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Modal Engineering of Inductive Circuits to
Achieve Rapid Settling Times
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Abstract—Inductive circuits and devices are a ubiquitous and
important design element in many applications such as magnetic
drives, galvanometers, magnetic scanners, applying DC magnetic
fields to systems, RF coils in NMR systems and vast array of other
applications. They are widely used to generate both DC and AC
magnetic fields. Many of these applications require a rapid step
and settling time, turning the DC or AC magnetic field on and off
quickly. The inductive response normally makes this a challenging
thing to do. Inthis article we discuss open loop control algorithms
for achieving rapid step and settling times in four general
categories of applications: DC and AC systems where the system
is either under or over damped. Each of these four categories
requires a different algorithm which we describe here. We show
the operation of these drive methods using Simulink and Simscape
modeling tools, analytical solutions to the underlying differential
equations and in experimental results using an inductive magnetic
coil and a Hall sensor. Finally, we demonstrate application of these
techniques to significantly reduce ringing in a standard NMR
circuit. We intend this article to be practical with useful, easy to
apply algorithms and helpful tuning tricks.

Index Terms—open-loop controls, dead time, ringing, NMR,
inductive sensors, modal engineering

I. INTRODUCTION

M AGNETIC fields, both AC and DC, are generated for use in
a vast array of applications. These include galvanometers

and scanners [1]-[3], NMR systems [4]-[11], magnetic
nanoparticle detection [12]-[13], permanent magnet actuation
[14]-[15], magnetic latches, magnetic separation schemes,
energy analysis for electron beams and many others. In a large
subset of these applications, one wishes to turn the DC or AC
magnetic field on and off quickly. However, the inductive
response makes this difficult. In overdamped systems, the 7, =

% response time sets the time scale, and in underdamped
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systems, the Q limits the response time characterized by the

settling time 7, =Z—Q (where L is the inductance, R the
0

resistance, Q the quality factor and w, = \/%_C the resonance

frequency of the circuit). Closed loop systems using feedback
can be used to mitigate these issues but these require a sensor,
a PID controller and a feedback loop [16], adding cost and
complexity.

Open loop control algorithms have the advantage of
simplicity and are easy to implement with minimal overhead.
Typically, they use complex voltage waveforms but modern,
high-speed microprocessors make this increasingly easy. Open
loop algorithms do require that the system be time invariant
which is usually a good assumption for many applications. The
algorithms discussed here assume one knows the underlying
system dynamics in detail. By leveraging that understanding,
one can apply drive signals that elicit the correct system
response. In a sense, one doesn’t fight the system but uses its
response, in a coherent way, to get to the desired output.

We call this approach modal engineering, where one
controllably adds and removes energy from the modes of the
system, in a way that is coherent with its underlying dynamics.
In a previous set of papers [1], [2], [14], [17], we have used
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Fig. 1. Parallel LCR circuit via Simscape. This circuit configuration is used
to demonstrate, both experimentally and in simulations, four cases of inductor
drive applications: DC and AC in underdamped and overdamped cases. The
system is driven by a voltage source and the coil response is collected by an
ammeter in simulations and by a Hall sensor in experiments.
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these approaches to control the behavior of MEMS devices,
improving the step-and-settle time in both galvanometer (DC)
and scanner (AC) applications. In this paper, we apply these
approaches to inductive systems used to generate DC and AC
magnetic fields. Of course, the underlying principles are
similar, but there are some subtle differences in how they are
applied in inductive systems which we discuss here.

This work is organized based on four general categories of
magnetic field application: DC underdamped, DC overdamped,
AC underdamped, and AC overdamped. The algorithms in each
category have some common traits but are different in each
group. We essentially describe a recipe book with easy-to-
implement algorithms and tuning tricks. Using the outlined
techniques, we demonstrate and discuss the application of these
algorithms to a nuclear magnetic resonance (NMR) circuit.
Typical NMR systems use an underdamped, high-Q coil to
generate the fast radiofrequency (RF) pulses needed to orient
the atomic spins. Such systems remain plagued by the design
tradeoff between measurement resolution and dead time. Less
damping (higher Q) enables the largest magnetic field from the
available RF power, but then one must wait for the coil to ring
down before making a measurement, sacrificing faster
relaxation information and higher signal-to-noise (SNR) data
points. The algorithms discussed here allow one to have both
the benefits of high-Q in terms of large resonant enhancements
in the generated RF magnetic field and rapid on/off settling,
typically in less than an RF period. We predict that such
techniques will prove pivotal for NMR applications such as
high resolution cryogenic systems [18], fast-relaxation solid
samples [19], surface NMR systems for analyzing deep
underground materials [4], low-field NMR [6], [10]-[11], and
magnetic resonance imaging (MRI) systems, both stationary [5]
and portable [20].

Il. BACKGROUND

The generalized circuit diagram for an inductor system is
shown (Fig. 1). We are applying a voltage source to an inductor
L, in parallel with a capacitor C, which are then in series with a
resistor R. For most of what follows, we assume the coil
resistance is zero. This does not change the behavior of the
voltage drives to a significant extent. For our experimental and
simulation results using a current drive (see SI Appendix, Fig.
S2 and Fig. S4), we explicitly include it. There are other
arrangements we could have chosen. For example, we could
have chosen a series LCR system but with such a setup one
cannot generate DC magnetic fields. We use this system
because it can demonstrate all four operating regimes, DC and
AC drives with coils that are under- or over- damped. The
approaches are general and can be applied to other circuit
configurations, albeit with different parameters.

The parallel LCR circuit is driven by a voltage source, and
the ammeter measures the current flowing through the inductor.
This is directly related to the generated magnetic field. In
experimental results, we measure the generated AC or DC
magnetic field with a Hall sensor. For this arrangement of
resistor, capacitor and inductor, the resonant frequency and Q
are:

feiiz  e=r[ ®

2
TABLEI
COIL PARAMETERS FOR SIMULATIONS AND EXPERIMENTS
Symbol Parameter Units Undeégzsi?ped Ovegjss?ped
R Resistance Ohms 1000 10
L Inductance mH 10.31 10.31
Cc Capacitance uF 2.45 0
Q Quality factor - 15.437 0.015
fo Resonant kHz 1 1

Frequency

Coil parameters illustrated schematically in Fig. 1 are listed for two cases,
used in simulations and matched in experiments.

We use four tools to discuss our algorithms. These are
Simscape for circuit simulation, Simulink for transfer function
analysis (ratio of voltage input to inductor current output),
closed form analytical solutions of the relevant differential
equations and, finally, low frequency experiments on an
inductor, capacitor and resistor with the generated magnetic
field measured with a Hall sensor that demonstrate all the
algorithms. The circuit element parameters for the
underdamped and overdamped case are shown in Table 1.
Values are chosen such that simulation and experiment can be
compared.

In what follows, we discuss the four relevant regimes of
operation: DC underdamped (111), DC overdamped (1V), AC
underdamped (V) and AC overdamped (V1). In the last section
(VII), we present an analysis on a typical NMR drive circuit.
Finally, we predominantly focus on voltage drives in
simulations and experiments, but analysis of a current drive
system (Fig. S2) and, separately, a control theory approach (Fig.
S3 and S4) is included in the SI Appendix.

I11. DC MAGNETIC FIELDS, UNDERDAMPED CIRCUIT

In this section, we apply a DC voltage drive to an underdamped,
high-Q circuit. Simscape is used to simulate the response of
three different drives (Fig. 2). A normal step response is shown
first (Fig. 2a), where the system rings for tens of periods (tens
of milliseconds). The settling is improved by engineered, open
loop drives. A “two-step” input is designed and results in
settling in ~1/2 a period, or ~1/2 a millisecond (Fig. 2b). An
“overdrive” input yields ~1/3 of a millisecond (Fig. 3c). The
overdrive improves the step-and-settle time for this system by
roughly a factor of 100.

The two-step applies the input to the system in two stages.
In the first step, one applies just over one half of the final
driving force. One waits for half of a (damped) period and then
applies the final driving force. This response is discussed in
detail in our previous work [1]. Briefly, the technique relies on
the overshoot one sees in driving an underdamped (high-Q)
system. When one applies a step input to an underdamped
system, it overshoots close to twice the final resting position
and then oscillates about that final resting position with a
decreasing amplitude. For an underdamped system, at the first
excursion, the system is at twice the final position and at the top
of the peak. At one half a period, the velocity (slope of the
position curve with time) is zero. The two-step exploits this
response by applying one half of the force and then “catching”
the system after one half a period with the second step. When
one applies a step with half the force, after one half a period,
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the system is where it is supposed to be with zero velocity. The
application of the second half of the force then creates a
situation where it is intended to go, its velocity is zero (no
kinetic energy) and the net force on it is zero. It stays there in
a stable position and has been driven there in one half a period.
The values of half the force for half the period are exact only
for infinite-Q systems. For finite-Q, they can be modified

below:
) )

1+e 2Q

T

2
21-(35)
where the first step consists of force F1 applied for a time T1. To
is the undamped system period, Q is the system quality factor,
Fo is the full force to be applied to the system and ay is the
undamped angular frequency. In the limit of Q—oo, the
expressions in Eq (2) return the half period and half force
condition. Typically, for Q>100, the infinite-Q limit values
suffice for practical use.

To decrease ringing, one uses the restoring force of the
resonator to slow the rate of change of the current (Fig. 2b and
c). The current (object) is initially zero (at rest), it is ramped up
(accelerated) for a period of time and then it is decelerated for
a period of time, arriving at the new steady current (position)
with no time variance (zero velocity) and balanced voltage
(zero net force). In the overdrive method (Fig. 2c), one applies
an accelerating voltage (force) for 1/6 of a period, removes the
voltage (force) for 1/6 of a period and then reapplies it after 1/3
of a period (1/6 on and 1/6 off). Removing the voltage (force)

a — b

T1=

F1=F0(1_

after 1/6 of a period decelerates the system because of the
restoring force. After 1/3 of a period, it arrives where desired
with no changes in current (velocity) and balanced voltage (no
net force). The timing of 1/6 period on and then 1/6 period off
is exactly true for infinite-Q systems. For finite-Q systems, the
timing needs to be modified accordingly [1].

In both the two-step and overdrive method, one has applied
a unipolar Voltage (e.g. the applied force drives the system
where desired and the decelerating force is the spring constant).
In inductive systems, one can, in principle, apply both positive
and negative voltages and then apply larger accelerating and
decelerating forces and accomplish moving the system even
more quickly. We have previously demonstrated this approach
to create step-and-settle response times of second order systems
in a little as 1/10 of a period [1]. If one has a drive available
such that one can overvoltage the system both positively and
negatively, one can switch DC magnetic fields as quickly as one
wishes, limited only by the voltage overhead available in the
drive system. For example, if one has 10X in voltage overhead,
one can switch in ~1/10 of a period. With 5X voltage overhead,
one can switch the system in ~1/5 of a period. And, using two-
step or overdrive with no voltage overhead, one can switch in
1/2 or 1/3 of a period, respectively. Amplifier compliance can
often be a limitation, and so the two-step or unipolar overdrive
are convenient approaches because they require no voltage
overhead, merely timing.
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Fig. 2. DC Magnetic Field Simulations. Shown are Simscape simulations of the parallel LCR circuit shown in Fig. 1, for underdamped (a-c) and overdamped (d-
f) parameters in Table 1 and a DC drive (voltage drives are red/top and the inductor currents are black/bottom. The underdamped case are responses to (a) a normal
step, (b) two-step drive, and (c) overdrive. The two step settles in one half a period (~65X faster) and the overdrive in one third (~100X faster). The overdamped
case are responses to (d) a normal step, (e) structured 500us pulse, and (f) structured 100us pulse. A 500us settling time (~10X faster) requires 2.6X voltage

overhead, and 100us (~50X faster), requires 10.8X overhead.
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IV. DC MAGNETIC FIELDS, OVERDAMPED CIRCUIT

In this section we discuss driving DC magnetic fields where the
system is overdamped. Using the circuit shown earlier (Fig. 1),
we now adjust the resistance and capacitance from
underdamped to overdamped (Table 1). In this situation, the
system is heavily overdamped. The simulated response to a
square wave input is shown (Fig. 2d). This is the normal
inductive response to a step input, which can be described as

R

1) = %(1 —e7t!) (3a)
where R is the series resistance, L is the inductance and t is the
time after the step. For this set of values, the response time is
>5ms. One can improve the settling time by using a structured
drive signal. Drives with similar shape are implemented to
achieve 500 ps (Fig. 2e) and 100 ps (Fig. 2f) settling times.
These correspond to 10- and 50-fold improvement in settling
time, compared to the step.

The engineered drive is constructed in the following way.
There is a leading and trailing pulse added to the pulse that
drives the system where we wish it to go. The width of those
pulses is the desired transition time. In the simulations, pulse
widths of 500 ps (Fig. 2e) and 100 ps (Fig. 2f) are used. The
height of the pulses is calculated using Eq (3a) above. One uses
the values of the inductance and resistance and plugs in the

desired transition time into the equation.
IfinaiR

(3b)

Voutse (Twiatn) = — - p2—
pulse \' width 1_9(_%Twidth)

where lfinal is the target current and Twiatn is the time wished to
reach it. Here, we rely on the assumption that the system is
linear.

The response to a normal step eventually plateaus at a final
value (Fig. 2d). The relationship in Eq (3b) enables design of a
pulse, which would achieve the same plateau value in a desired
transition time. This can be used to calculate the height of the
pulse for both initiating and terminating a response. For
example, an engineered pulse for a desired transition time of
500 ps is 2.6022 times the plateau value (Fig. 2e).
Comparatively, the response to a normal step after 500 ps,
would be at 0.3843 of its final position (Fig. 2d). Similarly, a
desired transition time of 100 ps yields a pulse height of 10.818
times the plateau value (Fig. 2f), while a normal step input
would be at .09243 of its desired final position (Fig. 2d). One
can use this algorithm to drive a DC field as quickly as one
wishes, only limited by the voltage overhead available in the
relevant electronics. It is noteworthy that, while the high
voltage is applied to the inductive system, the current never
exceeds the desired final value.

A useful rule of thumb can be obtained by examining a
Taylor expansion of the exponential in Eq (3). This yields

Ifina

Vpulse ~L Ti/idtil (4)
where Vypuise is the initial pulse height, Twign the initial pulse
width, lsina is the current flowing through the system after it has
settled down and L is the coil inductance. While not exact, this
expression lets one initially configure a system and typically is
within a few percent of optimal. This makes clear the
relationship between the maximum driving voltage available
and the minimum transition time achievable for any given

equilibrium value of current. This expression should remind
one of the relation V = L% for inductors.

V. AC MAGNETIC FIELDS, UNDERDAMPED CIRCUIT

In this section, we discuss generating AC magnetic fields. In
our circuit (Fig. 1), we again use the underdamped case values
(Table 1). The simulated response of such an underdamped
(high-Q) system is shown for an RF pulse intending to generate
AC fields (Fig. 3a). The rise and fall time demonstrate the usual
challenge in turning AC (RF) magnetic fields on and off quickly
[4-11]. It takes many periods for the system to ring up when the
drive voltage is applied and many periods to ring down when it
is removed. The Q sets the response time, similarly to DC
systems, this response can be controlled using an engineered
drive (Fig. 3b and c). A simple case using a pulse and sine wave
is demonstrated first (Fig. 3b). A DC pulse, one half a period in
width, is used to start the system and then RF energy is fed into
the system to counter the finite-Q. The timing is important. The
starting pulse must be one half a period and the AC needs to be
at the resonant frequency of the circuit and at the phase shown.
One uses the DC pulse to “kick” the system and make it ring at
its resonant frequency and then feeds in enough AC energy to
counteract the losses in the system due to the finite-Q. Sine
wave pumping is shown here but one can also use unipolar
square waves, at the same phase as shown.

This expression for the initial and final pulses is derived from
the exact solution to the relevant differential equation. The
exact solution, for a sine pulse and sine drive, valid for all Q’s
is:

QAqc

F = 5
cie®1Ttc,e®2"—Qcos(n) ®)
where:
1 1 4 1
“T2\ T e
1 1 1
a 2 + ? —4 Q
Qa
6‘126{2_20{1 =Q0-0¢
This expression is obtained by solving:
d?y(t) |, 1dy(t .
L2180y =sin()  ©

dt? Q dt
whose solution is:

y(t) = c,e®1t + c,e*2t — Qcos(t) @)
where the constants are defined above (LC as well as V are set
to unity). The integration constants, ¢1 and ¢, are chosen so that
y’(0)=y(0)=0. The solution is evaluated at the first peak, t=r,
and this is used to scale the first drive pulse so that the
amplitude is equal to the amplitude after the transients have
decayed, QAxc. In the infinite-Q limit, this goes to 2QAx/7. In
the high-Q limit, the initial, starting pulse is equal to the final,
stopping pulse. However, for finite-Q, this is no longer true.
Due to the finite losses, there is energy lost each cycle. The first
pulse must be larger than the infinite-Q limit value to provide
the energy lost in the first cycle and the final pulse is less by
this same amount because energy is lost in the final cycle,
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requiring less of an impulse to stop the system (1% order
correction). The initial and final pulse heights for sine pulse,
sine wave driving and for square wave pulse, unipolar square
wave driving are given (in the high-Q limit) by:

2
Frnitiai—sin = = (1 + %) QAqgc (8)
2
Frinai—sin = = (1 - %) QAqac 9)
ra 10

Drive Voltage
)

5
1
FInitial—sq = 2 (1 + %) QAac (10)
1
FFinal—sq =3 (1 - %) QAgc (11)

Approximations for Eqgs (8)-(11) are shown (Fig. 3g) for sine
and square wave driving, as well as the exact solution, Eq. (7),
for the sine leading pulse. Notably, the approximations work
very well for Q>10. Here, we have normalized the Q
dependence in Egs. (8)-(11). As one usually has a finite amount
of voltage overhead to work with in the drive electronics, a DC
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Fig. 3. AC Magnetic Field Simulations and Q-Limits in Drive Design. Shown (a-e) are Simscape simulations of the parallel LCR circuit shown in Fig. 1, for
underdamped (a-c) and overdamped (d and €) parameters in Table 1 and an AC drive (voltage drives are red/top and the inductor currents are black/bottom. The
underdamped case are responses to (a) a normal RF pulse, (b) a single DC pulse with sine wave pumping, and (c) two smaller DC pulses with sine wave pumping.
The single pulse settles in half a period (~35X faster). Depending on system requirements, this can be done with multiple smaller pulses (c) or with PWM (Fig.
S1). The overdamped case are responses to (d) a normal RF pulse and (e) a single DC pulse with sine wave pumping. Q-limits in designing AC drives for faster
ring up and ring down are shown for overdamped (low-Q) (f) and underdamped (high-Q) (g) for multiple pulse shapes, based on analytical solutions.
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initial pulse is preferable because the power factor is 1 for a
square pulse but only 0.707 for a sine pulse, requiring a larger
voltage excursion for the same impulse. This is the AC
equivalent of the two-step drive discussed earlier where one
puts the energy into the AC mode in two steps to get the system
started in a bipolar way. The square/square unipolar is
interesting because one can implement it with a fast switch and
a fixed DC voltage using pulse width modulation (PWM) to
adjust the differing driving forces (Fig. S1). In this case, Eq. (5)
would represent the ratio of duty cycles instead of amplitudes.
Typically, the PWM frequency would need to be at least 100
times the system resonant frequency.

The basic approach for AC magnetic drive is that one feeds
in energy at the resonant frequency to counteract the losses and
this energy must be fed in phase, coherently to the system. If a
large starting pulse is inconvenient (Fig. 3b), one can use two
or more starting pulses (Fig. 3c), each a fraction of the single
pulse. It is important that they be applied coherently to the
system. A single large pulse is replaced by two pulses, each
roughly one half the single larger pulse, applied on for half a
period, off for half a period, on for half a period, off for half a
period, etc., until the sine wave drive is applied. If the starting
DC pulse is applied as a single pulse, the system turns on and
off in less than a single period of the system (Fig. 3b). If more
than one starting or stopping pulse is used, it takes several
periods to ring up (Fig. 3c). However, this is always faster than
using a simple RF pulse. Two starting pulses ring the system up
in roughly a full period of the system while the standard RF
drive takes tens of periods of the system to reach equilibrium.

A key point to note is that the conventional drive responds
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Fig. 4. Experimental Testbed. (a) A high-Q inductor with an adjustable LCR
circuit has (b) a typical step-and-settle response without a structured drive.

more slowly for higher Q, while our approach actually responds
faster the higher Q is. With one starting DC pulse, the system
responds in less than a period for a Q of ten or ten thousand. As
discussed earlier, this has great application for NMR systems,
which is also shown later in Section VIII. The key point is that
the pulse used to turn off the pulse train needs to be phase
coherent with the underlying system dynamics. To create this
drive, we offer the following empirical approach. Start with the
initial AC voltage one wishes to apply. Then use Egs (8)-(11)
to calculate the height of the initial and final pulses. The width
needs to be half a period of the system to be driven. If the Q is
less than 10, the exact solution, Eq (5), may be needed.

VI. AC MAGNETIC FIELDS, OVERDAMPED CIRCUIT

In this section, we discuss the overdamped AC drive. In the
circuit (Fig. 1), we use overdamped values (Table 1).
Simulations of the conventional system (Fig. 3d) and the
engineered drive (Fig. 3e) are presented. In the conventional
drive, the input and output are asymmetric and do not start and
stop in a convenient place. Using small DC pulses, one can
optimize the response. Conventionally, applying a positive
pulse produces a unipolar response and then relaxes during the
pulse train to a bipolar response (Fig. 3d). In the overdamped
limit, Eq (5) also works. For high-Q systems, the amplitude of
the initial DC pulse is greater than the AC amplitude, but it is
less in the overdamped case (Fig. 3e). The expression (5) works
for Q>1 and also Q<1. This is the AC equivalent of the two-
step drive discussed earlier where one puts the energy into the
AC mode in two steps to get the system started in a bipolar way.
It is convenient that formula (5) works for any value of Q (Fig.
3fand g). The low-Q approximations to Eq (5) are given below.

Fintiat=sin =5 (1+ %) Aac (12)
Frinat-sin =5 (1 =) Auc (13)
Finitiat=sq = = (1+ %) Aqc (14)
Fnitial-sq = = (1= "2) Aqc (15)

These low-Q approximations are compared (Fig. 3f), where
the exact solution from Eq (5) is included. The approximations
in Egs (12)-(15) work well for Q<0.3, as can be observed
graphically where the approximation follows the exact solution
in the sine-leading case.

VII. EXPERIMENTAL RESULTS ON AN LCR SYSTEM

To demonstrate the operation of our algorithms in all four cases,
we developed an experimental testbed (Fig. 4a). It consists of a
high-Q inductor with inductance of 10.31 mH and a coil
resistance of 1.16 Q. We sense the DC and AC magnetic fields
using a Hall sensor (Allegro A1232). The bandwidth of the
sensor is 30 kHz with a sensitivity of 2.5 mV/Gauss. We are
using a power amplifier based on the Texas Instruments OPA
548 op-amp. It has a gain bandwidth product of 1 MHz. We
used a combination of multiplier and summer circuits to
construct the various drive waveforms and the signals were
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Fig. 5. Experimental Results with Structured Drives. Here, (a) and (c) are underdamped, while (b) and (d) are overdamped. Engineered DC drives are demonstrated

in (a) and (b), and engineered AC drives are drives are shown in (c) and (d).
captured and digitized on an oscilloscope. The setup (Fig. 4a)
is constructed specifically so that decade boxes are adjusted to
match the system parameters in Table 1 for the both
underdamped and overdamped cases. For experimental data
(Fig. 4b and Fig. 5), we use a voltage drive. We also
demonstrate experimental data for a current drive (Fig. S2).

We demonstrate our algorithms in operation on a real system
in Fig. 5. The typical step response for the DC underdamped
case displays a long settling time observed by ringing (Fig. 4b).
We optimize settling in this case (Fig. 5a) by applying the two-
step drive as discussed earlier (Fig. 2b). In the drive, we apply
half of the force for half a period (500 ps). After the half period,
we apply the full force. As one can see, the drive algorithm
improves the step-and-settle time by a factor of more than 20.

We also demonstrate application of our algorithms in the
other three cases: DC overdamped (Fig. 5b), AC underdamped
(Fig. 5c), and AC overdamped (Fig. 5d). One starts the
oscillating mode with the initial DC pulse, counteracts the
losses in the system by feeding in AC drive at the resonant
frequency and then turns the mode off with a final pulse. The
experimental results demonstrate the same behavior seen in
both the Simscape simulation (Fig. 2 and 3) and the Simulink
s-space simulation (Fig. S3).

VIII.

Nuclear magnetic resonance (NMR) is an example where
producing short RF pulses presents a challenge [4]-[11], [18]-
[23]. The inset of Fig. 6a shows a typical NMR circuit. The

NMR APPLICATION

nuclear spins under study are located inside an inductor L
whose effective RF resistance is represented by R (typically a
few Ohms and weakly frequency dependent). The frequency of
operation, also known as the Larmor frequency, is ® = Y1 Bo
where By is the static applied magnetic field and Y3 is the
gyromagnetic ratio of the nucleus under study. In the simplest
case, there are two steps required to obtain an NMR signal.
First, a tone burst of duration t is applied at the Larmor
frequency, generating a large RF magnetic field B; inside the
coil. This field forces the nuclear spin magnetization to rotate
away from its equilibrium direction by an angle ¢ = Y}, B1t. For
maximum signal, one often chooses 1 (typically microseconds)
so that @ =90 degrees. Once the RF tone burst ends, the nuclear
spin magnetic moment is out of equilibrium. It precesses at the
Larmor frequency, causing a changing magnetic flux through
the coil and a signal voltage via Faraday’s Law. The signal is
called a free induction decay (FID) and is typically microvolts
to millivolts in magnitude, persisting microseconds to many
milliseconds depending on nuclear spin-spin relaxation time
and the magnet homogeneity [21]. Both processes, transient RF
field generation and signal detection are improved by using a
high-Q coil in a resonant circuit.

It is generally advantageous to make B; as large as possible
to ensure that other nuclear spin interactions are negligible
compared to their interaction with B1. For this reason, the
resonant circuit must also be impedance matched to the power
amplifier and transmission line (typically 50 Ohm). For many
situations, a constant amplitude B, waveform (a so-called hard
pulse) is desired but in other cases it is desirable to shape the
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Fig. 6. Simulation Results with a Typical NMR Circuit. The circuit (a inset) has a resonance of 45 MHz and a Q of 141. A typical RF pulse (a) is imposed on the
circuit, producing long ring up and ring down times of ~10us (b). An engineered drive (c) developed from our algorithms yields much faster AC settling, with ring

down and ring up times of ~10ns, or half a period.

waveform to tailor its Fourier spectrum. The latter is used
extensively in MRI to excite spins in a particular spatial slice.
In any case one wants to tailor the B, waveform but minimize
the excessive rise and fall times associated with a high quality
factor resonant circuit. The decay time is particularly
problematic in low frequency applications of magnetic
resonance since the ringdown time of the resonant circuit Tq =
2Q./®. Here, QL is the loaded Q which, under impedance
matched conditions, is % the unloaded Q of the isolated tank
circuit. This problem has typically been addressed with active

Q-suppression circuits [22]-[23] which add complexity and
only partially mitigate the problem.

The circuit shown in Fig. 6a inset is widely used in NMR to
generate large RF currents through the coil. Capacitors C; and
C, are required to tune and match the inductor to a power
amplifier and transmission line. The capacitors also provide an
impedance match to the receiving circuit (not shown). The
component values were chosen to tune and match to a Q = 141
coil to 50 Ohms at 45 MHz. Fig. 6a shows The voltage
waveform applied to the amplifier is a constant amplitude RF
pulse of duration ~0.6 ps (Fig. 6a). The resulting coil current
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(Fig. 6b) first rises and then rings for a long time after the RF
pulse is applied.

The decaying tail of the pulse can be particularly problematic
since one wishes to begin detection of the FID as soon as
possible after the end of the RF pulse. Since the coil ringdown
voltage may start out orders of magnitude larger than the FID,
there is considerable dead time, sometimes as much as 20tg,
after the pulse ends before it is possible to begin recording the
FID. This dead time introduces phase errors, complicates the
transformation of the FID into a spectrum, and significantly
reduces the available signal to noise ratio [23]. The problem is
typically solved by using spin echoes, which are widely
separated from the RF pulse but there are times when an FID is
needed. Coil ringing may also place a lower limit on the pulse
spacing in multiple pulse sequences. In these cases, Q-
suppression methods may be required. Since the signal to noise
ratio of the NMR signal is typically proportional to Q2 one is
generally hesitant to sacrifice quality factor.

This problem may be solved with engineered drives (Fig. 6¢
and d). The drive voltage (Fig. 6¢) is constructed using the same
methods shown earlier for the AC underdamped circuit (Fig. 3b
and 5c¢). One puts energy into the mode with a DC pulse, keeps
energy in the mode with AC current and then dumps the mode
with a final DC pulse. The next panel shows the voltage across
the coil. The bottom panel shows the essential quantity, the coil
current, which is proportional to the B field. Both the coil
voltage and coil current waveforms are extremely clean with
transition times well less than a period. The difference between
this response to an engineered drive (Fig. 6d) and the standard
drive (Fig. 6b) is striking.

IX. CONCLUSION

In this paper we have presented a series of open loop control
algorithms for achieving rapid step and settle response times in
AC and DC inductive systems. In all four cases, DC and AC,
over and underdamped, these algorithms allow one to rapidly
turn the generated magnetic fields on and off quickly. Finally,
we apply these techniques to a common inductor problem of
driving NMR coils. This paper attempts to be a collection of
tricks and techniques that will be useful to the scientist or
engineer wishing to quickly start and stop DC and AC magnetic
fields, not a theoretical treatise. As such, we hope the readers
will find these methods useful.

APPENDIX

Supplementary information, including text and 4 figures is
included in the SI Appendix.
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