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Abstract

The characteristic impedance of magnetoinductive waveguides is complex and frequency-dependent, whereas the input impedance
of standard RF and microwave devices is real and constant. Transducers capable of coupling magnetoinductive waveguides to other
devices are, therefore, required for high-performance magnetoinductive systems. The author designed and experimentally realised
a resonant coupling transducer capable of minimising reflections from magnetoinductive waveguides over the whole pass band.

For a magnetoinductive cable with the resonant frequency of 95 MHz and the pass band between 73 and 174 MHz, the experimental
value of |S|; | was as low as —25 dB at the resonant frequency and about —20 dB over more than 90% of the pass band, the most
broadband performance achieved up to date. Yet, the transducer has simple design and comprises only three resonant circuits, which

makes it a promising candidate for wide-band applications.
© 2011 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetoinductive waveguides comprise discrete,
periodically arranged LC-resonators that are magnet-
ically coupled to each other [1]. Introduced in the
metamaterial context by Shamonina et al. [2], magne-
toinductive devices have been actively studied at RF
and microwave frequencies for detection and amplifi-
cation of MRI signals [3-6], signal processing [7,8],
sub-wavelength imaging [9,10,1], soliton propagation
[11] and more recently, for data transmission [12] and
underground sensor networks [13].

The majority of these applications require connect-
ing magnetoinductive waveguides to other conventional
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devices. Whereas such devices have real and con-
stant input impedance (usually 50 €2), the characteristic
impedance of magnetoinductive waveguides is complex
and frequency-dependent [1]. Coupling transducers are,
therefore, needed to match magnetoinductive waveg-
uides to the 50-2 environment and thus avoid signal
reflection. Such transducers were first developed by
Syms et al. [14] for waveguides consisting of elements
built on printed circuit boards, but the transducers’ char-
acteristics were impaired by higher order interactions
between the elements [15]. The interaction between
next-nearest neighbours could be reduced by using
double-sided boards [14], and further progress was pos-
sible due to the improved design of magnetoinductive
waveguides in the form of thin-film cables [16], where
the coupling coefficients between all the elements except
the nearest neighbours are substantially reduced. For
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Fig. 1. A reflection-less load magnetically coupled to a magnetoin-
ductive (MI) waveguide (a) has frequency-dependent resistance (b)
and reactance (c). The load is purely real at the resonant frequency, fo,
and its resistance is zero at the band edges fy ..

these cables, Syms et al. [17] have developed a res-
onant transducer that comprised a single LC-resonator
magnetically coupled to the cable. The transducer pro-
vided low reflection of —20dB over about 60% of the
magnetoinductive-wave pass band. Some applications
may, however, require transducers with even larger band-
widths.

This paper introduces an improved resonant trans-
ducer that can minimise reflection over the whole
pass band of a magnetoinductive waveguide. Section 2
presents the design, based on three resonant circuits,
and compares it to the single-resonant transducer of
Syms et al. [17]. Section 3 reports on experiments with
transducers designed for a magnetoinductive cable oper-
ating around 100 MHz, and it compares the experimental
results with the theoretical predictions. Section 4 draws
conclusions.

2. Transducer design

This section discusses a reflection-less matching load
for a magnetoinductive waveguide, reviews its realisa-
tion based on a single resonant circuit and then presents
an improved design based on three resonant circuits.

A magnetoinductive waveguide comprising res-
onant elements with the self-inductance Lg, the
self-capacitance Cp, and the mutual inductance M
between the nearest neighbours (see Fig. 1(a)) supports
magnetoinductive waves with the dispersion relation
[2,1]:

&0
1——2+Kcoska=0, (1
1)

where w is the angular frequency, k is the wave number,
a is the period of the waveguide, wy = 1/+4/LoCy is the
angular resonant frequency of an element and x = 2M/Lg
is the coupling coefficient. The characteristic impedance
of the waveguide is [1]:

Z. = ja)Moe_jka, ()

where j is the imaginary unit. The value of the impedance
depends on the frequency and is, generally, complex; it
is real only at the resonant frequency, Z; = woMp.

Let a load impedance Z1, be coupled to an end of the
waveguide by the mutual inductance My, as shown in
Fig. 1(a). There will be no reflection from the load if
[17]:

7y =7}, 3)

where the asterix denotes complex conjugation. Substi-
tuting Eqgs. (1) and (2) into Eq. (3) yields:
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where Zy =jwLo + 1/(jwCp) is the self-impedance of an
element. In the pass band, the first term of this equa-
tion represents the resistance and the second one, the
reactance of the load impedance. Both depend on the fre-
quency, as Fig. 1(b) and (c) shows for R=woMy =50 Q
and k=0.7.

As Syms et al. [17] reasoned, the load reactance of
Zp/2 can be realised by an LC-resonator with the induc-
tance Lo/2 and the capacitance 2Cy. This resonator will
then ideally match the waveguide to 50 2 at two fre-
quencies, at the resonant frequency, fo=wo/(27), and
at a frequency above the resonant one (see Fig. 1(b)).
Because the load resistance does not change much in
the midband, such a resonant transducer will provide
broadband matching to a real load. The matching, how-
ever, becomes far from ideal near the band edges, fi.
and fy, where the load resistance rapidly decreases (see
Fig. 1(b)). (The band edges are determined by fi.u =
wLy/Q2m) = fo/v1£k.)

Better matching at the band edges can be achieved
as follows. The 50 2 impedance, as seen by the waveg-
uide, can be decreased by shunting it with two additional
LC-circuits, one with the resonant frequency close to fi,
and the other one with the resonant frequency close to fi.
The impedance of one of the resonators, and thus the total
resistance, will then vanish at the band edges, following
the ideal matching resistance shown in Fig. 1(b). Fig. 2(a)
shows the equivalent circuit of the corresponding cou-
pling transducer. It consists of three LC-circuits, where
the first one is responsible for the correct behaviour of the
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transducer in/out

MI waveguide

Fig. 2. The resonant transducer comprising three resonant LC-circuits
[equivalent circuit (a) and photograph (b)] provides good approxima-
tion to the ideal load impedance of Fig. 1.

load reactance, and the other two are responsible for the
correct behaviour of the load resistance. The values of
the inductances L 7 3 and the capacitances Cj 3 should
now be chosen in such a way that the total impedance of
the transducer matches closely the ideal load impedance,
Z1. Detailed mathematical treatment of the problem is
relegated to Appendix A. The final result is
Lg R
Li=2+—,
2 2(wy — wy)

1 _ 1 " E WyWy ’

Cq 2C) 2wy —wy

. Wy _ (,l)y 5
L2_R 602—6()2 602—6()2 ’ ()
% 02 y 02

c 1

2= 5,
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L3 = , C3= ,
wywyCy wxwyLy
where
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Y 2(1 —k32) 4 16 6)

wyy = 201 — Wy.

In agreement with the above expectations, the triple-
resonant transducer (Fig. 2) demonstrates low reflection
over a wider frequency range compared with the single-
resonant transducer of Syms et al. [17]. Fig. 3(a) shows
the frequency variation of |S1; | for both transducer types;
the solid curve is for the triple-resonant transducer and
the dashed curve is for the single-resonant one. The vari-
ation was calculated as [17]:

IS11] = 20logo|I'], (7
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Fig. 3. Compared with the single-resonant transducer (dashed lines),
the triple-resonant one (solid lines) provides low reflection over a wider
frequency band (a). The transmission characteristics of both transduc-
ers are, however, the same over the whole pass band, showing that
the transmission is determined by the waveguide loss rather than by
reflections.

where I' = —(Zy, — Z.)/(Zy, + ZY) is the reflection
coefficient. The parameters are the same as used for
Fig. 1(b) and (c). The maximal value of |S; | of —28 dB
is the same for both transducers, but the triple-resonant
transducer has a wider frequency band.

However, when |S>; | is compared for magnetoinduc-
tive waveguides with realistic losses, both transducer
types perform similarly. Fig. 3(b) shows the frequency
variation of |Sy; | for the waveguide consisting of 20 ele-
ments with the quality factor Q =48 and having the other
parameters as in the previous examples. The solid curve
for the triple-resonant transducer and the dashed curve
for the single-resonant one almost coincide, showing
that the amount of power transmitted is dominated by
high losses in the waveguide rather than by reflections
from the edges. As the quality factor increases, the triple-
resonant transducer allows for higher transmission at the
band edges, but the improvement is marginal for realistic
values of Q up to 200. The values of |y | were calculated
as [17]

2 _ ”
1S21] = 10logq [(1 — |T|%) e 2Nk (8)

where N is the number of elements, and
k" a~ 1/(«xQsin ka) is the loss per element.
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3. Transducer realisation

This section presents experimental realisation of the
triple-resonant transducer for a flexible magnetoinduc-
tive waveguide and compares its performance with the
theoretical predictions. The waveguide used was a flex-
ible cable whose design and properties are described in
detail in Refs. [16,17]. The resonant frequency of the ele-
ments was fo =95 MHz; their quality factor was Q =48,
and the coupling between the nearest neighbours was
k ~0.7. At the resonant frequency, the cable’s character-
istic impedance was close to 50 2. The cable comprised
17 elements and was about 170cm long. The corre-
sponding transducer parameters calculated from Eq. (5)
are L1 =164nH, C; =15.4pF, L, =539nH, C; =9.8 pF,
L3z =205nH, C3=3.7pF.

The transducers were made on standard FR-4 printed-
circuit boards with copper tracks using surface-mount
capacitors and wire-wound inductors. Similarly to the
method of Ref. [17], two transducers were connected
directly to the inductors that were left on the ends
of the cable after cutting it (so that an inductance of
approximately Lo/2 =120 nH was connected in series to
the first transducer’s resonator), see the photograph in
Fig. 2(b). The cable with the transducers at both ends
was connected to a network analyser (Agilent ES061A)
using SMA connectors, and the transducers’ charac-
teristics were optimised by varying the capacitors and
inductors. Their optimal values were close to the theoret-
ical ones: L} =32nH (L ~ L| + Lo/2), C1 =13pF,
L, =538nH, C,=10.1pF, L3 =202nH, C3 =3.5pF.

The frequency variation of the experimental values
of [S11 | and |Sy; | agreed with the theoretical predictions
(see Fig. 4). Low values of | S1 |<— 19 dB were achieved
experimentally almost for all frequencies between 73 and
166 MHz, which is 93% of the pass band. The reflec-
tion is lower (and the agreement between the theory
and experiment is better) for the lower part of the pass
band, including the resonant frequency, 95 MHz, where
|S11 |=— 25 dB. The agreement between the experimen-
tal and the theoretical frequency variations of |Syq |
is, again, better at lower frequencies. The transmis-
sion is maximum at the resonant frequency, where
|S21 |=—5dB both for the theory and the experiment,
and the experimental values of |S;| are larger than
—10dB between 75 and 152 MHz.

As one can expect, the transducer could achieve such
low experimental values of |Sy |, because its impedance,
as seen by the network analyser, was close to 50 2 in
the whole pass band. Fig. 5 shows the Smith chart of
the impedance measured between 50 and 220 MHz. In
the pass band, between 72 and 167 MHz, the impedance
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Fig. 4. Low reflection is experimentally observed over 93% of the pass
band (a). The theoretical and experimental frequency variations agree
both for |Sy1 | (a) and |S5; | (b).

Fig. 5. The measured value of the transducer’s impedance, shown
on the Smith chart, is close to 50 & almost for the entire pass band
(between 72 and 167 MHz).

circles around the value of 50 €2, with both the real and
imaginary parts diverging from this point by no more
than 10 Q.

4. Conclusions

Compared with previous designs, the magnetoinduc-
tive transducers presented here provide low reflection
in a wider frequency range (|S; | is about —20 dB over
impressive 90% of the pass band). The improved fre-
quency characteristics are achieved at a cost of a more
complicated circuit that comprises three LC-resonators.
The effort of fabricating the triple-resonant transducers
may be worthwhile for applications that require large
frequency bands, such as data transmission and paramet-
ric amplification [3], or that are sensitive to reflections,
for example, high-power transmission. In addition, the
design can be used for broadband absorbers, magnetoin-
ductive couplers and power dividers.
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When compared with the simple single-resonant
transducer of Syms et al. [17], the triple-resonant trans-
ducer presents no improvement in the transmission for
realistic waveguide loss. The single-resonant transducers
should be, therefore, preferred over the triple-resonant
one for applications using only the magnetoinductive
midband.
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Appendix A. Determining the values of the
elements constituting the transducer

This appendix presents a derivation for the values of
the inductances Lj >3 and capacitances Cj 73 that con-
stitute the triple-resonant transducer. The transducer’s
impedance can be written as (see Fig. 2(a)):

R
1 4+ R(Z> + Z3)/(Z223))’

where Z;=jwL;+ 1/(jwC;), i=1, 2, 3. The values of
the inductances and capacitances should be chosen so
that the transducer’s impedance Zt is close to the ideal
load impedance Zy, (see Fig. 1(b) and (c)). An accurate
mathematical formulation of the problem would be too
complicated to treat analytically (see, however, the end
of this section for numerical calculations). Therefore, I
will solve the problem using several heuristic arguments
about the properties of the transducer’s impedance (Eq.
(A.1)). These arguments will lead to simple analytical
expressions that yield the values of the parameters close
to those derived from exact numerical calculations.

The first argument is: for good matching, the reac-
tance of Zt should match that of Z; . The reactance of Zj,
in the pass band is Zy/2 (see Eq. (4)) and therefore, one
has:

Zr=721+ (A.1)

Zo R
— =Z1+Im .
2 1+ R((Z2 + Z3)/(Z2Z3))

Because Z; and Z3 are zero at the band edges, they have
opposite signs in the pass band, and the sum Z; + Z will
be zero at the frequency in the midband defined as
5 Cr+C3
OB = T CCL
(L2 + L3)C2C3

(A.2)

(A.3)

Near this frequency Z; + Z, ¢ j0, and the second term on
the right-hand side of Eq. (A.1) can be expanded as

R ~pogratss (A4)
1+ R((Z2 + Z3)/(Z2Z3)) 207y
Substituting this equation into Eq. (A.2) yields:

Z Zr+Z
20 _ gz 2T (A.5)
2 VAYA

It follows that the second term in this equation should
behave like an LC-circuit, which requires Z>Z3 ~ const
over the widest frequency range possible. Because this
range should include wy3 (Eq. (A.3)) one can write:

Zr(wr3 + A)Z3(wr3 + A) = const, (A.6)

where |A| < wy3. Expanding the terms in Eq. (A.6) into
series, neglecting the terms proportional to A2, and
denoting W; = L; + 1/ (a)%3Ci), one can write:
Zy(03+A)Z3(w3+A) =

A7
Zz(w23)Z3(w23)+jA[Zz(w23)W3+Z3(w23)W2]-( )

According to Eq. (A.6), this expression must be constant,
which is possible if Z, W3 + Z3 W, =0 yielding

CyL3 = C3L, (A.8)
and recalling Eq. (A.3), one can write

5 1 1
WwHy = = .
BT 0,03 LG

(A9)

Considering now the real part of Eq. (A.4), one gets,
quite expectedly:

R = woM). (A.10)

The second argument is: Zr=Z7; at two frequen-
cies, where ReZ; =R/2. This argument follows from
the requirement of broadband matching. As seen from
Fig. 2(b), the frequencies where the load resistance
decreases by half are close to the band edges. At these fre-
quencies, reflection from the transducer will be absent,
and as a result, reflection near the band edges will be
low. The frequencies are determined from the condition:

1 1 1
o=t

— . A1l
Zy, 73 JR ( )

Then, matching the real parts of Zt and 7y, yields

72 R

oMy |1+ = —.
0 40)2M3 2

(A.12)
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Solution of this equation gives the expressions for two
frequencies, w, y (see Eq. (6)). On the other hand, match-
ing the imaginary parts Zt and Zp, yields:

JwxLg 1 o L1+ 1 n R
= Jw —_
2 enCy TN T e T2
(A.13)
JowyLo 1 ) 1
; = JwyLl + - —J5
2 Jwy2Co JwyCq 2
from which Ci and L; can be determined as
1 1 R
S e I (A.14)
Cl 2C() 2 Cl)y — Wx
and
Lo R
L =— A.15
T TP (a.13)

The third argument is: the reactance of the trans-
ducer equals that of the ideal load at the frequency
w23, Z1(w23) = Z1 (w23). It yields, taking Egs. (A.14) and
(A.15) into account:

R
O zi— T (jotr &™) (Al6)
2 2(wy — wy) Jjow

This expression becomes zero when w? = w,wy, at the
frequency where Z; +Z, =0. This frequency is deter-
mined by Eq. (A.3) as

w33 = wywy. (A.17)
and, from Eq. (A.13):
1 1
= ——— = Wwy. (A.18)
L>C3 L3Cy
Then, Eq. (A.11) takes the form:
1 1 1
_ = — (A.19)
Zy(wy)  Za(wy) jR
yielding:
Ly=R| 525 -2 (A.20)
Wy — @y Wy — Wy

The final argument relates the resonant frequen-
cies 02,03 with Wx,y and WUL: Wx — WL =L, — @02
and wy — wy =wy — wp3. Obviously, w, is close to wr.
and wy is close to wy. From Eq. (6), oy~ wr, +6 and
wy ~ wy — 4, leading to

2 2
E _ _a)y((l)x — wgz)’ (AZI)
Ly a)x(a% — wj3)
On the other hand, using Eq. (A.9):
gy L3C3 L3C3L3 L}
wg3 L,Cy LrL,C3 L2

1Sl Of

_28 L

5098t 1 | numerical zlanalytical

. f fu
frequency

Fig. A.1. Analytical calculations (black) and numerical optimisation
(grey) yield similar frequency variations of |11 |.

Egs. (A.21) and (A.22) give the same result if
wp =wr, — 8 and wo3 = wy + 8, which leads to

2
00 =201, — 0y = —k,
Wy
Egs. (A.9), (A.10), (A.14), (A.15), (A.18), (A.20), and
(A.23) give the values for the inductors and capacitors
of the transducers, summarised in Eq. (5). Although this
analytical approach is heuristic, the parameters obtained
from Eq. (5) are very close to those derived from numer-
ical calculations minimising the reflection coefficient
over the magnetoinductive pass band. Fig. A.1 shows
the comparison between the frequency variations of |S |
calculated analytically and numerically (the parameters
are the same as in Fig. 2). The numerical calculations
minimised the expression ;| Zo(w)* — Z1(w;)|? in
2000 frequency points between wyp, and wy using the
Matlab function “lsgnonlin”. Remarkably, the two
curves have the same broadband behaviour and close
maxima and minima of |Syq |.

(A.23)
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