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Abstract
In this paper, the efficiency of single-input multiple-output (SIMO) wireless power transfer systems is examined. Closed-form solutions
for the receiver loads that maximize either the total efficiency or the efficiency for a specific receiver are derived. They are validated with
the solutions obtained using genetic algorithm (GA) optimization. The optimum load values required to maximize the total efficiency are
found to be identical for all the receivers. Alternatively, the loads of receivers can be adjusted to deliver power selectively to a receiver of
interest. The total efficiency is not significantly affected by this selective power distribution. A SIMO system is fabricated and tested; the
measured efficiency matches closely with the efficiency obtained from the theory.
Key Words: Efficiency, Multiple-Input Multiple-Output System, Multiple Receivers, Optimum Loads, Wireless Power Transfer.

I. INTRODUCTION
Wireless power transfer (WPT) technology has been actively
studied and developed over the past several years and is considered to be one of the most important and promising key techniques to find widespread application in the forthcoming IT
industries. Many products related to single-input single-output
(SISO) WPT systems, such as charging units for mobile phones
and home appliances, are already available in commercial markets.
Most of them are based on the inductive or resonant operating
mode [1]; the latter is expected to gain more support from the
market because it enables an extended power transfer range [2].
Various studies have been conducted focusing on higher efficiencies or longer transfer ranges. For example, WPT systems with a
slab of metamaterial were studied for a stronger near-field cou-

pling between two resonant coils [3]. Recently, the multiple-input multiple-output (MIMO) WPT technology has drawn attention of researchers and industries, particularly with the growing interest in the energy autonomy of the Internet of Things
(IoT) sensors [4–7]. Although general analyses about MIMO
WPT systems are found in literature, their characteristics have
been usually examined in detail for some special cases of SIMO
or MISO systems [8–13]. From circuit modeling analysis, BouBalust et al. [8] claimed that in SIMO systems, the total system
efficiency can significantly improve as the number of receivers increases. In another SIMO-related approach [9], the conventional
four-coil structure was extended to accommodate a multiple-receiver system with an example of one sending coil, one receiving
coil, and two load coils. In [10], the effects of transmit diversity
were investigated both analytically and through simulations for
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the power transfer with multiple transmitters (MISO). The
power transfer efficiencies and distribution of magnetic fields
were analyzed for a system of multiple misaligned transmitters
and a single receiver. In [11–13], a method of providing adjustable power distribution for multiple receivers was presented with
an upper bound of efficiency. This work, however, adopted a
simplifying assumption that the optimum loads of the receivers
are proportional to their internal loss resistances with a constant
proportionality ratio.
In the present study, various features of SIMO systems are examined with closed-form optimum loads to maximize the total
system efficiency. We demonstrate that the optimum loads are
identical for all receivers without the assumption made in [11].
Our results are somewhat different from [8] in that the total efficiency of SIMO systems does not increase significantly as the
number of receivers increases. The optimal loads obtained from
the closed-form solution are validated with the genetic algorithm
(GA) optimization results. Lastly, the theoretical efficiencies
with the optimal loads used in this study are compared with electromagnetic simulation and measurement results; they show
good agreement with each other.
This paper is organized as follows. In Section II, general
MIMO WPT systems are formulated on the basis of circuit theory, and the important behaviors of a typical SISO system are
summarized for the purpose of reference. In Section III, the cases
of a SIMO system with one transmitter and multiple receivers
are analyzed in detail in terms of efficiencies and coupling coefficient interpretations. The total efficiency of typical SIMO systems is shown not to change much as the number of receivers
increases. This enables controlled power distribution among the
receivers without changing the total efficiency considerably. In
Section IV, some important findings of this work are summarized with conclusions.
Ⅱ. MODELING OF MIMO WIRELESS POWER
TRANSFER SYSTEM
Fig. 1 shows a typical MIMO WPT system, with M transmitters and N receivers. All the loops have some inductances and resistances. We assume that each loop is loaded with a capacitor to
resonate at a specific design frequency. In addition, we assume
that the M transmitters are excited by voltage sources and that N
receivers have extra load resistances to receive transferred powers.
Once the sizes and positions of the transmitters and receivers are
specified, the coupling coefficients can be determined in a
straightforward manner [14, 15]. Then, the WPT system can be
analyzed in various aspects. The general MIMO WPT system is
commonly analyzed using Z-matrix formulation [16, 17]. The Z
matrix as a function frequency is given by
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Fig. 1. A general configuration of a MIMO WPT system with M
transmitters and N receivers.
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In (1), the first M elements in the column matrix [V] are the
supplied voltages. The supplied voltages Vn (= |Vn|∠θn, n=1, 2,
…, M) may be complex numbers in general. The principal diagonal elements of [Z] are expressed as
   

Z n , n  Rn  j Ln 

   

(2)

for n=1, 2, …, M and
   

Z n , n  Rn  RLn  j Ln 

   

(3)

for n=M +1, M +2, …, M +N, where 0 is the common angular resonant frequency of each loop, Rn’s are the loop resistances, Ln’s are the loop self-inductances, ω0Ln’s are the reactance slope parameters of the loop resonator, and RLn’s are the
extra load resistances for the receivers. The other elements of [Z]
are given by
Z m, n   j M m,n   j km,n Lm Ln  m  n 

(4)

for m, n=1, 2, …, M, M +1, …, M +N, where M m,n and k m , n ’s
are the mutual inductances and coupling coefficients between
two loops, respectively [18].
When all the elements of the Z-matrix are given, the current
at each loop is determined by [I]=[Z]-1[V]. Then, the total input
power and the received power at each receiver are given by
M
1
Pin   Re Vn I n* 
n 1 2

(5)
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and
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The efficiency at the nth receiver is defined as

n 
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and the total efficiency is the sum of (7) and given by
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M N
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n

.

(8)

Once all the elements of the Z-matrix in (1), including Vn ’s,
Rn’s, and RLn’s for a MIMO system, are specified, the WPT efficiencies can be easily evaluated at a design frequency ω0 using
(5)–(8). Commonly, we aim to maximize (7) or (8). For this purpose, we may decide the values of RLn’s by either an analytical or
some numerical optimization methods. In this study, we focus on
SIMO WPT systems and obtain closed-form solutions for the
optimal loads.
Before we analyze SIMO WPT systems in various configurations, we review a SISO system for reference. In a SISO system
(M=1, N=1), the WPT efficiency ƞ2 is compactly expressed [19]
as

  F21 , b 2  

2
21

F
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1  b2 1  F212 1 
1  F212 
b
2







Consider the case of a SIMO system with M = 1 and N = 2
shown in Fig. 2. One Tx loop and two Rx loops may be randomly
positioned according to the required system configuration. If the
coupling coefficients between the two receiving loops (k23) are
negligibly small compared with k21 and k31, we may assume k23=
0 and can express the efficiencies for Rx 2 (ƞ2) and for Rx 3 (ƞ3)
as

   2 ,  3  

2

1   2  

(9)

(10)

In (9) and (10), F21 (=k21Q21=k21 𝑄 𝑄 ) is the figure of merit
for the SISO system. Some notable features from (9) are as follows: when b2 = 1 (RL2 = RL2,opt) in (9), the system is at the optimum state and the efficiency touches the upper bound. When b2
> 1 or b2 < 1, the system is in the under-coupled or the over-coupled region, respectively, and the efficiencies are lower than the
maximum. Explicitly, the efficiency degrades symmetrically with
the deviation of b2 from unity in a log scale. For example, with b2
= 10 or 1/10, the efficiency degrades in a same rate from (9).
Likewise, whether when b2 → ∞ (open-circuited or under-coupled limit) or when b2 → 0 (short-circuited or over-coupled
limit), ƞ2 → 0. Lastly, when F21 → ∞ or 0, ƞ2 → 1 or 0 irrespective of b2 as long as b2 has a finite value.
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as functions of β2 and β3, which are the normalized load resistances defined by RL2/R2 and RL3/R3, respectively. F21 and F31
are the figures of merit given by k21 𝑄 𝑄 and k31 𝑄 𝑄 , respectively. The approximations (11) and (12) are relatively accurate as long as F23 

F
F21
or 31 . Observing ƞ2 in (11), we see
2
2

that as β3 → ∞ (open-circuited) or F31 → 0 (Rx 3 placed far away
from Tx 1, for example), the role of Rx 3 vanishes and (11) can
be shown to reduce to (9) [19, 20]. The total efficiency ƞt is the
sum of (11) and (12), and is given by

t  2 , 3   2 3 .

(13)

To find the optimum normalized load β2,opt with which ƞ2 is
maximized for a fixed β3, we require
2   2 ,  3 
 2

Ⅲ. VARIOUS CONFIGURATIONS IN SIMO SYSTEM
1. SIMO System with M = 1 and N = 2

F212

and

where b2 (= RL2/RL2,opt) is the load deviation factor with respect
to the optimum (RL2,opt), which is [20]

RL 2,opt  R2 1  F212 .

Fig. 2. A SIMO system with M = 1 and N = 2.

0

(14)

which is solved to give
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In (15), we can see that the normalized optimum load β2,opt depends on β3. Especially when β3 → ∞ (open-circuited) or F31 →
0 (Rx 3 placed far way), the system practically behaves like a SISO

(a)

(b)

and β2,opt becomes 1  F to be consistent with (10). Similarly,
the optimum load to maximize ƞ3 for a fixed β2 is
2
21

3,opt 
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F212
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On the other hand, to find the optimum loads with which the
total efficiency ƞt (13) is maximized, the following two equations
should be satisfied simultaneously:
t   2 , 3 
 2

0

(17)

(c)
Fig. 3. Efficiencies as a function of the normalized load resistances
β2 and β3 in a SIMO system: (a) ƞ2, (b) ƞ3, and (c) ƞt. M = 1,
N = 2, r1 = 15 cm, r2 = r3 = 5 cm, rring = 0.2 cm, F21 = 11, F31 =
5.8, the centers of Tx and Rx loops are (0, 0, 0), (0, −15 cm,
10 cm), and (0, 7.5 cm, 25 cm), respectively.

and
t   2 , 3 
3

0.

(18)

The solution of (17) and (18) can be shown to be

2,opt  3,opt  1  F122  F132

.

(19)

It turns out that β2,opt is equal to β3,opt. For some illustrations
with respect to the SIMO system in Fig. 2, we assume that r1 =
15 cm, r2 = r3 = 5 cm (which is chosen to represent the size of
typical mobile phones), the radius of each loop ring (rring) is 0.2
cm, and the resonant frequency (f0) is 6.78 MHz.
In Fig. 3, we plot the efficiencies as a function of β2 and β3
using (11), (12), and (13). The center positions of one Tx and
two Rx loops are (0, 0, 0), (0, −15, 10), and (0, 7.5, 25), respectively. The Q-factors of Tx 1, Rx 2, and Rx 3 are 730, 630, and
630, respectively. For this example, F21 = 11 and F31 = 5.8. Fig.
3(a) and (b) show that when β2 is about 4 and β3 → ∞, ƞ2 is maximized to 0.82. Meanwhile, when β2 → ∞ and β3 is approximately 2, ƞ3 is maximized to 0.52. The maximum total efficiency
ƞt in Fig. 3(c) is about 0.85 when β2 and β3 are about 12, as expected by (19). Note that while the efficiencies ƞ2 and ƞ3 significantly vary depending on β2 and β3, the total efficiency ƞt is rarely
sensitive as long as they are greater than approximately 4. This is
an interesting property of SIMO systems since the efficiency for
each receiver may be properly distributed considering the charged
battery energy levels of the receivers while the total remains unchanged.
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Fig. 4. Efficiencies for different positions (0, 10, v) of Rx 3 and fixed
positions of Tx 1 and Rx 2 at (0, 0, 0) and at (0, −10 cm, 15
cm), respectively (r1 = 15 cm, r2 = r3 = 5 cm, rring = 0.2 cm and
R2 = R3 = 0.017 Ω).

Fig. 4 shows ƞ2, ƞ3, and ƞt for different center positions (0, 10,
v) of loop 3 (Rx 3) in Fig. 2. For this example, the centers of loop
1 (Tx 1) and loop 2 (Rx 2) are fixed at (0, 0, 0), (0, −10, 15),
respectively. At each position of Rx 3, β2,opt and β3,opt given by (19)
are shown in Fig. 4. Alternatively, β2 and β3 can be optimized to
maximize the fitness function ƞt (8) using the GA in MATLAB
based on (1)–(7). The optimized β2 and β3 are in good agreement
with β2,opt and β3,opt obtained by (19). This demonstrates the validity of (19). In the GA optimization of this study, all the coupling effects are considered.
2. SIMO System with one Tx and N Rx’s (Same Receiving Loops
Are Symmetrically Positioned)
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Now, we consider a more general case of the SIMO system,
where all the N Rx loops are identical and symmetrically located
around one Tx loop. From the symmetry of the system, the figure
of merit (F = kQ) between the Tx and Rx loops should also be
identical. When the coupling coefficients between the Rx loops
are negligibly small, the total efficiency ƞt and the efficiency for
each loop ƞ can be expressed as
 t  N  b , F  

NF 2
 1

1  b 1  NF 2  1 
1  NF 2 
 b






(a)

(20)

where b (= RL/RL,opt) is the load deviation factor from the optimum load resistance, given as

RL,opt  R 1  NF 2 .

(21)

The expressions (20) and (21) are the extensions of (9) and (10)
for the SISO system. When N = 1, (20) and (21) reduces to (9)
and (10), respectively.
Table 1 shows the optimum load resistances (RL,opt) for different number of receivers. Again, the solutions from GA optimization are consistent with the closed-form solution in (21), validating the formulations. As the separation between the Tx and
Rx loops increases, the figure of merit (F) and the optimum load
RL,opt usually become very small, as exemplified in Table 1. Ideally,
these small optimum resistances can be transformed to the 50 Ω
impedance of typical receivers using a feeding loop. In practice,
we may use a multi-turn Rx loop to increase the optimum resistance enough to make it directly match practical receivers [21].
Fig. 5(a) shows a SIMO system (M=1, N=4) with four symmetrically placed receivers. The Tx loop is centered at the origin.
The vertical and horizontal distances of each Rx loop from the
origin are v and h, respectively. Fig. 5(b) shows the fabricated
SIMO system based on Fig. 5(a). Additional feeding loops for
the Rx loops were used for 50-Ω matching to measure the Sparameters using a network analyzer. Table 2 shows the approximated [21, 22] and measured values of circuit elements. The
measured values were obtained using the Keysight E5063A
VNA. The measured resistances were about two times the theoretical ones. This has been a usual phenomenon due to oxidiza-

(b)
Fig. 5. SIMO system (M = 1, N = 4) with symmetrically placed receivers. (a) SIMO geometry and (b) photograph of fabricated
SIMO structure.

tion of copper wires [23]. On the other hand, the inductances
and capacitances are in close agreement. The measured Q of the
transmitting loop and receiving loops are approximately 330 and
234, respectively.
Fig. 6 shows the efficiencies for different numbers (N) of
Rx loops in the SIMO system. The resonant frequency (f0) is
6.78 MHz, r1= 15 cm, r2 = r3 = r4 = r5 = 5 cm, the radius of each
loop (rring) is 0.2 cm, v = 7.5 cm, and h = 15 cm in connection

Table 1. Optimum load resistances (RL,opt)
Number of

GA optimization

Closed-form (21)

Rx loops

(Ω)

(Ω)

1
2
3
4

0.202
0.282
0.346
0.409

0.202
0.282
0.344
0.397

The receivers are symmetrically placed h = 15 cm and v = 7.5 cm.

Fig. 6. WPT efficiencies depending on the number of Rx loops (N)
in the SIMO system (r1 = 15 cm, r2 = r3 = r4 = r5 = 5 cm, rring =
0.2 cm, v = 7.5 cm, h = 15 cm, k21 = k31 = k41 = k51 = 0.02072).
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with Fig. 5.
The solid lines are obtained from the GA optimization using
the measured circuit values summarized in Table 2. The dashed
lines show the efficiencies from the closed-form expression (20).
The square symbols show the measured efficiencies using a twoport network analyzer (Fig. 5). It is shown that as the number of
Rx loops (N) increases, the total efficiency (ƞt) increases to some
extent. The efficiency (ƞn) for each Rx loop is roughly the total
efficiency (ƞt) divided by the number of Rx loops N. The efficiencies obtained by the numerical calculations using the GA method,
closed-form expressions, and measurements are all in good agreement. In Table 3, we summarize the coupling coefficients between the Tx and Rx loops and between two adjacent Rx loops
for different numbers (N) of receivers from 1 to 4 with the configurations described in Figs. 5 and 6. As we have first assumed,
the coupling coefficients between the Tx and Rx loops are considerably larger than those between the two adjacent Rx loops.
This explains why the efficiencies obtained from the closed-form
expressions (20) and (21), neglecting the coupling coefficients between the two adjacent Rx loops, agree well with those obtained
from the numerical optimization and measurements.
3. SIMO System with M = 1 and N = 4 (Same Receiving Loops,
But Not Symmetrically Positioned)
To analyze the effects of placing the Rx loops over the transmitter with different densities, we have evaluated the efficiencies
for three configurations (cases A, B, and C) as shown in Fig. 7.
The angles of the two Rx loops seen from the origin are 90°, 60°,
and 41° for cases A, B, and C, respectively. For all the three cases,
r1 = 15 cm, r2 = r3 = r4 = r5 = 5 cm, the radius of the loop
Table 2. Approximated and measured circuit values
Circuit elements
R1 (Ω)
R2–R5 (Ω)
L1 (μH)
L2–L5 (μH)
C1 (nF)
C2–C5 (nF)
Q1
Q2–Q5

Approximated [21, 22]

Measured

0.051
0.017
0.876
0.223
0.629
2.472
730
560

0.11
0.04
0.853
0.22
0.646
5.5
330
234

Table 3. Coupling coefficients for the SIMO system with N symmetrically placed receivers
N=1

N=2

N=3

N=4

0.02072

0.02072

0.02072

0.02072

k32

-

−0.00116

−0.00183

−0.00352

k42

-

-

−0.00183

−0.00116

kn1 (n = 2–5)

r1 = 15 cm, r2 = r3= r4 = r5 = 5 cm, rring = 0.2 cm, v = 7.5 cm, h = 15 cm.
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Fig. 7. Three special cases of SIMO system (M = 1, N = 4) with unsymmetrically placed receivers (r1 = 15 cm, r2 = r3 = r4 = r5 = 5
cm, rring = 0.2 cm, h = 15 cm, and v is the vertical distance
between Tx1 and each Rx loop).

ring is 0.2 cm, h=15 cm, and the Rx loops are placed right above
the Tx loop with a vertical distance of v.
In Fig. 8(a), we show the total efficiencies ƞt obtained using
GA as the vertical distance v increases. The system has been optimized to maximize ƞt’s for each case. The total efficiency for
case A is shown to decrease approximately from 88% to 50% as v
increases from 2 cm to 24 cm. The total efficiency for case C is
3%–10% lower than that for case A due to the effect of the
stronger mutual couplings between the Rx loops. In Fig. 8(b), ƞ2
(=ƞ5) for case C is shown to be the highest, and ƞ3 (=ƞ4) for case
C is shown to be the lowest and to approach zero when v is about
25 cm. The differences of ƞ2 and ƞ3 increase as v increases for case
B. This is due to the effects of the mutual coupling between the
Rx loops becoming relatively stronger as v increases.
In Fig. 9, the optimum load resistances (RL,opt) are obtained
from GA and plotted as a function of v for the three cases. The
optimum load resistances RL2,opt (=RL5,opt) for all of the three cases
are shown to decrease as expected when v increases. On the other
hand, RL3,opt (= RL4,opt) for case C shows a tendency to increase
due to the effect of the strongest mutual coupling between Rx
loops.
In Table 4, we show the coupling coefficients for cases A, B,
and C. The minus sign implies that the magnetic flux lines generated from one Rx loop cross the other Rx loop in an opposite
direction and may counter the flux lines coming from the Tx loop.
The coupling coefficients between the Rx loops do not change
depending on v. However, as v increases from 1 cm to 25 cm, the
coupling coefficient between the Tx loop and any of the Rx loops
(k21=k31=k41=k51) decreases from 0.0357 to 0.006. The absolute
value of k32 for case C is the largest (= 0.0654), which is even
larger than kn1 (=0.0357) for n=2–5. Therefore, the efficiency ƞ3
(=ƞ4) for case C is the lowest.
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Table 4. Coupling coefficients between the Rx loops for three cases
Case A
kn1 (n = 2–5)
k32

Case B

Case C

0.0357 → 0.006 as v increases from 1 cm to 25 cm
−0.00352
−0.01180
−0.06536

k42

−0.00116

−0.00183

−0.00452

k52

-

−0.00116

−0.00174

r1 = 15 cm, r2 = r3= r4 = r5 = 5 cm, rring = 0.2 cm, h = 15 cm.

(a)

Fig. 10. SIMO system (M = 1, N = 4) where one Rx loop (Rx 5)
moves outward from the center (r1 = 15 cm, r2 = r3 = r4 = r5
= 5 cm, rring =0.2 cm, v is the vertical distance between Tx1
and each Rx loop).

(b)
Fig. 8. WPT efficiencies obtained using GA as a function of v (Fig.
5) in the SIMO system for cases A, B, and C (r1 = 15 cm, r2
=r3 =r4 =r5 =5 cm, rring =0.2 cm). (a) Total efficiencies ƞt and
(b) each efficiency ƞn for n = 2–5.

For this case, r1 =15 cm, r2= r3 = r4= r5= 5 cm, and the radius of
the Rx loop ring is 0.2 cm. In Fig. 11(a) and (b), the efficiencies
and the optimum load resistances obtained using GA are shown
as a function of h5. The optimum load resistances have been obtained using the GA to maximize the total efficiencies (ƞt) for
each h5 with all mutual couplings considered. In Fig. 11(a), we
can see that ƞt’s do not change much as h5 increases from 0 to 26
cm. It only decreases from 87% to 80%. However, the efficiency
of each receiver does change significantly. Obviously, ƞ5 decreases
most dramatically from 64% to a few percent. Instead, ƞ2 (= ƞ4)
and ƞ3 are shown to increase from about 10% to 26%. One important observation is that the total efficiency can be maintained
rather steady while the efficiency for each receiver changes considerably.

Ⅳ. CONCLUSION

Fig. 9. Optimum load resistances (RL,opt) obtained using GA as a
function of v (Fig. 5) in the SIMO system for cases A, B,
and C (r1 = 15 cm, r2 = r3 = r4 = r5 = 5 cm, rring = 0.2 cm).

Fig. 10 shows the geometry of case D where Rx 5 moves outward from the center. The horizontal distance of Rx 5 is h5.

Various features of WPT SIMO systems have been investigated on the basis of a more general MIMO system formulation.
Useful closed-form expressions for the efficiencies and optimum
loads for SIMO systems have been derived and their validity was
checked through GA optimization and measurement. The results of this study have provided physical insight that can be employed to any practical SIMO WPT systems and have demonstrated the feasibility of SIMO systems in the range of tens of
centimeters with sufficient design examples.
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(a)

(b)
Fig. 11. Efficiencies and optimum load resistances obtained using
GA for the SIMO system in Fig. 10 (M = 1, N = 4). (a) Efficiencies by hrx5 and (b) optimum load resistances by hrx5. r1
= 15 cm, r2 = r3 = r4 = r5 = 5 cm, rring = 0.2 cm, v = 7.5 cm.
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