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An Amplitude and Phase Regulating Magnetic Field
Generator for an Eye Movement Monitor

L. M. OPTICAN, D. E. FRANK, B. M. SMITH, anp
T. R. COLBURN

Absiract—One common method of eye movement detection uses an
ocular search coil within two magnetic fields arranged in spatial and
temporal quadrature. An inexpensive circuit is presented that regulates
the strength of the two fields and their phase separation. This stabiliza-
tion minimizes perturbations due to motion of the field’s generating
coils, motion of metal within or near the fields, and component value
drift.

INTRODUCTION

Quantitative assessment of eye movements has grown in
importance in the last several decades until it has become
commonplace in both the research laboratory and the clinic.
While many diverse eye movement monitors have been devel-
oped [8], the technique most favored when high resolution,
large bandwidth, and large range are desired remains the mag-
netic field/search coil technique developed by Robinson {6].

In a basic system, two pairs of coils are arranged orthogonalily
around the subject. The coils generate two electromagnetic
fields in temporal quadrature., The subject wears a contact
lens on which are implanted one or two small coils. The volt-
ages induced in these search coils by the electromagnetic fields
are proportional to the areas of the coils perpendicular to the
fields. These voltages can be decoded by phase-sensitive detec-
tors to determine the orientation of the coils in the fields.

To meet the needs of basic and clinical research many modi-
fications to the original scheme have been introduced. Fuchs
and Robinson surgically implanted the search coil under the
insertions of the extraocular muscles to facilitate chronic
recordings in animals [3]. Collewijn et ¢l developed a soft
annulus which does not touch the corneal surface for use in
human subjects [2]. Judge er al. developed another surgical
technique for animal studies which implants a preformed coil
behind the conjunctiva but in front of the muscle insertions,
minimizing the introduction of strabismus in binocular studies
[4]. Sullivan and Kertesz developed a simpler field driver
configuration using a quadrature oscillator, and presented an
inexpensive search cecil decoder based on a phase-locked
sampling technique [7]. Collewijn augmented the basic two-
coil configuration with additional coils and detected phase
relative to a horizontally rotating field, allowing orientation
detection anywhere within the coils [1]. McElligott er al.
introduced a two-frequency field generation technique to im-
prove channel separation and an inexpemnsive phase-sensitive
demodulator based on a synchronous switching technique [5].

THE NEED FOR A NEwW FIELD GENERATOR

When we began a research project requiring a3 moving mirror
within the field coils, we felt that none of the existing configu-
rations would stabilize the eye movement signal. We obtained
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a copy of the circuit used by A. A. Skavenski at Northeaster
University because it had an automatic gain controller and wa
not very sensitive to metal within the field coils. That circuit’
used a self-oscillatory closed-loop cross coupling of the two LC ¢
networks, regulated by an automatic gain controller, and was §
designed to oscillate at about 5 kHz. Our experimental plan §
would eventually require single-unit recordings with a band- §
width of 10 kHz, hence we needed to operate the circuit above §
20 kHz. Unfortunately, the gain-controlled, close-loop circuit
became unstable at frequencies above about 7 kHz because of
stray capacitance and inductive coupling between the fields
and nearby metal structures, We therefore found it necessary
to develop an open-loop gain-controlled driver.

At this point, an additional problem arose, which is common
to all of the phase-sensitive magnetic field/search coil systems.
In order to obtain the maximal field strength possible with in- |
expensive audio amplifiers, Robinson designed the coils to
operate as series L circuits driven at resonance. This configu-
ration has a minimum impedance at a resonant frequency f, ~
1/2n\|LC. Not only is the impedance a minimum at f,, but
the rate of change of the impedance with changes in frequency
or the value of L or C is also a minimum. However, at reso-
nance the phase change introduced by the LC circuit is maxi-
mally sensitive to changes in frequency or in the value of L or
C. This problem is usually dealt with by obtaining one of the
drive signals through inductive coupling with the other coil
pair and with inductive feedback from the driven coil [6].
However, since these systems usually have a relatively low gain,
the compensation is less than excellent. Moving metal within
the field coils, or moving the coils relative to metal structures
in the room (as is frequently done when measuring vestibularly
induced eye movements) changes the coupling with the LC
network, thus changing the resonant frequency. When this |
happens, the most disturbing effect is the shift in phase, since
the eye movement is decoded from the search coil signal with
phase-sensitive detectors. To cope with this perturbation, we

included a phase separation regulator as well as field strength

regulators. This makes the eye monitor insensitive to small
changes in L, C, or the driving frequency.

A REGULATED MAGNETIC FIELD GENERATOR

The configuration consists of four parts: the field coils, the
power amplifiers, the sense coils, and the field regulator cir-
cuit (Fig. 1). The field coils are as described by Robinson [6].
A small (0.5 £2) resistor is placed in series with each LC circuit |
to slightly reduce its ¢ and increase the impedance seen by the

power driver. The power driver is a Heathkit AA-1640 200 W/

channel stereo amplifier with power meters.

Two sense coils provide the feedback for the field regulator.
When no metsl. moves within the fields, global sense coils
wound around the field generating coils can be used. When
more precise compensation is needed, we use local sense coils
mounted on Plexiglas forms close to the search coil. The sense
coils must be grounded at their centers as the sense amplifiers
are differential.

The field regulator has been fabricated on two standard cir-
cuit cards (about 4.5 in X 6 in). Fig. ! shows a block diagram .
of the circuit. A Wien-bridge oscillator generates a sine wave,
sin (wr).

(horizontal) power amplifier. The field strength is measured

i

We used two-turn local sense coils mounted -}
for convenience on a 2 in X 2 in square form. 8

This signal is regulated by an automatic gain con-
troller (AGC) whose output, A4, sin (wr), drives the x-axis

by full-wave rectifying and then low-pass filtering the output
of the sense coil amplifier. The difference between this mea
sured field strength and the desired field strength, as indicated
by the setting of potentiometer Ay, is integrated to obtain the
error signal for the automatic gain controller.

The x-axis reference sine wave is phase shifted by - 225° to
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Fig. 1. Block diagram of the stabilized magneti

produce a cosine wave 45° out of quadrature, cos (w? + 45°%),

, This signal is shifted by the automatic phase-control loop so

that the x field and the z field are in quadrature at the sense
coils. The amplitude of this phase-shifted cosine signal is regu-
lated by the z-axis automatic gain controller to have an ampli-
tude of 4.

The outputs of both field strength sense amplifiers are con-
nected to zero-crossing detectors and limiters. The limiter out-
puts are relatively insensitive to the strength of the respective
magnetic fields, but maintain the correct phase relationships.

L The phase signals from the limiters are compared by the phase

detector. The output of the phase detector is proportional to
the phase angle separating the two signals. The difference be-
tween the measured phase angle and the desired phase angle
{® in Fig. 1) is integrated to obtain the error signal used by the
phase controller. A voltage regulator provides a stable reference
for the integrators.

Fig. 2 shows a schematic diagram of the field regulator circuit.
Three amplifiers in the upper left corner of Fig. 2 are connected
to form a 21 kHz oscillator and a phase-shift network. The
oscillator generates a 16 V (peak-to-peak) sine wave. The
Df}ase-shjft network is a low-pass filter with a dc gain of 1.41
with a break point at f, = 0.16/RC where f, is the resonant fre-
quency of the field coils. The frequency range of the oscillator
can be adjusted by changing the input resistor of amplifier 42
(cutrently 11 k} in series with a 5 k2 pot) and/or the 680 pF

. capacitors, The oscillation frequency is f=0.16/C\IR9.09%.

The range can be adjusted by changing the ratio of the fixed

¢ Tesistor to the potentiometer.

The static phase shift contributed by the phase-shift network
can be altered by changing either the capacitor or the resistor

i the feedback path so that RC = 0.16/f,. (If the feedback

fesistor is changed, also change the input resistor to maintain

i the 1.41:1 ratio.)

When changing the frequency, the sensitivity of the automatic

Phase controller should also be adjusted by changing the RC
| network on multiplier M4. The values of R and C (now 10 k2

¢ and 0,005 uF ) should be chosen so that RC = 1.2/f,.

Siﬂc,e this circuit operates above the high end of the audio-
trum, some care must be exercised when laying out the

c field generator. The layout of the blocks corresponds to the layout of
the components in Fig. 2.

circuit. Leads of capacitors and resistors should be kept short.
Avoid routing wires from the output of a device past the input
side of the same device. All resistors have 1 percent tolerances
and all integrated circuits have heat sinks.

CALIBRATION

Once the system is set up, it will instantly lock in when
power is applied. Calibration is only necessary when the sys-
tem is first installed or when its configuration (e.g., sense coil
position or cable pathway) is changed.

The most difficult part to adjust is the phase controller. if
the phase separation is too large when power is applied, the
output of the phase controller will change sign, causing the
phase control system to run with positive feedback. The result
of this positive feedback will be the maximum phase shift
possible, Check that the cosine signal coming from the low-
pass filter (output of A3) lags about 135° behind the sine wave
from the oscillator (output of A2).

With the power off:
1) Stiffness. Set the stiffness of the automatic gain con-

trollers to about half their full value by setting potentiometers
Sx, Sz, and S¢ to midrange.

2) Frequency. Set potentiometer f of the oscillator circuit
to midrange.

3) Amplitude and phase.
@ to about % of their range.

4) Power amplifier gain,

fier to one-half,
Now, turn the power on. The fields should be oscillating

(monitor the output of 71 and I2 to sce the fields). The hori-
zontal field (x) should be A sin (w1) and the vertical field (z)
should be A, cos (wt +®). .

S) Field strength: Adjust A, and A; to obtain the desired
amplitudes of the sine and cosine signals (output of A9 and
A10). (We drive our amplifiers at about 100 W/channel, which
gives a field strength measure of about 1 V peak-to-peak.)

6) Stiffness. Adjust Sx until the automatic gain control sig-
nal (output of 411) is about 1 V. Repeat with §; (output of
A12) and S (output of 4 13).

Set potentiometers Ax, Az, and

Set the gain of the power ampli-
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