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Abstract: Magnetic communication systems are often 
limited by available reactive power. This paper proposes 
a systematic design approach that minimizes the reactive 
power consumption of mangetic transmitters , under the 
constraint of required magnetic field magnitude at the 
far receiver. The problem is formulated as a constraint 
optimization problem and is solved for general 3D 
transmitters. 
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1. INTRODUCTION 
Near field magnetic induction systems are 

increasingly used for power transfer and short range 
communication.  Magnetic communication systems 
present two main advantages in comparison with 
standard RF systems: (a) the rapid decay of quasi-static 
magnetic fields allows secure communication ‘bubbles’ 
and promotes frequency reuse [1], and (b) low frequency 
magnetic fields penetrate conductive substances, which 
allows to establish a communication link in demanding 
environments, such as underground and underwater [2]-
[7]. 

In addition to communication, induction systems are 
also used for inductive power transfer (IPT) [8]-[11]. 
This method is relatively safe due to the low radiation of 
quasi-static magnetic fields, and hence is frequently used 
in numerous applications ranging from power transfer in 
portable electronic devices to electric vehicles charging. 
The main figure of merits in these systems are the 
efficiency of the system and the active power transferred 
to the receiver.  

While these recent works emphasize the limitations 
imposed by available active power, this work shows that 
a significant figure of merit in induction systems is the 
reactive power delivered to the transmitting coil. We 
therefore propose a systematic design approach for 
magnetic transmitters that emphasizes the limitation of 
reactive power on system performances. It is shown that 
the ratio of reactive power over resultant magnetic field 
depends only on the transmitting coil geometry, and is 
unaffected by the voltage and current applied to the coil.  

We propose a design criterion that minimizes the 
reactive power under the constraint of desired magnetic 
field at the receiver. This design criterion is then used for 
optimizing the performances of magnetic transmitters in 
reactive power limited applications. This optimization 
problem is formulated as a minimization problem with 
equality constraints, and solved by constrained quadratic 
programming methods.  
 

2. REACTIVE POWER IN MAGNETIC 
COMMUNICATION SYSTEMS 

The reactive power of the magnetic transmitter may 
be considerably higher than its active power in certain 
scenarios, such as weakly coupled magnetic transmitter 
and receiver. When the magnetic transmitter and receiver 
are far apart, only small part of the magnetic field links 
the transmitting and receiving coils (Fig. 1). As a result, 
the reactive power, which is proportional to the rate of 
change in the magnetic energy stored in the medium, 
may be higher than the active power delivered to the 
receiving coil. 
 

Energy is mostly stored in the free space 
surrounding the transmitting coil

ReceiverTransmitter

 
Fig. 1. Magnetic field linkage between weakly coupled 
transmitting and receiving coils. 
 

When reactive power is dominant, it may determine 
the physical size of the transmitter and its cost. The 
reactive power determines voltages and currents 
magnitudes and thus affects the conduction and 
switching losses in the corresponding electronic circuitry 
and coil. For the same reasons, the reactive power also 
determines the size and cost of capacitors used for 
reactive power compensation. 
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Moreover, while resonance capacitors can effectively 
compensate the reactive power demand in inductive 
power transfer application operating at a single 
frequency, in communication systems reactive power 
compensation may be challenging due to broadband 
signaling. Consider for example a weakly coupled Near 
Field Communication (NFC) systems operating at center 
frequency of 13.56 MHz, with 10 carriers and symbol 
duration of 10 µs, schematically depicted in Fig. 2. 
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C1 C2
L1 L2

I1 I2

Rload
 

Fig. 2. Schematic representation of the coupled inductors 
in a magnetic communication system. 
  

The power spectral density (PSD) of the transmitter 
current I1 is shown in Fig. 3 (a) and the resultant PSD of 
the voltage source Vsource is shown in Fig. 3 (b). It can be 
inferred observing Fig. 3 (b) that the resonant capacitor 
C1 is not able to compensate for the reactive power at the 
wideband spectrum, resulting in large voltage 
magnitudes at the source. 
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Fig. 3. An example showing the effect of resonance 
capacitors in broadband magnetic communication.  (a) 
Current PSD and (b) Corresponding voltage PSD. 

3. A DESIGN CRITERION FOR REACTIVE 
POWER LIMITED MAGNETIC SYSTEMS 

In this section a figure of merit for magnetic 
transmitters that are limited by reactive power is 
developed. It is shown that the ratio of reactive power to 
magnetic field is a constant depending only on the coil 

geometry, and is unaffected by operating conditions such 
as the applied voltage or current. 

The near magnetic field components of a small 
(relative to the wavelength) single turn loop oriented in xy-
plane are derived from [12]:  
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using a near field approximation kr<<1, where k is the 
wave number, r is the distance to the observation point, a 
is the loop radius, I0 is the peak current, and θ is the angle 
relative to axis of the loop. In terms of magnetic moment, 
the axial field of the single turn loop can be expressed as 
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where z is the axial distance and the magnetic moment m 
is defined as 

 ( ) 0loop aream I⋅=   (3) 

The total axial magnetic field resulting from N turns is 
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where mtotal is the total magnetic moment of the coil. The 
effective transmitter area is defined using the total 
magnetic moment by 
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The reactive power of the coil is given by 
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Where ω is the angular frequency and L is the coil 
inductance. Equations (4) – (6) lead to the ratio: 
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Where HZ,T is the desired magnetic field at the far receiver.  
Consequently, at given distance z and frequency: 
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The design criterion may be formulated as 

 
,

min min
effZ T

Q L
H A
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To minimize the reactive power, under the constraint 
of a given field HZ,T, the transmitter should be designed 
such that the ratio of square-root inductance to the 
effective area is minimized. This equation shows that for a 
given field HZ,T, the reactive power is determined only by 
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the transmitter geometry and is unaffected by the voltage 
and current applied on the transmitter coil. 
 

4. OPTIMAL DESIGN OF MAGNETIC 
TRANSMITTERS LIMITED BY REACTIVE 

POWER 
This section outlines the design of an optimal coil 

topology that minimizes the reactive power under the 
constraint of a given magnetic field at the receiver. 
Towards this end, the magnetic energy, which is 
proportional to the reactive power, is minimized under 
equality constraint of a desired magnetic field at the 
receiver. This approach leads to a linear system of 
equations in which the unknown variables are samples of 
the current distribution. The problem is formulated by 

 
receiver

min :
s ( ).t. rec

z zH z z
Q

H= =
  (10) 

Where Q is the reactive power delivered to the transmitter, 
and Hz

rec is the magnetic field magnitude at the receiver 
location on the z axis. At a constant frequency ω, the 
average energy E is proportional to the reactive power Q: 

 2Q Eω=   (11) 

Therefore, the optimization problem can be reformulated 
using energy as an objective: 
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The calculation of the stored magnetic energy of the 
coil is approached by considering the coil as a system of 
coupled inductors, where each inductor is a single turn of 
the transmitter coil. For example, the magnetic energy 
stored in two coupled inductors is given by 

 2 2
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Where L1, L2, and M12 are the self and mutual inductance 
of the coils, and I1 and I2 are their respective currents. 
Consequently, the magnetic energy for N mutually 
coupled inductors is given in matrix form by 

 1
2

TE I MI=   (14) 

Where I is a column vector of currents and M is a mutual 
inductance matrix. The notation IT denotes transpose 
operation. Based on (4), the total axial magnetic field is 
given by 
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Where the entries of vector A are the coils areas Aj. Hence 
the optimization problem is reformulated as 
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To solve this optimization problem we have used 

constrained quadratic programming algorithms, and the 
resultant optimal current distribution of multi-layer is 
shown in Fig. 4. The parameters of considered coil are as 
follows: the outer and inner radiuses are 10 and 5 cm, 
respectively. The number of turns in both the radial and 
axial directions is 10. The coil height is 2 cm, and the wire 
radius is 1 mm. It can be seen that the desired current 
magnitude raises towards external turns, both radially and 
axially. Practically, this varying current density can be 
achieved by wounding the wire several times at a specific 
radius and height. 

The current distribution of an optimal single layer 
solenoid with all the other parameters being identical to 
the previously considered multi-layer coil is depicted in 
Fig. 5. It can be inferred that the desired current 
magnitudes increase towards the external turns of the coil.   
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Fig. 4. Current distribution in optimal multi-layer 
solenoid coil. 
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Fig. 5. Current distribution in single layer optimal 
solenoid coil. 
 

Fig. 6 shows the current distribution of an optimal flat 
coil with all the other parameters being identical to the 
previously considered multi-layer coil. As expected from 
the two previous cases, the current magnitudes increase 
towards external layers. The stored magnetic energy in 
various topologies, under the constraint of identical 
magnetic field ATI=1 is shown in Tables 1 and 2. Table 1 
shows simulation results for various topologies of coils as  
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Fig. 6. Current distribution in optimal flat coil. 
 
a function of the aspect ratio of the coils, keeping a 
constant number of turns. 

Table 2 shows simulation results of the same coils 
topologies as a function of the number of turns in the axial 
direction, keeping a constant aspect ratio of the coil.  It 
can be inferred from Table 1 that, although the optimal 
current density multi-layer solenoid is only marginally 
better that constant current single-layer solenoid, they are 
both much better that flat coils. This advantage increases 
with aspect ratio. Among the flat coils, the optimal current 
coil is vastly superior to the simple coil, with stored 
energy reduction of 30%. From observing Table 2, it can 
be inferred that improvement in stored magnetic energy 
with increase of number of turns is marginal. Hence, the 
number of turns can be decreased, providing cost and 
weight benefit.   

5. CONCLUSION 
Magnetic power transfer and communication systems 

are often limited by available reactive power. To address 

this challenge, this work proposes a systematic design 
approach for reactive power limited magnetic transmitters. 
Equation (9) defines a design criterion for such systems, 
showing that for reactive power minimization, under the 
constraint of a given magnetic field, the ratio of square-
root inductance to effective area of the transmitter should 
be minimized. This ratio thus defines a figure of merit for 
magnetic transmitters: one magnetic transmitter is better 
than another, in respect to utilization of reactive power, 
given that the ratio in (9) is lower. An additional result is 
that for a given field, the reactive power is determined 
only by the transmitter geometry and is unaffected by the 
voltage and current applied on the transmitter coil.  

Another contribution is the design of optimal magnetic 
transmitters in reactive power limited applications. This 
design problem is formulated as an optimization problem 
that minimizes the energy stored in free space under the 
constraint of a desired magnetic field at the receiver. The 
problem is solved as a minimization problem subjected to 
equality constraints using standard constraint optimization 
algorithms.  

It is shown that increasing the coil aspect ratio is 
advantageous in reactive power limited applications. Also 
increasing the number of turns results only in marginal 
improvement, leading to weight and cost savings that 
could be achieved. In the area of flat coils, it is shown that, 
although the flat coils are much worse than solenoids, the 
optimal current flat coil obtains 30% reduction in reactive 
power compared to a simple flat coil.  
 
 

 
Table 1. Stored magnetic energy comparison of various coils topologies possesing ATI=1 with max. radius Rmax=10 

cm and min. radius Rmin=5 cm.   
Coil 

Aspect 
Ratio: 

Height-
to-

Diameter 

Optimal 
multi-layer 

solenoid 
coil 

nh=10 
nv=10 

Optimal 
single 
layer 

solenoid 
coil 

nh=1 nv=10 

Constant 
current 
single 
layer 

solenoid 
coil  

nh=1 nv=10 

Optimal 
flat coil 

nh=10 nv=1 

Flat single 
turn coil 

nh=1 nv=1 

0.1 1.69×10-4 1.88×10-4 1.94×10-4 2.32×10-4 3.3×10-4 
0.5 9.76×10-5 1.04×10-4 1.06×10-4 2.32×10-4 3.3×10-4 
1 6.82×10-5 7.42×10-5 7.56×10-5 2.32×10-4 3.3×10-4 

nh is the number of turns in radial direction and nv is the number of turns in axial direction. 
Note: aspect ratio is irrelevant to flat coil topologies 

 
Table 2. Stored magnetic energy comparison of various coils topologies possesing ATI=1 with max. radius Rmax=10 

cm, min. radius Rmin=5 cm, and height h=20 cm   
Coil axial 
number 
of turns 

nv 

Optimal 
multi-layer 

solenoid 
coil 

nh=10 

Optimal 
single 
layer 

solenoid 
coil 
nh=1 

Constant 
current 
single 
layer 

solenoid 
coil  
nh=1 

Optimal 
flat coil 

nh=10 nv=1 

Flat single 
turn coil 

nh=1 nv=1 

20 6.48×10-5 6.74×10-5 6.98×10-5 2.32×10-4 3.3×10-4 
50 6.31×10-5 6.46×10-5 6.8×10-5 2.32×10-4 3.3×10-4 

100 6.27×10-5 6.41×10-5 6.8×10-5 2.32×10-4 3.3×10-4 
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nh is the number of turns in radial direction and nv is the number of turns in axial direction. 
Note: height is irrelevant to flat coil topologies 
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