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ABSTRACT

This work develops a simplified analysis of
magnetoinductive (MI) waveguides under lossless and
single load conditions. The formulation makes use of
the relationship between the incident, reflected, and
transmitted MI waves (MIWSs) to enable explicit closed-
form expressions of the current MIWs along the
waveguide. By virtue of the analysis, investigation on
the effect of the impedance termination on the power
transfer characteristic of the MI waveguide is carried
out, particularly under open, short and quadrature
reactive impedance conditions. It is shown that
although the quadrature impedance yields no current
nulling at the center of each resonator cell, power
transfer nulls still persist when the receiver is placed
between cells that exhibit out-of-phase currents.

Keywords: Wireless power transfer, magnetoinductive
waveguide, LC resonator, power nulls.

1. INTRODUCTION

Whereas wireless power charging to stationary
devices becomes ubiquitous nowadays [1] - [3],
emerging applications that require “dynamic” wireless
power transfer (DWPT) to moving devices have started
to gain traction. Among various DWPT methods [4] -
[17], the magneto-inductive (MI) waveguides have
shown promise to deliver wireless power over a long
distance. However, its major drawback is the periodic
power transfer nulls along its length, and various
techniques have been introduced to mitigate the issue
[14] - [17].

To study the power null characteristic, an analysis
based on the propagation of magnetoinductive waves

(MIWSs) was elegantly presented in [14]. The analytical
method relied on the relation between the effective
terminating impedance and the reflectance, defined as
the ratio between the reflected and incident MIWSs, at a
resonator cell of the waveguide. By referring all the
impedances of the loaded cells back to the input cell
through successive effective-impedance reflectance
conversions, the current and power delivered into the
line by the transmitting source were determined from the
net effective terminating impedance (Z,;) at the input
cell. With subsequent calculations of the current and
power delivered to the loads, analytical expressions
describing power transfer efficiency were derived.
Unlike the use of matrix inversion or continued fractions
[15] - [17], the method offered a set of recursive
equations for MI waveguides. Nevertheless, it is these
successive impedance/reflectance conversions at every
resonator cell from the termination to the input that
make the analysis less explicit, with no concurrent MIW
expressions throughout the waveguide.

Developed in this work is a more general analytical
treatment of the M1 waveguide that includes not only the
reflectance but also the transmittance, defined as the
ratio between the transmitted and incident MIWs. The
inclusion of the transmittance enables more straight-
forward and concurrent analysis, regardless of the
number of receivers and terminations. Through simplifi-
cation under single load and lossless conditions, this
analysis results in explicit and concurrent MIW
expressions, which may prove useful to providing more
insight leading to a means to overcome to its perennial
power null bottleneck.
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Fig. 1 Equivalent circuit schematic of one-dimensional
(1-D) Ml waveguide with transmitter source Vy and
receiver cell with R;.

2. BASIC PROPERTIES OF MI WAVEGUIDES
FOR WIRELESS POWER TRANSFER

A magnetoinductive or MI waveguide for wireless
power transfer is typically formed by a chain of identical
LC resonator cells coupled via magnetic linkage
between adjacent cells’ coils. Fig. 1 shows an equivalent

circuit schematic of a one-dimensional (1-D) MIW line
with a transmitter or a power source at the first cell (cell

1), and a power extracting receiver coupled to the mth
cell (cell m). Each of the resonator cells is modeled by a
capacitance C'and an inductance L with its associated
loss R.The receiver is assumed to be an identical

resonator cell loaded with a series resistance R,. The
magnetic coupling between cells along the waveguide is
modeled by a mutual inductance M, where only a first-

order coupling, k= M/L, between adjacent cells is
assumed significant. The coupling to the receiver is

modelled by the mutual inductance M. It should be
noted that a co-planar MIW supports a backward
propagating wave with a negative k value [18] - [20]. For
ease of description that follows, without loss of
generality, a positive coupling factor kwith forward
propagating wave is assumed unless stated otherwise.

In operation, the transmitter generates a MIW
propagating along the cascaded cells of the waveguide.
By locating the receiver at cell m, power can be coupled

from the propagating MIW to the load R;. Note that the
receiver can be placed between cells so that both of the
cells can couple power to the receiver. In wireless power
transfer (WPT) applications, the operating frequency is
typically in the vicinity of the cell’s resonant frequency.
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Fig. 2 Section of 1-D MI waveguide comprising cell m —
1 uptocell m+ 2.

The wave propagation along the 1-D MIW line is
generally expressed in terms of a circulating loop

current at cell n, I =I,e ™" =I,e™"**") where yd =
ad + jfd denotes the propagation constant per cell, ad

is the attenuation per cell, and Sd is the phase constant
per cell.

With reference to Fig. 1, the MI waveguide is under
a matched condition when the receiver is coupled to the

last cell (cell N), and thisyields areferred series load

impedance Z, = w,Me *

at the resonant frequency a,
In this case, the incident wave propagates toward cell N
with no reflection, delivering the maximum available
power. When the receiver is coupled to cell m(< N)

before the last cell, however, a discontinuity is
introduced even if it yields the same series impedance

Z., = Z, As a consequence, the MIW undergoes both
reflection and transmission at the receiver cell m, as well

as reflection at cell N, causing interference among the
incident, transmitted and reflected waves. This in turn
gives rise to a standing wave along the waveguide. This

can adversely impact the power transfer -efficiency
andsor create power nulls, restricting its practical use for

wireless power transfer.

3. MIW ANALYSIS USING REFLECTANCE
ITRANSMITTANCE UNDER SINGLE LOAD
AND LOSSLESS CONDITIONS

Let us consider a section of a 1-D MI waveguide
comprising cell m — 1 up to cell m + 2 in Fig.2 The

effect of the receiver or termination at cell m is modelled
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by incorporating the series impedance Z, to study how

the MIW is reflected and transmitted at the
discontinuity. Under a single operating frequency at the

w,=1/~LC and lossless
conditions, we have ad=0, and the phase factor per cell

resonant frequency

Bd = /2. Thus, the wave propagation term ¢/ = ¢%/

= 4j, and the matched receiver load is modelled by Z,, =
Zy = —jX = ayM. By applying the Kirchhoff’s voltage
law, the recurrence equations in terms of the self-loop
and coupled-loop currents [, governing the resonator

cells mand m + 1 are given, respectively, by

ZoL, + X (I s +1,)=0 (12)

m=m

X(1, +1,.,)=0 (1)

where X = joM is the mutual impedance between cells.

The steady-state current MIWSs resulting from the
discontinuity due to Z,, are as depicted in Fig. 2. These
include the incident wave at cell m represented by the
forward current I, the reflected wave at cell m
represented by the backward current I, the transmitted
wave at cell m + 1 represented by the forward current
Ie ™ = —jI,,and the backward current [he™™/? =
+jl at cell m + 1, resulting from further reflections of
the transmitted wave. Since the loop current in each cell
is the sum of its total incident and reflected waves, we
obtain the followings.

Ly =1 ™? 4 Ie ™ = 51, (1= p), 2a)
I,=I+I,=1,(1+p), (2b)
L = Ire 72 + e ™2 = jrl (<14 p'), 9
s =1 + Ty = el (14 ). @)

Note from the equations that the currents are also
defined in terms of the reflectance p=I,/I, and
p'=I /I, and the transmittance z=1;/I,. By substi-
tuting (2) into (1), it can be shown after some manipu-

Cell 2 Cell 3 Cell 4 Cell 5
IF=+1| 5= | =-1]1;=05 | IX=05
;=0 | 1;=0 | I;=0 |1;=-0.5]| I =05 | Zs=0
L=+1| = |l3=-1| I,=0 | lg=+1
(a)
Cell 2 Cell 3 Cell 4 Cell 5
3=-1] ;=4 | Ig=+1
|§ =+1 |Z = +j |g =-] 25: oo
;=0 | 1,==2j | ;=0 | 1,=2j | I5=0
(b)

Fig. 3 Calculated propagating MIWs along the
conventional MI waveguide at N=5 and receiver at cell
3under (@) Zy=0and (b) Zy =

lation that the reflectance p and the transmittance z of
the MI section in Fig. 2 are given by

(1-p)Z2.-p'2X

p=- , (3a)
(1-p)2, + 12X

_1+p

iy (3b)

Note that (3a) is different from the reflectance equation
derived in [14] due to the use of a different reference cell
for the reflectance p. When Z,, = 0 and o’ = 0 (no further
reflection of the transmitted wave after cell m), we
obtain p =0and 7 = 1 as expected. When cell m is the
last cell, we have the loop current ., =0, and thus p' =
—1. Following this, the reflectance at cell m = N in (5a)
becomes
7, +iX Z, — 7,

Pn =~ == . 4)

Zm _jX Zm +Z0

Under a matched impedance 7, = Z, = —jX, and the fact
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that p!,., =pye " =py(=1)"™", the transmittance
and reflectance at cell m can thus be expressed in terms
of the reflectance p, as

_ _1\N-m
. :_1 P 1)‘ ' (5a)
3+ (1)
T = : (5b)
m+l = T S Nem
3+ pu(-1)Y

Subsequently, the incident and reflected MIWs at cells 1
to N of the lossless line with the single load at cell m
can be derived as

g 7T ke (62)
" Tm+1j_(n_l)(_1)("_l) , m+ 1<n< N, (6b)
_ me; y 1<n<m (7a)
" (DY m+1<n<N. (7h)

By utilizing the derived equations (3) to (7), the loop
currents at any cell of a lossless MI waveguide with a
matched load at cell m can be determined without the
need of successive impedancereflectance conversions.
Having finished the derivation, the characteristics of
MIW-based WPT structures under different termination
impedances can now be examined.

4. ANALYTICAL AND
VERIFICATION

In this section, the derived equations in (3) to (7)
are employed to investigate the conventional Ml
waveguides with open and short conditions as reported
in [14]-[17]. In addition, the termination conditions
under quadrature phase reactive impedance is analyzed.

Comparisons with circuit simulation are also discussed.

INVESTIGATION

4.1 CONVENTIONAL WPT
SHORT/OPEN TERMINATION

Let us consider the conventional lossless case with
Zy=0and Zy=o at N=5 as a case example. By using

WITH

(4), we have p, = +1 and -1, respectively. By using (5),
with the matched load at cell m =3, we have p, = 0
and 7, =05at Zy=0,and p;=-land 7, =+lat Z; =
oo. Subsequently, by using (6) and (7), the incident and
reflected current MIWSs can be shown in Fig. 3(a) for Z;
=0and in Fig. 3(b) for Z; = «.

As noticed in the figures, the incident current wave
from the source (cell 1) propagates with the associated

phase constant per cell fd = —z/2 towards the last cell
(cell 5) where it undergoes a total in-phase reflection
under a short termination Z; = 0, and an out-of-phase

reflection under an open termination Z, = . While the
reflected wave propagates back toward the source, it
interferes with the incident wave creating a standing
wave that exhibits both total summation and total
cancellation or nulling of the loop currents. This is as
indicated by I, to I in Fig. 3(a) with opposite standing
wave patterns under Z; = 0 and Z; = . Consequently,

power can be delivered to the load only when the
receiver is located at any of the cells with no current

nulling, in this case, at cell 3 for the short termination Z;
= 0. It is important to note that the calculated total
currents in the figures fully agree with circuit simulation.

4.2 QUADRATURE REACTIVE
TERMINATION

Let us now consider a quadrature phase reflection
by means of a reactive impedance termination at cell N

IMPEDANCE

=5.By putting the reflectance py = £j in (4), we obtain
the terminating impedance Z, = mX, where X is the
mutual impedance between the cells. Under no receiver
condition, by using (3)and (5), we have p,= —j
andr;, =+lat Zy=+X,and p,=+jand 7, =+lat Z,
= —X As a result, by using (6) and (7), the incident and
reflected currents can be shown in Fig.4(a) for Z, = +X
and in Fig. 4(b) for Z,=-X.

Similarly, when the matched load is at cell m=3,
by using (5), we have p;= —(0.2 + j0.4)and 7,= 0.6 +
f.2at Zy=+X and p,=—(0.2—j0.4)and 7,= 0.6 — /0.2
at Z, = —X Following this, by using (6)and (7), the
incident and reflected current MIWSs can be shown in
Fig.5(a) for Z, =+X and in Fig. 5(b) for Z, = —X All the
calculated currents in Fig. 4 and 5 completely agree with
circuit simulation.

From Fig.4 at no receiver, the resulting incident
and reflected wavesno longer exhibit equal magnitude

but opposite phase characteristicsat cell 1 up to the
loaded cell (cell 3).As a results, there are no zero

currents at any cell when the receiver is located at cell 3
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Fig. 4 Current waves along the reactively terminated Ml
waveguide with no receiver at N = 5 under the
termination impedance (a) Z, = +Xand (b) Z,=-X.

as shown in Fig.5 At first glance, it seems that the
quadrature termination could solve the power null issue.
However, there is a case when the receiver is located in-
between two resonator cells. Thus, if the adjacent cell
currents are in opposite phase as in the case of Fig.4(a)
(cells 2 to 3, and cells 4 to 5), and Fig. 4(b) (cells 1 to 2,
and cells 3 to 4), the power transfer will be cancelled out.
Conseque-ntly, the quadrature termination still suffers
from power transfer nulls.

5. CONCLUSION

A set of closed-form  equations  of
magnetoinductive (MI) waveguides has been analyzed
by using both the reflectance and transmittance of the
MIW propagation. Under simplified lossless and single
load conditions, a set of closed-form equations were
developed, and subsequently employed to investigate
power null characteristics of the waveguide under open,
short and quadrature impedance terminations. It has been
shown that the effect from power nulls cannot be
mitigated by these terminations, particular when the
receiver’s mobility along the length of the entire
waveguide is required. Nevertheless, the developed
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Fig. 5 Current waves along the reactively terminated Ml
waveguide with receiver at cell 3 and N =5 under the
termination impedance (a) Zy=+X and (b) Z,=-X.

analysis with explicit current expressions should prove
useful for future development of a means to eradicate
the perennial power null issue.
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