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To deal with the major challenges of embedded sensor 
networks, we consider the use of magnetic fields as a 
means of reliably transferring both information and 
power to embedded sensors. We focus on a power 
allocation strategy for an orthogonal frequency-division 
multiplexing system to maximize the transferred power 
under the required information capacity and total 
available power constraints. First, we consider the case of 
a co-receiver, where information and power can be 
extracted from the same signal. In this case, we find an 
optimal power allocation (OPA) and provide the upper 
bound of achievable transferred power and capacity pairs. 
However, the exact calculation of the OPA is 
computationally complex. Thus, we propose a low-
complexity power reallocation algorithm. For practical 
consideration, we consider the case of a separated receiver 
(where information and power are transferred separately 
through different resources) and propose two heuristic 
power allocation algorithms. Through simulations using 
the Agilent Advanced Design System and Ansoft High 
Frequency Structure Simulator, we validate the magnetic-
inductive channel characteristic. In addition, we show the 
performances of the proposed algorithms by providing 
achievable η-C regions. 
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I. Introduction 

Sensors can be embedded in a wide range of dense media, 
including water, soils, and masonry walls, which can be used in 
many applications, such as home networks and underground 
sensor networks. Sensors for use in home networks can also be 
embedded in the walls of buildings for the purposes of 
convenience and aesthetics [1]. Furthermore, sensors can be 
buried underground to monitor soil conditions or to provide 
information about earth movements [2]. However, the 
embedding of sensors presents two main challenges: effective 
communication between sensors and practical power supply. 
Therefore, a solution is needed to deal with these obstacles so 
that, in real-life practices, embedded sensors can operate more 
effectively and for longer periods of time. 

Magnetic induction (MI) communication is emerging as a 
promising technology that can allow embedded sensors to 
communicate with each other. Traditionally, wireless 
communications have relied on the use of electromagnetic 
(EM) radiation. However, EM waves are not appropriate for 
the transfer of information in dense media due to the three 
major problems of high path loss, dynamic channel variation, 
and large antenna size [3]–[4]. On the other hand, MI 
communication uses the MI of coil antennas to transfer 
information. The magnetic permeability of media such as water 
or soil is similar to that of air [2]. This means that magnetic 
fields experience a lower propagation loss than EM waves in 
dense media. Therefore, magnetic fields are more appropriate 
than EM waves as a mechanism of communication for 
embedded sensor networks. Recently, many research groups 
are actively investigating MI communication, including path 
loss, capacity, and MI waveguide techniques [2]–[10].  

Batteries are not a suitable power source for embedded 
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sensors because their replacement is unlikely to be 
straightforward. One solution is the wireless transfer of power, 
an established technology that can be used to eliminate the 
need for a wired power connection. The efficient transfer of 
power is possible over a range of several meters using coupled 
magnetic resonance [11]–[18].  

Both MI communication and wireless power transfer can be 
achieved using magnetic fields. Therefore, it should be possible 
to transfer both information and power simultaneously through 
magnetic fields. To maximize the transfer of power, it is best to 
use one sinusoid at the resonant frequency that has the highest 
power transfer efficiency. However, a sinusoid with a 
bandwidth of zero has a communication capacity of zero. 
Therefore, there is a trade-off between communication capacity 
and power transfer efficiency, with respect to bandwidth. 
However, the following works considered EM waves as the 
means for transferring information and power, not magnetic 
fields; as a result, the properties of magnetic-inductive channels 
were not reflected [19]–[21].  

In this paper, we consider the simultaneous optimization of 
information and power transfer so as to enable the practical use 
of embedded sensors. In practice, a low data rate is generally 
satisfactory for the transfer of information in embedded sensor 
networks [2]. On the other hand, for the successful operation of 
sensors, it is important to ensure a stable power supply. 
Therefore, our approach is focused on maximizing the 
transferred power, while ensuring the required information 
capacity. Our contributions can be described as follows. First, 
we present a magnetic-inductive channel model and a wireless 
information and power transfer system. We also verify the 
characteristics of the magnetic-inductive channel using the 
Agilent Advanced Design System (ADS) and the Ansoft High 
Frequency Structure Simulator (HFSS). Based on the 
optimization problem, we consider the case of a co-receiver 
(where information and power are transferred simultaneously 
through the same resource) to obtain the upper bound of 
achievable transferred power and capacity pairs. Here, we use 
an optimization technique to find the optimal allocated power, 
which is found by adjusting the water level of each subchannel. 
We also derive the conditions for the existence and 
boundedness of the optimal solution. The calculation of the 
optimal power allocation (OPA) is computationally complex. 
So, we propose a low-complexity power reallocation algorithm, 
which finds a near-OPA with a reduced computational 
complexity. However, it is difficult in practice to implement in 
the case of a co-receiver. Thus, we consider only the case of a 
separated receiver, where information and power are 
transferred separately through different resources. In this case, 
we propose two heuristic power allocation algorithms — one 
based on frequency division and the other on time division. We 

also describe the η-C regions, which show the achievable 
power transfer efficiency and information capacity. Here, we 
compare the performance of the proposed algorithms with that 
of the optimal solution and that of a conventional equal power 
allocation. Carrying out simulations, we show that the 
proposed algorithms have a significant performance gain with 
respect to power transfer efficiency. 

II. System Model and Magnetic-Inductive Channel  

A block diagram that illustrates our wireless information and 
power transfer system using magnetic resonance is shown in 
Fig. 1. Here, rt and rr are the radii of the transmitter coil (Tx 
coil) and receiver coil (Rx coil), respectively. The two coils lie 
along a single axis and are separated by a distance, d. Also,  
Fig. 1 shows its equivalent circuit model, which contains the 
effect of inductive coupling between the two coils. The Tx coil 
is connected to an alternating voltage source, VS, with an 
angular frequency, ω. The Rx coil is connected to the load 
resistance, RL. The self-inductances of the Tx and Rx coils are 
Lt and Lr, respectively; rlt and rlr are the internal resistances of 
the coils; and Ct and Cr are the capacitances that make the two 
coils resonate at the same resonant frequency. The angular 
resonant frequency ωo can be defined as follows: 

o c
t t r r

1 1
2π ,f

L C L C
              (1) 

where fc is a resonant frequency. In the Tx coil, a sinusoidal 
current, it(ω), is generated by the voltage source VS. Then, it(ω) 
induces another sinusoidal current, ir(ω), in the Rx coil. This 
implies that the wireless link between the two coils is generated 
through inductive coupling. And, this mechanism makes it 
possible to transfer information and power wirelessly. The MI 
between the coils can be represented by the following coupling 
coefficient, k, such that k = M/(LtLr)

1/2, where M is the mutual  
 

 

Fig. 1. Wireless information and power transfer system. 
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inductance. Also, k can be approximated as a function of the 
distance between the coils [8], as follows:  

2 2
t r

2 2 3
t r t

( ) .
( )

r r
k d

r r d r



            (2) 

In addition, we consider a multicarrier-based wireless 
information and power transfer system, such as an orthogonal 
frequency-division multiplexing (OFDM) system [22]. In this 
system, the resonant frequency is used as a central frequency 
for the transfer of information, and the total bandwidth of the 
frequency band is B. This frequency band is divided into N 
subchannels, each of which has the same bandwidth size (B/N). 

Using the equivalent circuit model, we can derive the 
equivalent input impedance Zin, which reflects the effect of 
coupling seen in the Tx coil. 
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Here, we define the function f (ω) for the Tx coil as f (ω) = jωLt 
+ 1/jωCt; then, the first derivation of f (ω) is obtained as f'(ω) 
= j(Lt + 1/ω2Ct). Using the first-order Taylor series expansion,  
f (ω) near ωo can be approximated as follows: 
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where the quality factor of Tx, Qt = ωoLt/rlt, denotes the 
strength of the mutual coupling near the resonant frequency. 
Using a similar method to that used in obtaining (4), the quality 
factor of Rx can be found as Qr = ωoLr/rlr. Then, Zin can be 
approximated as 
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From (5), the power transfer efficiency (PTE) at a frequency of 
ω can be expressed as 
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 (6) 
Here, QL = ωoLr/RL and σ are the distance-dependent figure of 
merit (FOM), which are defined as follows: 
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Substituting (2) and (7) into (6), we can see that ηω is 
proportional to 1/d6 as the path loss of the MI channel for 
communication [4]. In particular, the reactance terms are zero 
at the resonant frequency; therefore, the PTE at ωo is reduced 
to 
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Then the optimal load quality factor, Q L
 *, which is required to 

maximize 
o
, can be found from the condition 
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By substituting (9) into (8), we can obtain the maximum PTE. 
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In (10), the PTE is proportional to σ; thus, to maximize the 
PTE, σ should be large. To increase σ, large Q and k are 
required. In particular, if the condition σ2 > 1 is satisfied, then 
this is called a strong coupling regime [11]–[12]. In addition, in 
a magnetic-inductive channel, the subchannel close to ωo has a 
high PTE. 

The PTE ηω indicates how much power is transmitted to the 
load resistor of the Rx coil at a frequency of ω; therefore, the 
received power can be expressed as pωηω, where pω is the 
transmitted power. Similarly, in the case of communication, 
information is also transferred to the load resistor of the Rx coil 
through the wireless channel. In this case, the received signal 
power can be expressed as pω|hω|

2, where |hω|
2 is the channel 

gain of ω. In addition, the power transfer efficiency and the 
path loss of the MI channel for communication have a similar 
attenuation tendency, which is proportional to 1/d6. The 
relationship between the channel gain and the PTE (for a given 
value of ω) may, therefore, be defined by ηω = |hω|

2 in the 
wireless information and power transfer system [21]. Then the 
capacity of subchannel i can, therefore, be expressed as      
ci = log2 (1 + piηi/N0), where pi is the power allocated to 
subchannel i and N0 is the noise power of each subchannel. 
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III. Co-receiver Case 

First, we consider the case of a co-receiver that combines a 
receiver for information detection (Rx-ID) and a receiver for 
power extraction (Rx-PE); that is, the Rx-ID and Rx-PE use 
the same resource. This means that it is possible to observe 
information and extract power simultaneously from the same 
signal. In the co-receiver case, we can find an OPA and provide 
the upper bound of achievable transferred power and capacity 
pairs. In addition, we propose a suboptimal algorithm that has 
low complexity. 

1. OPA 

Before proposing the OPA strategy, which considers the 
simultaneous transfer of information and power, we derive two 
power allocation strategies — one for maximizing transferred 
power and the other for maximizing information capacity. 

Proposition 1. Total power allocation (TPA) on a subchannel 
that has the highest PTE, pi

TPA, maximizes the transferred 
power for a given total available power. Then pi

TPA is given by 

max

TPA
s max

TPA

for max ,

0 otherwise,

i i
i

i

p P i

p

 


       (11) 

where PS is the total available power. The transferred power 
and capacity achieved by the TPA are defined as ηTPA = PSηmax 
and CTPA = log2 (1 + PSηmax/N0), respectively. 
Proof. The proof of Proposition 1 is simple and trivial; 
therefore, it is omitted here [20].                   ■ 
Proposition 2. Water-filling power allocation (WFPA), pi

WF, 
maximizes the sum of the capacities of the subchannels for a 
given total available power. Then pi

WF is given by 
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where we define (x)+ = max(0, x) and λWF satisfies 
WF

S1
.
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by the WFPA are defined as 
WF WF
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   respectively. 

Proof. The proof of Proposition 2 is well known; therefore, it is 
also omitted here [23].                          ■ 

Proposition 1 suggests that the total available power must be 
allocated to the subchannel that has the highest PTE, to 
maximize the transferred power. However, this method cannot 
guarantee the required information capacity. On the other hand, 
Proposition 2 demonstrates that the WFPA can maximize the 
information capacity, but it does not consider the wireless 
power transfer. The analysis of Propositions 1 and 2 leads us to 

formulate the following optimization problem, whose objective 
is to maximize the transferred power while preserving the 
required information capacity within the total available power 
constraint, as follows: 
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where p is the set of power allocated to subchannels, such that 

1( , ,  ),Np  pp  and Cm is the required information capacity. 
Theorem 1. If Cm > CTPA, then the optimal solution of (13) is 
given by 
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In addition, λ* and μ* satisfy the following conditions: 
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otherwise, pi
* =pi

TPA. 
Proof. First, we find the OPA when Cm > CTPA. The problem in 
(13) is a convex optimization problem. Therefore, to find an 
optimal solution, we consider its Lagrangian function given by 
(17), where λ and μ are non-negative Lagrange multipliers. 
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From the Lagrangian function, we define the following 
Karush–Kuhn–Tucker (KKT) conditions: 
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and            0, 0, 0.   p               (21) 

From the KKT condition (18), it is possible to find the optimal 

allocated power on each subchannel, which can then be 

represented as (14). Also, λ* and μ* can be obtained from 

complementary slackness conditions. For the maximum 

transferred power, both the required information capacity and 

the total available power constraints should be tight. This 

implies that the equalities *
2 0 m1

log (1 / ) 0
N

i ii
p N C


    

and *
S 1

0
N

ii
P p


   should hold for positive numbers, λ 

and μ, in KKT conditions (19) and (20). Therefore, λ* and μ* 

satisfy (15) and (16). 

When Cm ≤ CTPA, μ needs to be zero to satisfy (19) since 

m1

N
ii

c C


  is always greater than zero. The problem of (13) 

is the same as that of Proposition 1; thus, pi
* is the same as  

pi
TPA.                                           ■ 

Proposition 3. The condition λ ≥ ηmax must hold so as to obtain 
a bounded optimal solution in (13). 
Proof. Proposition 3 can be proved by a contradiction. Let us 
consider the Lagrangian dual function of (13), which is defined 
as 

0
( , ) max ( , , ).g     

p
p


            (22) 

Then, (22) can be simplified by discarding the constant terms 
related to λ and μ. 
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Suppose that λ < ηmax. Then, the optimal value of (23) is 
unbounded when the pi of the subchannel i with the maximum 
power transfer efficiency ηmax goes to infinity. Thus, the 
assumption λ < ηmax is a contradiction; hence, the proof is 
completed.                                       ■ 

We can also find the upper bound of μ for a given λ. From 
the relation PS  > pi, μmax can be determined by ln 2 × (λ–ηmax) 
× (PS+ N0/ηmax). Thus, μ lies in the interval (0, μmax).  

Since (13) is a convex optimization problem, μ* and λ* can 
be found by updating μ and λ jointly through a gradient 
algorithm. Therefore, pi

* can also be found using an iterative 
method. The algorithm used to find pi

* can be summarized in 
Algorithm 1. Here, α and β are step sizes that are sufficiently 
small to allow convergence, ε is given by a small positive 
number, and λinit is the initial value of λ. If we denote Iα and Iβ as  
 

Algorithm 1. Optimal power allocation. 
1:  Initialization: k = 1, λk = λinit 
2:  If Cm ≤ CTPA, set pi

* = pi
TPA. Else, 

3:  Repeat 

4:      Initialization: k = 1, μk' = μmax 
5:      Repeat 

6:          Find pi from (14) for all i = 1, 2, …, N 

7:          Update ' 1 ' m1

N
k k ii

c C   
    
   

8:      Until ' 1 '| |k k      

9:      Update 1 S 1

N
k k ii

P p   
    
   

10: Until 1| |k k      

 
the number of iterations for the convergence of μ and λ, 
respectively, then the computational complexity involved in 
finding pi

* is O(Iα Iβ).  

2. Power Reallocation Algorithm (PRA) 

In OPA, the exact value of pi
* can be obtained if α and β are 

sufficiently small to allow convergence, but this makes the 
values of Iα and Iβ large. Larger values of Iα and Iβ significantly 
increase the computational complexity involved in calculating 
the exact value of pi

*. As a result, it can be difficult to find pi
* in 

real time. Thus, based on the analytical results in Section III-1, 
we propose a low-complexity PRA. This achieves near-
optimal performance, while substantially reducing the 
computational complexity so that power can be allocated in 
real time.  

In the OPA, μ* and λ* should be obtained jointly using a 
gradient algorithm to find pi

*. However, in the PRA, μ and λ are 
found separately. First, the values of μ and λ are initialized as 
μmax and λinit. Secondly, μ is found separately by the gradient 
algorithm for the given value of λinit. In this step, the required 
information capacity is guaranteed because μ and λinit satisfy 
condition (15), but PS is not used fully. Therefore, in the third 
step, λ is also found by the gradient algorithm for the 
determined value of μ to satisfy condition (16). The water level 
(μ/(λ–ηi)ln2) in (14) increases as λ is updated by the gradient 
algorithm, so the remaining available power can be used fully. 
However, in this step, the achieved capacity is greater than the 
required information capacity Cm, so loss occurs in transferred 
power because supporting the exact value of Cm can increase 
transferred power. Thus, the fourth step is needed to satisfy 
both (15) and (16) by reassigning the allocated power; the 
process of which is described as follows:  
1. A transmitter finds the subchannel imin that achieves the 

minimum capacity among those subchannels whose 
capacity is greater than zero, such that min min i

i
c c  for  

ci > 0. 

2. The transmitter eliminates the allocated power 
minip  in 

subchannel imin and reallocates 
minip  to the subchannel imax 

that has the highest PTE, ηmax.  
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In general, the subchannel imax uses a resonant frequency as its 

central frequency. If the sum capacity of the subchannels after 

the reallocation of power is still greater than Cm, then the 

aforementioned fourth step is repeated. Otherwise, 
minip  is 

reduced by half to find the value that exactly guarantees Cm. 

Thus, 
minip  can be determined using a bisection algorithm. 

The fourth step is terminated when Cm is guaranteed accurately 

or the total available power is allocated to subchannel imax; that  

is when m1

N
ii

c C 


   or 
max Sip P , respectively. The 

case of 
max Sip P  occurs when Cm is sufficiently small, so Cm 

can be guaranteed even though the total available power is 

allocated to subchannel imax. The process of the PRA is 

summarized in Algorithm 2. 
 

Algorithm 2. Power reallocation algorithm. 

1:  Initialization: k = 1, λk = λinit, k' = 1, μk' = μmax 
2:  Repeat 
3:      Find pi from (14) for all i = 1, 2, … , N 

4:      Update ' 1 ' m1

N
k k ii

c C   
    
   

5:  Until ' 1 '| |k k      

6:  Repeat 
7:       Find pi from (14) for all i = 1, 2, … , N 

8:       Update 1 s 1

N
k k ii

P p   
    
   

9:  Until 1| |k k      

10:  Repeat 
11:      Find the subchannel mini  and set 

mintemp ip p  

12:      Repeat 
13:          Set min min tempi ip p p   and max max tempi ip p p 

14:          Set temp temp / 2p p  

15:      Until m1

N
ii

c C


  

16:  Until 
maxm s1

or
N

i ii
c C p P


    

In short, the PRA finds the minimum size of B that 

guarantees Cm by eliminating 
minip  in subchannel imin. At the 

same time, the transferred power is efficiently increased while 

ensuring a minimum loss of capacity by reallocating 
minip  to 

subchannel imax. In addition, the computational complexity of 

the PRA is O(Iα+Iβ+Nlog2 N), where Nlog2 N is very small 

compared with Iα or Iβ. This indicates that the PRA achieves a 

significant reduction in complexity compared with O(IαIβ) 

when calculating pi
* exactly and that it allows operation in real 

time. 
We now compare four methods, TPA, WFPA, OPA, and 

PPA, to explain the benefits of the proposed solutions. Figure 2  

 

Fig. 2. Allocated powers of TPA, WFPA, OPA, and PRA. 
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shows the allocated powers obtained using the four methods. 
When the TPA is used to allocate power, the total available 
power is allocated to only the subchannel with the highest PTE. 
This approach leads to a maximum transferred power using a 
minimum bandwidth. On the other hand, the WFPA uses a 
broader bandwidth than the TPA to achieve the maximum 
capacity. When the WFPA is used to obtain pi

WF, the water 
level (1/λWFln2) is the same for all subchannels and more 
power is allocated to subchannels that have a higher PTE.   
Conversely, the OPA can be executed by controlling the water 
level of each subchannel. When the OPA is used to obtain pi

*, 
the water level (μ*/(λ*–ηi)ln2) varies for each subchannel. The 
subchannel with a higher PTE, therefore, has a higher water 
level. Thus, compared with pi

WF, more power is allocated to the 
subchannel with higher PTE, while less power is allocated to 
the subchannel with lower PTE. This means that the OPA uses 
the minimum bandwidth needed to ensure the required 
information capacity by reducing the allocated power in the 
subchannel with lower PTE. At the same time, the OPA 
maximizes the transferred power by allocating more power to 
the subchannel with higher PTE instead of the subchannel with 
lower PTE. Also, we show that the allocated power of the PRA 
is almost the same as that of the OPA. This indicates that the 
PRA achieves a near-OPA with a significant reduction in 
complexity, compared with the OPA. The PTE-capacity (η-C) 
regions that describe all achievable PTE and capacity pairs can 
be expressed as follows: 

S
1 1 1

( ) ( , ) : , , , 0 .
N N N

C i i i i
i i i

R C p C c p P   
  

     
  

  p p   

(24) 
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IV. Separated-Receiver Case 

It is difficult to implement a co-receiver practically; thus, we 
consider a separated-receiver case that separates an Rx-ID and 
an Rx-PE for practical consideration. In the separated-receiver 
case, the Rx-ID and Rx-PE observe information and extract 
power separately from different resources. Here, we propose 
two heuristic power allocation algorithms based on frequency 
division and time division. 

1. Power Allocation Based on Frequency Division (PA-FD) 

Information and power can be transferred through different 
frequencies. In general, it is best to use only the subchannel that 
has the largest PTE for transferring power. Thus, we use the 
subchannel imax for transferring power and use other 
subchannels for transferring information. When a PA-FD is 
used in a separated-receiver case, we can formulate the 
following optimization problem: 

max max

max

m
1,

S
1

maximize

subject to (s.t.) ,

,

and 0 for .

i i

N

i
i i i

N

i
i

i

p

c C

p P

p i



 







 





p

      (25) 

Theorem 2. If we assume that Cm is sufficiently small, such 
that Cm << CWF, then the solution of (25) is given by 

FD 0 ,
ln 2i

i

N
p


 


 

  
 

           (26) 

max

max

FD FD
S

1,

.
N

i i
i i i

p P p
 

               (27) 

Proof. Since the problem (25) is a convex optimization 
problem, we consider its Lagrangian function, given by (28), 
where λ and μ are non-negative Lagrange multipliers. 

max max

max

S m
1 1,

( , , ) .
N N

i i i i
i i i i

p P p c C    
  

  
            

 p 

 (28) 
By differentiating ( , , )  p  with respect to pi, pi can be 
obtained as (26). To find 

max
,ip  we can rewrite (28) as 

max max
max

S 1,
( , ) ( ) ( )

N

i i ii i i
p P p   

 
   p   by  

eliminating constant terms. In addition, the Lagrangian dual 
function of (25) can be given by 

0
g( ) max ( , )  

p
p


. Here, 

the condition 
max

( ) 0i    should be met so that ( )g   

has a bounded value. Otherwise, ( )g   is unbounded as 

maxip  tends to infinity. In addition, the dual problem of (25) is  
defined as 

0
min ( )g





. It has a zero duality gap, so the 

following equality should be satisfied for the optimal primal  

and dual solutions:  max max

* * 0.i ip     

Then, the dual problem can be rewritten as follows: 

max
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N

i
i i i

i

P p




 



 

 
 
 
 

 





      (29) 

Thus, from (29), the solution of λ is 
maxi , and 

maxip  can be 
obtained as (27).                                  ■ 

The PA-FD implies that the power is allocated to 
subchannels for transferring information at first to guarantee 
Cm, and then the remaining power is allocated to the 
subchannel for transferring power. When Cm = 0, the PA-FD is 
the same as TPA; thereby, maximizing the transferred power. 
However, the PA-FD cannot achieve the maximum 
information capacity CWF even though total power is used for 
transferring information, because the subchannel imax cannot be 
used for transferring information. Then, the η-C regions of the 
PA-FD can be expressed as follows: 

max max

max

FD

FD FD
C

2 S
01, 1

( , ) : ,

( ) .
log 1 , , 0

i i

N N
i i

i
i i i i

C p
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p
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 (30) 

2. Power Allocation Based on Time Division (PA-TD) 

Information and power can be transferred at different 
moments in a time slot. It is best to use WFPA for transferring 
information, whereas it is best to use TPA for transferring 
power. Therefore, a PA-TD can be defined simply by using 
WFPA and TPA. Let ρ, 0 ≤ ρ ≤ 1, denote the ratio of 
transmission time allocated for transferring information. Then 
the WFPA is used firstly for transferring information until ρCWF 
= Cm. After that, the TPA is used for transferring power during 
the remaining time (1 – ρ). Then the transferred power 
becomes (1 – ρ)ηTPA. The PA-TD, therefore, ensures that for 
any given portion of a time slot, the initial part is used for the 
transfer of information until Cm is guaranteed and the 
remaining part is used for the transfer of power. When Cm = 0 
and ρ = 0, the PA-TD can achieve the maximum transferred 
power ηTPA. Also, it can achieve the maximum information 
capacity CWF when ρ = 1. This means that the PA-TD is more 
efficient than the PA-FD as Cm approaches CWF. Then the η-C 
regions of the PA-TD can be expressed as follows: 
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maxS
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V. Simulation Results and Discussion 

In our simulations, we consider identical Tx and Rx coils 
with a radius of 0.3 m and an internal resistance of 0.5 Ω. The 
self-inductance of the coils is chosen depending on the value of 
Q, such as L = Qr/ωo. In addition, the self-capacitance of the 
coils is chosen depending on the value of self-inductance, such 
as C = 1/ωo

2L, to make the two coils resonate at the same 
frequency of 10 MHz. Also, we use the optimal load quality 
factor QL

* at all distances. We set PS to 1 W, so the transferred 
power can simply be considered to be the PTE. The bandwidth 
is 250 kHz, and there are nine subchannels. We assume that the 
total noise power is equal to one; thus, the noise power of each 
subchannel is N0 = 1/9. For comparative purposes, we use the 
EPA scheme, which allocates power equally to all subchannels, 
as a conventional scheme. 

Figure 3 shows the PTE η versus frequency. To verify the 
magnetic-inductive channel, we perform both circuit and EM 
simulations using the Agilent ADS and the Ansoft HFSS, 
respectively. As Q increases, the strong resonance between the 
Tx and Rx coils occurs. As a result, subchannels near ωo have 
higher PTE and the variation of PTE among subchannels 
becomes large. On the other hand, as k increases, the coupling 
strength between the Tx and Rx coils becomes large. 
Consequently, the PTE of all subchannels increases generally, 
which relieves the variation of PTE among subchannels. This 
means that the magnetic-inductive channel has different 
characteristics depending on the values of Q and k. There are  
 

 

Fig. 3. η vs. frequency. 
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Fig. 4. η vs. QL. 
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Fig. 5. η vs. C when k = 0.01 and Q = 2,000. 
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some differences between the analytical and simulation results, 
as the subchannels are apart from ωo because we approximated 
jωLt + 1/jωCt ≈ j2(ω)(Qt)rlt and jωLr + 1/jωCr ≈ 
j2(ω)(Qr)rlr in (4) using the first-order Taylor series expansion. 
However, the analytical results are relatively well-matched to 
both simulation results. 

Figure 4 shows the PTE η versus the load quality factor QL 
for different k. At a given k, there is an optimal load quality 
factor where the maximum η is achieved. For example,     
the maximum η at QL = 100 is 0.90 when k = 0.01, which is 
indicated as ηPeak(QL

* = 100) : 0.90 in Fig. 4. Since the optimal 
load quality factor is inversely proportional to k in (9), the value 
of QL

* is small for large k. 
Figure 5 shows the capability in power and information 

transfer. In η-C regions, the boundary point (CTPA, ηTPA) can be 
obtained using TPA. Another boundary point, (CWF, η WF), can 
be obtained using WFPA. Here, ηTPA is the maximum 
achievable PTE, which can be obtained when C ≤ CTPA. 
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Similarly, CWF is the maximum achievable capacity, which can 
be obtained when η ≤ η WF. The η achieved by OPA lies on  
the boundary line between two boundary points; for example,  
η WF ≤ η ≤ η TPA and CTPA ≤ C ≤ CWF; however, its exact position 
depends on the required information capacity constraint. In the 
η-C regions, there are four circular points that indicate the η 
obtained using PRA. These points are close to the boundary of 
the η-C regions, which implies that the PRA achieves near-
optimal η while reducing the computational complexity 
considerably. In addition, when Cm is small, the PRA uses a 
narrow bandwidth. So, power is allocated intensively on the 
subchannels with higher PTE and that are close to ωo. On the 
other hand, the PRA uses a broad bandwidth at larger values of 
Cm. So, power is allocated to even the subchannels with lower 
PTE, which are far from ωo, to guarantee Cm. As a result, the η 
of the PRA decreases as Cm increases. PA-TD can use all 
subchannels for transferring both information and power, and 
can control ρ adaptively depending on Cm. On the other hand, 
PA-FD cannot use the subchannel imax for transferring 
information although large Cm is required. This means that the 
PA-FD is inefficient when Cm is large; as a result, the η of the 
PA-FD is lower than that of the PA-TD as Cm increases. EPA 
cannot allocate power to subchannels while considering Cm, so 
the η of the EPA is constant regardless of the achieved capacity. 
On the other hand, the PA-FD and PA-TD can use power 
efficiently for transferring power rather than information when 
Cm is small. As a result, the PA-FD and PA-TD achieve higher 
η than the EPA when the achieved capacity is small. 

Figure 6 shows the PTE η versus the quality factor Q when  
k = 0.01 and Cm = 80 kbps. The PTE of subchannels becomes 
higher as Q increases, so the performance of all schemes 
increases. The PTE among subchannels is relatively constant at 
small Q, so the proposed algorithms allocate power to all 
subchannels evenly, which is similar to EPA. However, the 
PTE of subchannels varies significantly as Q increases, so 
power is allocated intensively to the subchannels near ωo. 
Consequently, the PA-FD, PA-TD, and OPA all achieve higher 
η than the EPA for large Q. In addition, the proposed 
algorithms can perform power allocation adaptively when the 
PTE of subchannels is changed with the variation of Q. 
Therefore, the η of the proposed algorithms is improved more 
rapidly than that of the EPA schemes as Q increases. 

Figure 7 shows the PTE η versus the coupling coefficient k 
when Q = 2,000 and Cm = 80 kbps. The PTE of all subchannels 
becomes better as k increases, which causes a little variation of 
PTE among subchannels. This indicates that the performance 
gain that can be achieved by the proposed algorithms becomes 
small; consequently, the η of EPA becomes higher than that of 
PA-FD and PA-TD for large k. The EPA-FD cannot adapt to 
the variation of channel quality or Cm, while EPA-TD can  

 

Fig. 6. η vs. Q when k = 0.01 and Cm = 80 kbps. 
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Fig. 7. η vs. k when Q = 2,000 and Cm = 80 kbps. 
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adjust the ratio of transmission time, ρ, adaptively depending 
on the situation. Consequently, there is little variation in η in the 
EPA-FD; however, η increases as k increases in the EPA-TD. 
Also, we can show that the proposed algorithms can achieve 
higher η than the EPA schemes in both the co-receiver and the 
separated-receiver cases, in Figs. 6 and 7. 

VI. Conclusion 

In this paper, we considered the maximization of transferred 
power while ensuring the required information capacity within 
the total available power constraint in a wireless information 
and power transfer system. We constructed an equivalent 
circuit model for our magnetic resonance–based system and 
provided a magnetic-inductive channel model. Based on a 
formulated convex optimization problem, we derived an 
optimal power allocation (OPA) strategy in the case of the co-
receiver. In addition, we found the conditions for the existence 
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and boundedness of the OPA. To reduce the computational 
complexity of the OPA, we also proposed a low-complexity 
power reallocation algorithm. For practical consideration, we 
also proposed two heuristic algorithms in the case of the 
separated receiver. In our simulation results, we verified the 
characteristic of the magnetic-inductive channel. Also, we 
provided the η-C regions to compare the performance of the 
proposed algorithms with that of the OPA. In short, we 
provided not only a theoretical performance bound of 
achievable transferred power and capacity pairs but also the 
algorithms that can be implemented in real time. For further 
works, it is necessary to address some practical issues, such as 
the effect of noise, the experimental verification of the MI 
channel, and electromagnetic compatibility with other existing 
systems.  
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