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Resonance-Enhanced Coupling for Range Extension
of Electromagnetic Tracking Systems
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This paper investigates the use of resonance-enhanced coupling to increase the received signal level in a six-degree-of-freedom
electromagnetic tracking system. Resonant coupling is found to increase the efficiency of the transmitter and increase the gain of
the sensing coil, resulting in improved range. However, the measurement update rate is reduced due to the settling time of the
transmitter circuit and the limited bandwidth of the sensing circuit. A resistive tuning approach is proposed to balance the tradeoff
between a decreased measurement bandwidth and an improved signal level.

Index Terms— Bandwidth, capsule endoscopy, measurement range, resonance, tracking system.

I. INTRODUCTION

LECTROMAGNETIC (EM) tracking systems are used

extensively in biomedical devices, gaming consoles, and
animation, because they are inexpensive and do not require
line of sight. EM tracking systems for catheters and endoscope
capsules have shown promising results [1]-[10]. However,
at present, commercial capsules take 6-8 h for a whole
gastrointestinal (GI) tract endoscopy due to the natural peri-
stalsis movement [11]. Some parts of the GI tract remain
unobserved due to limited battery life. Magnetic maneuvering
can speed the capsule’s movement and result in a faster
diagnosis [12], [13].

Two of the foremost challenges in EM tracking systems
are increasing both the measurement range and rate, which
are contradictory due to the relationship between the noise
variance and bandwidth. The measurement range is limited by
the amplitude of the induced voltage in the sensing coil, which
is determined by the transmitted power and coil construc-
tion [14], [15]. The induced voltage can also be amplified, but
this does not improve the underlying signal-to-noise ratio [16].

This paper investigates the use of resonance-enhanced cou-
pling to extend the range and improve the signal-to-noise ratio
in a selected frequency band. Resonance-enhanced coupling
is ubiquitous in wireless power transmission systems due to
the high efficiency [17]-[20]. In this paper, these methods are
applied to increase the induced voltage in an EM localization
system [21]. Resonance in the transmitting coil improves the
energy efficiency and resonance in the sensing coil passively
increases the signal gain.

Although a resonant circuit significantly improves the signal
gain, the settling time of the system is also increased, which
is detrimental to the measurement bandwidth. Sequential
commutation of a resonant array of transmitting coils with
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Fig. 1. Six-degree-of-freedom EM capsule tracking system. Sensing coils in
the capsule are shown in violet, blue, and green.

a single capacitor can avoid the transient [22] if the coil
inductances are well matched. By considering the settling time
of both the transmitter and receiver, this paper describes the
use of resistive tuning to control the tradeoff between the
measurement bandwidth and signal gain.

A six-degree-of-freedom EM tracking system is com-
posed of three concentric, orthogonal transmitting and sensing
coils [23]-[34]. A six-degree-of-freedom EM capsule tracking
system is shown in Fig. 1. Commercial EM tracking systems
can be grouped into two categories: those with sequential
excitation of the coils, such as the Hydra system [23], [35],
or where the transmitting coils are excited simultaneously [35].
Although simultaneous excitation is faster, due to the parallel
measurements, multiple frequencies are required in addition to
a more complex demodulation scheme. In simultaneous exci-
tation, the settling time of the transmitter becomes irrelevant.

Expressions for the settling time, efficiency, and signal gain
are derived analytically and are experimentally verified on an
endoscope capsule system described in [21]. The resistive tun-
ing method is demonstrated to provide control over the tradeoff
between the measurement bandwidth and the signal gain.

In Section II, the transmitting and sensing coil parameters
are described. Sections II-V describe the transmitter, com-
pare the different methods for transmitter coil enhancement,
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TABLE 1
PARAMETERS OF THE EM TRACKING SYSTEM

Ry Resistance of the transmitting coil.

Lt Inductance of the transmitting coil.

Cr Self-capacitance of the transmitting coil.

R Resistance of the sensing coil.

L Inductance of the sensing coil.

Cs Self-capacitance of the sensing coil.

Ir Amplitude of the transmitter source current.

Ir Amplitude of the coil current.

A; Amplitude of the induced voltage.

As Amplitude of the voltage of the sensing circuit.

T Time constant.

r Sensing range.

tr Settling time of the transmitter.

ts Settling time of the sensing circuit.

Q Quality factor of the sensing circuit.

G Gain of the sensing circuit.

Xs,ser Settling time variation factor. The ratio of
setting times with and without inclusion of an
external series resistor.

Xs,par Settling time variation factor. The ratio of
setting times with and without the inclusion
of an external parallel resistor.

K Ratio of external resistance and coil resistance.

R
Cr
L
(a) (b) (©
Fig. 2. (a) Equivalent circuit of a coil. (b) Circuit for measuring coil

parameters. (c¢) Transmitter circuit.

and analyze the tuning method. Likewise, Sections VI-VIII
describe the sensing system, compare the methods for sensing
coil enhancement, and analyze the tuning method. The results
are summarized in Section V for the transmitter and in
Section VIII for the sensing system. The measurement band-
width and rate are explained in Section IX. The experimental
results on measurement noise are summarized in Section X.
This paper is concluded in Section XI.

II. COIL PARAMETER IDENTIFICATION

At high frequencies, the response of a coil can be described
by the self-capacitance in parallel with resistance and induc-
tance, as shown in Fig. 2(a). The coil parameters R, L, and C
can be determined by using an LC R meter and an additional
capacitance C,, as shown in Fig. 2(b). By varying C, and
measuring the impedance, the parameters can be identified.
If the two values of C, are C,1 and C,2, and the corresponding
resonance frequencies are fi and f>, the relationship between
the resonance frequencies and the coil capacitance is

¢ 2
(T?) Cer — Coi
C=——"——. (1)

2
)i
1=(£)
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TABLE II
TYPICAL PARAMETERS OF THE TRANSMITTING AND SENSING COIL
IN AN EM ENDOSCOPE CAPSULE TRACKING SYSTEM

L . Rt L Cr
Transmitting coil 30 372 109 pF

. . Rs Ls Cs
Sensing coil 204 Q | 287 pll | 49 pF

The coil’s self-inductance L can be calculated from either

1
FT i @
or
L= ; 3)
472 f3(C + Ce2)
The resistance R at fj is
272
R = % 4)

However, due the skin effect, the resistance R’ at another
frequency f < fi is [36]

2
R =R 1_(%) . )

Since the desired operating frequency is typically close to
the frequency used for parameter identification, the frequency
dependence of the resistance can often be neglected.

The identified coil parameters of the experimental
six-degree-of-freedom endoscope system shown in Fig. 1 are
listed in Table II [21]. The system parameters are summarized
in Table I.

III. TRANSMITTER ANALYSIS

The equivalent transmitter circuit is shown in Fig. 2(c). The
applied voltage to the transmitter is v7 () = A7 sin(wt). The
equation for the current through the transmitting coil can be
written as

dir . .
LTW + Rrip = A7 sin(wt). (6)
The solution of (6) is
) RrTAT wLTAT oLt Ar Zfr!
ir(t) = s1nwt—Tcoswt+Te Lt

)

where D = R% + (wL7)?. The coil current reaches steady
state after the transient component decays. The time constant
of the transmitter circuit is
Lt
— In(0.368). (8)
Rt

The magnitude of the transient component is below 3% of its
maximum value after four time constants, so the settling time
of the transmitting circuit is

T = —

L
tr = d1r = —4—L 1n(0.368). )
Rt

The settling time is proportional to L7 and inversely propor-
tional to R7. Therefore, the settling time of the transmitter
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Fig. 3.
resonance.

Equivalent transmitter circuits with (a) series and (b) parallel

depends on its construction parameters, such as length, radius,
number of turns, diameter of the wire, and the core. For
EM tracking systems, the transmitting coil parameters need
to be optimized to maximize the resulting field strength [37].

IV. TRANSMITTER RESONANCE ENHANCEMENT

EM tracking systems for portable applications, such as
endoscopy, catheter tracking, and virtual reality, require a
lightweight and energy efficient transmitter. Resonance in the
transmitting coil can improve the efficiency at the expense
of settling time. The two circuit options, series and parallel
resonance, are examined in the following.

A. Series Transmitter Resonance

The current through the transmitting coil in the series

resonant circuit shown in Fig. 3(a) is
2iL dip, .
LTCqﬁ + RTCqI +i; = C.ATwcos wt

where (Cr + C¢) = C,. By solving (10), the time constant of
the series resonant transmitter circuit is

(10)

2L
TT,ser = _R—T In(0.368). (11)
T

By comparing (8) and (11), it is clear that the settling
time of the transmitter circuit is doubled in series reso-
nance. The coil current amplitude amplification factor is
((R% + (wo LT)%)/R7)'/2, where wy = 27 fp and C. > Cr.
The amplitude of the coil current in the series configuration is

IL,ser = 2_::

which is equal to the transmitter source current.

12)

B. Parallel Transmitter Resonance

The transmitter coil current in the parallel resonant circuit
shown in Fig. 3(b) is
di

er—tL + Ryig = A sin(ot).

By solving (13), the time constant of the transmitter circuit
due to parallel resonance is

13)

L
o7 par = ——— In(0.368). (14)
Rt

A comparison between (8) and (14) shows that parallel res-
onance does not increase the settling time of the transmitter
circuit. However, in the parallel configuration, the transmitter
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TABLE III
SOURCE REQUIREMENTS AND SETTLING TIME OF SERIES AND PARALLEL
RESONANT TRANSMITTER CIRCUITS FOR A SPECIFIED COIL CURRENT
Ip = IL ser = I par AT RESONANCE FREQUENCY fj

Resonance Source voltage, Ap cufr(e);iCt}T Settling time
Series ILRr I -?égiln(o.368)
Parallel | 1, (R2 + (woL1)?)"/?| woRrCqlr| —7F~ In(0.368)

TABLE IV
EXAMPLE OF THE SOURCE VOLTAGE, SOURCE CURRENT, AND SETTLING
TIME FOR A SERIES AND PARALLEL RESONANT TRANSMITTER CIRCUIT.
Two CASES ARE CONSIDERED: ONE WHERE THE DESIRED COIL
CURRENT IS 1 A AT 8§ kHz AND ANOTHER WHERE THE DESIRED
CURRENTIS 1 A AT 110 kHz. THESE CASES ARE TYPICAL FOR
THE CAPSULE TRACKING SYSTEM DESCRIBED IN TABLE II

Source Source Source Settling
Frequency .
Resonance (kHz) voltage current power time
) A) VA (ms)
Series 8 or 110 1.3 1 1.3 29
Parallel 8 23.76 0.055 1.3 1.45
110 326 0.004 1.3 1.45

coil current is dependent on the resonance frequency, similar to
the case without resonance. The amplitude of the coil current
at resonance frequency foy is

At

IL,par = .
V(RE + (woL7)?)

The transmitter source current is wy R7pCr times the coil
current, where wg R7Cr < 1.

The choice of resonance circuit will depend on the available
transmitter source voltage and current. For the same coil cur-
rent, the required source voltage, source current, and resulting
settling time are listed in Table III. Example values for these
quantities are listed in Table IV. The series configuration
results in a low source voltage, while the parallel configuration
results in a low source current and half the settling time.

15)

V. RESONANT TRANSMITTER TUNING

The implementation of resonance in the transmitter circuit
results in increased settling time, and consequently, increased
measurement delay. In the following, a resistive tuning method
is described, which allows the tradeoff between efficiency and
settling time to be freely manipulated.

A. Resistive Tuning in Series Resonance

By introducing an external series resistance, the settling
time of the series resonant transmitter circuit can be tuned.
The equivalent circuit with additional resistance is shown
in Fig. 4(a). The additional resistance is a multiple of the coil
resistance, i.e., R, = K; X Rr.

With the additional resistance R., the coil current is

described by
dziL diL .
L7C.—— + (R7 + RC)CCW +i; = C.Armcoswt.

dr?
(16)
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TABLE V
SUMMARY OF THE TRANSMITTER SOURCE VOLTAGE AND SOURCE CURRENT REQUIRED TO OBTAIN A COIL CURRENT
OF Ip, WITH A SETTLING TIME OF f7 = fT ser = T par AT RESONANCE FREQUENCY fj

Resonance Source voltage, A Source current, [ R.
Series I, (Rr + R.) I — 5L 1n (0.368) — Ry
Parallel | Iy (R2+ (wolp +woRpReCq)?) /2 woRrCyly, 3 (-2 1n (0.368) - Rr)

) p; ™

Fig. 4. Equivalent (a) parallel and (b) series resonant transmitter circuits
with external series resistance.

The settling time is the solution of (16), which is

8Lt

The amplitude of the transmitter coil current is also modified
to A7/(Rr + R.).

tT,ser = - (17)

B. Resistive Tuning in Parallel Resonance

The equivalent circuit of the parallel resonant transmitter
with additional series resistance is shown in Fig. 4(b). With
an additional series resistance R, = K; x R, the coil current
is

di
Lréf+{RT+2Rdu;=ATﬁnwL (18)
By solving (18), the time constant is
17 oar = 4Lt In(0.368) (19)
T,par = RT T 2RC n(v. .

The amplitude of the coil current is the parallel resonant circuit
AT/((R% + (wo LT + RTRCCq)Z))l/Z. The coil current is
insensitive to R, when woL7 > wo RrR.Cy; however,
the settling time reduces significantly in this range.

Table V summarizes the required source voltage and current
required to achieve a certain coil current and settling time.
Example values for the endoscope tracking system are also
listed in Table VI. Note that the series configuration requires
a large additional resistor, which significantly increases the
required source power. On the other hand, the parallel con-
figuration requires impractically high voltage at 110 kHz.
To reduce settling time, the parallel configuration is preferable
so long as the required voltage is within practical limits.

In the series resonance configuration, the current through
R, reduces the source efficiency, whereas, in the parallel reso-
nance, the power dissipation in R, is negligible. Fig. 5 shows
the tradeoff between the settling time and source efficiency,
where y;ser and x;par are the ratios of the settling times
with and without R.. The efficiency is the ratio of the power

TABLE VI
EXAMPLE TRANSMITTER SOURCE VOLTAGE AND CURRENT REQUIRED
TO ACHIEVE 1 A COIL CURRENT AND 100 xS SETTLING TIME. THE
RESONANCE FREQUENCIES ARE 8 AND 110 kHz, WHICH
ARE TYPICAL FOR THE CAPSULE TRACKING
SYSTEM DESCRIBED IN TABLE II

Source
Source | Source Power
Frequency| volt- R, X
Resonance (kHz) age current | power ) loss in
W) (A) VA) R
Series 8 or 110 37.74 1 37.74 36.45| 3645 W
Parallel 8 24.23 0.054 1.3 8.8 26.4 mW|
110 326 0.004 1.3 8.8 0.14 mW|
102 J
g
"o It 1
XJ
£ 102 .
>
2
.g — Transmitter efficiency (Parallel resonance)
£ 10%F — Transmitter efficiency (Series resonance) —
M —Setting time variation factor in series resonance, Xiior
—Settling time variation factor in parallel resonance, X e
10° . . . . .
107! 10° 10! 107 10° 10*
Ration of external and coil resistances, Kt
Fig. 5. Effect of external series resistance R, on the efficiency and settling

time of the transmitter in series and parallel resonance, where K; = R./Rr.

dissipated by the coil resistance R7 to the power dissipated
by both resistors Ry and R, expressed as a percentage.

VI. SENSING COIL ANALYSIS

The received field by the sensing coil is proportional
to 1/ 3, where r is the distance between the transmitter and
the sensor. Therefore, if the sensor gain can be increased by
a factor G, the extended range is r| = rG1/3, ie., the range
is increased by r(G'/3 —1).

The equivalent circuit of a sensing coil is shown in Fig. 6(a).
Let the induced voltage be v;(f) = A;sin(wt + ¢1) and
the output voltage across the coil capacitance C, will be
vs(t) = Ay sin(wt+¢»). The differential equation of the output
voltage vy is
d%v; do

+ RyCy—— + 05 = 0; (1).

—_— 20
dt? dt (20

LSCS
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Fig. 6. Sensing coil equivalent circuits. (a) Equivalent sensing coil circuit.

(b) With resonance tuning.

Since the internal capacitance of the sensing coil Cy is very
low (49 pF), self-resonance occurs beyond 1 MHz. Therefore,
the gain from v; to vy at frequencies in the kHz range is
approximately unity.

A. Sensing Circuit Settling Time

The settling time of the sensing circuit is

2le (0.368)
R n(v. .

N

s =4 %

21

The quality factor of the sensing circuit Q¢ depends on the
construction of the coil and the resonance frequency

wo L

Qo = R (22)

VII. SENSING COIL RESONANCE ENHANCEMENT

The range of the tracking system can be increased either
by strengthening the magnetic field [37], or by increasing the
gain of the sensing circuit. A parallel resonant circuit passively
amplifies the induced voltage. This reduces the effect of
preamplifier noise and attenuates off-frequency environmental
noise. The equivalent circuit diagram is shown in Fig. 6(b),
where C), is the external capacitor. The differential equation
for the output voltage vg across the capacitor C), is

d%v; duy
LSCqF'FRSCqWJFUs:U,'([) (23)
where C;, = Cs + Cp. To achieve a resonance frequency
of fo Hz, the required capacitance is
1
Cj=—75—. 24
T an2 2L, &9
A. Resonant Sensing Circuit Gain
The gain of the sensing circuit in Fig. 6(b) is
1
|G1(w)| = (25)

J = @2L,C)? + (@R, C,)?

At resonance, the gain and the quality factor Q are

1
=0 = 0RG,
Example frequency responses for a range of external capac-
itances are shown in Fig. 7. The bandwidth A f of the circuit
is independent of the capacitance, and is determined by

1 R
= 27)
27 Ly

(26)
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30
25E — L= 1 nF 3
—Cp= 6 nF
20¢ —Gs=11nF ]
3 sk —GCu=160F 1
O —Gs=21nF
g
£ 10
&)
5
0
-5 I I I I
0 100 200 300 400 500
Frequency (kHz)
Fig. 7. Frequency responses of the sensing circuit for a range of parallel

capacitances.

B. Resonant Sensing Circuit Settling Time

The output voltage of the resonant sensing circuit can be
determined by solving (23), which is

vs(t) = Ky sin(wt) + Ks cos(wt) + K3e™!" + Kqe™!

Steady-state output Transient output

(28)
where
Ry R\ 1
m=— + - . (29)
2L, 2L, LsC,
The time constant of the resonant sensing circuit is
2L
Ty par = ——— In(0.368). (30)
Ry
That is, the settling time is
8L
ts.par = ——— In(0.368). (31)
Ry

The sensing coil has a low inductance but typically higher
resistance than the transmitting coil. Therefore, the settling
time of the sensor can be significantly lower than the trans-
mitter. Example values for the gain and settling time are listed
in Table II. The effect of resonance on the experimental system
can be observed in Fig. 8.

VIII. RESONANT SENSING CIRCUIT TUNING

In order to control the tradeoff between gain and settling
time in the sensor circuit, an external resistor can be added in
parallel or series to the capacitor Cp, as shown in Fig. 9.

A. Resonant Sensing Circuit With Parallel Resistance

The equivalent circuit, including the additional parallel
resistance R, is shown in Fig. 9(a). The equation for the
output voltage is

1,2 4 (ree, + LYo (B )

— — — vs = v; ().

T dr2 TTUR,) dt R, o
(32)
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Fig. 8. Frequency response and measured output voltage of the experimental
localization system with a 110 kHz resonance frequency.

R, R, c
j4
LECrRCARE v LEcr el
Vi Vi ‘
(@ (b)

Fig. 9. Tuning the sensing circuit with an external resistor in parallel or series
with the external capacitor. (a) Parallel resistor. (b) Series resistor.

At resonance, where w = wy, the gain is

1

JE) + (o (R £2))

The variation in settling time due to the additional parallel
resistance can be described by the settling-time variation
factor s par, Which is the ratio of the settling time with
and without the parallel resistance. That is, the settling-time
variation factor of the sensing circuit is

|G2(w)|w=wo = (33)

1
Xs,par = . L,

(34)
I+ R%(Rp/Rs)Cq

The quality factor of the resonant sensing circuit will also be
affected due to the additional parallel resistance. By neglect-
ing Cs, the quality factor is

woLs (1’;—12 + cq)

L | RL '
fo+ G+ RGy

Qo = (35)
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B. Resonant Sensing Circuit With Series Resistance

The circuit with additional series resistance R, is shown
in Fig. 9. By ignoring C;, the voltage across the capacitor C),
is

dzl)cp dUC,, .
LSCPW + (RS + RC)Cp7 + vc, = Aj sm(a)t).

(36)

The output voltage is vs(t) = vc,(¢) + vg, (¢). At resonance,
where w = wy, the circuit gain with a series resistance is

J 1+ (@R:Cp)?

CUOCq (R + R.) .

When (wo R:Cp)> > 1, ie, R > wy Ly and C; ~ C),
the sensing circuit gain reduces to K;/(Ks + 1). The settling-
time variation factor yy ser is

|G3 (w)|w=wo = (37)

1
Xs,ser = —5—. (38)
§,ser 1 + 2_:
By neglecting Cy, the quality factor of the circuit is
wyLg
03 = ———— (39)
(Rs + R¢)

which shows that the gain is proportional to resonance
frequency.

C. Comparison of the Parallel and Series Resistance

The variation of gain ratio and settling time due to an
external parallel and series resistance is shown in Fig. 10.
In Fig. 10(a), it is observed that both the gain ratio and the
settling time are proportional to the parallel resistance at any
resonance frequency. The circuit gain is 27 ys parLs fo/Rs.
In Fig. 10(b), the settling time is inversely proportional to
resistance but the gain ratio approaches an asymptote. The

gain is
27 foL 2
\/( fORsXs,ser) +(1— Xs,ser)z-
s

With a high resonance frequency, either the series or parallel
resistance can be used, since both the gain and settling-time
ratios fall at the same rate. However, with a low resonance
frequency, the external series resistance is preferable, since
the gain reduction is bounded. By calculating the frequency
where both the series and parallel circuits have the same gain,
the series circuit should be used if
o< 1 (S(LS + RsRpyCy) R )
"= 27l R,C, )

Expressions for the required parallel or series resistance and
resulting gain are summarized in Table VII. Example sensing
circuit parameters for a settling time of 50 us and resonance
frequencies of 8 and 110 kHz are also listed in Table IX.
By comparing Tables VIII and IX, both the parallel and
series configurations provide the same gain at high resonance
frequency; however, the series method provides a superior
gain at low resonance frequency. Notably, the required series
resistance is independent of resonance frequency, which is a
significant practical advantage.

(40)

(41)
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TABLE VII
SUMMARY OF THE REQUIRED Cp AND R; OR Rp TO ACHIEVE A RESONANCE FREQUENCY f{j AND SETTLING TIME f;

External .
X . Cyq R or Ry Gain
resistance 1n
T
— L _ tsLg P) 2\ 1/2

Parallel 12721, (zSRscq+8fch 1n(0.368)> ((%) +(wo<Rqu+§:>) )

. 1 oN1/2
Series =L 5L 1n(0.368) — R (+(eorecy)?) 72

0 ° ©00g (Rat R

10
Resonance at 50 kHz
S~
_ 10"
3
)
= 5 Resonance at 110 kHz
\3/‘\' 10 Resonance at 200 kHz
<}
g
<107 — Gain ratio, |G2(w)|/\Gl(w)|
--== Settling time variation factor, Koo
_4 | I
10
107! 10° 10" 10? 10°
Ratio of external parallel and coil resistances, Kp
(@)
10
3 0
9
3 ,
O’"’ — Gain ratio, |G3(w)|/|G1(w)\ at 50 kHz “\
ey |~ Gain ratio, |G,(w)//|G, (w)| at 110 kHz
#1077 — Gain ratio, |G (w)/|G, (w)| at 200 kHz E
- --- Settling time variation factor, X, ser at 50, 110 and \\
200 kHiz
-3 Ll PP iy — | . , ‘T“t
10
107" 10° 10" 10° 10°
Ration of external series and coil resistances, Ks
(b)
Fig. 10.  Gain ratio and settling time versus (a) parallel resistance, where

Kp = Rp /Ry, and (b) series resistance, where Ky = R¢/R;.

IX. MEASUREMENT RATE AND BANDWIDTH

The measurement rate and bandwidth are limited by the
performance of the transmitter circuit, sensing circuit, and
demodulator. The time delay and dynamics of each system
are described in the following sections. Numerical quantities
are listed for the example system described in Table II.

A. Transmitter Circuit

The settling time of the transmitter coil current r7 is
described in (9). Numerical values for the example system are
listed in Table IV. When three coils are sequentially excited,
the total settling time is 3 x 7. The settling time of the parallel
configuration is 1.45 ms, which implies a total settling time
of 4.35 ms for three coils.

x(0) = A cos) BQQ_, P10 *[@A—’
2m 41 w

mT  mT

Fig. 11. Block diagram of the demodulator 7" = 1/ fj.

TABLE VIII
EXAMPLE SENSOR GAIN AND SETTLING TIME OF THE PROTOTYPE
CAPSULE SYSTEM AT RESONANCE FREQUENCIES OF 8 AND
110 kHz. THE COIL PARAMETERS ARE LISTED IN TABLE II

. Settling
fo (kHz) Cyq Gain time (ms)
8 1.4 puF 0.7 0.112
110 7.3 nF 9.7 0.112
TABLE IX

SENSING CIRCUIT PARAMETERS FOR SETTLING TIME OF 50 us AT
RESONANCE FREQUENCIES OF 8 AND 110 kHz FOR THE TYPICAL
CAPSULE TRACKING SYSTEM, THE PARAMETERS OF
WHICH SYSTEM ARE SHOWN IN TABLE II

External R. Gain Settling

resistance fo (kHz) Cyq or Gain X time
. ratio .

in Ry ratio
Parallel 8 1.37uF | 834 0.25 0.36 0.45
110 73 nF | 1588 44 0.45 0.45
Series 8 1.37uF | 2493 0.64 0.9 0.45
110 73 nF | 2493 44 0.45 0.45

B. Sensing Circuit

The settling time and bandwidth of the sensor circuit are
determined by the quality factor of the resonance. The settling
time 7, is described in (31). Values for the example system are
listed in Table VIII. The total settling time for nine sequentially
measured voltages is 9 x t;, which equates to 1 ms for the
example system.

The bandwidth of the sensing circuit is described in (27).
The demodulated bandwidth is

Fame—B_ S0
SET L, T 20

For the example system, the bandwidth is f_3 g = 5.66 kHz.

(42)

C. Demodulator

In this paper, the moving-average rms-to-dc demodulator is
used for determining the signal amplitude [38]. This demod-
ulator does not require a reference signal and is well suited
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TABLE X
MEASUREMENT BANDWIDTH AND UPDATE RATE
(a) WITH AND (b) WITHOUT RESISTIVE TUNING

(a)
Settling time Total Update | Maximum
System or delay {1:1—31213 delay rate frequency
(ms) (ms) (Hz) (Hz)
Transmitter 0.30
Sensor 0.45 12.57 1.57 318 318
Demodulator 0.82 4.84
(d)
Settling time Total Update | Maximum
System or delay {1(71-31(;]; delay rate Frequency
(ms) (ms) (Hz) (Hz)
Transmitter 4.35
Sensor 1.00 5.66 6.17 81 81
Demodulator 0.82 4.84

to endoscope localization due to the low computational cost.
The amplitude estimate A is determined from

—~ 1 t
A= fz\/—/ x2(1) dt
mT t—mT

where T is the signal period, m is the number of periods to be
averaged, and x(¢) is the input signal. This demodulator can
be viewed as a filtering operation with a flat impulse response,
as shown in Fig. 11. The transfer function of the filtering
operation is

(43)

e Ty,

1
H(s)= (- (44)

The bandwidth of this system is f_3gg = 0.44/mT.
In the example system, ten periods are used for averaging;
therefore, with a frequency of 110 kHz, the bandwidth is
f-3 aB = 4.84 kHz.

In addition to the dynamics, the demodulator also requires a
settling time of mT to reach steady state. With nine sequential
measurements, the total settling time is 9mT, which equates
to 0.818 ms.

D. Overall Response

The maximum update rate is dictated by the total settling
time of the system ¢, that is

t =3t7 +9t, +9mT. (45)

Assuming ideal reconstruction, the maximum frequency that
can be measured has a period of #/2.

The bandwidth and update rate, with and without resistive
tuning, are summarized in Table X. It can be observed that the
filtering effects of the sensor and the demodulator are negli-
gible due to the slow update rate imposed by the cumulative
time delays.

X. MEASUREMENT NOISE

To evaluate the impact of resonance-enhanced coupling on
measurement error and noise, a localization experiment is
performed using the method described in [21]. The rms value
of the induced voltage is estimated from ten cycles using (43).

IEEE TRANSACTIONS ON MAGNETICS, VOL. 54, NO. 4, APRIL 2018

=#Without resonance
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Distance, d (mm)

(a)

14

12 .
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2
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125 145 165 185 205 225

Distance, d (mm)
(b)
Fig. 12. (a) Average position error and (b) standard deviation versus the

transmitter—receiver distance.

If the actual and estimated positions are (x, y, z) and (X, y,72),
the position error e is

e= =+ (G- + -

Assuming that the transmitting coils are centered at (0, 0, 0),
the distance d between the transmitter and the receiver is
d = (P+y*+2H2

The average error and standard deviation of the estimated
position are plotted against the transmitter—receiver distance
in Fig. 12. It can be observed that both the mean error and
standard deviation are significantly improved by the use of
resonance.

(46)

XI. CONCLUSION

This paper investigates the application of resonance
enhancement to EM tracking systems. By utilizing resonance,
the transmitter efficiency can be improved, and the gain of
the sensing circuit can be enhanced, both of which increase
the sensing range. A resistive tuning method is proposed to
optimize the tradeoff between the settling time and efficiency
of the transmitter, and the settling-time and gain of the sensor.

For the transmitter, a parallel resonant circuit with an
external resistance in series is preferred as long as the required
source voltage is acceptable. For the sensor, a parallel resonant
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circuit with an external resistor in series with the capacitor is
preferred.
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