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Inductive Multi-Frequency Diversity Using Split Resonant Frequency

Hoang Nguyen" and Johnson I. Agbinya

Abstract—Although wireless power transfer systems suffer from splitting frequency conditions under
strong coupling, this could create an opportunity for initiating other frequencies for power and data
transfer. This paper introduces a model of an inductive transmitter containing a transmitter and many
internal resonators to diversify the magnetic link to the receiver. Using the proposed architecture and
solution, the efficiency and received power can be increased, and it also supports multiple frequency
diversity.

1. INTRODUCTION

The electromagnetic resonance coupling experiment between two coils in a middle range undertaken
by the MIT research group in 2006 has enabled considerable international research on wireless power
transfer [1]. Since then, it has emerged that the power at the received coil at resonance frequency
however repeatedly dropped at close distances due to strong couplings [2]. Historically, little attention
was paid to this issue of frequency splitting. In the recent past, researchers have extensively investigated
and analysed frequency splitting. Excellent analyses of frequency splitting phenomenon are presented
in [3-7]. When transmitter and receiver are closer to the condition for coupling greater than the critical
coupling, the single resonant peak at the receiver load quickly changes to double peaks, and thus power
is shared between the two frequencies. The variation of the gap between the transmitter and receiver is
the main cause for splitting frequencies. Therefore, this paper has taken advantage of this phenomenon
to extend the magnetic link to receiver.

The pioneering research at MIT [8] provides a physical demonstration from a single source to
multiple small receivers. Multiple investigators have gone further and inserted between the transmitter
and receiver three coils [9,10], four coils [11,12], and N coils [13] to increase the distance and
power transfer efficiency. These configurations increased the complexity of the nodes positions and
arrangements between the coils.

The use of multiple bands created from many RLC circuits inside the resonator was introduced
for single transmitter-receiver in [14]. These systems require a single excitation at the input but use
much more elaborate RLC circuits to create multiple frequencies. The implementation was limited to
a single receiver by the authors. Recently, the effects of coupling coefficient due to the use of multiple
transmitters and receivers were investigated in [15,16]. This group also successfully demonstrated the
use of boosting resonators for higher power transfer in [17]. Our analysis in [18] demonstrated that the
splitting frequency creates multiple frequencies in MIMO inductive communication. This paper shows
that multichannel communication using splitting can be used for data transmission. However, it is hard
to find the idea of using splitting frequencies from transmitter and relays for powering multiple users.
Each user could use different splitting frequencies from the collocation between transmitter and relays.
Therefore, in this paper the focus is on the use of splitting frequencies to diversify the power transfer
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in short range regions. Most wireless power transfer systems involving multiple frequency schemes use
single input sources. N distinct frequency sources are generated independently.

The rest of the paper is presented as follows. Section 2 introduces the theory of splitting frequency
from circuit theory point of view. It includes the effects of reflected impedance and proposes new antenna
structures to present the multiple frequency users. Section 3 proves multiple frequencies models with
one and two relays. The last section is our conclusion.

2. MODELS OF MULTIPLE RECEIVERS

An effect of frequency condition for maximizing the power transfer under strong coupling is presented
in this section for single magnetic induction systems. The value of reflected impedance to the system
according to the frequency change is analyzed. The analysis forms the basis for multiple resonators
proposed to power multiple receivers.

2.1. Single Transmitter and Receiver

At the near field, magnetic induction communication and wireless power transfer involving single
resonators is equivalent to an RCL circuit in Fig. 1. In the circuit, the transmitter coil (L) wirelessly
transfers magnetic energy to the receiver coil (Lg) at some short distance away. Components Cy, Ry
and Cs, Ry are the capacitors and internal/loss resistors of the transmitter and receiver, respectively.
The source and load impedances are R; and Ry,.
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Figure 1. Single resonator and equivalent circuit model.

Based on the Kirchoff’s voltage law, the voltage across the transmitting and receiving circuits is
expressed as in the following matrix:

ZT:E ]WM IT:E _ VT.T (1)
jwM ZRac IRac - 0
where the impedances of the transmitter and receiver are Zp, = (Rs + Rr1)(1 + jQra = (1 — g—é))
and Zr, = (Rs + Rp2)(1 + jQ Rxwio(l — j—é)), respectively. The mutual coupling (M) is calculated

as M = kisv/L1Ls introducing how strong the magnetic coupling between the coils is. When mutual
coupling distance is varied, there is a reflected energy from the receiver back to the transmitter. A
reflected impedance relating to the coupling change determines the power transfer efficiency of the
system. Thus, the reflected impedance at input source is given as:

w2 M?
7 (2)
X

When a transmitter is coupled to a receiver, the efficiency of a double tuned circuit in Fig. 1(a)
can be written as [18]:

Zin - ZTa: +

Pry 2wM 2
PTac B ZTxZRac + W2M2

R.RL (3)
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At weak coupling, the transmitter to receiver efficiency (1) can be derived as the ratio of the
transferred power to the total dissipated power [17]:

|IRI|2RRZE 1 1

P— pu— = 4
|IT:L‘|2RT.73 + |IRI|2RRx ﬁ 2 RTQ; 1 + 1 ( )

1
Ip:| Rpe T k%QTxQRx

where the quality factor of transmitter and receiver is Qry = wolry/Rry and Qre = woLpy/RRa,
respectively. The resistances of the transmitter and receiver are Ry, and Rp,, respectively.

To analyze the effect of frequency condition in the strong coupling mode for maximizing the power
transfer with the variation of the coupling between the transmitter and receiver, the received power
in Eq. (3) is plotted in Fig. 2. It is observed that when coupling coefficient starts at the value of

1 . . ..
k> N(or=or [3], the receiver power has dropped quickly from the peak at original resonant frequency

and has two peaks at two splitting frequencies. This is due to the variation of the input impedance. If

we insert the even and odd frequencies [3,4] w = \/ﬁTk into Equation (2), the input impedance becomes

a pure resistance Z;, = Rs + Ryp1. This value of resistance is the same as in the circuit at the loose
coupling condition. However, at the original resonant frequency w,, the circuit has a high impedance
Zin = (Rs + Rp1)(1 + k2Q74QRy). Thus, the term k2Q1,Qr, is the main reason for the power loss at
the receiver. As a result, the receiver has maximized power at the splitting frequencies. This is also
the conclusion reached in the work in [3]. Therefore, due to the influences of the coupling coefficient,
the system in Fig. 1(a) is converted to the RLC circuit in Fig. 1(b). This circuit indicates that each
splitting frequency is equivalent to the product term of a virtual capacitor or inductor denoted with
1+ k. It means that the system can see either more inductance or more capacitance.

It is observed in Fig. 2 that at the coupling coefficient kcpiticar = ﬁ, the received power

Nw, =

has a peak at resonant frequency of 13.56 (MHz). But when k& > Fkcpiticar, the circuit creates two
splitting frequencies. At the coupling coefficient of k£ = 0.3, 0.5, 0.7, the lower and upper frequencies
are specified as 11.94 MHz-16.17 MHz, 11.06 MHz-19.15 MHz, and 10.4 MHz-24.72 MHz, respectively.
If the gap is varied, splitting frequencies can be generated. Consequently, this splitting frequency will
create multiples of frequency systems, which may be used for multiple receivers.
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Figure 2. Received power at different couplings.

2.2. Proposed Multiple Receiver Configurations
2.2.1. Single Internal Relay

The system being proposed consists of a transmitter, a relay, and a receiver presented in Fig. 3. The
transmitter and relay are close to each other with mutual coupling k. The relay is embedded in the
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Figure 3. Received power, single relay, and receiver.

transmitter [17, 19] and performs the role of impedance transformation. Two resonators are coupled in
strong coupling regime, but they have resonated at weak coupling to the receiver. Unlike other wireless
power transfer systems in [11, 12], the receiver operates at resonant frequencies, and in our configuration
the receiver has benefited from the splitting frequencies.

When the source voltage Vr, is able to transfer the energy to the receiver, the loop currents at the
transmitter, relay, and receiver are induced as Ip,, Ir1, and Ig,, respectively. The Kirchhoff Voltage
Law (KVL) relating to the loop current is represented by the following matrix:

Vr
ZT:tl kay krarsrs: I, -~ Lx
kafl ZR% krarips Im | =7 OTx (5)
kTa’ExRx kTa’I_%le ZRI IRI 0
2
where the impedances of the transmitter, relay, and receiver are Zp, = jffg;z + (1 - %), Zp =
2 2

jfTRI; + (1 —2%) and Zp, = jff;y + (1 — %) The strong coupling between the transmitter and

relay is k, and weak coupling from transmitter/relay to receiver is kp. The inductor factors are defined

as a; = \/f—TRi, QR1Rz = ig”l” and argry = 1/%—?”;. It is reported in [5, 17] that the factor ijL becomes

negligible because the imaginary part jwL of the transformed impedance in resonators greatly exceeds
the real part R in magnitude under a critical coupling condition. Simplifying Eq. (5) at the splitting

frequencies w = \/% and high-quality factor, it can be rewritten as:
Fk kay krar:r: I Ve
kay* Fk krarir: Te 1 jwLrg
Iy | = (6)
kTa_l kTa_l RRI IRLE 0
TxRx R1Rx jWLRx 0

Observe the impedance transformations in Equation (6) with changes as Z7, = Fk, Zr1 = Fk and

ZRe = jfbf;z along the leading diagonal of the matrix. Solving Eq. (6) for a current ratio between the
transmitter /relay and receiver at the splitting frequencies, we have:

Ity @1073R:0R Re (—Lrokw + jkRRy)

Ir: Lpykkrw (aryre £ @10R1R2) (7)
Ipi _ ARIRx (a1ar1 Rz Lrokiw + jarsrak RRs)
IR: Lpykkrw(arere £ a10R1Rs)

From Equation (7) the current ratio between the transmitter/relay and the receiver is changed if
the transmitter operates at even or odd frequency mode. At the odd frequency, this ratio is high to
infinity. Consequently, the received power and efficiency will decrease if the higher splitting frequency
is used. Another way to explain this is that at the odd frequency, the loop currents in the transmitter
and relay are out-of-phase, and at the even frequency, both currents are in-phase [16]. Thus, if the odd
frequency is used in a driving source, to get a higher efficiency the switching current direction change is
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needed at the relay. If the transmitter is used at even frequency, there is no need to change the current
direction at the relay. As a result, the current ratio at the even frequency is simplified as:

IT_:E _ —Lka%w + ]]‘CRRQ; ~ RRx
IRy 2kkrw/ L1y LRy 2krw/ L1y LRy (8)
ﬂ Lka%w + ]]‘CRRQ; ~ RRQ;

Ire  Lpekkrw(arere £ a1apipe)  2krwyv/IreLre

The approximation in Equation (8) holds when Lpg, k2w < 1. This is true since coupling coefficient
kr is loosely coupled. At a first look, Equation (8) is similar to Equations (23) and (24) in [17]; however,

Wo

the frequency in Eq. (8) is at the even frequency NiEnt Applying Eq. (8) to efficiency (n), we have:

N owo = |IR:E|2RR:E _ 1
VitE  |I1g|*Rre + |IR1|?RR1 + [IRe|* RRs Ity 2 Rry I > Rp i
IRx RRx IRx RRx
1
T (0+k) [ 1 1 ©)
4k2.Q Re (QT:U * QR1) 1
where k takes the value between ]
—_<k<1 (10)

\% QT:EQRl

The value k in Equation (10) depicts critical coupling bounds. Equation (9) shows that the efficiency is
higher than the single transmitter-receiver in Fig. 1. It means that the interaction of relay has boosted
the power of the receiver if the original resonant frequency moves to the splitting frequencies within the
transmitter-relay-receiver configuration. This is in agreement with [17]. This conclusion is confirmed
by experiments in the later sections of this paper. However, we can see that the coupling between
transmitter and relay has also contributed to the received power. The smaller the value of k is, the
higher the efficiency of the system is. For example, the received power could increase by 10% if k
changes from 0.3 to 0.5.

2.2.2. Double Internal Relays

Figure 4 illustrates one transmitter, two relays, and one receiver. The coupling of relay-transmitters is
ki(i = 1:2); cross coupling of relays is kj2; coupling of transmitter/relays to receiver is krp.

At first sight, it might appear that equal coupling between the relays and receivers and between the
transmitter Tx and receiver is hard to achieve. However, understanding that the coupling coefficient is

Figure 4. Transmitter, 2 relays and receiver.
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a function of the inductances involved, this is achievable by ensuring that the relays (even at smaller
radii) have the same inductance as the transmitter. Hence

M M
kr = = 1<j<N (11)
VLRrjLry  VLrzLp:
N is the number of relays, and j is a relay index and is the inductance of a relay node. In other words,
the relays have more turns. Using the same method in single relay, the matrix resulting from the KVL
is:

2 kia1 kaaz  krarire It Vg
k1a1—1 Zr1 kisa1s  kTaRr1R: In | jwLpy b
kaay' Kipagy Zra  krar2rs Tro | 8 (12)
krar,p, krapip, kragp,  Zre IRe 0

Assume that the components of transmitter and relay are the same as single relay. The receiver
changes the capacitor or inductor as the value of splitting frequencies generated between transmitter

and relays. The inductor factors are defined as a; = 1/15—;?1, as = 1/2‘—?, alg = 1/%—??, AR1Rz = 1/%2”1”,
xr xr

QR2Rzr = if;;” and arypr = E—};’fe. The transmitter and receiver currents regarding the splitting

frequencies between the transmitter and relays are divided as in the following cases.
Case 1 refers to equal coupling of transmitter-relays k; = ko = k and no cross coupling between
relays ko = 0. Matrix in Eq. (12) can be rewritten as:

—k kaq kas krar.rs Ir Vs
—1 i
kaj —k 0 kragrire jwLy
L Irm J
k‘CLQ_ 0 —k kraRroRrs: IRy - 0 (13)
R 0
-1 -1 -1 R
I krap,pe KkTORire, KTORoR, o L;x IRo 0
As a result, the current ratios from transmitter /relays to receiver are calculated as:
@ . —2Lka%w—|—ijR$ ~ Rp,
I, 3kkrwy/ L1y LRy 3krwy/ L1y LRy
@ _ LR;E]C%W +]k‘RRx ~ RRx (14)
Iry  3kkrwv/LpiLre  3krwv/LgiLR.
@ B LR;E]C%W +]k‘RRx ~ Rp,

Ir:  3kkrwyIpaLre  3krwyvIroLpy

The splitting frequencies are obtained as w = 1“’2 % and efficiency at the receiver load:
+
1 1 (15)
’]7 wWo = =
1tk IT_IQRTI EQRRl @2R32+1 (1+k\/§)< 1 n 1 n 1>+1
Iry| Rre |Irz| Rre |IRz| RpRa 9%2Qr: \Qre Qr Qre

For this case, the higher the ) factors are, the lower the efficiency of power transfer is. Low @
factors favour higher power transfer. Consider the case when & = 0.5 and all () = 2, the power efficiency
is 63.73%. When the same values are used in Equation (4), the power efficiency is 50%. Using relays
has increased power efficiency.

Case 2 is the same as case 1 except for unequal coupling of transmitter-relays ki # ko. The even
frequencies are obtained as w = ——¥2—  and again efficiency is written as:

\/ 1+4/k3+k2

1 1

wo = —

n =
Vit+k ITQ; 2 RT;U IRl 2 RRI IRQ 2 RR2 + 1 (1 =+ \/ k‘% + k‘%) 1 1 1
IRac RR:E IRac RR:E IRac RR:E 9]452 QR (QT + QRI + QR2> +1
T i T

(16)
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For this case, again considering the case when k = 0.5 and all Q) = 2, the power efficiency is 63.73%.
When the same values are used in Equation (4), the power efficiency is 50%.

Case 3 is that there is cross coupling between the relays and coupling k1 = ks = k1o = k. The
splitting frequency is given as wi = w,/+/ (1 + 2k). Thus, the power efficiency is derived as:

1 1
wWo = = 17
s Ire|* Rre  |Imi|* Rmi |Ie|® Rre 1 (1 +2k) ( 1 i 1 i 1 >+1 {an)
Ir.| RRy Ir.| RRy Ir.| RRy gk%QRx QT:t QRI QR2

For this case, again consider the case when k& = 0.5 and all Q = 2, the power efficiency is 60%.
When the same values are used in Equation (4), the power efficiency is 50%.

2.2.3. N Relays

A system of transmitter, N relays, and receiver is presented in Fig. 5. Each relay is coupled to
transmitter by the individual coupling coefficient as k; (i = 1 : N). The cross-couplings between the
relays are named as k;; (i =1: N, j =1: N and i # j). The coupling of transmitter/relay to receiver
is k‘T.

Figure 5. Transmitter, NV relays, and receiver.

Applying the equivalent circuit to the configuration, the system can be derived as the matrix
equation:

i ] -V
Zry k1ay kaas ... krarir: Ity .wzx
kiay* Zrr  kiparz ... kipaig Iy J OTI
keay'  kizaly,  Zre ... konas, Ipy | = 0 (18)
| kragsp, ke, kamag, 0 Zpe | LR 0]

Again, the power ratio between transmitter and receiver regarding to the splitting frequencies is as
follows:

Case 1: No cross-coupling within the relays, the coupling of transmitter-relays is identical; even
frequency is written as w = Yo . The efficiency is concluded as:

V1+kvVN
1 1
TN__wo = P p) = (19)
VieevN | I, |” Ryy N | Iri |” Rri (1 + kﬁ) 1 1
Ir:| Rg o Ir:| RRr 1 +3Y +1
fie ’ ‘ ‘ (N + 1)2k%QRx QTac ¢ QRi

For N =4, k= 0.5, and all Q = 2, the power efficiency is 71.43%.
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Case 2 is the same as case 1 with the different couplings of transmitter-relays. The splitting
frequencies are w = —%e— . Thus, the efficiency can be obtained as:
\/ 1+\/ va k7,

’]7 wo —
1eVET R, <1+ No k%) , ,
N
+3V —
N2k%QRx <QTJ¢ ZZ )

For N =4, k= 0.5 and all Q = 2, the power efficiency is 61%.

Case 3: the cross-talks of relays are involved in the system. When all couplings are equal, the
Wo Wo

splitting frequencies are solved as w; = T and wg = T The efficiency at even frequencies is

(20)

calculated as:
_w = ! (21)
"7W§’v*k_(1+N*k)< 1 N 1 >+1

+ 3
N2k2Qpe \Qra 2i Qri

For N =4, k = 0.5, and all Q = 2, the power efficiency is 52%. We have presented the effect of
relay interaction on the power transfer between the source and sink. It is obviously seen that using the
internal relay will increase the power at the receiver. The improvement is based on the combination
of quality factors of resonators and the magnetic flux between transmitter-relays. Additionally, many
frequencies are created from the variation of coupling and the number of inserted relays.

3. RESULTS OF MULTIPLE COUPLING MODES FREQUENCIES

The objective of this section is to demonstrate and verify the creation of multiple frequencies from the
effect of strong coupling modes between the transmitter and relays. We assume that the circuit elements
of the resonators have inductance value of 6.3 uH, capacitive value of 21.9 pF, and resistance value of 5 {2
at transmitter /relay and 502 at receiver. These resonators operate at resonant frequency 13.56 MHz,
and the AC analysis in Spice program is used to analyse the frequency response of the circuit.

3.1. Experience with Tx-RIl and Rx

Figure 6 shows the schematic for models of transmitter-single relay and a receiver, which are built in
LTspice. Transmitter and relays are coupled in strong coupling using .step command to list the coupling
coefficients from 0.2 to 0.7. The coupling coefficients of transmitter/relay to receiver are fixed at the
weak coupling of 0.03.

R1 c1 c2
2 Ly d——e—out
Vin 5 219 219 <R2
- 6.3p 6.3p/ 50
c3 '
T . i kL2L10.03
AC1. R3 21.9p - 13 k2 L3 L10.03
5 ~)6.3p k1L2L3{v}

Figure 6. Model of Tx- single relay and Rx.

AC analysis is involved using the frequency sweeping from 5 MHz to 30 MHz to view the response
of the circuit with varying the coupling coefficients between the transmitter and relay. The resulting
plot in Fig. 7 shows the output voltage of the receiver as a function of frequency sweeping.

It is clear from the plot in Fig. 7 that the received powers always have maximum values at the peak
frequency instead of original resonant frequency. Using the cursor to probe the receiver output, the peak
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Figure 7. Receiver output at different coupling.

frequency of the circuit can be obtained as 12.3 MHz, 11.87 MHz, 11.43 MHz, 11.06 MHz, 10.69 MHz,
and 10.39 MHz at the coupling coefficient of 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7, respectively. Note that this

peak frequency can be calculated by using w = \/UlJi_k which confirms the maximum of the power transfer

in Equation (9). It is also observed that the higher the coupling coefficient k is, the lower the received
power drops. This is also in agreement with the explanations in Equation (9), Section 2.

3.2. Experience with Tx-2 Rl and Rx

The models of transmitter-double relays and a receiver with and without cross coupling (referring to
case 1 and case 3 in item 2 Section 2) are built in Fig. 8. All the coupling coefficients are simulated
as in the model of the Tx-single relay in which couplings between transmitter and two relays are equal
k3 = k4 = v and cross coupling between relays k34 = 0 or k34 = v.

R 1 c2 [out
ISR G? 6.3 6.3u~ ~ 50
== ~"R3 21.9p)13 | .|.

J_;Ac 1 <5 )83 kL2110.03

: T k1L3 L10.03

~ o4 k2 L4 L10.03
. il k3 L2 L3 {v}
_“R4 21.9p /L4 k4 L2 L4 {v}

s - 6.3p k34 L3 L4 {v}

Figure 8. Model of Tx-double relays and Rx.

A similar frequency response showing the received power of the transmitter-double relays and
receiver versus frequency is illustrated in Figs. 9(a) and (b). It is seen that the power at the receiver
loads still contains a maximum value at splitting frequencies regarding the coupling coefficients between

transmitter and relays.
Wo

It is noted that the peak frequencies in Figs. 9(a) and (b) can be calculated by using w = T
in Equation (15) and w = —=2— in Equation (17). In detail, at the coupling coefficients of 0.2, 0.3, 0.4,

V1+2k
0.5, 0.6, and 0.7, the frequencies in Fig. 9(a) are equal to 11.9 MHz, 11.32 MHz, 10.8 MHz, 10.4 MHz,

9.95 MHz, and 9.6 MHz, respectively, and the frequencies in Fig. 9(b) are equal to 11.43 MHz, 10.7 MHz,
10 MHz, 9.6 MHz, 9.1 MHz, and 8.7 MHz, respectively.
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Figure 9. Receiver output at different coupling (a) without cross coupling and (b) with cross coupling
between transmitter and relays.

3.3. Efficiency of the Receiver

In this section, we use the values of the circuit elements to calculate the efficiency of the single and
double relays in Equations (9), (15), (16), and (17). Table 1 shows the comparison of the efficiency of
the system regarding the change of the coupling coefficient in Equations (9), (15), (16), and (17). It is
observed that the efficiency increases significantly when the double relays are used.

Table 1. Efficiency in single and double internal relays.

k | 02 [ 03 | 04 | 05 | 06 [ 07 |
Efficiency (Equation (9)) | 0.6335 | 0.6147 [ 0.5971 | 0.5803 | 0.5646 | 0.5496
Efficiency (Equation (15)) | 0.9908 | 0.9954 | 0.9972 | 0.9980 | 0.9988 | 0.9988
Efficiency (Equation (16)) | 0.9991 | 0.9995 | 0.9997 | 0.9998 | 0.9999 | 0.9999
Efficiency (Equation (17)) | 0.9990 | 0.9995 | 0.9997 | 0.9998 | 0.9998 | 0.9999

4. CONCLUSION

We have proposed and demonstrated innovational multiple inductive relay configurations using single
and double relays at the transmitter side in the magnetic inductive communication as a means
of increasing the power delivery efficiencies. Increased power efficiencies more than that can be
achieved beyond the conventional use of the single resonant frequency systems are demonstrated. The
improvement results from the use of splitting frequency and mutual coupling between the relaying coils.
Even when cross coupling exists between the relays, power transfer efficiency is still possible up to 50%.
This can be used for frequency diversity transmissions as well.
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