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Abstract ─ In this paper, an adaptive compensation loop 

control method is presented for dynamic range wireless 

power transfer (WPT) based wireless endoscopic capsules 

(WEC) applications. Rather than a fixed external resistor 

feedback network utilized in the DC-DC converter with 

maximum power point control (MPPC) capability, an 

enhanced nMOSFET based adaptive compensation loop 

is introduced to extract maximum power transfer from 

the RF-DC rectifier within overall operational power 

range of the WEC system. Simulation in ADS and 

measurement among three rectifiers with an LDO, a 

fixed external resistor feedback network and an adaptive 

compensation loop control are performed respectively to 

achieve a steady 3.3V on a resistive load of 100Ω, which 

validates that the proposed adaptive compensation loop 

control method realizes an extended dynamic power 

range with a lower limit of 21.5dBm to realize a minimum 

100mW load DC power delivery for the IPT enabled 

WEC system. 

 

Index Terms ─ Adaptive compensation loop, dynamic 

range, enhanced nMOSFET, MPPC, resistor feedback 

network, WEC, WPT. 

 

I. INTRODUCTION 
Wireless endoscopic capsules (WEC) technology 

has been developing and researching rapidly in recent 

years since it provides an alternative solution to the 

traditional endoscopies for the painless diagnosis of 

cancer or other diseases affecting the gastrointestinal 

tract [1]. It releases patients from the painful surgical 

operations thanks to its specific attributes of the 

convenience and non-invasion compared with a traditional 

endoscopy, which enables the patients to have more 

comfortable medical check-ups and allow a doctor to get 

a comprehensive profile of the patients’ physiological 

conditions.  

However, the power capacity limitation of the cell 

batteries has become a bottleneck in the WEC’s wide 

applications. Typically, an inductive power transfer 

(IPT) [2] is introduced to get rid of this constraint (see 

Fig. 1). A receiving coil captures the alternative magnetic 

field generated by a transmitting coil to convert into the 

alternative electrical field as a power source. Then this 

portion of power is delivered into an RF-DC rectifier for 

the rectification to achieve a direct voltage Vin. However 

Vin is usually not stable for the DC voltage supply 

requirement of some commercial electronics, such as a 

micro-programmable control unit (MCU) and sensors. 

Therefore it’s needed to regulate Vin by a DC-DC 

converter (see Fig. 1). In the traditional IPT system, a 

low dropout (LDO) regulator is typically adopted as the 

DC-DC converter. When Vin is slightly more than the 

rated operational voltage Vo, LDO is an effective and 

simple choice for the battery-powered applications [3]. 

Nevertheless, if Vin is much more than Vo, LDO will 

introduce much power loss as its operation mechanism  

is only to regulate Vin without considering the DC-DC 

conversion efficiency. 
 

 
 

Fig. 1. Block diagram of a IPT receiver. 
 

Therefore, it’s essential to adopt a DC-DC bulk with 

a maximum power point control (MPPC) capability 

instead of a traditional LDO, which enables a maximum 

power transfer extraction from a non-ideal DC voltage 

source when Vin is much more than Vo in the IPT system. 

Nevertheless, some commercial DC-DC converters (e.g., 

LTC3129-1) can only be controlled with a fixed external 
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high resistor feedback network, which maximizes power 

transfer from a specific and fixed non-ideal DC voltage 

source [4].  

In this paper, rather than a fixed external high 

resistor feedback network employed in the DC-DC 

converter, an enhanced nMOSFET Si2342DS based 

adaptive compensation loop control is proposed to extract 

the maximum power transfer from the HSMS282P based 

voltage doubler rectifier over a wide dynamic range of 

the WEC system. Measurement and fabrication validate 

that the proposed adaptive compensation loop control 

enables an extended dynamic power range with a lower 

limit of 21.5dBm (22.5dBm for the fixed external high 

resistor network and 25dBm for the LDO SPX3819 in 

our previous work [8]) to realize a minimum 100mW 

load DC power delivery, which brings a practicality for 

the IPT enabled WEC applications.  

 

II. THEORY ANALYSIS 
To maximize power extraction from a non-linear 

DC power source, the DC-DC converter maximum power 

transfer incident voltage Vin(MPPC) can be controlled by a 

constant external resistor feedback network consisting of 

two high resistors Rhigh and Rlow as: 

 𝑉in(MPPC) = 𝑉ref(
1 + 𝑅low/𝑅high

𝑅low/𝑅high
), (1) 

where Vref is the reference voltage of the implemented 

DC-DC converter (e.g., Vref =1.175V in LTC3129-1). 
 

 
 

(a) (b) 

 
Fig. 2. (a) HSMS282P based voltage doubler rectifier; (b) 

power conversion efficiency versus output voltage. 

 
However, the RF-DC rectifier, as a non-ideal power 

source, can generate different Vin(MPPC) as the incident 

voltage supply of the LTC3129-1 within various incident 

powers [5]. Therefore, it addresses an extreme challenge 

for the fixed voltage Vin(MPPC) in (1) to extract a maximum 

power transfer within a wide dynamic range IPT enabled 

WEC system, which requires an adaptive compensation 

loop to dynamically adjust the ratio of Rlow/Rhigh. For the 

validation, a HSMS282P based voltage doubler rectifier 

(see Fig. 2 (a)) is designed with harmonic balance (HB) 

simulation in ADS at 200KHz by sweeping a resistive 

load RL. Incident power varies from 21dBm to 24dBm, 

which covers a WEC system’s operational power range. 

Parallel-diode topology of HSMS282P is implemented 

to reduce the semiconductor resistive loss of Rs in its 

current path when charging and discharging during the 

procedure of RF-DC rectification [6]. Power conversion 

efficiency versus output voltage is then calculated in Fig. 

2 (b). Thus Vin(MPPC) of HSMS282P based voltage doubler 

rectifier with the maximum power transfer efficiency is 

confirmed to be increased with its incident powers [5]. 

When a trade-off Vin(MPPC)=6V is selected with a fixed 

ratio Rlow/Rhigh around 0.24, a maximum overlap RF-DC 

conversion efficiency of 74% can only be achieved over 

power range from 21dBm to 24dBm. Even worse, when 

the IPT receiver acquires more conversion efficiency, 

there may be no trade-off Vin(MPPC) for the input voltage 

supply of the DC-DC converter, which degrades a WEC 

system performance considerably. Detailed simulation 

and calculation of a HSMS282P based voltage doubler 

rectifier (see Fig. 2 (a)) is provided in Table 1 over the 

WEC operational power range from 21dBm to 24dBm. 

Vin(MPPC) of the implemented DC-DC converter equals 

output voltage Vout with the maximum power conversion 

efficiency Effmax in Fig. 2 (b). Ratio of Rlow/Rhigh can be 

calculated by reference to the Equation (1). Consequently, 

Vin(MPPC), Effmax and Rlow/Rhigh can be determined within 

different power levels (i.e., Table 1). Noticeably, it’s 

observed an obvious Rlow/Rhigh variation occurs, which 

seriously degrades the Vin(MPPC) extraction for the 

LTC3129-1 to maximize power transfer from a non-ideal 

DC voltage source (i.e., a rectifier in Fig. 2 (a)). 
 

Table 1: Simulation data of the rectifier in Fig. 2 (a) 

Pin (dBm) Vin(MPPC) (V) Effmax (%) Rlow/Rhigh 

21 5.27 79 0.29 

22 5.98 79.2 0.25 

23 6.74 80.1 0.21 

24 7.61 81.1 0.18 

 

So as to get rid of the constraint mentioned, ratio of 

Rlow/Rhigh in the external high resistor feedback network 

should be compensated dynamically to achieve Vin(MPPC) 

within different incident power levels. In order to enable 

a simple and compact circuit, dynamic adjustment of Rlow 

is introduced in this research. Moreover, the voltage drop 

along Rlow is constant and equal to the internal Vref of 

1.175V [4] under maximum power transfer condition of 

HSMS282P based voltage doubler based rectifier. Thus, 

an initial rectifier design with an adaptive loop control is 

proposed in Fig. 3 with a compensation resistor Rc, 

which functions to dynamically adjust the current (i.e., 

I3) in the external high resistor feedback network. 

When input power increases, the output current I1 of 

RF-DC rectifier rises accordingly along with the input 

voltage Vin. Then it requires a higher Vin(MPPC) for the 

input supply of the LTC3129-1 in Table 1 to extract  

the maximum power transfer efficiency. Therefore the 

compensation resistor Rc should be reduced to increase 

c c
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I3 until the voltage at MPPC pin equals the internal 

reference Vref. Then the input voltage Vin(MPPC) of the DC-

DC converter can be expressed: 

 𝑉in(MPPC) = 𝑉ref + 𝑅high𝐼3. (2) 

In this research, an enhanced nMOSFET based 

compensation control is introduced to function as Rc in 

Fig. 3. Typically VGS biased nMOSFETs are applied to 

achieve a variable resistor in its deeply linear operational 

region and the drain-to-source channel current ID before 

approaching its saturation value can be expressed as: 

 𝐼D = 𝜇n𝐶ox
𝑊

𝐿
[(𝑉GS − 𝑉TH)𝑉DS −

1

2
𝑉DS
2 ], (3) 

where W is gate width, L is gate length, 𝜇n is a foundry 

concerned constant, Cox is the capacitance in the oxide 

layer and VTH is the intrinsic threshold voltage. 

Therefore VGS controls the value of channel current 

ID. When ID reaches its saturation with VDS ≥VGS-VTH, the 

maximum channel current remains constant as: 

 𝐼D,max =
1

2
𝜇n𝐶ox

𝑊

𝐿
(𝑉GS − 𝑉TH)

2. (4) 

Typically, if VDS<<2(VGS-VTH), the nMOSFET 

operates in its deeply linear operational region and the 

DC-IV characteristic can be simplified as: 

 𝐼D ≈ 𝜇n𝐶ox
𝑊

𝐿
(𝑉GS − 𝑉TH)𝑉DS. (5) 

Thus, the drain-to-source channel can be expressed 

as a VGS controllable resistor RDS: 

 
𝑅DS =

1

𝜇n𝐶ox
𝑊
𝐿
(𝑉GS − 𝑉TH)

. (6) 

Then RDS is regarded as a linear function of VDS when 

VGS remains constant. However, when VGS decreases, RDS 

increases inversely. Therefore, variable drain-to-source 

channel resistor RDS can be realized with variation of VGS. 

However, the value of RDS in its deeply linear operational 

region of nMOSFET is typically not high enough for the 

compensation resistor Rc variation requirement in Fig. 3. 
 

 
 

Fig. 3. Proposed circuit with a compensation resistor Rc. 

 

In order to realize an efficient adaptive compensation 

control loop design, the internal reference voltage Vref of 

the implemented DC-DC converter is utilized. As shown 

in Fig. 3, the function of Rc is to dynamically adjust I3 

through the external high resistor feedback network. 

Rather than the application of RDS in its deeply linear 

region, VGS biased nMOSFET current source is adopted 

to enable the current I3 control with VDS equal the internal 

voltage reference Vref of the implemented DC-DC bulk 

under the maximum transfer from the rectifier in Fig. 2 

(a). Therefore, VGS biased current source can replace Rc 

to behave like an equivalent enhanced variable resistance 

RDS,en, which functions to dynamically adjust I3 within 

different powers. When VDS ≥ VGS-VTH, ID maintains its 

maximum value ID,max in (4). Hence, the drain-to-source 

channel can still be controlled by the VGS while VDS 

maintains constant with Vref of 1.175V. Under this 

condition, the equivalent enhanced RDS,en functions as the 

compensation Rc: 

𝑅DS,en =
𝑉DS
𝐼D,max

=
2𝑉DS

𝜇n𝐶ox
𝑊
𝐿
(𝑉GS − 𝑉TH)

2
 

=
2𝑉DS

(𝑉GS − 𝑉TH)
𝑅DS. 

(7) 

Therefore, the current I3 adjusting capability from 

RDS is enhanced by a coefficient of 2VDS/(VGS- VTH) when 

VDS=Vref ≥VGS-VTH under the maximum power extraction 

from the rectifier in Fig. 2 (a). When an ultra-small VGS 

is selected, the ultra-high channel equivalent RDS,en in (7) 

can be realized to satisfy Rc requirements for I3 current 

variation in the external high resistor feedback network. 

Thus, Vin(MPPC) can be dynamically adjusted to enable the 

maximum power extraction from the HSMS282P based 

voltage doubler rectifier (see Fig. 2 (a)). If the applied 

nMOSFET is ultra-sensitive, the drain-to-source channel 

can be threshold with a current of several µA under ultra-

small VGS bias. Then equivalent RDS,en is achieved with a 

super I3 current adjusting capability for the adaptive 

compensation loop control. When input power increases, 

the output current I1 of the RF-DC rectifier rises as well 

as Vin in Fig. 3. Therefore, the implemented nMOSFET 

achieves more VGS from the input voltage of LTC3129-1 

with more ID,max to enable higher I3. Then higher Vin(MPPC) 

can be achieved in (2) since Rhigh is fixed, by which the 

adaptive compensation control is realized. 

 

III. CIRCUIT DESIGN 
In order to implement the internal reference Vref for 

the adaptive compensation control design, nMOSFET 

drain connects the MPPC pin of the applied DC-DC 

converter to enable a constant VDS=1.175V under 

maximum power transfer condition. While VGS is biased 

through a high resistor voltage divider consisting of Ra 

and Rb to achieve an ultra-small VGS=VinRb/(Ra+Rb). 

As Vin(MPPC) increases with the incident power in  
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Table 1, the implemented high resistor voltage divider 

captures Vin(MPPC) variation within incident powers from 

21dBm to 24dBm. Then the captured VGS=VinRb/(Ra+Rb) 

biases the nMOSFET gate to enable current I3 adjustment 

of the drain-to-source channel. Therefore, the equivalent 

current command RDS,en is realized, which compensates 

the Vin(MPPC) in (2) dynamically for the maximum power 

extraction from a non-ideal source (e.g., a rectifier in Fig. 

2 (a) once the incident RF power changes.  

Accordingly, it demands the adopted nMOSFET 

with a high current sensitivity with small VGS bias  

to threshold the drain-to-source current channel. Thus,  

an enhanced nMOSFET Si2342DS [7] is implemented  

to realize VGS controlled RDS,en in (7). Meanwhile, VGS 

should be ultra-small to ensure RDS,en ultra-high to 

minimize the current flowing through the drain-source 

channel of Si2342DS with VDS=1.175V, due to which the 

voltage divider of Ra and Rb is high enough for current I3 

in (2) control requirement to capture different Vin(MPPC) 

(see Table 1) simultaneously with a subtle power 

consumption. For accurate DC-IV measurement of the 

Si2342DS, an SMA based 24mil FR4 test fixture is 

fabricated in Fig. 4 (a). VGS is swept from 0.4V to 0.58V 

with a high resistor voltage divider of Ra=620KΩ and 

Rb=51KΩ to sense and capture Vin(MPPC) variation from 

5.27V to7.61V exactly according to VGS=VinRb/(Ra+Rb) 

and maintains VDS=Vref of the implemented DC-DC 

converter. The compensated ratio of Rlow/Rhigh can be 

plotted with Rlow=27KΩ and Rhigh=100KΩ, which is 

shown by the blue dotted curve (i.e., Ratio-Compensate) 

in Fig. 4 (b). By contrast, a fixed ratio of Rlow/Rhigh=0.24 

is provided with Rlow=24 KΩ and Rhigh=100KΩ by a 

black dash curve (i.e., Ratio-Fixed) and optimal ratio of 

Rlow/Rhigh is calculated with various Vin(MPPC) from 5.27V 

to 7.61V in Table 1, which is plotted by a solid red curve 

(i.e., Ratio-Optimal). 
 

 

 
(a) (b) 

 
Fig. 4. (a) SMA based DC-IV 24mil FR4 test fixture; (b) 

measurement of Ratio-Compensate with blue curve. 

 

In this research, different VGS would adaptively 

adjust the current I3 in Fig. 5 based on Vin(MPPC) from 

5.27V to 7.61V in Table 1. The current I3 with different 

VGS can be precisely measured by the test fixture in Fig. 

4 (a). Therefore, Vin(MPPC) in (2) can be calculated with a 

fixed Rhigh=100KΩ. Then the ratio of Rlow/Rhigh in (1) is 

achieved, which can be plotted as Ratio-Compensate 

curve in Fig. 4 (b) under different VGS. For the comparison 

with the Ratio-Compensate curve, Vin(MPPC) from 5.27V 

to 7.61V is normalized by (Ra+Rb)/Rb (i.e., VGS=Vin(MPPC) 

Rb/(Ra+Rb)) in the Ratio-Optimal. Then Ratio_Optimal 

can be achieved from Rlow/Rhigh in Table 1 under different 

VGS=Vin(MPPC)Rb/(Ra+Rb). Thus, Ratio-Compensate and 

Ratio-Optimal can be plotted with same horizontal 

coordinate in Fig. 4 (b). There are two intersection points 

A and B between the Ratio-Optimal and Ratio-Compensate 

curves. When VGS < 0.46V (i.e., Vin(MPPC) =6.05V) satisfies 

at A, Ratio-Compensate curve is closer to Ratio-Optimal 

than Ratio-Fixed. Especially between A and B, Ratio-

Compensate and Ratio-Optimal are almost unanimously. 

Whereas the Ratio-Compensate and Ratio-Fixed deviate 

in opposite direction compared to Ratio-Optimal when 

VGS > 0.515V (i.e., Vin(MPPC)= 6.78V) at the intersection 

point B, delta ratio of the Ratio-Fixed and the Ratio-

Compensate between Ratio-Optimal could be calculated 

with △1=0.06 and △2=0.04, which indicates the Ratio-

Compensate precedes Ratio-Fixed even with a maximum 

input voltage VGS = 0.58V (i.e., Vin(MPPC)=7.6V). Therefore, 

when VGS increases from 0.4V to 0.58V (i.e., Vin(MPPC) 

from 5.27V to7.61V in Table 1), the proposed adaptive 

compensation loop satisfies variation requirement of 

Rlow/Rhigh for the overall Vin(MPPC) in Table 1 within all 

power ranges of the implemented LTC3129-1 to 

maximize DC power transfer from HSMS282P based 

voltage doubler rectifier. 

However, in the circuit design, it suggests that the 

bulk-boost DC-DC converter LTC3129-1 should be 

restricted with a maximum input voltage up to 15V [4]. 

Though HSMS282P based voltage doubler rectifier has 

a limited maximum output voltage of 15V due to its 

breakdown voltage [5], the semiconductor fabrication 

variation or other factors may cause breakdown voltage 

Vbr more than 15V slightly, which will make its maximum 

output voltage more than 15V to damage LTC3129-1 

permanently. Therefore, a 15V Zener diode is adopted 

for protection as shown in Fig. 5. 
 

 
 

Fig. 5. Final proposed circuit with nMOSFET Si2342DS 

and 15V Zener diode (Dz). 

 

The power conversion efficiency is more concerned 

in a WEC system. Thus, the power consumption caused 
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by Zener diode is analyzed and proven to be ultra-low if 

the switching frequency of LTC3129-1 is high enough. 

When open circuit voltage of HSMS282P based voltage 

doubler rectifier is more than 15V, a limited 15V for 

protection could only be applied as input voltage of the 

DC-DC converter LTC3129-1. Then the high resistor 

feedback network captures the input voltage to 

dynamically increase I2 until the input voltage less than 

15V. Meanwhile, linkage current I4 of the Zener diode 

decreases to zero when input voltage less than 15V. This 

procedure responds transiently as switching frequency at 

PWM mode of LTC3129-1 is ultra-high of 1.2MHz [4] 

with a subtle power consumption. Therefore, the final 

circuit with a Si2342DS based adaptive compensation 

loop is proposed for the DC-DC converter to extract the 

maximum power transfer from the RF-DC rectifier as 

shown in Fig. 5. 

 

IV. MEASUREMENT AND RESULTS 
Three WPT receiver circuits are fabricated with LDO 

SPX3819 [3] and DC-DC bulk LTC3129-1 with/without 

nMOSFET based adaptive compensation control loop 

respectively as shown in Fig. 6 (a). HSMS282P Schottky 

diodes and several 0603 packaging passive elements are 

soldering on the 24mil FR4. For the measurement setup, 

signal generator AV1441A outputs 200 KHz RF signal. 

Then the RF signal is amplified by a commercial power 

amplifier (PA) and pre-calibrated by the spectrum 

analyzer AV4037. A 100 Ω load resistor is employed as 

a representative of the MCU and sensor networks. As 

these three WPT receiver circuits are designed with  

a fixed output steady DC voltage of 3.3V to satisfy 

minimum 100mW load power supply requirement, thus 

the output voltages along RL are measured as shown in 

Fig. 6 (c). When the input power approaches 22.5dBm, 

the WPT receiver with a fixed ratio Rlow/Rhigh=0.24 

satisfy 100mW load power supply requirement at input 

power 22.5dBm and outperforms one with LDO SPX3819 

from 22.5dBm to 24.5dBm. By comparison, Si2342DS 

based adaptive compensation loop of LTC3129-1 can 

further extract maximum DC power transfer from 

HSMS282P based voltage doubler rectifier over lower 

input powers. Measurement indicates that the power 

supply of 100mW with a output voltage around 3.3V can 

be achieved by the adaptive compensation loop based 

WPT receiver at 21.5dBm, which realizes an extended 

dynamic power range with a lower limit of 21.5dBm 

(22.5dBm for the fixed external high resistor network 

and 25dBm for the LDO SPX3819 in our previous work 

[8]) to realize a minimum 100mW load DC power 

delivery for the IPT enabled WEC system.  

 

V. CONCLUSION 
In this paper, an adaptive compensation loop control 

method is presented for dynamic range wireless power 

transfer (WPT) based wireless endoscopic capsules 

(WEC) applications. Rather than a fixed external resistor 

feedback network utilized in the DC-DC converter 

LTC3129-1, an enhanced nMOSFET Si2342DS based 

adaptive compensation loop is introduced to facilitate the 

maximum power transfer of the HSMS282P based 

voltage doubler rectifier from 21dBm to 24dBm, which 

can cover overall operational incident powers of the 

WEC system. Measurement validates that the proposed 

adaptive compensation loop control method realizes an 

extended dynamic power range with a lower limit of 

21.5dBm to realize a minimum 100mW load DC power 

delivery for the IPT enabled WEC system. The method 

presented in this paper can be applied to combine with 

numerical solution to enable fast simulation of maximum 

power transfer efficiency based on coils modeling, which 

brings a practicality for an efficient IPT enabled WEC 

system. 
 

 

 

(c)  (a) 

 
(b) 

 
Fig. 6. (a) Fabrications of three applied WPT receivers; 

(b) measurement setup; (c) measurement results. 
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