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Abstract : This paper presents a discussion on the design and realization for the Phase Sensitive Detector (PSD) circuitry of
Flux-gate Compass that gives direction information to the Directional Frequency Analysis and Recording (DIFAR) Sonobuoy in Air
Anti-Submarine Warfare. PSD circuitry is realized with Twin-T RC networked active band-pass filter. Results of a performance test
for the PSD circuitry shows that the effectiveness of band-pass filtering of desired 2F, second harmonic signal, which is pro-
portional to the direction of earth’s magnetic field This resulted in the extraction of direction information.
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1. INTRODUCTION to the solid state electronic compass based on Flux-gate
magnetic sensor. Electronic compass offers many advan-
Sonobuoy is a sensor designed to relay underwater tages over conventional needle type or gimbaled compass
sounds, associated with ships and submarines, to remote such as: shock and vibration resistance, electronic com-
processors. They are vital for the success of Air Anti- pensation for stray field effects, and direct interface to
Submarine Warfare (ASW) {1]. There are several kinds of electronic navigation systems. The Flux-gate has been the
Sonobuoy as their purpose. In case of Directional Fre-  workhorse of magnetic field strength instruments both on
quency Analysis and Recording (DIFAR) Sonobuoy, it can earth and in space. It is rugged, reliable, and physically
provide a magnetic bearing to the signals of interest with small and it requires very little power to operate. These
help of Flux-gate electrical compass. This feature allowed characteristics, along with its ability to measure the vector
the aircrew to track and fix the location of the contact of components of magnetic fields over a 0.1 nano-Tesla (nT)
interest objects. Thus, the Flux-gate compass is key to 1 milli-Tesla (mT) range from DC to several kHz, make
component to measure the target bearings in underwater it a very versatile instrument. This sensor provide a low
environments. cost means of magnetic field detection [2],[3].
Traditionally, the magnetic compass has been used in Once a Sonobuoy hits the water, it descends approxi-
navigation for centuries. Advances in technology have led mately 40~60 feet underwater until its battery is activated
by the sea water. After several hours of operation, the

+ 2A13]9) jbyim@mmu.ac.kr. 061)240-7051 Sonobuoy battery fails and water-soluble seals dissolve
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2 Design and Realization of Phase Sensitive Detector Circuitry of Two-Channel Ring-Core Flux-Gate Compass

which allows the Sonobuoy to sink to the bottom. Thus,
Sonobuoy is expendable device that is never recovered after
launched from the aircraft. This inexpensive ASW method
not only considers the cost of Sonobuoy, but also the
operating costs for the aircraft. Before any Sonobuoy is
developed, a careful analysis is always conducted to
determine the cost effectiveness versus the expected per-
formance. An expensive Sonobuoy may perform superbly,
but if it costs too much, the Navy will never be able to buy
sufficient quantities. One of the possible solutions to contain
costs is reducing the number of electronic components.
Generally, conventional Flux-gate compass has two
isolated input circuits to sense the two sense windings of
Flux-gate sensor [4],[5]. Furthermore, the differences
between the two isolated input circuits caused direction
error of Flux-gate compass. To cope with those problems,
twin-T network based Phase Sensitive Detector (PSD) to
detect direction information of Flux-gate sensor was

proposed and applied to Flux-gate compass in this paper.

2. BASICS OF DIFAR SONOBUOY

There are three classes of Sonobuoy: passive, active, and
special purpose. The passive Sonobuoy is commonly cate~
gorized as Low Frequency Analysis and Recording (LOFAR)
and Directional Frequency Analysis and Recording (DIFAR)
Sonobuoy. LOFAR Sonobuoy responds equally to sound
from all directions. Thus, the direction of contact is
unavailable. While, DIFAR Sonobuoy usually consists of
multiple hydrophones that respond to sound from different
direction with a magnetic compass. Thus, DIFAR Sonobuoy
provides a magnetic bearing to the signals of interest. This
feature allowed the aircrew to track and fix the location of
the contact of interest objects [6].

Fig. 1 shows the schematic mechanism of DIFAR Sono-
buoy. In Fig. 1, Hydrophones are to receive acoustic pressure
waves and converts pressure waves to voltage. Compass is
to provide magnetic reference. Transmitter is to establish

high frequency radio carrier for FM transmission.

3. BASICS OF MAGNETIC SENSING

Earth’s Magnetic Field

The earth’s magnetic field intensity is approximately
30000 nT at the equator and 60000 nT at the poles on the
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Fig. 1 Schematic mechanism of DIFAR Sonobuoy.

surface and has a component parallel to the earth’s surface
that always points toward magnetic north. This is the
basis .for all magnetic compasses. The key words here are
parallel to the earth’s surface and magnetic north.

Fig. 2 shows how the earth’s magnetic field ( F7) is
composed of a vertical ( Fy) and horizontal ( Fy) com-
ponent. The angle between the magnetic field and the
horizontal component is known as Inclination ( ¥;). It is
well known that the earth’s magnetic poles do not
correspond with its geographic poles. Furthermore, the
magnetic field is not perfectly uniform, it is irregular. This
phenomenon is called Variation ( ¥,) that is the angle
between true north and the horizontal trace of the magnetic
field [7].

A good compass should point toward the direction of the
horizontal component of the magnetic field where the
compass is located. The key for accurately finding a

Zenith

Nadir

Fig. 2 Vector Variation (¥,),

Inclination ( ¥, ), Horizontal Intensity ( Fy ), Vertical

magnetic components:

Intensity ( Fy), and Total Intensity ( Fr).
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Jeong-Bin Yim 3

compass heading, or azimuth, is to determine the Horizontal

intensity Fy of the earth’s magnetic field.

Measuring Magnetic Field

Today, there are several types of electronic compass:
Flux-gate, Magneto-resistive, Magneto-inductive, and others.
One way to classify the various magnetic sensors is by the
field sensing range. Table 1 lists the various sensor
technologies and illustrates the magnetic field sensing
ranges [8].

A common type .of magnetic sensor for navigation systems
is the Flux—gate as shown in Table 1. Before discussing the
principle 6f Flux-gate operation, it 1s probably best to
review briefly the subject of magnetic permeability. The
permeability x of a given material is a measure of how well
it serves as a path for magnetic lines of force, relative to
air, which has an assigned permeability of one. Some
examples of high permeability materials are listed in Table
2. The values vary with proportional make—up, heat treat-
ment, and mechanical working of the material [9].

Table 1 Magnetic sensor technology and field ranges.

Magnetic Sensor Detectable Filed Range(Gauss)

Technology 108 |10* {100 [10* |18

Squid

Fiber-Ontic
Optically Pumped |
Muclear Procession
Search-Coil
Flux-Gate

Magnetotransistor

Magnetodiode

Magneto Optical Sensor

Giant Magnetoresistive

Hall-Efect Sensor
Earth’s Field

Table 2, Permeability ranges for some materials.

Material Permeability u
Supermalloy 100,000 ~ 1,000,000
Pure iron 25,000 ~ 300,000
Mumetal 20,000 ~ 100,000
Permalloy 2,500 —~ 25,000
Cast iron 100 ~ 600

Permeability x is the magnetic circuit analogy to

electrical conductivity, and relates magnetic flux density to

the magnetizing force as follows:
B=uH 0))

where

I

B = Magnetic flux density,

i

1] Permeability,

H

Magnetizing force.
Since the magnetic flux in a magnetic circuit 1is
analogous to current I in an electrical circuit, it follows

that magnetic flux density B is the parallel to electrical
current density. A graphical plot of the above equation is
known as the normal magnetizing curve, or B-H curve,
and the permeability x is the slope.

When a highly permeable material is introduced into a
uniform magnetic field, the lines of force are drawn into the
lower resistance path presented by the material as shown
in Fig. 3(a). However, if the material is forced into
saturation by some additional magnetizing force H, the
lines of flux of the external field will be relatively
unaffected by the presence of the saturated material, as
indicated in Fig. 3(b). The Flux-gate sensor uses of this
saturation phenomenon in order to directly measure the
strength of a surrounding static magnetic field.

Flux-gate Sensor

Fig. 4(a) illustrates the magnetic toroidal core with the
associated windings that senses the surrounding magnetic
field in a Flux-gate. A Drive Winding is wound around a
Toroidal core, high-permeability magnetic core. Two Sense
Windings are wound around the Toroidal core at right
angles to one another to sense orthogonal components of a
surrounding magnetic field [10],[11].

External
field

Sense * ‘ Drive

Drive Sense

~

l-?——-d

iy
et

v

| = 1 1
| |
(a) (b)

Fig. 3 External lines of flux for unsaturated core (a), and
saturated core (b).

—129—



4 Design and Realization of Phase Sensitive Detector Circuitry of Two-Channel Ring-Core Flux-Gate Compass

Sense Winding
1

ﬁ Drive Winding
Terminal ©
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4] Xictation
Sense Winding signal F
2 r
Toroidal Drive
Core .. Winding

(a)

(b)
ring—core Flux-gate with toroidal
excitation. Coil winding configuration (a), and real
shape with a coin of 100 Korea won in the foreground
for comparison (b).

Fig. 4 Two-channel

In this work, the Flux-gate Compass system configured
with NEXEN Company’s prototype two-channel ring-core
Flux-gate weighs 70 grams and draws 40mA at 8 to 18
DC voltage [12]. Fig. 4(b) shows the real shape of
Flux-gate.

Fig. 5 shows fictitious wave-forms to explain the elec—
trical operation of the two-channel ring-core Flux-gate as
shown in Fig. 4. The waveform (A) is a excitation voltage
applied to the Drive Winding with frequency F,, and (B)
represents induced magnetization in Sense Winding 1 and
Sense Winding 2. In the absence of external magnetic filed,
two Sense Windings are saturated at a same time each
other as shown in (C). Thus, the net output from Terminal
is to be zero. While, in the presence of an external magnetic
filed, one Sense Winding saturates before the other Sense
Winding saturates. The output waveforms from each of the

two Sense Windings make the time difference r as shown

UDD?_d_satura!ion point

(A) Excitation

voltage Voltage required to induce magnaetic

saturation

Lower [saturation point
— - - Induced magnetization in Sense
\,/ M \,"'}Windina 1 J
né <
~ ’ ~ -
A N e e vinana 2]

{B) Induced
Magnetizatio

(C) Secondary 7 ,#” &{Sese Winding 1
voltage in Net output=0
Setarmat frold[ >~ S d ese Winding 2
T »1 | Secondary voltage induced by Sense
(0} Secondary ] ‘ ¢ 1| Winding 2 lags benind thta of Sense
voltage in N Winding 1. giving the output shown
presence of [~.L - Nl in (E)
external field
7
(E) Resultant Time ditference T and peak voltage
secondary — ional e
voltage from proportional to magnetic field.

sum of
voltage in (D

Fig. 5 Fictitious waveforms for the electrical operation of
two—-channel ring-core Flux-gate sensor.

in (D). The time difference r is proportional to the phase
difference A ¢ between Sense Winding 1 and Sense
Winding 2. Thus, the net output from Terminal is a pulse-
like whose length and peak voltages is a function in the
external magnetic field as shown in (E). The frequency of

the output signal from Terminal is twice (2F;) the
excitation frequency ( Fy) since the saturation—-to-saturation

transition occurs twice each excitation period.

4. CIRCUITRY REALIZATION

System Configuration

The circuitry configuration of Flux-gate compass, de-
veloped in this study, is shown in Fig. 6. It consists of
Excitation Circuit (EC), Flux-gate, and Phase Sensitive
Detector (PSD). As mentioned in the Fig. 1, the signal from
the PSD, which is proportional to the direction of DIFAR
Sonobuoy, is then fed to the DIFAR Transmitter.

DIFAR
Transmitter

EC
Oscillator -
OFy = 15.0kHz S
Divide by 2 %
Flip—Flop ]
N i 1
Power Amp. Flux—gate Summing
Network

Fig. 6 Circuitry configuration for the Flux-gate compass
developed in this study.
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The EC consists of an Oscillator tuned to twice the
excitation frequency Fy(=7.5kHz), a flip-flop (F/F) which
divides the Oscillator frequency by two and a Power
amplifier which is driven by the F/F and, in turn, provides
the excitation current to the excitation winding. Here, The
Drive Windings are driven at 7.5kHz square shaped hi-
directional current pulse train, optimized to minimize the
Flux-gate noise. In the presence of an external magnetic
field, a second harmonic of the excitation signal is
generated in the Sense Winding. The phase of Sense
winding signal with respect to the Drive Winding
represents the direction of the magnetic field component.
The signal from the Sense Winding is then fed to a Phase
Sensitive Detector (PSD).

The circuitfy to the right of the Flux-gate is called the
PSD, because the output is a maximum when the input
signal is at the same frequency and in phase with a
reference signal [13]. It detects the phase difference 4¢
which
mechanical terms, PSD works by switching the input

is extracted from Summing RC network. In

signal on and off at the reference frequency F,. If the
input signals are in phase (i.e., 2F,=F,), the output is a
rectified version of the input signal. If they are not in phase
(i.e, 2F,*F,), the DC output is proportional to the cosine
of the phase difference. The output of this kind of phase

detector is given by:

DC = —2—71;/9- cos(L¢) (2)

where
& ¢ = Phase difference,

Vy = Constant voltage in a circuit.

This type of PSD is one of a high-Q band-pass filter
that amplifies frequencies only near a desired frequency (in
this case 2F,=15.0kHz). In this work, twin-T networked

band-pass active filter is designed and realized.

Network Design

The basic circuitry consists of two passive networks,
which we will refer to as network A and network B, and
an OP amp. The basic network configuration is shown in
Fig. 7 with indication of the variables of two passive
networks [14].

It should be noted that the OP amp is used in an
inverting configuration, i.e, with its non-inverting input

Network B

Network A e

l2b
""""“"""""'""""""""'; _> Yl]b 4
|1a Iza * [+
Emn E
— |y - ®
b " —-‘—1‘ ~N —— =
+ +
| +
=
—_

Fig. 7 The port variables for the single-feedback circuit.

terminal (+) grounded. We shall call this circuit an
Infinite-Gain Single-Feedback circuit (IGSF) since the OP
amp that is the active element normally has very high gain,
and since the feedback around it is made to a single point.
To characterize the properties of the two passive networks
in Fig. 7, we shall use their y~parameters [15]. For network
A, we may define voltage and current variables. The
relations between these variables and the y-parameters of
the network are:

Ila=ylla Ela+y12a EZa (3)
Ly, =130 Eya+ v, Eg,

Similarly, for network B, the y-parameters of the
network are:

Ls=yis Evs+ Y128 Ep (4)
Loy = Y125 E1p + Vo2 By

All of the voltage and current variables and the y-
parameters defined in eqguations (3) and (4) are functions of
s(= o+ jw), the complex frequency variable. In network A,
due to the virtual ground, the voltage between the inverting
(-) and non-inverting (+) terminals of the OP-amp may be
considered zero. Thus, the voltage FE,, is zero. From the
second equation of (3), we see that with this condition
L,= vy, E1,. In addition, since E,,and E, are equal, we

may write:
Ly, =13, E; (5)

Similarly, for network B, FE|, is zero, and E,=E,.
Thus, we see that:

Ly= v Ey 6)

The virtual ground concept also tells us that the current
into terminal 1 of the OP amp is negligibly small. Thus, we
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6 Design and Realization of Phase Sensitive Detector Circuitry of Two-Channel Ring-Core Flux-Gate Compass

see that I,,=—1,. We may now combine equations (5)

and (6) to obtain:

Ey,  —yi
El v @

The equation (7) is the open-—circuit voltage transfer
function for the IGSF active circuit configuration. If
networks A and B are passive RC networks, their natural
frequencies will be on the negative real axis of the complex
frequency plane. In addition, if both of the passive
networks have the some natural frequencies then the
denominators of the functions yjy, and ;5 will cancel and
the locations of these natural frequencies will not affect the
voltage transfer function. The poles of the voltage transfer
function will then be determined solely by the zeros of the
transfer admittance yz.

Since a passive RC network can have the zeros of its
transfer admittance anywhere on the complex frequency
plane {16}, we can realize complex conjugate poles in our
voltage transfer function. Such poles will be restricted to
the left half of the complex frequency plane for reasons of
stability. Similarly,
function given in equation (5) will be determined by the

the zeros of the voltage transfer

zeros of vy, and therefore we can realize any desired real

or complex conjugate zeros. Thus, the IGSF active RC
network configuration can be used to realize almost any

desired pole-zero configuration.

Band-Pass Filter Realization

There are several network configurations, of which the
two most common ones are the bridged-T network and the
twin-T network. But the bridged-T network is not useful
for producing zeros that lie close to the jw axis. While,
twin-T network has advantage that this configuration has
it’s pole locations determined completely by the passive
networks. Thus, the pole locations will remain relatively
stable and independent of changes in the active element.
This is a considerable advantage when it is desired to
design high-Q networks, where the poles are located close
to the jw axis, since even small pole displacements may
produce instability in this case. Another advantage of this
configuration is that the output impedance of the network
is equal to the output impedance of the OP amp, which
with high-loop gain is very low [17].

If select twin-T network as network B, the transfer

Network B
Rib R,
Ak AAA
Wy vy
Ciw Cop
] {
1 L
Network A Rab T—Cab
Ra  C,
. —
B VW Il '+\ a
= E;
[ . |
Fig. 8 Single feedback band-pass filter with networks A
and B.

admittance of network A may have a single zero at the
origin and a pole at -1 for band-pass network. The
complete network is shown in Fig. 8.

Here, it is a very time-consuming work to select the
best design procedure and a set of many element values of
capacitances and resistances in Fig. 8. Thus, in this work,
the design procedures and element selections are referred
to Texas Instrument’s active RC network design method
in [19].
calculation equation to determine the RC component values

[18] and reference In these references, the

are given by:

_ k
C“_H27rf0
gk
Cu=20 21t 8)
b _ _k
Co= 37 " 2,
Curm b . _k
BT (—D(1+a) 2
and
=1 . 1
Ra=H "%
=1 . 1
Ru=7% "% 9)
Ru= 51
(b=
Ray= b 1b22§a+12 .4
where

@ = Wanted quality factor,

=1,

_ N
b=(2.5—a) Ita’
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k = Wanted impedance de-normalization constant.

The desired characteristic of band-pass filter in
Flux-gate compass is fy = 15.0 kHz, A, =20(40dB), and
@=10. The resultant values calculated from equation (8)

and (9) are:

C,=1061.0 nF, C,,=666.9 nF, C,,=2594.8 nF,
C3,=2965.1 »nF, and

R,=500.0 k2, R;,=795.6kQ, Ry=204.5%%,
R3,=178.9 kQ, where, k=10 "°.

As mentioned in the introduction, possibly small size of
elements is required to cut the costs of Flux-gate compass.
To comply with this requirement, the impedance de-
normalization constant was choose as k=10 ~°. This value
was determined by heuristic method with number of

iteration calculation.

5. EXPERIMENTS & DISCUSSIONS

Test Procedures

Fig. 9 shows test environment set-up in a normal room
without any electrical interference shielding. The Flux-gate
compass circuitry is tested with the basic procedure as
following:

(1) Position the Flux-gate compass at its intended location,
and measure the time difference T, between phase
difference 4 ¢ from PSD and excitation signal as
reference ones.

(2) Repeat T.y(/) measurement at equally spaced angle

e(1) as,
o) =_(_l?,!§£1_) x | (degree) 10)
where
/=0,12,...,,L—-1,L,

L =Interval number of equally spaced angle.

(3) Repeat T, (1) measurement with M 'th iteration and
get the average Tg;(/), then translate T (1)

into average direction g4y (/) as,

Fig. 9 Test environment set-up in a normal room. Realized
Flux-gate compass circuitry (below front), Oscillo-
scope with 100MHz resolution (top left), and Power
supply (top right).

Ww(l)=n+il) x 360 (degree) 11
where

_ 21 Ty (1)

Td;f/(l)=‘"T (12)

M = Iteration number.

Measurements

A principal 8-point measurement method that is one of
the conventional magnetic compass calibration techniques is
introduced in the Flux-gate compass performance tests [20].
Thus, let L=7; 0(0) =0°, &) =45",.., ©(7) =315° in
equation (10). The test results of Flux-gate compass are
shown in Fig. 10. The time differences T, between phase

difference A¢ from PSD and excitation signal are almost
proportional to the equally spaced measurement angle.
These results show the magnetic field sensitive effec-
tiveness of Flux-gate compass.

Table 3 represents the calculation results of average
compass direction @4, from the average time difference
T_d,-//, and the differences between given angle and —0;,»},
called compass error e4;. The interpolated error plots
versus given angle shows in Fig. 11.
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Fig. 10. Test results of Flux-gate compass. The time
difference T4 between phase difference 2 ¢ from
PSD (below at each box) and excitation signal (above
at each box) are measured at 000°(a), 045(b),
090°(c), 135°(d), 180°(e), 225°(f), 270%(g), 315°(h). The
two vertical dotted lines are indicating differences

between the two waveforms at each box.

Table 3 The calculation results of 84, from 74y, and error eq.

Angle Ty (1 sec.) O Z

0° 0 0.0° 0.0°
45° 9 48.6° +3.6°
90° 17 91.8° +1.8°
135° 25 135.0° +0.0°
180° A4 183.6° +3.6°
225° 43 230.2° +7.2°
270° 50 270.0° +0.0°
315° 59 318.6° +3.6°

360°

i
o N
315 P ——
270° G
[ T
A 225 T
n 0 O]
o 180 R ——
I 135° ¢
e 0 K O Measurement
090 e point
0 \\
045 )
Iy
000° Be=t—"

+0 +1 +2 +3 +4 +5 +6 +7 +8
€s

Fig. 11. Error plots versus given angle.

In Table 3, average compass directions 6,4 are almost

proportional to given angles. These results show that the
ability of direction information extraction of the Flux-gate
compass with proposed PSD in this work.

Error Analysis

In Fig. 11, the compass error is less than +36° except
+7.2° at location 225°. When apply the error offset values

— e 4 to the average compass directions 64, the compass

errors in Fig. 11 are totally eliminated only if the magnetic
interference is constant. But, the compass error varied with
the change of test environments such as test location and
onboard components.

This compass error is due to the magnetic interference
arisen from the electric cables and other onboard
components in a open area. When a compass is operating
in the absence of any ferrous metals there is no distortion
effects on the earth’s magnetic field. In reality, compasses

are mounted in vehicles, aircraft, and platforms that most

.likely have ferrous materials nearby. The effect of ferrous

metals (iron, nickel, steel, cobalt) will distort or bend the
earth’s field which will alter the compass heading.

Thus,
compensation techniques with proposed PSD -are required

more accurate error analysis and automatic
to use one of the navigation magnetic compass. These

analysis and techniques are beyond the scope of this study,
the error problems are remained as a further works.

6. CONCLUSIONS

The design and realization procedureé to implement
Phase Sensitive Detector (PSD) of Flux-gate compass that
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fit to the DIFAR Sonobuoy are presented. An examination
of the performance of the Flux-gate compass has been
The design method of
band-pass filter circuitry for the PSD and possible

shown. twin-T networked

solutions have been developed in this work. The results are
as follows:

(1) The PSD filtered only near the phase difference

frequency 2F, between sense windings in Flux-

This resulted in the extraction of useful

direction information from Flux-gate sensor.

gate.

(2) The PSD have the capability of summing signals at
the input. Thus, the circuitry configuration of Flux-
gate compass is very simple compared with conven-
tional PSD that have two isolated input circuits to
sense the two sense windings of Flux-gate sensor.

(3) The pole location of twin-T networked band-pass
filter determined completely by the passive networks.
Thus, the pole locations will remain relatively stable
and independent of changes in the active element.

(4

=

The output impedance of twin-T network is equal to
the output impedance of the operational amplifier.
Thus, this circuit is fit to drive other networks of
DIFAR Sonobuoy, without the need for an isolating
stage, and without appreciable change in the circuit
characteristics due to loading.
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