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ABSTRACT

This paper introduces a system model for simultaneous infor-
mation and power transfer (SWIPT) over inductively coupled
circuits from the standard communication-theoretic perspec-
tive. It is shown that the rate-energy (R-E) regions, which
characterize the performance of SWIPT, for inductively cou-
pled circuits can be obtained by circuit analysis. To evaluate
the performance, the R-E regions for SISO and SIMO circuit
models are calculated by numerical analysis.

Index Terms— Simultaneous wireless information and
power transfer, inductive coupling, energy harvesting.

1. INTRODUCTION

With growing interest in the Internet of Things (IoT), the need
for research on wireless communication and power transfer is
becoming increasingly evident [1-3]. In today’s commercial
systems, communication and charging take place over two
very different technologies. For example, cell phones use
communication channels including cellular networks, wire-
less LAN, and Bluetooth. Since those technologies are de-
signed solely to send information, other techniques such as
Qi and WiTricity are used for power transfer [4].

Simultaneous wireless information and power transfer
(SWIPT) is a promising technology where remote receivers
extract information and power from the common transmit
signal [5-7]. SWIPT over RF for far-field transmission was
studied in [7] which showed that its performance can be char-
acterized by a so-called rate-energy (R-E) region. The R-E
region provides feasible combinations of information rate
and harvested power. Furthermore, it has been shown that
the efficiency of SWIPT on RF channels can be increased by
employing multiple antennas [8].

Inductive coupling is a near-field wireless transmission
technique where a coil at the transmitter excites a coil at the
receiver [4]. Power transfer over inductively coupled circuits
has been extensively studied since it achieves higher energy
transfer efficiency when compared to RF power charging [9—
11]. While communication via magnetic field has been ex-
tensively researched for RFID systems [12], much remains to
be studied for information transfer over inductively coupled
circuits [13].
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Unlike in far-field RF communications, inductive coils
in the transmitter and receiver circuits are magnetically cou-
pled [14]. Due to the interaction between the coils, the re-
ceived signal at a receiver antenna is not merely a sum of
the outputs from the transmit antennas but determined by the
physical configuration (e.g., size and location) and currents
of the transmitter and receiver coils. Therefore, SWIPT over
coupled circuits must be considered as a single system to
properly analyze power and information transfer.

In this paper, we show that the R-E regions for inductively
coupled circuits can be numerically calculated by defining
circuit models for the transmitter and receivers. The chan-
nels over the coupled circuits are defined in forms commonly
seen in the analysis of communications systems. Optimiza-
tion problems that can be solved to determine the capacity for
wireless information transfer (WIT) and harvested power for
wireless power transfer (WPT) are introduced. We then de-
fine the simple circuit models of the transmitter and receivers
to show that channel realizations for inductively coupled cir-
cuits can be obtained by circuit analysis and R-E regions for
the system can be numerically computed.

2. SYSTEM MODEL AND
PROBLEM FORMULATION

2.1. Channels over Inductively Coupled Circuits

The information and power transfer system consists of a
transmitter, power harvesting receiver, and information re-
ceiver. The power harvesting receiver extracts the power
from the received signal, while the information receiver de-
codes information. Each circuit is inductively coupled with
the other circuits and the transmission channels are formed
over the coupled circuits. By formulating the loop equation
for each circuit in the Laplace domain, we obtain the transfer
function Gp(s) which represents the input-output relation-
ship between the transmitter and power harvesting receiver,
and G.(s) which represents the relationship between the
transmitter and information receiver.

While a spectrally flat channel is desirable for analysis,
inductively coupled circuits form a frequency-selective chan-
nel in general [15]. For convenience, we assume that there
are K parallel narrowband channels where for each narrow-
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band channel, the gain between the transmitter and receiver is
a constant. Let G,,(w) be the frequency response of the trans-
fer function G, (s). (Gp(w) can be obtained by substituting
s = jw into G,(s)) The discrete-frequency power transfer
channel for G),(w) is defined as

GP :diag{Gp(w0)7Gp(w1)7"'aG;D(wK—l)}v (1)

where w; is the center frequency of ¢-th narrowband channel.
Similarly, the communication channel is defined as

JGelwr-1)}, (@

where G.(w) is the frequency response of G.(s). The channel
realizations for specific circuit models are further discussed in
Section 3.

G. = diag{G.(wp), Gc(w1), ...

2.2. Wireless Power Transfer (WPT)

Analogous to the SWIPT on multiple-input multiple-output
(MIMO) channel [7], the transmission from the transmitter to
the energy harvesting receiver is defined. In the following,
tr(A), A2, and A" denote the trace, square root, and Her-
mitian transpose of the matrix A, respectively. In addition,
A > 0 indicates that A is a positive-semidefinite matrix. The
received signal is represented as

Yp = GpX 3)

where x,y, € CE*1 and G, is a diagonal matrix as defined
in (1). The transmitted signal x is a zero-mean random vector
with covariance matrix S, = E[xx*]. Note that the noise in
power transfer is negligible [7] and thus omitted in (3).

Provided that there is no loss associated with AC-DC con-
version, the maximum power transferred to the receiver is the
solution to the following problem [7]:

max Q :=t(G,S,G})

)
S.t. tr(Sz) S Psz S:r t 07

Proposition 1. The solution to (4) is a single-entry matrix
with i-th diagonal element of Pr,, where i is the subband
with the largest gain.

Proof. Let the singular value decomposition (SVD) of G, be
U,/ *VH where U,,V, € CK*K and T, = diag(go,
gl,...,gKfl) with g9 > --- > g1 > 0, and Vg be the
first column of V. Since Q = tr(G,, S, G ) = r(S,G,G})
and G, G/ is a diagonal matrix, S, = Pr,v,vy maximizes
Q. Since G, is diagonal, v is a single-entry vector, and thus
vgvf is a single-entry diagonal matrix. O

2.3. Wireless Information Transfer (WIT)

The information is linearly modulated (e.g., using a standard
constellation such as phase shift keying or quadrature ampli-
tude multiplexing) on each subband and transferred to the

information receiver. The communication channel from the
transmitter to the receiver is defined as

Ye = ch + we (5)

where y, € CK*1 is the received signal, G. is the channel of
the magnetic induction channel, and w; € CV*! ~ CN(0,1)
is the noise. The capacity of the channel is obtained by solv-

ing the following optimization problem:
max R :=log, |+ G.S,.GH|
S. (©6)
st.  tr(S,) < Ppr,,S; = 0.

The optimal S, for (6) can be obtained by waterfilling
power allocation [16]. Note that the solution for waterfilling
power allocation is well known and thus omitted for brevity.

2.4. Wireless Information and Power Transfer (SWIPT)

In SWIPT, the power and information are transferred to the
receiver over the channel G, and G, respectively. The ca-
pacity under the constraint of total transmission power and
harvested power is the solution to the following problem [7]:

max log, I+ G.S, G|
st. 1(G,S,G) < Q,tr(S,) < Pry, S, = 0.

The characteristics of SWIPT over coupled circuits can be
expressed by the R-E region [7], which is expressed as

Cr-p(Prz) = {(R,Q) : R <log, [T+ G.S,G{|,
Q < u(G,S,GJl), u(S;) < Prs,S, = 0}.

(7

®)

3. CIRCUIT MODELS

The channels G, and G, are determined by circuit parame-
ters of the transmitters and receivers. In order to fully ana-
lyze the performance, we introduce two simple circuit mod-
els, namely, single input single output (SISO) model and sin-
gle input multiple output (SIMO) model.

3.1. SISO Model

For the SISO model, a single transmitter coil is used to excite
a single receiver circuit as shown in Figure 1. Both informa-
tion and power are simultaneously extracted through the load
R;, on the receiver, i.e., G. = G,. We assume that decod-
ing data does not consume any energy. The transmitter and
receiver are modeled as RLC series circuits. The mutual in-
ductances between coils with inductance L; and L; can be
given by Mij = k‘ijw/LiLj where 0 < k‘ij < 1 is the cou-
pling coefficient [14].

Assuming that all initial conditions are zero, we can apply
Kirchhoff’s voltage law [14] to define the loop equation in the
Laplace domain for the transmitter circuit as

Vis) = Iy(s) <R1 + Ci + L15> L(s)Miss.  (9)
18
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Fig. 1. SISO Circuit Model.

The loop equation for the receiver circuit is described as

1
Il(S)MLQS = 12(8) <R2 + RL + a + L25> . (10)
2

Let Ry = Ry + Rp. Equations (9) and (10) can be combined
to form the linear relationship

[Vi(s)] _ {Rl + o5 T Lis

(I R L v

Ry + @ + Las| | Ia(s)

an
When the inverse of the linear system in (11) exists, we can
solve for the Laplace domain current I5(s). As such, an ex-
pression for the current 5(s) can be represented as

Ir(s) = Vi(s)G(s), (12)

where the transfer function H(s) is defined in Appendix A.
Hence, the transfer function can be described as

G(s) = Vi(s)/Vo(s)
= Ry - H(s). (13)

3.2. SIMO Model

For the system configuration that consists of separate re-
ceivers, a single transmitter coil is used to simultaneously
excite two receiver circuits. The circuit model is shown in
Figure 2. The energy is harvested at the load R, on energy
harvesting receiver, and the information is extracted through
the voltage applied to the load R, on the information receiver.
In contrast to the SISO configuration, energy is consumed for
data decoding since the information decoder has the resistor
R.. The loop equation in the Laplace domain is defined as

1

_IQ(S)MLQS — Ig(S)MLgS.

(14)

3771

Fig. 2. SIMO Circuit Model.

Likewise, the equation for the communications receiver is

1
11(8)M1,2S — Ig(S)MngS = IQ(S) (R2 + Re+ — + Las R

CQS
15)
and the power extraction circuit loop equation equals

1
11(5)M173S — IQ(S)M273S = 13(8) <R3 + Rp + a + L3S) .
3
(16)
Equations (14), (15), and (16) can be combined to form the
linear relationship

Vi(s) ann a2 aiz| [1i(s)
0 | = |aa a2 ags| |l2(s)], (17)
0 az1 asz asz| [I3(s)

where

_ 1
aijl = Rl + Cis +L18
a2 = ag1 = —Mj 25
a1z = as; = —M; 3s
a9 :R2+Rc+é+L28
a3 = azy = M 38
ass ZRg—f—Rp—i-%—&-L;;s.
When the inverse of the linear system defined in (17) exists,

we can solve for the Laplace domain currents I5(s) and I5(s).
The expressions for currents I2(s) and I3(s) are defined as

20 = R e as)

where H,.(s), Hp(s) are Laplace domain transfer functions.
Thus, Laplace domain power transfer channel is given by

Gp(s) = Vp(s)/Vi(s)
=R, Hy(s), (19)
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Fig. 3. R-E Regions for SISO Model.

Table 1. Circuit Parameters for Numerical Analysis

Parameter Value || Parameter Value

R17R2,R3 500 Ll,Lg,L3 10mH

RC,R;D,RL 1002 Ol,CQ,Cg 1nF
kos 0.05

where H,(s) is defined in Appendix A. Similarly, the Laplace
domain information transfer channel is given by

Ge(s) = Ve(s)/Vi(s)
= R, - Hq(s). (20)

where H.(s) is defined in Appendix A.

4. NUMERICAL ANALYSIS

The R-E regions for the SISO and SIMO models with param-
eters listed in Table 1 are calculated by Monte Carlo anal-
ysis. To solve the convex optimization problems, we used
CVX, a computation package for MATLAB, with SDPT3 as
a solver [17,18]. The maximum transmit power Pr,, is set to
200 W, and the channel is divided into K = 128 subbands.

For the SISO model, the R-E regions with coupling coef-
ficients kK = 0.3, 0.5, and 0.6 are calculated. From the result
shown in Figure 1, the channel with higher coupling coeffi-
cient achieves higher rate and larger power transfer in general.
Note that the minimum harvested power does not go to zero
since each subband has a non-zero bandwidth.

For the SIMO model, the R-E regions of three different
combinations of k15 and ki3 are calculated. The numerical
analysis result shown in Figure 2, the R-E region curve with
ki = 0.6 and k13 = 0.5 transfers larger power compared
to the curve with k1o = 0.5 and k13 = 0.5 at the same rate.
While the R-E region with k15 = 0.5 and k13 = 0.6 achieves
higher data rate, the maximum harvested power is less than
the others.
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Fig. 4. R-E Regions for SIMO Model.

5. CONCLUSION

In this work, the information and power transfer channels over
inductively coupled circuits are defined. The optimum power
allocation for maximizing the rate is obtained by waterfilling
while the maximum harvested power is achieved by allocation
all transmission power to the subband with maximum channel
gain. The SISO and SIMO circuit models were introduced,
and it was shown that the channels can be calculated using
the circuit parameters. The R-E regions for the SISO and
SIMO models with different sets of coupling coefficients are
calculated by numerical analysis.

A. TRANSFER FUNCTIONS

The transfer function for SISO model is given by

M128
(Rl + iLls)(Rs + m) — M1223

H(s) = b3))

Both of the transfer functions for the SIMO model share the
same denominator polynomial given by

D(s) = (Rs + Rp + C%;s + L3s)(—M%Zys% 4 (R1 + ﬁ + L1s)
(R2+Rc + %23)) — M23s(]‘é213 + s(—M12Mi3s + Maz(Ry + L1s)))

- ]\2;33 (—CoMy1aMazs? + Mi3(1 + Cos(Ra + Re + Las))).
(22)
The transfer functions can be written as
Hp(s) = D%s) (JVC{? + MisR3s + MlngS
+L3Myzs* — My3Moa3s°) (23)
HC(S) = D%s) (]\él;' + M13R28 + M13RCS
—|—L2M1382 — M12M2382) . (24)
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