage current sharing. In the experimental setup,
current imbalance between switches was observed to stay below
5% during all phases of operation.

D. Snubber Circuit

The stray inductance of the commutation path can cause large
over-voltages in the switches at turn-on and turn-off. By mini-
mizing the lengths of interconnecting busbars, this inductance
may be reduced but never completely removed (for example,
there is always some internal stray inductance associated with
the IGBT bond wires and package leads). The highest overvolt-
age generally occurs during switch-off due to the reverse recov-
ery effect of the opposing diode. This transient voltage could
exceed the maximum blocking voltage of the power switches
and can destroy the IGBT [27].

Snubbers offer protection against voltage transients during the
turn-off switching and maintain the IGBT in the SOA [28]. In
the implemented pTMS structure, each IGBT switch is protected
by a passive RC snubber network (Table I). A penalty is that
snubbers (and larger gate resistors) will tend to increase turn-off
time and therefore increase switching loss.

E. System Controller

The pTMS system is controlled and monitored by a Mi-
croLabBox commercial control system (dSPACE GmbH, Ger-
many). The generation of high-resolution (10 ns) PWM trigger
pulses enables the precise generation of stimulus pulses. The
controller output parameters include four PWM signals to trigger
the IGBTs, according to the logic block mentioned in Fig. 2(b).
The input parameters of the controller include the reading of the
IGBT module temperatures, the voltage of the stimulation coil
and the stimulation current in the coil.

If any of these input parameters exceed the predefined values
during the experiment, the stimulation process stops, which
helps ensure that the TMS components are kept within their
SOA.

IV. EXPERIMENTAL RESULTS

A. Stimulus Voltage, Current Shape, Induced Electric
Field and Membrane Dynamics

The stimulus voltage and current values of the circuit are
dependent on the inductance of the coil (arising from the elec-
tromagnetic design of the particular coil), the frequency of the
stimulation, and the amplitude modulation index. Representa-
tive measurement results of the pTMS system are shown in
Fig. 7(a-d). The pTMS was tested with a link voltage of VDC
= 1000 V and peak coil current up to 3600 A. The maximum
energy transferred to the D70 Remote coil (Magstim, UK) was
100.4 Joules. The coil voltage and current were measured via a
high- voltage differential probe (TA044, PICO TECHNOLOGY,
UK) and a Rogowski current probe (I6000S FLEX-24, FLUKE,
USA), respectively. All measurements were performed with
a digital oscilloscope and a sampling rate of 250 MSa/s. No
bandwidth restrictions or filters have been applied to remove
switching spikes. The measurements were performed for two
square pulses with widths of 40 and 110 microseconds, a 2.5 kHz
cosine pulse with ma = 1, and a 2.5 kHz sinusoidal pulse with
ma = 0.5. Modulation indexes are selected to achieve maximum
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Fig. 7. Measured waveforms for 4 different pTMS stimuli: Voltage and current for (a) 40 µs square stimulus (monophasic output) (20 µs positive
and 20 µs negative phase) - (b) 110 µs square stimulus (monophasic output) (55 µs positive and 55 µs negative phase)- (c) 2.5 kHz Cosine
stimulus (ma= 1) (biphasic output)- (d) 2.5 kHz Sine stimulus (ma= 0.5) (monophasic output). Electric field and neural membrane dynamic for
(e) 40 µs square stimulus- (f) 110 µs square stimulus- (g) 2.5 kHz Cosine stimulus (ma=1) and Magstim Rapid2 system measures- (h) 2.5 kHz
Sine stimulus (ma= 0.5).

output voltage/current value, as well as ensuring that the circuit
operates in the SOA.

The induced electric field (E) was measured with a custom-
made pickup coil consisting of a single-turn rectangular winding
(0.15-mm-thick copper wire). The pick-up coil dimensions were
1 cm × 35 cm, in a perpendicular position to the stimulation
coil center. The small side of the rectangular pick-up coil was
located 1 mm away from the surface of the coil. The value of the
induced electric field can be estimated by dividing the measured
electromotive force (EMF) by the search coil width (w), as (6).

E ∼= EMF/w (6)

If the search coil width is 1 centimeter (w = 1 cm), the mea-
sured EMF is approximately equal to the induced electric field
(E) measured in V/cm [29], [30]. To estimate the behavior of the
nerves stimulated by the induced electric fields, a physiological
model should be considered, as mentioned in Section (II-C).

The experimental results of the induced electric field and the
predicted membrane potential corresponding to the first-line
stimuli along with measures for the Magstim Rapid system,
are shown in Fig. 7(e- h). The induced electric field waveform
follows the stimulus waveform, and the shape of the estimated
change in membrane potential is similar to the stimulus current
waveform (except the phase difference in Icoil and ΔVm caused
by charging/ discharging capacitors). The measurement results
prove that the briefer pTMS pulses will induce smaller changes
in membrane potential, and the longer pulses that have more
energy will produce larger ΔVm. These results are consistent
with a prior study [31].To ensure that the induction electric field
generated by pTMS was sufficient for the nerve stimulation,
some measurements were repeated on the Magstim Rapid2

option 2 device (Magstim Company Ltd, UK). The experimental
results confirmed that the maximum induction electric field of
the pTMS device is 63% of the maximum of the Magstim Rapid2.

While some references report that the average motor evoked
potential (MEP) is 40.6–55% of the maximum power of some
commercial TMS devices [32]–[34], this parameter also depends
on the TMS stimulus generator, stimulation coil, gender and age
of the individual [34].

The motor threshold value may also be changed by adjusting
the stimulus frequency (or pulse width) [6], [31], [35]. In cases
where the maximum output intensity at high frequencies does
not reach the motor threshold, pulses with lower frequencies
can be used. The same stimulus parameters can be used for
an intervention session. The impact of this power limitation is
limited to single pulse, low duty cycle experiments. For higher
pulse rates, the programmable TMS achieves parity with the
Magstim Rapid2, as discussed in the next sections.

B. Safety, Commutation Performance, Relative Heating

The oscillations visible in the voltage and electric field are due
to the action of the snubber circuit to compensate for transient
voltages created during switch commutation. These transient
oscillations are caused by stray inductors in the circuit and
IGBTs, as discussed in Section III. For transient voltage spikes,
a 20% safety margin was achieved.

Experimental measurements confirmed that the driver and the
snubber circuit were able to keep the IGBTs within their SOA
throughout operation. Furthermore, Fig. 7(a-d) demonstrates the
pTMS stimuli have almost the same pulse amplitude at the
beginning and end of the voltage pulse due to the large DC
capacitor. As shown in Fig. 7(b), after a pulse of 55 μs, the
voltage drop is approximately 10%.

Experiments prove that the implemented system can generate
a wide range of stimulus waveforms. The operator defines the
desired waveform as a reference signal, and then the dSPACE
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Fig. 8. Waveform parameters measured for four cosine and four sine stimuli, as QPS modality- (a) Cosine pulse with 800 µs interstimulus
interval, as a biphasic stimulation. - (b) Sine pulse with 1000 µs interstimulus interval, as a monophasic stimulation. For these measurements, the
oscilloscope sampling rate was 100 MSa/ s.

calculates the PWM signal required to drive the TMS coil
appropriately.

To characterize the effect of the PWM stimulus on coil
heating, an experiment was conducted on the D70 remote coil
(Magstim Company Ltd, UK). The stimulation pattern was
chosen as iTBS (triplet 50 Hz bursts, repeated at 5 Hz; 2 seconds
on and 8 seconds off; a total of 180 pulses) and the temperature
of the coil center was measured with a thermal camera (FLIR
C2, FLIR Systems, USA). The experiment was repeated with
the Magstim Rapid2 option 2 device (Magstim Company Ltd,
UK). To produce 50 Hz pulses, the maximum output power
of Magstim Rapid2 is limited to 50%. Therefore, the output
power of the pTMS was set to the same power (ma = 0.8). The
generated waveform was also set as a cosine of 2.5 kHz (mf = 6).
The experiment was performed at the same ambient temperature
and the coil temperature was measured at the beginning and end
of the iTBS. No significant temperature difference was observed.

C. rTMS and Arbitrary Stimulus Sequence Generation

rTMS has become a major area of TMS research in the last
decade. This technique has been studied as a novel paradigm
in treatment in a variety of neurological and psychiatric disor-
ders [36], [37] and motivates new pulse shapes and patterns.
Short inter-stimulus intervals are conventionally generated by
connecting multiple devices to a single coil.

For example, to produce a train of four monophasic magnetic
pulses with a time interval of 1.5–1250 ms (called Quadri-pulse
stimulation: QPS), four Magstim TMS devices are connected
with a specially designed combining module [38], [39]. Elim-
inating these costly solutions motivates the design of new cir-
cuits for the generation of magnetic stimuli that can provide
the ability to generate consecutive pulses required for novel
therapies and experiments. In therapies invoking rTMS, the time
interval between pulses is typically short, but the AC/DC power
converter circuits from the mains are not capable of rapidly
charging capacitors. Therefore, the designed circuits must be
able to recycle the energy supplied to the coil, as discussed in

Section (II-B). In our design, the high capacitance in the AC/DC
converter allows the DC link voltage to remain constant during
the short pulses.

Fig. 8 illustrates an example of the pTMS system’s capability
in generating repetitive pulses, while recovering energy from
the TMS coil. The measured parameters were set up for the
generation of four cosine and four sinusoidal stimuli with an
interstimulus interval of 800 μs and 1000 μs, respectively. After
four pulses, the DC link voltage drop caused by the losses in
the circuit was 1%. With a very short time interval, a consistent
stimulus can be generated and a stable potential change in the
membrane can occur. Using the QPS protocol [39], the proposed
system can generate 360 monophasic stimuli in 30 minutes,
without a coil heating issue (coil temperature less than 40 °C).

The performance of the PTMS system in the iTBS and cTBS
modalities was also evaluated. In this technique, three pulses
repeated with an interstimulus interval of 20 milliseconds (50
Hz burst of the 3 stimuli) based on the protocol defined in [2]. The
measured parameters are similar to Fig. 8. The losses occurring
in the long interstimulus interval (caused by the parasitic coil
path resistance) are compensated by the recharge of the DC link
from the mains supply.

A key feature of the pTMS system is the ability to maintain
power in high repetition rate protocols. In commercial devices
such as the Magstim Super Rapid2 Plus, the maximum stimulator
output decreases with increasing repetition rate; for example, for
a 10 ms inter-pulse interval (equivalent to a 100 Hz repetition
rate) the MSO drops to 49%. In contrast, the implemented mag-
netic neurostimulator can generate and deliver 63% MSO, even
at pulse intervals of 1 ms (equivalent to a 1000 Hz repetition rate).

We note here that the protype system in this paper is intended
to be a demonstrator of the technology, and not a production-
ready design; it uses the minimum number or parallel modules
(i.e. 2) to demonstrate viability and potential scalability of the
circuit. We predict that if the number of parallel IGBTs were to
be increased to three, the MSO would increase to 88% and four
would allow an MSO of 100%, as per Fig. 9. As the number of
parallel IGBTs is increased, the coil should be modified such
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Fig. 9. Comparison of the maximum stimulator output (MSO) values
of the pTMS system and the Magstim Super Rapid2 Plus device. The
red shading depicts the average MT for the single TMS pulse in human
experiments [32]–[34].

that its inductance is decreased proportionally. This ensures that
the rate-of-rise of current is increased in proportion to circuit
delivery capability, i.e. that larger magnitude current waveforms
can be delivered at the same bandwidth. In most cases this would
simply require a rewinding of the coil with a reduced number of
turns constructed of correspondingly thicker conductors.

V. DISCUSSION

The characteristic ability of TMS to provide non-invasive
brain stimulation, coupled with the large unmet need of deriving
better treatments for neurological disorders, motivates the devel-
opment of improved capabilities of TMS systems to deliver more
flexible patterns of stimulation.

Most current research in this field focuses on the number of
pulses per second, the time interval between pulses and sessions
[40]. However, the introduction of new devices that can produce
stimuli in a wide range of flexible patterns could open new
pathways for clinical neuroscience. This research has presented
a new TMS device that generates highly flexible stimulus wave-
forms in terms of both pulse shapes as well as patterns. To
achieve this performance, the unipolar PWM technique and the
application of 3-level H-bridge inverters in the TMS stimulus
generator were explored. Consistent with the PWM principle,
the generation of pulse trains of different widths and polarities
allowed the imitation of a wide range of pulses (although with
the trade-off of increased harmonic distortion in some cases).

A. Comparison to the State-of-the-Art

To compare the results of this study with the state-of-the-
art, recent important published papers in the field of generating
controllable stimuli are summarized in Table II. The purpose of
this table is to compare the architecture of circuits, stimuli

waveforms generated by different systems and their key pa-
rameters. The circuit structures with the parameters presented
in their respective papers were simulated in MATLAB Simulink
software (Powergui blockset). The D70 remote coil (Magstim
Company Ltd, UK) with a 15.5 μH inductance and a 20 mΩ
parasitic resistance is selected for all structures. The total stray
inductors in the circuits and IGBT equivalent on-resistance

RCE (on) are considered to be 20 nH and 1.5 mΩ, respectively.
Necessary changes have been made in the snubber circuits to
optimize the overshoot-undershoot and voltage spikes resulting
from the new circuit conditions.

The TMS circuits are divided into two main categories: res-
onant and switching architectures. The stimulus waveform pro-
duced by a resonant circuit depends on the coil inductance, the
capacitance of the pulse capacitor, and the initial pulse capacitor
voltage. Switching circuits generate near-rectangular pulses, and
the stimulus waveform is determined by the switching pattern of
the power switches. Circuits that are switched at low frequencies
can only generate limited pulse shapes, but circuits that are
switched at high frequencies are able to mimic arbitrary stimuli.

The DC link voltage, the coil voltage and current waveforms
generated by these structures are presented in the third column
of Table II. The key features of the stimulus and the circuit
parameters are given in columns 4 and 5, respectively. For
each structure, the total energy storage capacitors (CES) and the
maximum DC link voltage (VDC link) are shown in the table and
provide an overview of the AC/DC converters. The maximum
pulse widths of each structure were calculated according to
the topics discussed in Section (III-A) and are given in the
fourth column of the table. We summarize the key architectural
innovations in the table here.

1) The flexTMS was introduced to control LC resonance at
different time intervals [7]. Although the flexTMS circuit
is superficially similar to an H-bridge, as the pulse capac-
itor is used in resonance with the coil the stimulus wave-
form depends strongly on the circuit parameters. As seen
in Table II, by using three voltage levels, the architecture
can generate near-sinusoidal pulses. The characteristic
time of this pulse is one-quarter of the DC capacitance-
coil inductance resonance period (T = π

√
LCDC/2).

For shorter pulses, the voltage across the DC capacitor
will fall as energy is transferred to the coil.

By selecting small energy storage capacitors in the flexTMS
device, a large voltage drop occurs during each pulse, even
though the output waveform is sinusoidal, as evident in Table II.
Therefore, limited pulse widths can be generated with a given
set of hardware (coil, capacitor); otherwise the hardware must
be switched in and out. No specific measurements for Flex-TMS
system performance in stimulus voltage decay have been per-
formed in repetitive modalities in [7].

In addition, quite small capacitors increase the sensitivity
of the Flex-TMS to a change in the coil inductance since the
shape of the magnetic stimulus is directly dependent on the
coil inductance and pulse capacitor capacitance. The width of
the generated pulse can be changed according to the switching
rate. No specific algorithm for IGBT switching was introduced
and the performance was evaluated using only a predetermined
number of pulses. Note that the stimulus polarity direction
generated by the Flex-TMS system can be changed by altering
the IGBT switching patterns because the circuit is symmetric.

2) Recently, a structure based on an oscillator with a ca-
pacitive fast charger circuit was proposed in [41]. The
charging circuit first charged two capacitors of 454 μF,
then the energy stored in these capacitors was used to
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TABLE II
COMPARISON BETWEEN THE IMPLEMENTED PTMS AND OTHER STRUCTURES FOR SET HARDWARE CONFIGURATION

a) The circuit parameters corresponding to the qTBS were selected. b) Mechanical change means changing the orientation or connection of the stimulation coil.

rapidly and sequentially charge a 66 μF capacitor. When
turning on the IGBT, an oscillation is established between
the pre-charged capacitor and the stimulation coil, which
can be either interrupted after one period to generate a
single biphasic pulse, or left oscillating for several pulses.
Pulse shaping is not possible in this structure and the pulse
frequency is always constant (determined by the circuit
component values). The system was shown to generate

four consecutive pulses with an interstimulus interval of
1000 μs.

As shown in Table II, in resonant-based circuits, the coil
voltage follows the DC link voltage (red dashed line). Therefore,
power switches do not change the stimulus waveform and only
determine the pulse time period.

3) To control the pulse width of the stimulus, the idea of
replacing the thyristor with an IGBT was proposed by
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Peterchev et al. in 2008 (controllable TMS1 or cTMS1)
[4]. As shown in Table II, the generated stimulus in this
system is a single monophasic pulse. The resistive damp-
ing used in this circuit has a relatively large power loss.
Therefore, it is not possible to produce high-frequency
pulse trains and its maximum pulse output rate is one pulse
per second. To change the pulse polarity, the orientation
of the coil must be changed mechanically (because the
circuit is not symmetric with respect to the coil).

4) By using a half-bridge inverter structure, monophasic
and biphasic near-rectangular stimuli can be generated
(cTMS2) [5]. As demonstrated in Table II, the use of two
asymmetric structures in the DC link forces the stimulus
to have a positive phase with a higher voltage but lower
width and a negative phase with a lower voltage and
a higher width. Due to the asymmetric structure of the
DC link, the pulse polarity direction cannot be reversed
without changing the coil connection direction at 100%
MSO.

5) Peterchev et al. utilized the H-bridge inverter structure to
generate near-rectangular pulses (cTMS3) [6]. Two DC
links with different voltages and capacitors were used to
generate 4 voltage levels (VDC1, VDC2, VDC1- VDC2, 0),
as demonstrated in Table II. The main advantage of this
system compared to cTMS2 is the reduction of the voltage
stress on the IGBTs by using four IGBTs. However,
for any desired rectangular stimulus, a combination of
4 voltage levels and 4 different pulse widths must be
prepared (the control algorithm was not fully described
in [6]). The IGBTs used in the cTMS3 device are of the
3.3 kV class. For cTMS2, the circuit is not symmetric and
so coil connection must be reversed for pulse reversal at
100% MSO.

6) The implemented pTMS system utilises a fully-
symmetrical H-Bridge structure, and uses two IGBTs
in parallel to increase current rating and reduce current
stress on switches. Additionally, the system uses a much
larger capacitor in the DC link than other devices and is
controlled by the PWM technique instead of operating at
the resonant frequency or using a low-frequency on/off
switching pattern to generate a single rectangular pulse.
However, providing greater control of the stimulus intro-
duces additional switching losses. The utilized IGBTs in
the pTMS device are of the 1.2 kV class which can switch
at higher frequencies than 3.3 kV class IGBTs due to the
associated reduced switching loss per cycle.

To investigate the energy loss of the pTMS device in com-
parison with that of other structures, as an indicator of energy
efficiency, the energy that is not recovered back on the CES at
the end of the stimulus (ΔWCES

) is calculated as in [5]:

ΔWCES
=

1

2

(
n∑

i=1

CiV
2
Ci

(start)−
n∑

i=1

CiV
2
Ci

(end)

)
(7)

where Ci and n denote energy storage capacitances and the
number of them, respectively. Capacitor voltage values (VCi) are
calculated based on MATLAB simulations under the circuit and

load conditions described in Section V. A. The energy loss values
are shown in Table II. The introduced pTMS device operates at a
high switching frequency and so its loss is somewhat higher than
others. There is potential to use faster-switching devices (such as
silicon-carbide MOSFETs) and/or employ soft-switching tech-
niques to reduce switching losses and increase energy efficiency
[42], although at an increase in component cost.

VI. CONCLUSION

We have introduced the programmable TMS system, which
uses a pulse width modulation technique to generate flexible
and stable magnetic stimuli to actuate the nervous system. The
implemented TMS device has two key advantages. First, the pro-
duction of consecutive rectangular pulses with a predetermined
time interval, widths and polarities, enables the synthesis of a
wide range of TMS waveforms. Consequently, the limitations
of previous devices in the production of near-rectangular pulses
or harmonic cosines are largely addressed. Second, using the
PWM technique, it is possible to generate different levels of
stimulus voltage from a single link DC voltage. Therefore, an
efficient solution to the complexity of producing different levels
of stimulus current is achievable. The stimulus polarity can be
adjusted in either orientation without requiring manual mechan-
ical coil intervention. These advantages are supported by the
circuit-level implementation. The use of large capacitors allowed
for the generation of constant stimulus pulses and minimized
stimulus voltage decay. The stabilized voltage makes it possible
to generate consistent monophasic and biphasic TBS and QPS
stimulation modalities.

In summary, this paper demonstrates that generic, highly flexi-
ble pulse width modulation techniques and readily-available off-
the-shelf IGBT modules can be applied in the context of high-
performance TMS systems. Whilst the experimental system pre-
sented here is a laboratory prototype that does not reach the peak
MSO of all devices on the market today, the proposed system is
easily scaled through the addition of parallel-connected IGBT
modules. We note that, even in the current form, the prototype
exceeds the pulse-rate capabilities of all commercially available
systems. The benefits arising from highly flexible waveform
generation should enable new approaches to minimally invasive
brain stimulation research and therapies.
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