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ABSTRACT

and can charge a phone independently of its orientation. One could
then attach a charging pad below the desk and use it to charge the
user’s phone whenever she is sitting at her desk. With such a setup,
many of us would hardly ever need to take a phone out of our pocket
to charge it. Achieving this vision however is not easy given the directionality and fast drop in the magnetic field.
This paper delivers a system that can charge a cell phone at distances of about 40 cm, and works independently of how the phone is
oriented in the user’s pocket. Our approach builds on analogous designs common for wireless data communications. Wireless communications use multi-antenna beamforming to concentrate the energy
of a signal in a particular direction in space. As a result, these systems can reach longer distances and change the directionality (i.e.,
orientation) of their signal to focus it on the receiver. Past work on
RF beamforming however operates in the far field, where the separation between transmitter and receiver is significantly larger than
the wavelength. Wireless charging however operates in the near field,
where it relies on the magnetic field for its power transfer. Our aim
is to extend the principles of MIMO beamforming to focus the magnetic field in the spatial direction of the phone we want to charge.
Our design, called MagMIMO, enables wireless charging systems
to focus their power transfer and beam it towards the phone, in a manner analogous to beamforming in wireless communications. Specifically, state of the art wireless charging uses a technique called inductive resonance [17]. A source coil in the charging pad is used to
generate the magnetic field. The phone is equipped with a receiving
coil which may be inside the phone’s case or in an attached sleeve.
When the magnetic field traverses the phone’s coil, it generates a
current that charges the battery. These two coils are the transmit and
receive antennas of the wireless system. Current systems use a single transmit coil and hence the receiving coil in the phone has to be
close and well aligned with the transmit coil in the pad to collect
the energy in the magnetic field. In contrast, MagMIMO uses multiple coils on the transmitter side in a manner similar to multi-antenna
wireless communication systems. The currents in the various coils
are coordinated so that their magnetic fields combine constructively
at the phone’s coil –i.e., create a beam toward the phone. The resulting beam is spatially steered according to the location of the phone.
As in traditional MIMO beamforming, focusing the magnetic
field’s beam toward the phone requires the source to know the channels.1 In communication systems this is addressed either by having
the receiver measure the channels and send them back to the source,
or by listening to some transmission from the receiver and inferring
the reciprocal channels [33]. In MagMIMO, we neither need the receiver to directly send us the channels nor to transmit so that we
may listen to the reciprocal channels. Because of the magnetic coupling between the transmitter and receiver, our source can measure
the parameters for beamforming simply by measuring the load the receiver’s circuit imposes on the transmitter’s circuit. This enables the

This paper bridges wireless communication with wireless power
transfer. It shows that mobile phones can be charged remotely, while
in the user’s pocket by applying the concept of MIMO beamforming. However, unlike MIMO beamforming in communication systems which targets the radiated field, we transfer power by beamforming the non-radiated magnetic field and steering it toward the
phone. We design MagMIMO, a new system for wireless charging
of cell phones and portable devices. MagMIMO consumes as much
power as existing solutions, yet it can charge a phone remotely without being removed from the user’s pocket. Furthermore, the phone
need not face the charging pad, and can charge independently of its
orientation. We have built MagMIMO and demonstrated its ability to
charge the iPhone and other smart phones, while in the user’s pocket.
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1.

I NTRODUCTION
Wireless power transfer promises to revolutionize mobile computing and enable smart phones and portable devices to be permanently
unplugged. Yet, while wireless chargers are now available for many
mobile phones, their utility is quite limited. We still need to remember to regularly charge our mobile phones; only instead of inserting
the cable every time, we can now put the phone on a charging pad.
To many of us, this is not the wireless charging we hoped for. We
would like to have our cell phones charged in our pockets, and never
again worry about forgetting to charge the phone.
Past work on wireless power transfer, however, cannot deliver this
vision. Transfering a significant amount of power wirelessly is typically done via the magnetic field, which is highly directional and its
value drops very quickly with distance. As a result, state-of-the-art
phone chargers are limited to distances of one or a few centimeters,
and require the phone to be perfectly aligned with the charging pad.
Yet, a small increase in the distance and flexibility of wireless
charging would translate to a big improvement in the user experience. In particular, many people are office workers who spend multiple hours a day sitting at their desks [9]. It would be highly desirable
to have phone chargers that work at distances of about 30 or 40 cm
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1
Like in RF systems, the channels are complex coefficients that capture how the transmitter’s signal is received.
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phone to convey the channel information to the power source without
extra overhead.
We have built a prototype of MagMIMO and tested it with the
iPhone 4s in the aforementioned office set-up. We also compared the
prototype against commercial iPhone chargers (i.e., Energizer Qi,
Duracell, RAVpower) as well as recent published work (WiTricity
2000M [36], UW prototype [30]). Since these baselines use different input power, we set the combined input power of MagMIMO’s
source coils to be about the average input power used by the various
baselines. Our results show the following:
• MagMIMO can charge the iPhone at distances up to 40 cm,
whereas commercial chargers and academic systems are limited
to 1 cm and 10 cm, respectively.
• MagMIMO charging time is lower than all baselines for the same
distance. The charging time naturally increases for longer distances. For example at distances of 30 cm, MagMIMO charges the
iPhone from a dead battery to a full charge within an average of 4
hours and 50 minutes, which is about twice as much as it takes to
charge the iPhone 4s when directly plugged to the power source.2
• MagMIMO can charge the iPhone at any orientations –i.e., from
perfect alignment at 0 degree to an orthogonal alignment at 90
degrees. In contrast, all baselines fail at 10 degrees or lower, except
WiTricity 2000M [36] which operates up to 30 degrees.
• In experiments run with a population of users who carried their
own smart phones while working at a desk, MagMIMO has succeeded in charging the user’s phone independent of whether the
user kept the phone in her shirt, pants, or jacket pocket. We have
also conducted experiments in which the user placed his or her
phone on the desk in a random position, either directly on the surface of the desk, or in a backpack, or on top of other objects (e.g.,
a book). MagMIMO has succeeded in charging the phone in all of
these scenarios. The charging time from a dead battery varied between 2h:53m and 6h:15m, depending on the phone location and
the movements of the user.
Contributions: So far, wireless power transfer has been developed
in isolation from the vast and powerful literature on wireless communications. By bridging the two research areas, this paper is able to
present the first demonstration of wireless charging of a smart phone
while in the user’s pocket. This performance is enabled by a novel
design that focuses the magnetic flux from multiple coils in a steerable beam and points it at the phone, in a manner analogous to multiantenna beamforming in wireless communications. The design can
charge unmodified smart phones at distances up to 40 cm, and works
regardless of the phone orientation with respect to the charging pad.

2.

R ELATED W ORK

Wireless power transfer has been successfully adopted in cell
phone chargers [7, 36] and electric car chargers [10]. It is also proposed for charging sensors [12, 19, 11], consumer electronics [25,
20], and medical implants [15, 14, 26]. Practical schemes for charging phones and similar consumer devices however are limited to distances of few centimeters and require the receiver coil to be aligned
with the charging pad [7, 8, 27, 36, 25]. Examples of wireless power
transfer at longer distances either require a large and heavy receiver
coil, as in cars [10], or they can only deliver very little power sufficient to light an LED at ∼10−200mW [37], but cannot charge a cell
phone battery which requires a few Watts [2].
2
Note that these numbers are for charging the iPhone starting from
a dead battery. For this scenario, it took 2 hours and 15 minutes to
charge the phone when directly plugged to the power outlet, which
is consistent with previously reported measurements [2].
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The literature also has examples of systems that use “multi-coils”
but none of these technologies shapes the magnetic flux in a steerable beam, analogous to traditional MIMO beamforming. Past work
on multi-coil power transfer falls in three categories: Some schemes
use multiple transmit coils but at any time, turn only one coil on –
typically the coil closest and most aligned with the receiver coil [10,
23]. Other schemes use passive coils that operate as repeaters [26,
34, 35]. A third category uses one transmitter coil but attempts to
power multiple devices each with its own receiver coil [18]. MagMIMO is fundamentally different from these approaches because it
actively shapes the combined magnetic flux of the coils as a beam,
and dynamically steers this beam towards the receiver to maximize
power delivery.
A recent startup named Ossia [39, 31] proposed to power phones
remotely using a very large array of WiFi MIMO transmitters. In
contrast to all of the above work as well as MagMIMO, which deliver power via the magnetic field, WiFi MIMO delivers power using RF radiation. While RF radiation can be used to deliver a small
amount of power as in RFIDs, delivering a large amount of power via
radiation can cause local heating inside the human body [22]. This is
because radiated power at hundreds of MHz−GHz frequencies can
easily be absorbed by water that constitutes majority of the human
body [38]. Hence, power transfer technologies have so far avoided
operating in the radiation mode. Furthermore, given the limited public information about the technology underlying Ossia, it is unclear
how efficient their approach is (meaning how long it takes to charge
the phone) and whether the technology obeys the FCC regulations.
Nevertheless, the technology is useful for environments in which humans are not present, such as automatic wireless battery charging of
sensor networks in an industrial environment. While MagMIMO’s
design is inspired by MIMO RF techniques used in wireless communications, MagMIMO is the first technology that provides beamforming of the magnetic field and develops the underlying mathematical formulation and system architecture.
Finally, in §5.3, we use a form of in-band communication to detect
the presence of a chargeable phone and adapt to changes in its load.
This design is motivated by past work on wireless power transfer
that used in-band communication for device discovery (e.g., [16] and
[32]), but differs in the details of our communication protocol.

3.

P RIMER

Wireless power transfer systems deliver power via magnetic coupling between the transmitter’s and receiver’s circuits [20]. As shown
in Fig. 1(a), a coil of conductive material, e.g., copper, is connected
to an AC power source to generate an oscillating magnetic field. A
second conducting coil, brought very close to the first, would experience an oscillating magnetic flux. Variations in the magnetic flux
traversing the secondary coil induce an electric current, which may
be used to power devices like phones.
To increase efficiency, state of the art wireless chargers add a capacitance to both the transmitter and receiver circuits and make them
resonate at the same frequency [20, 25], as illustrated in Fig. 1(b).
With magnetic resonance, once the source voltage at the transmitter
triggers oscillation, the circuit can keep resonating back and forth
without consuming extra energy [21]. Of course in practice some of
the energy is dissipated in the intrinsic resistance of the coil, but the
overall efficiency of power transfer is significantly higher.
It is important to realize that power transfer depends on the amount
of magnetic flux traversing the secondary coil, as shown in Fig. 2. In
the case of a single transmitter coil, aligning the receiver coil with the
source coil maximizes the magnetic flux through the receiver coil and
hence the amount of energy delivered to the phone, as in Fig. 2(a).
On the other hand, if the receiver coil is orthogonal to the transmitter
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(a)

(b)

Standard MIMO: y = (h1 + h2 )x

MagMIMO: IL =

jω
zL +RL

(M1 + M2 )Is

Figure 5: Illustration of the analogies between standard MIMO and MagMIMO: (a) In standard MIMO, the output, y, at the receiver antenna, is a linear
combination of the input signal x, where the combiners are the wireless channels, h1 and h2 ; (b) similarly in MagMIMO, the current induced in the receiver coil,
IL , is a linear combination of the input current Is , where the combiners are proportional to the mutual inductances between the receiver and each transmitter, M1
and M2 .

beam and adjusts the direction of the magnetic flux to accommodate
the orientation of the receiver coil in the phone.

5.1

Magnetic-Beamforming in MagMIMO

In this section, we explain the analogy between the conventional beamforming in communication systems and MagMIMO’s
magnetic-beamforming. We then leverage that analogy to derive the
rules governing magnetic-beamforming.3 For clarity, we consider a
2-antenna MIMO transmitter. Generalization to a larger number of
antennas is straightforward.
Consider a standard MIMO transmitter with two antennas as
shown in Fig. 5(a). Say we want to beamform the signal x to the
receiver. From standard MIMO equations [4], [33], we know that the
received signal y can be expressed as:
y = (h1 + h2 )x,

(3)

where h1 and h2 are the wireless channels from the two transmitting
antennas to the receiving antenna.
We also know that we can maximize the SNR of y at the receiver
by beamforming the transmitted signal x. This is done by using a
beamforming vector (α1 , α2 ), and transmitting α1 x on the first antenna, and α2 x on the second antenna. By Maximal-Ratio Combining
(MRC), the elements of the beamforming vector should satisfy:
h∗i
,
αi = P
n
|hi |2

(4)

the transmitter to maximize the power transferred to the receiver’s
coil. Maximizing the power at the receiver means maximizing the
current induced in the receiver’s coil, IL . As explained in §3, the
transmitter impacts the receiver’s current, IL , via the mutual inductance between the transmitting coils and the receiving coil, as shown
in Fig. 5(b). Thus, the mutual inductance plays the role of magnetic
channels. Let us refer to the transmitter’s current by Is . Applying basic circuit equations, we can write the current in the receiving coil as
a function of the current fed to the transmitting coils. In particular,
we can apply (1) while taking into account that we have two transmit
coils (instead of just one):
IL (RL + zL + jωLL +

1
) = jω(M1 + M2 )Is ,
jωCL

where M1 and M2 are the mutual inductances between the receive
coil and the two transmit coils; ω is the frequency of AC current
at the transmitter; and RL , zL , LL , CL are the resistance, impedance,
inductance, and capacitance on the receiver’s side.
The equation above shows that the receiver current, IL (which is
analogous to the received signal y in a MIMO communication system) can be expressed in terms of the source current, Is (which is
analogous to the source symbol x in a communication system). Taking into account that power transfer systems are tuned to the fre1
quency of resonance and hence the terms jωC
and jωLL cancel each
L
other out, we can re-write (5) as:
IL = (m1 + m2 )Is ,

i=1

h∗i

where
is the complex conjugate of the channel coefficient hi . Intuitively, the beamforming vectors above ensure that the signal from
each antenna is rotated and weighted according to the phase and
strength of the channel, such that the signals from all antennas are
aligned to maximize the power at the receiver.
Now, consider the power transfer system in Fig. 5(b), where we
would like to beam the magnetic field resulting from the two coils on
3

Nonetheless, we note that shaping the non-radiated magnetic field
as a beam while analogous to traditional beamforming is also quite
different from it and cannot be implemented by simply using traditional beamforming. These are two different phenomena: the former
operates over the near-field magnetic flux while the latter operates
over the far-field propagating waves. Thus, while the analogy is helpful in understanding and developing the design, MagMIMO requires
developing a new mathematical formalization that optimizes power
transfer.
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(5)

(6)

where:
mi =

jω
Mi .
zL + RL

(7)

The term mi is the scaled version of the magnetic inductance between
the transmitting coil and receiving coil. We refer to mi as the magnetic channel between Txi and Rx.
Comparing (6) with (3), it is clear that they have the same format.
Thus, similar to traditional MIMO beamforming, we can maximize
the current induced in the receiver’s coil, IL , by scaling the current
flowing in the transmitter’s coils Is with a magnetic-beamforming
vector (β1 , β2 ), such that:
m∗i
βi = P
,
n
|mi |2
i=1

(8)

Also note that the beam is steered as the receiving coil moves or
turns, i.e., changes its location or orientation. This is because the mutual inductances, Mi ’s, change with the receiver’s location and orientation, similarly to how channels change when the receiver’s location
changes in MIMO communication systems. In contrast, existing solutions have no way for steering the magnetic flux towards the phone
as it changes location or orientation and hence need the phone to be
aligned with the charging pad.

5.2

MagMIMO Protocol

This section describes the procedure that MagMIMO follows to
beamform its signal to the receiver, and adapt to receiver’s movements by steering the beam as needed. The procedure has three
steps: channel estimation, magnetic-beamforming, and automatic
beam steering, as detailed below.

Figure 6: Comparison of the magnetic flux density. The figure plots
the magnetic flux in cartesian coordinates resulting from (left): magneticbeamforming using MagMIMO system and (right): a large single coil. (a)
and (b) show the 3–D distribution of the flux density, while (c) and (d) show
2–D planar cuts of quantities shown in (a) and (b), respectively. By comparing left and right panels, it is clear that MagMIMO has effectively focused
the filed in the desired direction. The occupied area and the input power is the
same for both systems.

1. Magnetic Channel Estimation: In communication systems, a
MIMO transmitter needs to learn the channels from itself to the receiver in order to compute the magnetic-beamforming vector. Similarly, a MagMIMO transmitter needs to learn the magnetic channels
to the receiver (i.e., the mi ’s) to compute its magnetic-beamforming
vector.
In communication systems, the transmitter obtains the channels either by having the receiver measure the channels and send them back
to the transmitter, or by listening to some transmission from the receiver and inferring the reciprocal channels [33]. Unlike communication systems, in MagMIMO, we neither need the receiver to directly
send the channels to the source nor to transmit so that the source may
listen to the reciprocal channels. Because of magnetic coupling between the transmitter and receiver, our transmitter can estimate the
channels simply by measuring the load that the receiver imposes on
the transmitter circuit. In particular, from §3.1, the impact of the receiver on each of the transmitter’s coils can be captured using (2)
as:
1
+ zsi ) − jωMi IL ,
(9)
Vsi = Isi (jωLsi +
jωCsi

where m∗i is the complex conjugate of the magnetic channel mi , and
βi Is is the current in the transmitter’s ith coil.
We note that maximizing the receiver’s current, IL , naturally translates to magnetic-beamforming the field toward the receiver’s coil, in
a manner similar to how maximizing the received symbol, y, translates to standard MIMO beamforming. This is because the magnetic
field amplitude at the receiver coil is proportional to IL [38]. The proportionality means that maximizing IL is identical to maximization of
the local magnetic flux magnitude at the receiver coil.4
To illustrate this relation, Fig. 6 shows the result of MagMIMO’s
magnetic-beamforming, as expressed in the above equations, and
compares it with an omnidirectional magnetic field resulting from a
large single coil. The quantity shown in this figure is the magnitudes
of the magnetic flux density normalized by the peak of the large single coil’s magnetic flux density. The total occupied area and the input
power for the single coil and the multiple Tx coils of MagMIMO are
the same. The simulation data shown in Fig. 6 are obtained by using
AC/DC module of COMSOL Multiphysics [6], a commercial computation packages commonly used for electromagnetic simulations.
As can be seen in this figure, the concentrated magnetic flux generated by MagMIMO magnetic-beamforming is significantly higher
than the single coil’s magnetic field despite the fact that they consume the same input power. Therefore, MagMIMO has successfully
beamformed the magnetic field. The reason that MagMIMO is able
to create a higher magnetic flux maximum with the same power as
the single coil is that the field is lower at other points in space except
on the center line, which is the direction of the receiver in our simulation. Hence, MagMIMO concentrates the input power in the desired
direction. The advantage of MagMIMO magnetic-beamforming is
even higher than expressed in Fig. 6, since the power delivered to
the receiver is proportional to the square of the magnetic flux that
traverses the receiver coil [38].

where Vsi and Isi are the voltage and current of the ith Tx coil. Lsi , Csi
and zsi are the inductance, capacitance, and impedance of the ith Tx
coil, and Mi is its mutual inductance with the receiver’s coil.
The above equation can be used to measure the magnetic channels
from the transmitter to the receiver. Specifically, periodically, we apply a known voltage, Vsi , to the ith Tx coil, and then measure the
current Isi flowing through the coil while keeping the other transmit coils open circuit. Dividing the known voltage by the measured
V
current gives us the total impedance of the Tx coil, z′i = Issi . Substii
tuting from (9) and given that the system is tuned to the frequency of
1
resonance and hence jωC
and jωLsi cancel out, we have:
s
i

z′i =

Vsi
IL
= zsi − jωMi .
Isi
Isi

(10)

Since during the channel measurement phase only one Tx coil is active at any time and the other are open circuit, we can use (1) to
1
estimate IL and substitute it in (10). We can also cancel out jωC
and
L
jωLL since the circuit is operating at its resonance frequency, which
yield:
ω 2 Mi2 = (z′i − zsi )(RL + zL ),

(11)

z′i

where is the measured impedance of Txi , while other Tx coils are
silent, meaning that they are open circuited, and zsi is the intrinsic
impedance of Txi .5

4
In fact y in (3) is the voltage of the receiver antenna that is proportional to the electric field of the incident wave at the receiver, in a
similar way that IL is proportional to the magnetic field at the receiver
coil.

5
This impedance represents the total impedance of the transmitter
coil in the absence of a receiver, which includes the impedance of
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where γi is an indicator variable whose value is +1 if the sign of Mi
is positive and −1 otherwise.
2. Magnetic-Beamforming: Once the magnetic channels are estimated,
the optimum beamforming parameters are immediately derived from
(8), and the currents of each transmit coil is set to satisfy: Isi = βi Is .
Assigning these currents to the Tx coils ensures that the beam is accurately steered toward the receiver coil.6
Therefore, the way we perform the beam steering in MagMIMO is
essentially similar to standard MIMO beam steering. The steering is
performed automatically based on the data collected from channel
estimation, and then depending on each transmitter’s channel, the
system selects an appropriate feeding scheme (derived from (8) and
(13)) for the optimum wireless charging.
3. Automatic Beam Steering: The phone’s position and orientation can
change during the charging process, causing the magnetic channels
between the transmitter and receiver coils to change. Thus, it is essential that steps 1 and 2 are repeated every few seconds so that MagMIMO is able to re-steer its beam to deliver the optimal power every
time the user changes the location and/or orientation of the phone.

5.3

Feedback from the Receiver

Up to this point, we have made two key assumptions: 1) the phone
is always present within the reach of MagMIMO and 2) the receiver
load resistance is constant. These two assumptions are not necessarily true in practice. The phone may be not in range, in which case,
MagMIMO should turn off the charging system to save energy. As
for the receiver’s load, RL , it is a function of the battery’s instantaneous charge level, and continuously increases as the phone’s battery
fills up [2], as shown in Fig. 7. Hence, the power transmitter needs
to learn the current value of RL to accurately compute the magnetic
channels and the beamforming vector.
the DC voltage supply, amplifier and intrinsic resistance of Lsi and
Csi .
6
In practice, it is more convenient to apply voltages rather than currents –i.e., use a voltage source. Thus, we can easily compute the
source voltages that generate the desired currents, Isi , using standard
circuit equations as:
 Is 
  
Vs1

zs1

Vs2  jωM2,1
 . = .
 .   .
.
Vsn

.
jωMn,1

jωM1,2
zs2
..
.
jωMn,2

···
···
..
.
···

jωM1,n
jωM2,n
..
.
zsn

1
jωM1
I
jωM2  s2 
 . 
. 
.. 

 . 
.
Isn
jωMn
−IL

(13)

where Vsi , zsi , Isi stand for the voltage, internal impedance, and the
current of the ith source circuit, and Mi,j is the mutual inductance
between transmit coils i and j. All of the elements in the right hands
side of (13) are either known from the offline tuning of the system
or determined after channel estimation and magnetic-beamforming
vector calculation.
In particular, Isi = βi Is where Is is the AC current,
P
and IL =
mi Isi .
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Once the absolute value and sign of Mi are known, they are substitued
in Equation (7). As a result, the magnetic channel between the ith
transmit coil and the receive coil can be computed as:
r
z′i − zsi
,
(12)
mi = jγi
RL + zL
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Equation (11) allows the wireless power transmitter to compute the
absolute value of the mutual inductance between each of its coils and
the receiver’s coil, i.e., |Mi |. This equation however does not provide
the sign of Mi . To determine the sign, one should define a positive
direction for a reference coil and compute the sign of the Mi ’s with
respect to that reference, which we explain in detail in Appendix §A.

10

15

20

Time (ms)

25

30

35

40

Transmitted feedback signal from Rx coil

0.8
0.6
0.4
0

5

(b)

10

15

20

Time (ms)

25

30

35

40

Received feedback signal by Tx coil

Figure 8: Feedback sent from Rx and received by Tx. The width of the
pulse encodes the value of RL and the presence of the pulse train conveys that
a phone equiped with a MagMIMO receiver is in reach of the MagMIMO’s
transmitter.

In this section, we explain how MagMIMO employs feedback
communication from the receiver to detect the presence of the phone
and the current value of the load resistance. One option for sending this feedback is to use out-of-band communication via some low
power radio, e.g., Bluetooth. This solution is undesirable since it
needs an additional radio on the charger and may not work if the
phone is completely discharged. In MagMIMO, we send the feedback in-band by having the receiver modulate the power transfer
signal, in a manner similar to how RFIDs communicate with their
reader.
We leverage the coupling between the transmitter and receiver, due
to which changes in the impedance of the receiver’s circuit translate
to proportional changes in the reflected impedance at the transmitter.
Thus, in MagMIMO, the receiver measures RL and communicates
its value to the transmitter by turning a switch on and off to change
the reflected impedance. The value of RL is encoded in the width of
the pulse. The pulse is repeated multiple times for reliability. Fig. 8
shows the pulses transmitted from the power receiver and how they
are received at the power transmitter. The example in the figure is for
RL equal to 8.25 Ω.
On the other side, Tx coil uses the presence of the pulse train as an
indication that a phone is within the reach and it needs power. It also
finds out the value of RL by decoding and measuring the pulse width.
Note that the Tx can immediately discover the impact of switching
the impedance at the receiver due to the coupling between Tx and
Rx.
The RL estimation and in-band communication is repeated every
few minutes (every 5 minutes in our prototype). Whenever the value
of RL changes, the channels are updated according to (12).
The above feedback approach is very energy efficient and does
not add too much complexity to the system. All of the measurements
and modulations on the Rx side are done using the energy harnessed
from the transmitter, not the phone’s battery. Therefore, MagMIMO
works seamlessly even for a completely discharged phone.
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Figure 10: Block diagram of MagMIMO prototype. The magnetic channels, m1 ,m2 , ..., mn , are estimated by measuring the reflected Rx impedance
at each Tx coil. The digital logic controls the currents in the Tx coil array.
The matching impedance circuit, rectifier and DC/DC converter condition the
voltage and current of the load/receiver.

Figure 9: MagMIMO prototype. The figure shows the transmit coils placed
on a regular office desk; the receiver coil is attached to back of the phone.

P ROTOTYPE I MPLEMENTATION
We built a prototype of MagMIMO using off-the-shelf components (Fig. 9). The transmitter can be attached to a regular office desk
with metallic, plastic and wood contents. The only restriction of the
system is that the desk surface must not be conductive. The receiver
circuit has a small coil and can be attached to the back of the phone.
It charges unmodified phones via the USB port.
The prototype resonates at a single frequency of 1.0 MHz. The
electromagnetic compatibility constraints have been followed so that
the MagMIMO prototype is compliant with FCC regulations (both
part 15 and part 18). Note, however, that while the prototype operates at this particular frequency, magnetic-beamforming for power
transfer is independent of the frequency.7
Our implementation, illustrated in Fig. 10, has three components:

m2

6.

1. The transmitter can be powered from a standard 60 Hz power outlet.
The transmitter circuit consists of six8 transmitting coils (Txi ) resonating with their own serial capacitors. The area of each Tx coil is
0.05 m2 which is powered by its own tunable power amplifier (Ai ).
The transmitting coils and power amplifiers are specifically designed
and built to have low resistive and switching losses, respectively. The
transmitter occupies the total area of 0.38 m2 on a regular office desk
and is fed by 20 W combined input power across all coils.
The MagMIMO transmitter adjusts both amplitude and phase of the
current in each Tx coil in accordance with the description in §5.2.
Adjustments of both phase and magnitude are necessary since the
magnetic-beamforming vectors are complex numbers (see Equation
8). The amplitude is updated by controlling the voltage at the input
of the amplifier and the phase is updated using controllable phase
shifters. The details of the circuit are as follows: The phase and amplitude of each coil’s voltage are calculated based on equations 8-13
by a microcontroller. The microcontroller then updates the amplitude

by changing the magnitude of the DC input of a controllable DCDC buck converter, and updates the phase using controllable phaseshifter. The resulting voltage controls a DC-AC inverter similar to
that in [28] and applies the desired voltage to the respective Tx coil.
The combination of these three blocks, “DC-DC converter, Phase
shifter, DC-AC inverter,” is the block referred to as “amplifier” in
Fig. 10 (i.e., A1, A2, ... , A6).
2. The receiver coil is quite small with an area of 0.005m2 and a thickness of a few millimeters. Hence, it can be easily incorporated into
the sleeve of the phone. The receiver’s circuit consists of a self-tuning
matching circuit, full bridge rectifier and a DC/DC converter attached
to the Rx coil resonating with a high Q capacitor. The Rx circuit is
connected to the phone’s USB port and hence can be incorporated
with unmodified phones.
3. The digital logic component periodically estimates the channels between the transmit coils and the receiver by measuring the impedance
of each Tx coil with the aid of a gain/phase detector (Fig. 10). In addition, the logic control system is always listening for the feedback
signal transmitted from the receiver. After each channel estimation
and feedback reception, the logic component controls the currents
that feed the Tx coils to beamform the magnetic field and steer it toward the phone. Once the phone is out of reach, i.e., all the channels
are weaker than the threshold and the feedback signal is no longer
received, the control logic disconnects the input power, and enters
the sleep mode. Only feedback detection remains active in this mode
to detect a new receiver.
We have used off-the-shelf components to build the prototype. An
ordinary AC/DC converter has been used to convert the 60-Hz electricity from the outlet to feed the Class-E single GaN switch power
amplifiers [28] which in turn feed the transmitting coils. To build the
resonating Tx and Rx coils, we have used general-purpose copper
tubings with diameters of 1/8’ and 1/16’, respectively. We have used
ultra low Equivalent Series Resistance (ESR) microwave ceramic capacitors. The detailed specifications of the used components are in
the Appendix §B. The entire prototype costs less than $100.

7
Generally, frequencies in the range of hundreds of kHz to a few
tens of MHz are suitable for wireless charging [5]. For example, Qi,
Duracell, and RAVpower operate at a few hundred kHz [7, 27, 8],
Witricity operates at 6.78MHz [36], and the UW prototype sweeps
the frequencies from 8 to 22 MHz [30, 29].
8
Magnetic-beamforming can be used with a different number of coils
similarly to how traditional beamforming can operate with a different number of antennas. The larger the number of coils the narrower
the beam and the better the performance. As we show in the result section, a choice of 6 Tx coils increases the charging range to
40 cm and can support any phone orientation. We also ran experiments with only two coils. Such a system has an approximately 15%
higher charging range compared to a single Tx coil and cannot support all phone orientations.

7.

E VALUATION
We empirically evaluate MagMIMO and compare its performance
with and the performance of state-of-the-art wireless chargers.
7.1

Baselines

We compare the MagMIMO with the following systems:
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Table 1: Input power for different wireless charging solutions
Full Charging Time (hour)

Input Power (W)
7.5
18
22
24
30
20
20
20

9

4

8

3.5

7

3

6

2.5

5

2

Energizer

Single large
Tx coil

RAV
power
WiTricity
2000M

Selective Coil
Duracell
1

0

2

4

MagMIMO

3
2

0

UW
Prototype
0

5

10

15

20

25

30

35

40

Distance (cm)

Table 1 lists the input power consumed by each of the compared
systems. Since, the compared baselines differ in their input power,
we set MagMIMO’s total input power to the median of the compared
system. Note that MagMIMO input power is lower than Energizer
Qi, WiT-2000M, and the UW prototype.

Charging Time Ratio

Figure 11: Charging from a dead battery as a function of distance. For
each case, the phone has been placed at different distances from the pad to
test the time that it takes for the phone to fully charge. All three commercially
available wireless chargers simply do not provide any distance beyond 1 cm.
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Figure 12: Charging time ratio. MagMIMO wireless charging time divided
by wired (plugged-in) charing time.
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Testing Environment

The system is shown in Fig. 9. The MagMIMO’s coils are placed
on the desk only for illustration purposes. In operational mode, Tx
coils are placed underneath the surface. We have used a regular
iPhone 4s as the testbench cellphone. We have not made any software or hardware modifications on the phone. We simply used its
USB port to charge it. The phone and the receiver circuit, attached
to its back, have been held with an adjustable plastic arm which easily provides different distances and orientations, as shown in Fig. 9.
All tests are run in a standard office environment, while people are
working at their desks and naturally moving around.

7.3

4.5

1

• Three of the best commercially available wireless chargers: Duracell Powermat [7], Energizer Qi [8], and RAVpower [27].
• Two of the state-of-the-art magnetic resonance prototypes, i.e.,
WiT-2000M [36] and UW prototype [30]. These two prototypes
are not publicly available. Therefore the data for these two cases
have been extracted from [36] and [30], respectively.
• A large single transmit coil with a total area equal to the total area
of MagMIMO’s six Tx coils.
• A selective coil-array, which uses the same six Tx coils used by
MagMIMO. However instead of employing the MagMIMO protocol to set the Tx currents in the coils, this system assigns the
total input power to the best coil out of the six Tx coils –i.e., the
coil that delivers the highest power to the receiver. To identify the
best coil for each measured receiver position, we try each coil in a
round robin manner, and report the result for the coil that delivers
the maximum power at the receiver.

7.2

5

10

Battery Level (%)

Technology
RAVpower
Duracell Powermat
Energizer Qi
Witricity WiT-2000M
UW Prototype
Large Single Coil
Selective Coil-Array
MagMIMO

11

Charging as a Function of Distance

We evaluate the ability of MagMIMO to deliver power as the distance between the transmitter and the receiver increases, and compare the performance with the aforementioned baselines. We measure the distance between the receiver and the transmitter as the
length of the shortest straight line that connects the Rx coil to the
nearest Tx coil. Note that this is a conservative measure of distance
(i.e., we underestimate the distance) because it is measured between
the nearest parts of the transmitter and receiver as opposed to the
centers of the transmitter and the receiver (which are more separated
due to the area of coils). In each run, we measure the time it takes the
charging system to fully charge the iPhone 4s starting from a dead
battery. We repeat the same experiments for MagMIMO, the large
single Tx coil, the selective coil array and the commercial chargers.
In each run, we move the receiver to a different location in the 3D
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Figure 13: Change in battery level as MagMIMO charges the phone.

space around the transmitter, using the flexible phone holder shown
in Fig. 9. We also compare with WiT-2000M [36] and the UW prototype described in [30]. However, since these prototypes are not publicly available, our comparison with these systems is based on the
results reported by their designers in [36] and [30], respectively.
Fig. 11 plots, for each system, the charging time starting from a
dead battery as a function of the distance between the transmitter
and receiver. The error bars show the minimum and 90th percentile
of the charging time. The figure reveals the following: First, MagMIMO charging time is smaller than the baselines at any distance for
which the baselines are functional. Second, MagMIMO significantly
increases the maximum charging distance. MagMIMO maximum
charging distance is 40 cm. In comparison, the commercial chargers and WiT 2000M fail to charge the phone at distances of one to
two centimeters, whereas the UW prototype, and the single coil, fail
at 10 cm and 15 cm respectively. The selective coil-array, which similarly to MagMIMO uses six coils, fails at a distance of 17 cm. This
range is significantly lower than that of MagMIMO, which demonstrates the benefits of MagMIMO’s magnetic-beamforming over a
best coil design. Third, as expected, in all systems, the charging time
increases with distance. For example, when the separation between

Table 2: Charging the phone in the user’s pocket

6

Maximum Available Power (W)

WiTricity−2000M (2 cm)
5

Range
(cm)

Avg. time
(h:mm)

3
3
1
2
2

10–30
15–25
20–40
20–30
20–40

4:30
3:50
5:50
5:10
6:15

Single large Tx coil (10 cm)
4

Selective Coils (10 cm)
Energizer Qi (7 mm)

3

RAVpower (6 mm)

Comments

Working on a laptop
Reading a book
Phone in shirt’s pocket
Phone in jacket’s pocket
Moving very often

2

Table 3: Charging the phone on the desk
Duracell
(4 mm)

1

0
0

10

20

30

40

50

60

70

80

Relative angle on the center−line (degree)

Maximum Available Power (W)

d=2 cm
5

d=10 cm
4

d=20 cm
3
2

d=40 cm
1

10

20

30

40

50

60

70

80

Relative angle on the center−line (degree)

Avg. time
(h:mm)

6
2
3

2:53
3:40
3:27

Comments
(Average number of movements)

Phone placed on the desk surface (3)
Phone contained in a purse/bag (9)
Phone placed on another object (7)

of the receiver with respect to the transmitter as the minimum angle between the planes created by the transmitter coil(s) and the receiver coil. We empirically measure the performance as a function of
orientation for MagMIMO, the selective coil-array, the large single
Tx coil, and the commercial chargers. We also compare with WiT2000M based on their specification sheet. However, we cannot compare with the UW prototype since [29, 30] do not provide information about how they address orientation for phone charging.9
We note that since the compared schemes do not support the same
distance, we could not fix one distance and compare all schemes.
Thus, for the baselines we plot the performance as a function of orientation, for their operational distances. For MagMIMO, we plot in
the performance as a function of orientation, for a variety of distances
up to 40 cm.
Figs. 14 and 15 compare the performance dependency of different
systems on the relative angle between the receiver coil (Rx) and the
transmitter coil(s) (Tx pad). The horizontal axis of this figure shows
the relative angle and the vertical axis shows the power delivered to
the receiver at that specific relative angle.
The results in Fig. 14 show that, for the baselines, the maximum
available power strongly depends on the relative angle between the
phone and the charging pad. For the large single Tx coil (at 10 cm),
like other single coil technologies, the available power significantly
drops beyond 30◦ . The same is true for the WiT-2000M (at 2 cm),
which uses a similar technology. The selective coil-array (at 10 cm)
is not any better despite its use of multiple coils. The situation is
much worse for three of the best commercial wireless chargers, as
the power is negligible for angles larger than ∼10◦ .
In contrast, Fig. 15 shows that MagMIMO is able to deliver a consistent power level to the phone in all situations even if it is orthogonal to the Tx coils. This is due to MagMIMO beam-steering capability which allows it to adapt the direction of the magnetic flux
according to the orientation of the phone. Compare MagMIMO’s
performance with the selective coil-array, which although adapts the
choice of coil according to the receiver’s position, it does not have a
beam-steering capability and as a result it cannot charge the phone
as its orientation gets more orthogonal to the charging pad.

6

0

Number
of users
90

Figure 14: Output power as a function of orientation angle. For the large
single Tx coil (at 10 cm) and WiT-2000M (at 2 cm), the maximum available
output power from Rx coil significantly drops beyond 30◦ . The situation is
even worse for three of the best commercial wireless chargers (Duracell at
4 mm, RAVpower at 6 mm and Energizer at 7 mm all on the centerlines), as
the available power is negligible for angles larger than ∼10◦ .

90

Figure 15: Output power as a function of orientation angle. MagMIMO
using collaborative magnetic-beamforming between Tx coils is able to deliver
maximum power to the Rx circuit in all situations even if Rx is orthogonal to
one of the Tx coils.

the transmitter and receiver is 30 cm, it takes MagMIMO 4 hours and
50 minutes to charge the phone from a dead battery to full charge.
One may also wonder how MagMIMO’s charging time compares
with charging the phone by plugging it to the power outlet. In our
experiments, plugged-in charging takes 2 hours and 15 minutes to
charge the iPhone 4s from a dead battery to a full charge. This number is consistent with prior measurements in the literature [2]. Based
on these measurements, we plot in Fig. 12 the ratio of MagMIMO’s
charging time to plugged-in charging, for different distances. The
figure shows that up to 10 cm, the time taken by MagMIMO is on
par with plugged-in charging. At 25 cm to 30 cm, MagMIMO takes
twice as much time to charge the phone in comparison to plugged-in
charging. The ratio becomes 3 to 4 times for longer distances.
The above numbers provide an upper bound on the charging time.
Most users rarely charge the phone from a completely dead battery.
In particular, Fig. 13 shows the charge in the battery as a function
of the charging time. This figure enables the reader to estimate how
much time it takes to charge the phone between two specific battery
levels, for a particular distance. For example, to charge the iPhone’s
battery from 30% to 80% full, MagMIMO takes about 1.5 hours at
20 cm and 2.5 hours at 30 cm.

7.4

Number
of users

7.5

User Experiments

We have performed experiments with a population of users to validate that MagMIMO can indeed charge a user’s phone while she is
working at her desk. We also validate that MagMIMO works with
different smartphone models.
In each experiment, a different user was asked to attach the receiver circuit to his/her own smartphone and keep it in his/her pocket,

Charging as a Function of Orientation

Next, we evaluate the ability of MagMIMO to charge the phone
independent of its orientation with respect to the charging pad, and
compare it with the various baselines. We measure the orientation

9
The paper shows orientation results only for large receive coils
which cannot be attached to a phone.
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Table 4: MagMIMO’s transfer efficiency at different distances

3.5

0.5 cm

2 cm

5 cm

10 cm

20 cm

30 cm

40 cm

89%

87%

74%

53%

34%

19%

11%

while sitting normally at the desk. The user can keep other objects in
the same pocket with the phone, e.g., coins, keys, etc. The phone
screen was checked for its battery level every few minutes. The
smartphones used herein are Samsung Galaxy SIII, 2×Apple iPhone
4s, 2×Apple iPhone 5s, Samsung Galaxy S III, 2×Samsung Galaxy
S4, Samsung Galaxy Note II, Motorola Droid Ultra, and LG Lucid
2. The phones were charged from a dead battery to a full charge.
The results in Table 2 show that MagMIMO always succeeded
in charging the user’s phone independent of the phone’s type and
whether the user kept the phone in her shirt, pants, or jacket pocket.
Some users like to keep their phones on the desk to check messages and notifications. Thus, we conducted experiments in which
we asked the users to put their phones wherever they want on the
desk. The users were allowed to keep the phone in their back-pack
or purse, or to put the phone on top of any nonmetallic object instead of directly putting it on the desk surface. The users were also
allowed to change the position of their phone any time as they wish.
Table 3 shows that MagMIMO succeeded in charging the phone in
all of these scenarios with an average charging time between 2h:53m
and 3h:40m.

7.6

Power Transfer Efficiency

The transfer “efficiency” is the received power at the Rx coil
divided by the total input power at the Tx coils. We measured
the efficiency of MagMIMO for varying distances in the range
[0.5 cm, 40 cm]. Table 4 reports MagMIMO’s average efficiency as
a function of the distance, where the average is taken over different
phone orientations. The efficiency of MagMIMO at a close distance
is 89%. The efficiency at tens of centimeters may look low, however
to the best of our knowledge, our efficiency numbers are the highest for magnetic resonance at such distances with a small receiver
coil that fits in the back of a phone. In particular, the Witricity baseline is reported to have a maximum efficiency of 86% for distances
less than 2cm [36], which is lower than MagMIMO. [36] does not
report the efficiency at distances larger than 2cm. However, since it
cannot charge a phone beyond 2cm (while MagMIMO can), one can
conclude that the efficiency at such distances is smaller than MagMIMO.
Note that the size of the Rx coil is a determining factor for efficiency, since one can always collect more magnetic flux using a
larger Rx coil. Past papers that reports higher efficiency at distance
use large Rx coils unsuitable for a phone. For example, [17] achieves
higher efficiency but uses a 3-D Rx coil whose diameter is 60 cm and
has a depth of 20 cm, making it unsuitable for our application.

7.7
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Figure 16: Microbenchmark for channel estimation and magneticbeamforming performance. A receiver has been moved from position A at
t=20s to position B, and then again back to position A at t=60s. MagMIMO
performs channel estimation and magnetic-beamforming every 30 seconds
starting from t=10s. The figure shows the role of channel estimation and beam
steering in adapting to movements.

long periods of time results in a temperature rise that is 10× smaller
than the baselines over the same period of time.10

7.8

Microbenchmark

Next, we focus on the performance of the individual components
of MagMIMO and how they contribute toward its effectiveness.
Channel Estimation. To investigate the effectiveness of MagMIMO’s channel estimation, we perform a series of experiments, in
which the receiver (load) moves during the experiment from one position to another causing a change in the magnetic channels. Fig. 16
illustrates one of these experiments in which the phone is moved
from position A (at 38 cm from Tx) to position B (at 22 cm from
Tx), and then again from position B back to position A. The figure
plots the power delivered to the phone over time. As can be seen
in this figure, MagMIMO adapts to changes in the channels; the received power is significantly raised due to magnetic-beamforming at
every channel estimation at t=10s, 40s and 70s.
Feedback. To validate the effectiveness of feedback communication in MagMIMO we perform a set of experiments with and without feedback. Figure 17 plots the results of a representative example,
where MagMIMO has been powering a load (placed at 30 cm from
Tx) that abruptly changes on 5 occasions (C1–C5). In particular, RL
starts from 5Ω, and each time it is increased by 2Ω. The instantaneous received powers of the system with and without feedback communication are plotted against time on top/red and bottom/black profiles, respectively. For both sets of the results in Fig. 17, the channel
estimation is enabled and all other parameters of systems are exactly
similar.
As can be seen in Fig. 17, the feedback from the receiver helps
MagMIMO better estimate the load and hence have more accurate
channel estimates. In the absence of such feedback the performance
can severely drop due to inaccurate load value, which leads to inaccurate channel estimates.11

Impact of Charging on Temperature

We have measured the temperature rise on MagMIMO’s Tx and
Rx coils as well as the commercially available wireless chargers using a temperature gun infrared thermometer [24]. Over a period of
seven hours, the maximum temperature rise for MagMIMO is 2◦ C
when the system performs at its maximum power. For the commercially available wireless chargers, however, the temperatures rises to
an uncomfortable level. Over seven hours the temperature rises of
23◦ C, 22◦ C, and 16◦ C were measured for Energizer, RAV power
and Duracell, respectively. Therefore, MagMIMO’s operation over
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8.
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We also note that it is safe to touch the MagMIMO coils even if they
are not insulated. We have measured the touching voltage showing
that the touch voltage is always under 10 volts, which is way lower
than the safety threshold [13].
11
The reason why the power slightly degrades even in the presence
of the feedback is that the impedance matching hardware is optimal
only within a certain range. This is a hardware limitation independent
of the accuracy of the feedback.
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Figure 17: Microbenchmark of feedback communication. The load is
made to abruptly change at C1–C5. The figure shows that the feedback transmitted by the receiver at S1–S5 is properly used to update the next beamforming matrix, resulting in a raise in received power level to deal with the
change in the load. In contrast, the system with disabled feedback suffers a
significant loss whenever the load deviates from the presumed value.

This paper introduces MagMIMO, a system that charges portable
devices such as cell phones at distances up to 40 cm and independently of the device’s position and orientation, while commercial
chargers and academic systems are limited to less than 10 cm. MagMIMO achieves this by adapting the wireless communication concept of MIMO beamforming to concentrate the resonating magnetic
field on the receiver device to maximize the power transfer efficiency.
Evaluation of MagMIMO’s prototype proves that it makes a significant improvement both in the reliability and efficiency of the wireless
power transfer. Finally, we note that MagMIMO does not require any
modification to the phone and hence can be used with today’s phones
by incorporating the small receiver coil (and circuit) in a sleeve attached to the phone. In future work, we envision extending MagMIMO to support simultaneous charging of multiple devices, in a
manner analogous to the multi-user MIMO technique. We will also
consider extensive user studies that explore the typical distance between a working user and her desk, and the impact of MagMIMO’s
improved range and flexible orientation on the user experience.
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basic circuit equations (i.e., KVL) to the receiver coil yields:

APPENDIX

Next, we apply KVL to the Txi coil, which yields:

A.

Figure 19: Determining the sign of Tx-Rx mutual inductance

jωM1 Is1 = IL1 (RL + ZL )
By rearranging the above equation we obtain:
IL1 =

C OMPUTING THE S IGN OF Mi

(a) One-time Calibration Step: The objective of this step is to compute the mutual inductance between Tx1 (the reference coil) and Txi ,
i.e., M1i . Since this value is independent of the receiver and does not
change over time, it can be computed by the manufacturer offline, in
the absence of any Rx coil.
To compute M1i , we apply a source voltage Vs on the first Tx coil
(the reference), and leave all other Tx coils open-circuit, as shown
in Fig. 18. The figure focuses only on the part of the circuit that involves Tx1 and Txi , and ignores the other Tx coils (which is feasible
because they are open circuit). Since the circuit operates at its resonance frequency, the terms involving L and C cancel each other.
Further, Ii = 0 since the Txi coil is left open circuit. Using the basic
circuit equations (i.e., KVL), we write:
=

Is1 Zs1

Vi

=

jωM1i Is1

(applying KVL to Tx1 )
(applying KVL to Txi )

(14)
(15)

The above two equations yield:
M1i =

Vi Zs1
·
,
Vs jω

jωM1 Is1
RL + ZL

(18)

Vi∗ = jωM1i Is1 + jωMi IL1 .

The signs of the Mi ’s are defined with respect to some reference
Tx coil. Let us pick the first Tx coil as the reference. In this case, M1
is positive by definition, and we are interested in computing the sign
of Mi for the other Tx coils. (Note that we could have defined M1
to be negative, in which case all Mi ’s would flip sign, and hence the
voltages induced by the Tx coils at the receiver coil will all flip sign,
without any change in the power delivered to the receiver).
The computation of the sign of Mi involve two steps:

Vs

(17)

(16)

where Vs and Zs1 are known, ω is the resonance frequency, and Vi is
directly measured. Hence, the above equation provides the value of
M1i .
(b) Online Step to Compute the Sign of Mi : As stated in §5.2,
Equation (11) provides us with the absolute value of Mi for any i,
but not its sign. We also know the sign of M1 is positive. Hence we
know M1 fully. We also know M1i from the initial calibration step.
Given this information, we can measure the sign of Mi as follows: In
the presence of the receiver, and during the channel estimation procedure, we apply the source voltage on Tx1 (the reference coil), while
leaving all other Tx coils open circuit, as shown in Fig. 19. Applying

506

(19)

We can substitute IL1 from (18) in the last equation to obtain:
jωMi =

Vi∗ − jωM1i Is1
.
IL1

(20)

In the above equation, all values are known, except for the sign of Mi .
Specifically, Vi∗ and Is1 can be directly measured at the transmitter.
M1i is known from the calibration step, and IL1 can estimated from
(18), where all other values are known. Hence we can determine the
sign of Mi as:
Sign(Mi ) = Sign(

Vi∗ − jωM1i Is1
).
jωIL1

(21)

We note two points. First, since mutual inductances are real numbers (no imaginary part), the sign above is well-defined, i.e., the value
on the right hand side of the equation inside the sign function is real
and has a well-defined sign. Second, the reader may wonder why we
do not use Equation (20) to directly determine the magnitude of Mi
as well as its sign. The reason is that IL1 is typically small and hence
sensitive to measurement errors. Since we divide by IL1 , the measurement error can be large and hence the exact value of Mi based on the
above equation is less accurate than the value based on (11).

B.

O FF - THE - SHELF COMPONENTS
M AG MIMO PROTOTYPE

USED IN THE

We have designed six tunable single switch power amplifiers based
on the description of [28]. The power amplifiers are synchronized
every 30 seconds by the digital logic through switch drivers [28],
when the system estimates each individual channel by shutting down
other Tx coils. The digital logic uses an Arduino micro-controller [3].
Six gain/phase detector ICs (AD8302: 2.7 GHz RF/IF [1]) report the
voltages, currents and impedances of all coils to the digital logic at
any given time. The pulse train on the receiver side is generated by
a SiT1534 ultra low power oscillator. Resonance capacitors are ultra low ESR AVX corporation ceramic capacitors (3.6KV 5% NP0
3838), which provide high Q at high voltages, with negligible loss
and temperature rise. To build the Tx and Rx coils, we have used
generic refrigeration copper tubings.

