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Abstract: Resonance inductive coupling is widely used for wireless power transfer (WPT) in medical
applications. In this paper, we analyze the LCL-compensated WPT structure and propose a novel
constant voltage transmission system based on gain estimation, without any extra feedback from
the receiver. The system is capable for implant neural stimulation where the load impedance
and the coupling coefficient are both variable. Compared to existing methods for constant
voltage transmission, our approach offers advantages in compact size and the compatibility with
the industrial, scientific and medical (ISM) band. We validate the load-independent resonant
characteristic and the feasibility of constant voltage transmission using an experimental prototype
working at 6.78MHz. Finally, we discuss the structure of the implant stimulator and methods of
applying the proposed WPT system.

Keywords: WPT; resonance inductive coupling; wireless neural stimulator; implant device

1. Introduction

Neural stimulation has long been practiced as an effective treatment for chronic diseases and
pain. In recent years, advancements in electronic engineering have brought significant attention to
implantable stimulators with wireless power transfer (WPT) capabilities.

Among a series of WPT techniques, resonance inductive coupling technology is most commonly
employed for neural stimulation[1]. The basic principle is to utilize LC resonance characteristic to
generate higher voltage or current and compensate the gain deduction caused by the enlarged gap.
However, there are drawbacks of the traditional structure. The resonant frequency splits with varying
coupling coefficient [2], and the voltage gain is affected by load impedance.

It is a popular direction for improvement to added compensation networks to the original circuit
and form hybrid topologies. Numerous structures have been proposed, such as LCC[3-5], LCL[6,7]
and others. Most of these topologies are designed for kW-level WPT[8] and are modeled at frequency
around 100kHz. For medical use, however, the WPT systems work at several hundred kilohertz to a
few megahertz to ensure more compact size and biocompatibility[1,9,10]. The parasite parameters like
the stray capacitance become remarkable in this range, but are often neglected since they are trivial in
lower frequency and in high-power system [3,4,11,12]. Additionally, researches from the perspective
of power electronics typically focus on efficiency, which is not the top priority in low-power medical
use. Therefore, the MRC structure should be remodeled and better tuned for medical applications.

For AM or ASK modulated implant stimulators[13], insensitivity to misalignment is crucial
because relative movement between the transmitter and receiver may lead to varying coupling
coefficient, and consequently, changes in received voltage amplitude. The transmitter should be
able to monitor the received voltage and implement feedback control. Besides complex wireless
communication, one solution is to track the resonant frequency to maintain constant voltage gain[14],
yet the narrow ISM band strictly limit the adjustment range. Another approach is to adaptively
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compensate the MRC circuit by a selective impedance matching network[15], but it is only capable for
discrete control and involves bulky relays.

The purpose of this paper is to analyze and design the LCL-compensated WPT structure for
constant voltage transmission, primarily for medical use. Section 2 derives the characteristics of the
structure by modeling the circuit and theoretically proves the feasibility of CV-WPT. Section 3 presents
the experimental results, and Section 4 discusses the application methods.

2. Materials and Methods

The proposed LCL-compensated WPT structure is shown in Figure la. The coils with
self-inductance L and L, are coupled with mutual inductance M = k+/L;L;, where k denotes the
coupling coefficient. R; depicts the equivalent AC load. R; = 8R;./7t> when the output is rectified
and filtered. The circuit is re-drawn as Figure 1b for analysis. R; and R, depict ESR of the coils.
Cp1 is split into Cp11 and Cp12 using the conclusion of Li et-al[12] to provide extra degree of freedom
and achieve load-independent constant voltage transmission. Parasite capacitance of both coils are
absorbed by C;1 and Cp. The composited capacitance can be measured and tuned to ideal in practice,
hence the parasite capacitance is neglected in analysis.

le Ls2
Y M — Y'Y\

¥

pl

(b)

Figure 1. LCL-compensated WPT structure(a) and its equivalent circuit model(b)

2.1. Load-and-Matching-Independent Resonant Frequency

Denote the mesh currents in Figure 1b as I; to Is, the KVL matrix is written as:

v, jle —@ﬁ o1 0 0 L

0 ~jwCpn jZ2 "~ jwCpiz 0 0 I

0 |= 0 —tm L —jwM 0 L | =2z (1)
0 0 0 —joM jZs =t Iy

0 0 0 0 -t iZtR I5

In which jZ; to jZs denote the complex impedance of each mesh. Parasite parameters are neglected
temporarily. The voltage gain is then:

I5R _
Gy = BRL_ 7

v Ry, )

)
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It is obvious that when Z; = Z3 = Z5 = 0 there are dGy/dRy = 0 and dGy/dk = 0, making
the voltage gain irrelevant to both the load and the matching condition. To set this fully independent
resonant frequency to be wy, the circuit should satisfies:

— _ 1

Zl‘wo = woLs1 woCpi1
_ 1

Z3‘L¢JO - (UOLl - WOCpIZ - 0 (4)
_ 1

25|, = wols2 — e,

Merge Equation (3) and (4), the voltage gain at wp only depends on k:

at] __1 Lo L1

— 5
szCplew% k le Ly ( )

Gvo = —

Equation (5) demonstrates that the LCL-compensated voltage gain is inversely proportional to
VL, /Ly i.e. the "turns ratio" of an ideally-coupled transformer, which makes smaller receiving coil
possible. Notice that the electromagnetic attenuation is neglected here. However, the loss becomes
dominant in loosely-coupled condition and (5) no longer holds. Non-ideal parameters also restrict
Gy from increasing further with smaller k, which will be discussed later.

2.2. Online Estimation of Received Voltage

Although load-independent, voltage gain at wy still varies with k. A feedback loop with
information of received voltage V;,; or the intermediate parameter k must be constructed. With
LCL compensation, the needed signal can be extracted from the transmitting side. It avoids extra
wireless communication from the receiver and enhances responding speed as well as robustness.

The input number is denoted as I; in Figure 1b. Let Equation (4) into Equation (1), I; at wy is
obtained:

1212 L2 (L, — Lyp) — M?(Lg + L1)> ©

A _yoz-1 -V
Il|w0 - IlO - sz(lfl)‘wo — ‘/li’l (RLLZlMZ ] LZIMZC()O
S S

Where the effect of R, cannot be eliminated, but can be reduced to negligible. Let A = R (I;),
B = & (I1), it is obvious that B is irrelevant to R;. Then the effect of R} on Iy is:

21 R2 1
d|ho| _ dVAZ+B :<A2+B2> b,dA _ A dA
dRL dRL dRL |110| dRL

-1
R} LoL%4K?
= : L1 (Ly — Ly) —K*Ly (L1 + L 7
(RL+Vmwo 1215 ( 1(Lp — Lg2) 2 (L1 + sl)) ()

d|L9|/dRy diminishes with larger R;. For KQ-level load, the load adjustment rate can be further
reduced by tuning the inductors ratio. Although a small L, is desired for more compact receiver, it is
practical to have a larger Ly and smaller Lg,. Notice that Ly # Lgy, otherwise I; becomes irrelevant to
k from Equation (6).
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At light load, Equation (6) becomes a function of k. |I;9| monotonically deceases when k < k; and
increases otherwise. The boundary k; is obtained by:

d|110| dv A2 + B2
= —— =0 8)
Ea dk
b k:kh
L4 2
\/Lle (L2 = L2) (L1 + La1) <(L2 — Lo) %&;)
k, = L/ L2 — L) )
La(Ly — Ls2)(L1 + Ls1) Ly (L1 + Ls1)

When k;, is not within the working range, |I1o| (k) is a always a monotonic function. Therefore the
inverse function k(I;) is single-valued and can be used to estimate k. Notice k; is also where the
maximum d | 1| /dR[ lies. So k; should be put as far as possible from the possible range of k.

I is extracted by measuring the amplitude of voltage across L;;.

Vin = |I1o| woLs1 (10)

]2: N lein (Vmle |L2_L52| _Vin (L1+le) (LZ_LSZ))
LZ (lein + levin + levm) (lein + levin - levm)

(11)

Where V;,, and V;; denotes the amplitude of the input and measured voltage respectively.

From Equation (5), the overall voltage gain at wy is a single-valued function of k. Therefore for any
measured |V, | there is only one corresponding Gyg. Hence the received voltage Vo, can be estimated
by Equation (12). The relationship between V;;, Gy and k is shown in Figure 2.

Vour = VinGao (K (Vin)) 12)

Notice that Equation (11) and (12) only serve as a proof of the feasibility of the k estimation. It is
recommended to plot V,,:(Vy) in experiment to cover the disturbance of parasite parameters, which
will be discussed later.

0.5

1

1.6
G,/ 15 VIV Vv

m

Figure 2. V,;-G-k relationship with L1 = L, = 1yH, Ly = 1.22uH, Ly = 0.61yH at 13.56MHz

2.3. Minimization of Effect of Frequency Error

By selecting compensation component value as given in Equation (4), it is straightforward to
demonstrate that wy is the independent resonant frequency where 3 (Gy) = 0. However, wy is not
necessarily where the maximum voltage gain is achieved. A high Q-value in the LCL-compensated
WPT circuit may results in significant overvoltage with minor deviations in frequency, posing risks
especially in medical applications. Therefore, it is advisable to smoothen the gain curve around wy.
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To obtain Gy as a function of w, expand Z; in Equation (3):
Gyl = (jo* Wt jwd @ jul 1)W (13)

Where W is the weight matrix of the polynomial function G, ! Tt is omitted here for simplicity. The
analytical solution of peaks of Gy, ! is hard to obtained, but it is still easy to investigate whether wy
is one of the solution. With the resonance characteristic that 3 (Gy) = 0, d |Gy| /dw = 0 as long as
R (dGy!/dw) = 0.

Obtain the derivative of Equation (13) to w, then substitute w with wy:

dG,!
dw

_ 212Lg — 2LpL3 + 2L L Ly — 2Ly Lgy Ly + 2Ly M? 4 4Ly M?
L1LsxMwy

wo
N jL2Ls + jLg L1 Lgy + jLg M?
LR M

(14)
The real part of Equation (14) is variable with k. Thus w( cannot be a static peak. However, when an
average coupling coefficient k( is determined, the inductors can be tuned to minimize the gain slope

around wy as Equation (15). The effect is demonstrated in Figure 3.

(L1 + La1) (Lsa — La) + kgLa (L1 +2Lg) = 0 (15)

0 1 L 1
0.8 0.9 1 1.1 1.2
Normalized Frequency

Figure 3. Minimized gain slope by Equation (15)
2.4. Analyzing the Effect of Parasite Resistance

Denote ESR of L1 as 11, and likewise 7y, 751 and 7. The output impedance of the power source is
absorbed by r41. rs» and Ry forms a frequency-independent voltage divider, hence temporarily assume
rs2 = 0 for simplicity. Keep the values of the LC components so that the Equation (4) still stands. The
Z matrix in Equation (1) is re-written as Equation (16).

jZ1 + g —ﬁ 0 0 0
o jwépu jZ2 N f“’(ljﬂlz 0 0
Z = 0 —ﬁ jZz+r —jwM 0 (16)
0 0 —jwM  jZy+1y - jwlez
0 0 0 —7aC; JZst+ratRe
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Merge Equation (2), (4) and (16). G&)l with parasite resistance considered is obtained.
LZLZ +ry 4
o1 e e sz(r}zL ) g L2 M2w} + L2ryrgwi + LA rrwl — ZyZarrg a7
Vo Ly Lg LoMw}
2 2
‘7%2221?;51% + L2Zyrqwi + L2 Zyrw} + M2 Zyrgw} + Zorirarg a8)
-]
L1Ly LoMw}
dGyg 1 dGyo ~  Lg 7’51 2 1751
= L L1 V4 19
dRy ~ Gy dRy  LLyM RZ 1t are 2 19

Observed from Equation (19), the derivative of G‘;é to Ry is controlled by ry/Ry. With KQ)-level load
and ry less than 10Q), the load adjustment rate d |Gyy| /dRy, is normally less than 0.1%.

When take ry, into consideration, Gy remains the same except of an extra voltage-division factor
Ry /(R +rs). Lgp usually has a lower Q-factor compared to Lg; for the strict size limitation of the
implant receiver. However, for a reasonable Q = 25 and Ls = 1yH at 10MHz, ryp = 2.5() is still much
smaller than R}, leading to a division factor of greater than 99.7%. Therefore the voltage gain at wy can
still be considered as load-independent.

It is obvious from Equation (18) that Gyy is still a single-valued function to k, but is no longer
monotonic with parasite resistance. |Gyy| first increases with k and then declines after a critical point
k.rit, which is written as:

L3722 wh + LARr2 wh + 21312, Z2rrgwh + 21312 midrawd \
L Zirkad + Ly il + Z3Zir, + B,
L3113 (L}wf + Z3r3wp)

kcrit = (20)

The intermediate derivation is omitted for simplicity. From Equation (20), The CV control is made
easier as the gain around k,;; becomes smoother.
Additionally, for I;g which is used to extract k, rs is indivisible from R;. Equation (7) is re-written

as:
dhiy L312 L2, MW 1)
dRp L2 M?Rrwi + L2124 rqwi + L4 L2 1 wi + L3R rors wh
+L51RL1’11’26¢J0 — Ry Zy 7411751 +]L52Z2r1r51w3 +]'L%RLZ41’510J(2]
“1‘ng1 RLZ471W(% + jMzRLZZT"Sl(Ug + jRLZ2I’1727’51

With rq, r; and 74 join the denominator, 11y becomes less sensitive to R; .

In conclusion, the impact of parasite resistance on resonant frequency and k estimation is negligible
in practice. While the exact number of Gy does change, it can be easily tracked with experiment
measurement and numerical simulation. Moreover, r; is irrelevant to the resonant frequency, allowing
a relatively low Q-value for the receiving coil.

2.5. Design Procedure

The circuit in Figure 1b has seven parameters to be determined. Given that the effect of the
parasite resistance is limited, the circuit can be assumed as ideal when select the LC values. Based on
experiment result, iteration may be needed to account for parasite parameters, including the stray
capacitance of the coils.

The coil L1 and L; should be determined before designing the LCC compensation circuit.
The parasite parameters of coils and their coupling coefficient range is then measured. The last
5 components can be solved by Equation (4),(5) and (15) to make the circuit resonant at wy,
smoothen the gain slope and acquire desired gain at kg. The actual capacitors are selected as
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C]’g1 = Cp11 + Cp12 + Ceoin and C;z = Cp2 + Ceirz- A numerical simulation based on Equation (3)
to check weather the desired gain is achieved. when not, Ls;/Ls; and the corresponding resonant
capacitor must be adjusted. If the adjusted value is beyond acceptance, then roll-back to the coil

designing.

| Determine coils L; and L, }

Measure parasite parameters
and coupling coefficient range

I

Solve the last components
using Equations 4, 15, 15

I

Select actual capacitors
C',and C'),

l

Run numerican simulation
to check for desired gain

Adjust L,,/L, and
resonant capacitor

Experiment

Requirement satisfied?

Figure 4. Design flowchart

3. Results

3.1. Validation of LCL-Compensated WPT and Voltage Gain Estimation

An experiment platform of LCL-Compensated WPT circuit that works on 6.78MHz ISM band is
constructed, shown in Figure 5. The coils are implemented on FR4 PCBs and of circular shape. The
detailed parameters are listed in Table 1 and 2. To adjust the coupling coefficient, i.e. the distance
between the coils, the PCBs are fixed on a 3D-printed PLA material base, with the length of the nylon
columns between them adjustable.

The transmitter is driven by signal generator via SMA cable. As 0805 chip inductors are used
in the compensation circuit, the driving voltage is set to 300mVpp. V;; and V;,; are monitored by
oscilloscope. To cover the internal resistance of the signal generator, Vj, is also monitored, and V,;, data
is normalized as V,,/ V},,.

Two sets of data are recorded in experiment, with 1K() pure resistive load and open-circuit
respectively. The recorded result and theoretical V,,, — |Gy| curves are plotted in Figure 6.
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Table 1. Parameters of the PCB coil

Parameter Value
Outer diameter 44.8mm
Inner diameter 8.6mm
Number of turns 32
Wire width 40mil (1.016mm)
Wire thickness 1.37mil (0.0348mm)?
Wire spacing 5mil (0.127mm)
Board thickness 1.6mm

11 Oz copper.

Table 2. Parameters of the experiment circuit

Component Value

L 222uH1!
L, 223uH !
Lg 14.7uH !
Lo 5.64uH !
Ceoinn 15pF 2
Ceoil2 15pF :
Cp 59.9pF !
Cp2 93.8pF !
sl 35.00) 2
s 12.60 2
1 32401
7o 33101

! Measured by LCR meter at 100kHz. 2 Measured by VNA at 6.78MHz.

§ = Vin Cable
Vin Cable — |

LCL Compensation Circuit

(a) (b)

Figure 5. Experiment PCBs(a) and 3D-printed base(b)
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0.8
0.6
5 0.4
_ RL = 1K(, Simulated o)
_— RL = 00, Simulated
021 R, = 1KQ, Recorded
RL = oo, Recorded
0 1 1 1 1 1
0 2 4 6 8 10 12

V [V
m
Figure 6. Simulated and recorded V,;,-Gy of the experiment circuit, with parameters in Table 2

4. Discussion

4.1. Discussion of experiment result

The recorded data in Figure 6 shows that the V;;, — Gy characteristic of experiment circuit follows
the identical trend as that of the mathematical model proposed in section 2. The effect of load changes
on the Gy estimation is limited, but still observable. Data points of 1KQ) load deviate from the
theoretical curve farther, as the parasite parameters vary at the frequency higher than those at which
they were measured.

Noises occurred in the measurement has affected the recorded data, creating inconsistent points.
Such noises are expected to appear in applications as well. Averaging may be required to ensure the
accuracy of the Gy estimation. Additionally, as the independency of resonant voltage gain is slightly
weaker than expected due to complex parasite parameters, V;, should be measured during intervals of
transmission with lower V;,, based on Equation (7). The new estimation strategy is shown in Figure 7.

Averaging
Loop
Transmit ) Transmit Measure Estimate
Vexp/Gy low V', Vi Gy —‘

Figure 7. CV-WPT with Gy estimation strategy
4.2. Application

The proposed CV-WPT strategy is planned to be implemented in an implant neural stimulating
system shown in Figure 8. To achieve bipolar current stimulation, the system uses amplitude
modulation (AM) to transfer power. A threshold voltage is established in the implant stimulator.
When the demodulated AM signal surpasses the threshold, the stimulator outputs positive current and
vice versa. This procedure is referred as Polarity Recovery. The aforementioned CV-WPT techniques
provides robust and precise control with varying k. We use a linear transmission circuit built by
Direct Digital Synthesis (DDS) and High-Power Output Current Feedback Amplifier (CFA) for better
accuracy, with a trade-off of efficiency.
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: Measured V,,
v;el
Controller Differential Polarity direction control
: MCU i Amp /N Recovery
a0 Vin Tx . Rx l[
Coil : Coil |
acos(ot)+C Acos(ot) : Vout -u—l— vV, I, |Switchin
DDS > I_E A'DT‘ ﬂ ; EVZ :[ﬁ 1 | g Bridgeg - Electrodes
pre Amp  HPF CFA LCL : LCL Envelop
Compensator Compensator ~ Detector

Figure 8. Functional diagram of proposed wireless stimulation system

The MCU uses two LUTs to estimate the received voltage. First of them is derived from
Equation (11), it estimates k basing on measured V;,. The other is derived from Equation (18) and
outputs the corresponding Gy of given k. The desired V;, is calculated by V;,, = Vi./ Gy, and sent to
the DDS. The intermediate k is also used to detect misalignment or fault.

5. Conclusion

The LCL-Compensated WPT circuit is re-analysis for constant voltage transmission. The proposed
CV-WPT system uses voltage measures on the transmitting side to estimate the coupling coefficient
and voltage gain. Its feasibility is proved and the load-independent characteristic is validated through
experiment. Compared to existing methods, our approach does not require frequency sweep or bulky
components such as RF relays. The tuning strategy helps further shrink the size of the implant receiver.
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