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Multipath relaying effects in multiple-node
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Resonant Inductive Coupling Wireless Power Transfer (RIC-WPT)is a key technology to provide an efficient wireless power
channel to consumer electronics, biomedical implants and wireless sensor networks. Due to its non radiative nature, RIC
Wireless Power Transfer has been considered safe for humans when adhered to magnetic health radiation safety regulations
(Christ et al., 2013), unveiling a large range of potential applications in which this technology could be used. However, current
deployments are limited to point-to-point links and do not explore the capabilities of Multi-Node RIC-WPT Systems. In such
a system, the multi-path relaying effect between different nodes could effectively improve the performance of the link in terms
of power transferred to the load and power transfer efficiency. However, depending on the impedance and resonant frequency
of the nodes that generate the multi-path effect, these nodes could also act as interfering objects, therefore (a) making the
transmitter and/or receiver act as a pass-band filter and (b) losing part of the transmitter magnetic field through coupling
to the interfering node. In this paper, a circuit-based analytical model that predicts the behavior of a Multi-Node
Resonant Inductive Coupling link is proposed and used to perform a design-space exploration of the multi-path relaying
effect in RIC Wireless Power Transfer Systems.
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I . I N T R O D U C T I O N

As progress unfolds in the field of mid-range wireless power
transfer based upon resonant magnetic mid-range coupling
(Resonant Inductive Coupling Wireless Power Transfer
(RIC-WPT) [2], the scientific community is addressing a col-
lection of challenges at various design levels. Leveraging them
would enable myriad applications that would benefit from the
availability of wireless remote powering, such as from con-
sumer electronics to biomedical implants [3], electric vehicle
battery charging, robotics power supply, and fractionated
spacecraft [4], amongst others. However, applications are cur-
rently mostly limited to point-to-point links due to the asso-
ciated complexity of cross-coupling behavior in single
input–multiple output (SIMO) scenarios and therefore do
not exploit all the capabilities that RIC-WPT can offer.
Furthermore, RIC is envisioned as a key enabling technology
to satisfy the energy requirements of a network of battery-less/
ambient-powered electronic devices such as in Wireless
Sensor networks, Internet of Things (IoT) and other naturally

SIMO scenarios [5], in which the usage of relaying nodes
could be extremely beneficial.

The following section revises the state of the art on resonant
magnetic wireless power transfer emphasizing the current defi-
ciencies so as to put in context the contributions of this paper.
Aspects related to recent progress in WPT encompass the ana-
lysis and design of point-to-point single input–single output.
WPT links from new circuit models to provide a unified
design-oriented understanding [6, 7] to load matching techni-
ques to maximize point-to-point coupling efficiency [8, 9].
Point-to-point systems have also been addressed covering the
electronic front-end efficiency optimization [10–12], as well
as their system-wide co-design and optimization [13]. Driven
by miniaturized applications, asymmetrical WPT links have
been studied to provide design guidelines [14] and optimized
operating frequency to minimize losses [15], and even multi-
frequency multi-band operation [16]. In point-to-point WPT
links, the existence of additional elements or objects altering
the link, be it exploring the effect of nearby bodies [17] or con-
versely characterizing the impact of RIC upon human exposure
[18] or metallic interfering objects [19, 20] has hitherto been
studied. In particular, previous research has identified their
beneficial effects as relay/repeater elements [18, 21–25]
whereby properly tuned resonant metallic objects can extend
the range for which achieving a moderately high-efficiency
WPT link is feasible. However, the relaying effect and its reper-
cussion upon cross-coupling behaviors and overall system per-
formance in multiple receiver scenarios – in which the benefit
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of multipath-relay would be very significant – has not yet been
analyzed in depth. Regarding multi-node systems, with the
advent of new advances that enable more robust WPT links
and new applications with multiple receiver scenarios works
for the SIMO WPT scenario include the original investigation
in terms of the physical fields [26], power converter perspective
[27] and system deployment [28], subsequently on impedance
matching techniques extended to the SIMO case both from RF
techniques [29] and from a circuit-centric model standpoint
[30]. Moreover, current research addresses cross-coupling
effects in SIMO systems [22] and more recently load-tuned effi-
ciency-optimized charging control for multiple receivers [31]
and selective multiple receiver powering [32]. A system-level ana-
lytical description of cross-coupling effects [22] in multiple
receiver scenarios has been reported.

Notwithstanding the notable progress of this research field, it
is still unclear how a system-wide deployment of a WPT system
capable of remotely supplying multiple receiver ends will
perform in terms of destructive de-tuning interfering effect or
with beneficial constructive range-enhancing effect for the mul-
tiple receiver scenarios. To address this crucial question toward
the applicability of resonant inductive coupling to a network of
devices, this paper studies the effects of multiple devices acting as
relays – potentially increasing the performance of the system
through a multi-path relaying effect – or as interfering objects
detrimental to the overall system performance.

Accordingly, pursuing the deployment of RIC-WPT tech-
nology in multiple receiver applications with inevitable inter-
coupling effects, it is necessary to revisit the current models of
RIC-WPT systems from the SIMO perspective and to find
new performance metrics and analytical procedures to opti-
mize the behavior of such systems and design their parameters
in turn predicting their interfering or relaying nature (see
Fig. 1 for a representative deployment scenario, corresponding
also to the numerical simulation setup used to characterize the
system and validate the analysis).

The paper henceforth proceeds in Section II by revisiting the
design-oriented model relay effects in point-to-point RIC links,
followed in Section III by a proposed analytical model to analyze
and predict the behavior of relaying effects in multi-node RIC
systems via a circuit-based matrix multidimensional model.

This multimdimensional model is finally considered in
Section IV to perform a design-space exploration of the
effects of internal loss-inducing resistances (corresponding
to transmitter, interfering and load elements) in the
frequency-dependent system efficiency, in pursuit of provid-
ing design guidelines for the relaying capabilities of the nodes.

I I . R E V I S I T I N G R E L A Y E F F E C T S I N
R I C - W P T

When a conductive element is in the vicinity of an RIC link,
both the transmitter and the receiver can experience a
change in their resonant frequencies as well as their impe-
dances, which can greatly affect the efficiency of the WPT
link [20, 23]. However, depending on the impedance of the
interfering object as well as its resonant frequency and coup-
ling to transmitter and receiver, it can act as a relay thereby
increasing the power transferred to the receiver load (PL)
and the efficiency (h ¼ PL/Pin). To analyze this effect, an ana-
lytical model of the interfering object and its relationship with
the RIC point-to-point link is given in this section (Fig. 2)

Fig. 1. Multi-node RIC-WPT system.

Fig. 2. Point-to-point RIC-WPT link with interfering object.
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based on the circuit theory. The interfering object is approxi-
mated by an RLC circuit that models the frequency response
of its impedance (which depends on the object geometry, size,
and material) and the coupling coefficients (k1i, ki1, ki2, k2i),
which model the magnetic behavior of the interference, this
is, the amount of magnetic field that is effectively transferred
between the interfering object and the transmitter/receiver
coils.

The gain functions of transmitter, receiver and interfering
object can be derived from the circuit model of a
point-to-point link [6] and defined as:

Y1 = I1

V1
= 1

Z1
; Y2 =

I2

V2
= 1

Z2
; Yi =

Ii

Vi
= 1

Zi
; (1)

where v is the frequency at which the system operates. v1, v2,
and vi will then be the resonant frequencies of transmitter,
receiver and interfering object respectively, defined as the fre-
quencies at which the impedance is real. Z1i, Zi1, Z2i, Zi2 are
defined as the trans-impedances, which describe the transfer
functions from the transmitter/receiver to interfering object,
and from the interfering object to transmitter/receiver, gov-
erning the distribution of power that arrives to the transmitter
and receiver from the interfering object and vice versa. Finally,
Z12 and Z21 represent the power coupled directly from trans-
mitter to receiver and from receiver to transmitter,
respectively.
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√
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Vi2

I2
= jvk2i

�����
L2Li

√
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√
.

(2)

Once the gain functions are known, the currents at transmitter
(I1), receiver (I2), and interfering object (Ii) can be found to be:

I1 = Vad
Y1

1 + A + B
, (3)

A = Y1Zi1
(YiZ1i + YiY2Z12Z2i)

1 + YiY2Z2iZi2
,

B = Y1Z21
(Y2Z12 + YiY2Z1iZi2)

1 + YiY2Z2iZi2
,

I2 = I1
Y2Z12 + YiY2Z1iZi2

1 + YiY2Z2iZi2
, (4)

Ii = I1
YiZ1i + YiY2Z12Z2i

1 + YiY2Z2iZi2
. (5)

The power dissipated in the first coil (transmitter), the power
dissipated in the second coil (receiver), the power transferred
to the load, and the power lost in the interfering object can be

defined as:

P1 =
|I1|2

2
R1; P2 = |I2|2

2
R2; PL = I2

2

2
RL; Pi =

I2
i

2
Ri ;

(6)

where R1, R2, RL, and Ri are the real part of Z1, Z2, ZL, and Zi,
respectively.

Figure 3 shows the power available at the load (PL) for a set
of different distances between transmitter and receiver when
the impedance of the interfering object is small with respect
to the load impedance (Ri ¼ 0.2RL). The system of Fig. 3 con-
sists of a transmitter and a receiver separated at a variable dis-
tance (d12) between 0.3 and 0.8 m (l/151 and l/56),
corresponding to the six subplots of the figure (straight and
dotted black lines showcase the position of the transmitter
and receiver, respectively). The system parameters for this
analysis are provided in Table 1. An interfering object is then
added to the system with a variable resonant frequency
( fi, y-axis) and at a variable position from the transmitter (xi1,
x-axis). The power obtained from the receiver load is displayed
for each configuration of distance between transmitter and
receiver (d12, expressed in absolute distance [m]) and for every
interfering object position. The results are summarized below:

† When the distance between transmitter and receiver (d12)
is smaller in more than a decade and an interfering
object is placed between both, the system experiences an
overcoupling and impedance mismatch in both source
and load, thereby acting as an interference.

† When the distance between transmitter and receiver is such
that the presence of the interfering object between both
does not overcouple the system, the interference acts as a
relay, this is, the presence of the interfering object increases
the power available at the load (or could otherwise extend
the range). This effect can be easily seen for distances larger
than 0.5 m (d12 . 0.5 m or d12 . l/91). Also, since the
system experiments a frequency shift, the power is better
transferred when the interfering object does not resonate
at the same frequency than the receiver and transmitter.
This is due to an overcoupling and impedance mismatch
caused by the interfering load itself.

† For large distances between transmitter and receiver (d12 .

0.6 m or d12 . l/75), it can be seen that the power is only
effectively transferred to the load when the interfering
object is between the transmitter and the receiver, demon-
strating the relay effect of such system.

† For very large distances, when the system is not over-
coupled, the interfering object acts as a better relay when
the resonant frequency of the interfering object ( fi) is
equal to the resonant frequency of transmitter ( fo1) and
to the resonant frequency of the receiver ( fo2): fi ¼ fo1 ¼ fo2.

I I I . E X T E N D I N G R E L A Y E F F E C T S I N
M U L T I P L E - N O D E R I C - W P T
S Y S T E M S

Once the relaying effects of an interfering object in a
RIC-WPT link are known, it is possible to extend this analysis
to a multi-node RIC WPT scenario, in which a SIMO system
can have several nodes acting as relays that enhance the
behavior of the system through a multi-path relaying effect.
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SIMO, which generally stands for SIMO systems are used in
this context as a denomination of a RIC-WPT with single
transmitter or input power port and multiple receiver or
output power ports, not to be confused with the stablished
use of SIMO/multiple-input–multiple-output (MIMO) in
the communications discipline to connote methods for multi-
plying the capacity of a radio link [33].

To analyze this behavior, an analytical model of a MIMO
system can be used [5], in which the behavior of the system
is defined by the equations:

I1

I2

..

In

⎛
⎜⎜⎝

⎞
⎟⎟⎠ =
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.. .. .. ..

Z1nYn Z2nYn .. 0

⎛
⎜⎜⎝

⎞
⎟⎟⎠

I1

I2

..

In

⎛
⎜⎜⎝

⎞
⎟⎟⎠

+

V1Y1

V2Y2

..

VnYn

⎛
⎜⎜⎝

⎞
⎟⎟⎠. (7)

To analyze the relaying effect, only three different types of
nodes are considered: a transmitter node Gt, a receiver node
Gr and the interfering/relaying nodes Gi. Under this assump-
tion, the system of equations is particularized to:

It

Ii

Ii

Ir

⎛
⎜⎜⎝

⎞
⎟⎟⎠ =

0 ZtiYt ZtiYt ZtrYt

ZtiYi 0 ZiiYi ZirYi

ZtiYi ZiiYi 0 ZirYi

ZtrYr ZirYr ZirYr 0

⎛
⎜⎜⎝

⎞
⎟⎟⎠

It

Ii

Ii

Ir

⎛
⎜⎜⎝

⎞
⎟⎟⎠

+

VYt

0
0
0

⎛
⎜⎜⎝

⎞
⎟⎟⎠. (8)

Solving this system of equations for N nodes and considering
that (1) the coupling between the transmitter and all the inter-
fering objects is the same; (2) the coupling between all the
interfering objects and the receiver is the same; and (3) the
interfering objects are only coupled to the adjacent nodes; it

Fig. 3. Load power exploration. Low impedance interfering object (Ri ¼ 0.2RL).
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is obtained:

It =
VYt[(N − 2)YiYrZ2

ri + 2YiZii − 1]
A

,

Ii =
VYiYt[Zti + YrZriZtr]

A
,

Ir =
VYrYt[Ztr(1 − 2YiZii) + (N − 2)YiZriZti]

A
,

(9)

where

A = (N − 2)Yi[YrZri(2YtZtiZtr + Zri) + YtZ
2
ti]

+ 2YiZii(1 − YrYtZ
2
tr) + YrYtZ

2
tr − 1,

(10)

and the current is the same in any of the interfering nodes.
Once the currents are known, the power at the transmitter
Pt, the power at each interfering/relaying node Pi, the power
at the receiver Pr and the power transferred to the load Prl are:

Pt = It| |2 R
1

2Yt
; Pi = Ii| |2 R

1
2Yi

,

Pr = Ir| |2 R
1

2Yr
; Prl =

Ir| |2
2

RL.

(11)

The total input power of the system can be found equal to the
sum of the powers as:

Pin = Pt +
∑
N−2

Pi,N + Pr = Pt + (N − 2)Pi + Pr

=V2 Y2
t ((N2)YiYrZ2

ri + 2YiZii − 1)2

A2
RZt

+ (N − 2)V2 (YiYt[Zti + YrZriZtr])2

A2
RZi

+ V2 (YrYt[Ztr(1 − 2YiZii) + (N − 2)YiZriZti])2

A2
RZr.

(12)

And the output power of the system is equivalent to the power
transferred to the load:

Pout = V2 (YrYt[Ztr(1 − 2YiZii) + (N − 2)YiZriZti])2

A2
RL.

(13)

Finally, the efficiency of the system is defined as:

h = Pout

Pin
= (YrYt[Ztr(1 − 2YiZii) + (N − 2)YiZriZti])2RL

D + E + F
,

D = Y2
t ((N2)YiYrZ2

ri + 2YiZii − 1)2 R(Zt),
E = (N − 2)(YiYt[Zti + YrZriZtr])2 R(Zi),
F = (YrYt[Ztr(1 − 2YiZii) + (N − 2)YiZriZti])2 R(Zr).

(14)

I V . C H A R A C T E R I Z I N G T H E E F F E C T
O F R E S I S T A N C E I N R E L A Y E F F E C T S

From the analytical model described above, it can be seen that
the behavior of the system strongly depends upon the impe-
dances of the transmitter, receiver, and interfering nodes. In
this section, the resonant frequency has been designed to be
the same in each node to fulfill two objectives: first, the
target application of a multi-path relaying scenario is a
SIMO system with some nodes acting as receivers and
others acting as interfering/relaying nodes, which requires
that all the nodes operate at the same frequency (in order to
resonate when acting as receivers). Second, to maximize the
relaying effect of the interfering object, the magnetic field
transferred to it should be maximized. In such scenario, the
resistive load of the interfering object (ohmic and radiative
losses) relative to the transmitter and receiver resistances
and the receiver load have a strong effect upon the behavior
of the system. The effect of the node resistance on the relaying

Fig. 4. Interfering resistance – RIC-WPT system with eight Relaying nodes. (a) Ri/RL. Ten-node RIC system. (b) Ri/RL. Ten-node RIC system.
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capabilities of the interfering nodes is analyzed in this section
and illustrated with regards to the efficiency of the system. The
system parameters for the results shown in this section are
provided in Table 2. For this purpose a ten-node (one trans-
mitter, one receiver, and eight interfering nodes) RIC-WPT
system with the geometrical distribution displayed in Fig. 1
is studied, and chosen for its relevance within the application
and because it is representative of the multi-node system
behavior [34]. In this system, the coupling between transmit-
ter and interfering nodes (kti), the coupling between receiver
and interfering nodes (kri), and the coupling between adjacent
interfering nodes (kii) have been considered equal (and
obtained through the finite-element field solver FEKO). This
section presents the effect of the transmitter, receiver and
interfering node impedances upon the power transfer effi-
ciency, calculated as the quotient between the power

transferred to the system Pin and the power obtained by the
receiver Pout through direct transmission (Pin, out) and
through the interfering nodes (Pj, out; j ¼ 1, . . ., 8).

Figure 4 shows the power transfer efficiency (in percentage,
normalized to 1) of the system for different values of interfering
object resistance normalized to the load of the system. Figure 4(a)
showcases the behavior of the system and Fig. 4(b) displays the
frequency response for different values of Ri for illustration pur-
poses. In this figure, several behaviors can be observed:

† There is a positive multi-node relaying effect that increases
the power transfer efficiency of the system when the losses
of the interfering nodes are small compared with the load
of the system (Ri/RL , 3).

† When the interfering object resistance is high compared
with the load resistance, the interfering objects have no

Fig. 5. Interfering resistance – RIC-WPT system without Relaying nodes. (a) Ri/RL. Two-node RIC system. (b) Ri/RL. Two-node RIC system.

Fig. 6. Transmitter Resistance – RIC-WPT system with eight Relaying nodes. (a) Ri/RL. Ten-node RIC system. (b) Ri/RL. Ten-node RIC system.
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effect upon the power transfer efficiency. Looking at Fig. 5
it is possible to observe that the system with eight interfer-
ing nodes has the same power transfer efficiency as a
system without any interfering nodes, provided that their
resistance is high compared with the load of the system
Ri . 9RL.

† The relaying effect also causes a change of the frequency at
which maximum power transfer efficiency is obtained,
which causes a frequency deviation from the resonant fre-
quency of the system.

Analogous results are shown in Fig. 5 for a system with no
interfering object (2 nodes: transmitter and receiver). It can
be seen that the system response to a change on the interfering
object resistance is null, which is consistent with having no
interfering nodes. However, this figure is shown here to
provide a fair comparison of the system behavior with and
without interfering objects.

It is of interest to characterize not only the effect of the
interfering resistance, but also the effect of transmitter resist-
ance upon single-node and multi-node RIC-WPT systems.
Figures 6 and 7 showcase this effect for multi-node and single-
node scenarios, respectively.

Comparing the two figures, it is possible to observe that an
increase in the transmitter losses has a detrimental effect in
both cases. However, due to the presence of the relaying
nodes, higher power transfer efficiency can be obtained even
with a high transmitter resistance compared with the receiver
load. Finally, it is possible to calculate the maximum efficiency
in both scenarios (with and without relaying nodes).

Figure 8 shows the normalized efficiency hmulti2node/hpp

for different interfering object resistance and transmitter
resistance values (normalized to the load resistance of the
system) where it can be observed that: (1) when the interfering
object resistance is small, the power transfer efficiency is
greatly increased with respect to the efficiency without any
relaying nodes; (2) when the interfering object resistance is
close to the load resistance, the increase in efficiency is still sig-
nificant (around twice the efficiency without relaying nodes);
and (3) the relaying effect starts to be negligible when the
resistance of the relaying nodes is higher than the load

Fig. 7. Transmitter resistance – RIC-WPT system without Relaying nodes. (a) Ri/RL. Two-node RIC system. (b) Ri/RL. Two-node RIC system.

Fig. 8. Efficiency normalized to efficiency without interfering nodes.

Table 1. System parameters for load power exploration – low impedance
interfering object.

R1 19 mV

L1 30 mH
C1 40 nF
R2 19 mV

L2 30 mH
C2 40 nF
RL 500 mV

Ri 100 mV

fi (0.85fo–1.15fo)
Li 30 mH
fo 144 kHz
d12 (0.3–0.8) m
k12(d12) (0.033–0.0016)
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resistance. Finally, it is important to note that for a given Ri

there is an optimal Rt that maximizes the efficiency. In
point-to-point systems, the output resistance of the system
is optimal in terms of efficiency for a given RL, RT [8, 9].
Translating this to a multi-node scenario means that there is
a combination of RL and reflected impedances of the interfer-
ing nodes Ri that optimize the same output resistance. It is pos-
sible to observe that when the resistance of the transmitter is
low, the system acts in the overcoupled regime, thereby requir-
ing higher interfering node impedances to counteract this
effect. On the other hand, if a higher transmitter resistance is
considered, the required interfering node impedance to
operate in maximum efficiency conditions is lowered. The
main purpose of Fig. 8 is to provide system design guidelines
and in turn a method to realize the best efficiency when consid-
ering as open design variables the coil parasitic resistances for
the multi-receiver scenario characterized in this work.

V . C O N C L U S I O N

In this work, the relaying effects in point-to-point resonant
inductive coupling WPT link have been revisited and extended
to the scenario of multiple-node systems potentially acting as
relays showing interdependence. This extended study has been
carried out by means of an analytical circuit-based multidimen-
sional model. Beyond such formal extension and its correspond-
ing matrix description, the paper uses the model and provides its
benchmark validation with electromagnetic numerical simula-
tions to characterize multi-coil relaying effects. The study con-
siders representative implementation, design, and application
variables such as resistances of the transmitter, receiver and
interfering nodes in the SIMO WPT system, thereby providing
a design-oriented exploration of relay effects in multiple receiv-
ing coil systems both unveiling fundamental limits and practical
interest in WPT system deployments. This work demonstrates a
multi-node RIC-WPT scenario which could potentially benefit a
lot of applications such as wireless sensor networks and IoT.
Future work should address the compliance of human safety
regulations in these scenarios.
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