
Adaptable Class-D Power Amplifier based Power Modulation and Data 

Transfer Technique for Biomedical Systems 

Abstract— Class-D half and full-bridge power amplifiers 

(PA) finds their usefulness in wireless power transfer (WPT) 

blocks for a biomedical implant.  This brief presents a 13.56-

MHz wireless power transfer system using an adaptive PA 

structure and digital control scheme for providing sufficient 

power during downlink data transfer. This scheme prevents 

efficiency degradation due to amplitude modulation. 

Simultaneously changing PA structure and operating 

frequency gives a higher degree of freedom for power 

modulation. The transmitter and receiver sides were designed 

in the 0.18-μm CMOS process using 1.8 V and 5 V devices. 
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I. INTRODUCTION 

In recent days, WPT technologies are gaining much 

attention for powering implantable medical devices or 

implants, such as neural, cochlear, and retinal implants [1]. 

Typically, a Class-D PA is used to drive the primary side of 

a WPT by switching on and off systematically using 

rectangular waves. Let us assume the primary tank’s 

resonant frequency to be fo. Different switching mechanisms 

are used for power control. They are - (1) Sub-harmonic 

frequency control, [1] fsw is changed among odd sub-

harmonics fo, fo/3, fo/5 (2) Continuous frequency modulation 

control: (fsw is varied continuously in the resonance 

frequency neighborhood at high coupling conditions under 

split frequency effect) [2]. In prior undertakings, researchers 

had developed the inductor current modeling for half-bridge 

PA [3]. Recent trends show that circuit designers prefer to 

shift from half-bridge [4] to full-bridge PA design [4] for 

higher power transfer. Naturally, the input voltage 𝑉𝑠(𝑡) to 

the circuit is also changed [5]-[9]. This research has used 

primary inductor current as a benchmarking tool for such 

bio-medical systems for power transfer purposes. 

II. MODELING OF COIL SYSTEM 

Coupled coils structure with a series resonant primary 

and parallel resonant secondary sides follows Fig. 1. The 

couple coils equations using KVL for both the primary and 

secondary sides are given by (1) & (2). 
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The mutual inductance is M, resonance frequency is given 

as fo = o/2. Coupling coefficient k and turns-ratio n are 
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Fig. 1. Structure of series-parallel connection with resistive load 

For the coupling less (k = 0) primary section, we have (5)[4]. 
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The input voltage to the circuit is Vs. (s), and the 

subsequent Laplace transform of (5) gives (6) [4]. 
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Where the damping factor 1 and the quality factor Q1 

are 
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Current in (6) is valid without any secondary side. 

Inductor current in time-domain for half-bridge Class- D PA 

follows (8) [4]. 
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A. Switching at the resonant frequency 

For a Full-bridge Class-D PA, the MOS power switches 

are switched on and off periodically with time period T. At 

fsw=fo=1/T, and the primary coil is driven by a rectangular 

wave Vs. (t) that switches between VA and -VA: 
 

(
𝑉𝑠(𝑡) = 𝑉𝐴 0 ≤ 𝑡 < 𝑇/2

𝑉𝑠(𝑡) = −𝑉𝐴 𝑇/2 ≤ 𝑡 < 𝑇
) 

 

(9) 

The periodic waveform of voltage in the time-domain 

and in the Laplace domain follows (10) and (11) [4]. 

𝑉𝑠(𝑡) = 𝑉𝐴𝑛=0
 (𝑢(𝑡 − 𝑛𝑇) − 2𝑢(𝑡 − (𝑛 + 1/2)𝑇

+  𝑢(𝑡 − (𝑛 + 1)𝑇) 
(10) 
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Provided, u(t) denotes the Heaviside function. Summing 

(11) and substituting into (6) gives (12). 
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The exponential term (1+𝑒−𝑠𝑇/2) in the denominator of 

(12) reflects the anti-symmetric property of the function as 

per (13) [3]. Let 𝐹1(𝑡) is a function with period ‘T.’ 

𝐹1(𝑡 − 𝑇/2) = −𝐹1(𝑡) (13) 
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The transient inductor current in the time-domain is (16) 

where 𝑡𝑛 = 𝑡 −
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The steady-state current in the time-domain follows (17) 

upon summing all the terms in (16). 
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Fig. 2. Comparative analysis of half and full-bridge PA steady-state at 𝑓𝑜 

TABLE I. INDUCTOR CURRENT SIMULATION PARAMETERS 

Supply voltage VA 1.0 V 

Resonance frequency fo 13.56 MHz 

Primary coil inductance L1 722 nH 

Primary coil capacitance C1 190.18 pF 

Primary coil parasitic resistance R1 0.36 Ω 

PA turn on resistance  0.24 Ω 

Secondary coil inductance L2 458 nH 

Secondary coil capacitance C2 300.78 pF 

Secondary coil parasitic resistance R2 1.617 Ω 

Load Resistance RL 4 kΩ 

Coupling coefficient (𝑘12) 1.5% (~20 mm) 

 

We simulated the full-bridge system as per Table I, and the 

inductor current is reported in Fig. 2. It is well 

acknowledged from simulation and calculation results that 

the full-bridge PA’s inductor current is 2 times larger [4] 

than the half-bridge PA’s inductor current. The simulated 

and calculated inductor current are available in Table II 

based on ANSYS HFSS derived coil parameters in Table I. 

The calculated and simulated currents are accurate up to 

92%. 

 

TABLE II. SIMULATED & CALCULATED VALUES COMPARISON 

Type of PA Simulated amplitude Calculated amplitude 

Half-bridge PA 0.947A 1.05A 

Full-bridge PA 1.895A 2.1A 

 

The overall emitted power is 4 times larger in full-bridge 

PA than half-bridge PA. This variation of the inductor 

current can be used for power modulation and power 

embedded data modulation [4]. During sub-harmonic 

frequency operation (𝑓𝑜/3), the inductor current is divided 

by three as per (18) and (19) depending on full-bridge or 

half-bridge operating condition. The modulation depth (MD) 

of the ASK (amplitude shift keying) signal often has to be 

8%–100% to achieve decent sensitivity in the WPT receiver. 

It deteriorates the power conversion efficiency (PCE) of the 

WPT receiver as per (20), where ‘E’ stands for effective, 

and ‘PCE’ stands for power conversion efficiency [7]. 
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III. DISCUSSION ON THE SECONDARY SIDE OF THE SYSTEM  

The typical architecture of the secondary side of a 

wireless implant follows Fig. 3(a). The secondary side is 

operating under wireless series-parallel architecture. Front 

and back end protection circuits are used for the protection 

of the implant side. The ‘Backscattering unit’ is used for 

uplink data transmission based on ‘load-shift keying.’ 

However, detailed discussion of front end and back end 

protection, BGR, LDOs (useful for additional features) are 

omitted in this discussion. The focus is directed on power 

modulation and data transfer-related discussion. The 

downlink data is ASK modulated, and an envelope detector 

is used as the implant demodulator, as shown in Fig. 3(b). 

The demodulator has a peak detector, a band-pass (BP) filter, 

and a Schmitt trigger comparator. The peak detector filters 

out most of the resonance frequency components, and BP 

filters out noise and captures the clean data. Data is sent to 

the Schmitt trigger comparator for quantization. In the 

steady-state, Vm is a DC voltage of Vo/2 and is connected to 

the negative input terminal in- of the Schmitt trigger 

comparator. These data signals are single-ended that drives 

the positive input terminal in+ [6]. The Schmitt trigger 

comparator has two negative thresholds: −0.12 V and −0.2 

V. In the idle state, in+ is almost equal to in-, and the output 

is “High.” When “1” is transmitted, it is the same as the idle 

state. When “0” is transmitted, if the negative pulse goes 
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below −0.2 V, the output will be triggered to “Low.” 

Negative pulses due to noise or power regulation with 

amplitudes lower than 0.2 V are rejected. When it is going 

above -0.12 V, the system's initial state is restored [6].  
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Fig. 3. (a)Typical architecture of secondary side of a wireless implant 

architecture, (b) Schmidt trigger circuit  

The Schmitt trigger comparator follows Fig. 3(b). The 

input transistor pair and the current mirror circuit are 

designed not to be matched to generate different input offset 

voltages that serve as the negative threshold voltages. When 

the output is “low,” MN4 and MP4 are turned off.  

The mismatch between MN1 and MN2 and the mismatch 

between MP1 and MP2 together results in a negative 

triggering threshold of around −0.12 V. When the output is 

“high,” MN4 and MP4 are turned on. The mismatch between 

MN1 and (MN2 + MN3) and the mismatch between MP2 and 

(MP1 + MP3) result in another negative triggering threshold 

of around −0.2 V [6]. We monitored the Vout signal in Fig. 

3(b) during data demodulation for decoding the data. 

IV.  NEED OF  CLASS- D PA  ADAPTIVE STRUCTURE  

In Class-D PA-based WPT, downlink data transmission 

is typically achieved by on-off keying (OOK) [8] or by 

switching frequency modulation schemes [1]. However, 

these techniques introduce problems in implant operation. 

Sudden reduction of current can shut down critical blocks of 

the implant. Abrupt power reduction is typically avoided by 

sending a bitstream [6] (example 1=1111, 0=1011) of high 

and low power. So, in worst-case conditions, the system 

receives at least 75% of the power. This bitstream keeps the 

sufficient power level by averaging method but reduces the 

effective data transmission speed. For a high downlink data 

rate, it is crucial to have a small bit width. 

 It is not always suitable for advanced neural implants 

[9] to stop the system (in the presence of a critical block) 

due to the unavailability of power. Suppose, if the system is 

toggling in between resonance and sub-harmonic 

frequency (𝑓𝑜 3⁄ )  for modulation, the current and power 

variation is nearly three and nine times. Similarly, if the 

system is toggling in between half-bridge and full-bridge 

PA, the current and power variations are nearly two and four 

times. Different mid-power levels are created in earlier 

literature by time-averaging [1]. In order to obtain even sub-

harmonic frequency points like fo/4, odd sub-harmonic 

frequencies like fo/3 and fo/5 are alternately used. This 

averaging technique unnecessarily wastes some cycles for 

mid-power creation and reduces the data transfer rate. An 

adaptable PA structure is developed for intermediate power 

level development by simultaneously varying input voltage 

to the LC tank and switching frequency. For example, if the 

full-bridge PA is operated at a sub-harmonic frequency like 

(𝑓𝑠𝑤 = 𝑓𝑜 3⁄ , 𝑓𝑜 5⁄ ) case, the power variations are 2.25 times 

and 6.25 times respectively. This technique is helpful for 

downlink data transmission as well as prevents shut down of 

the overall system.  
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Fig. 4(a) Adaptive PA architecture, (b) Half-bridge and full-bridge operating mode with output waveform 
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V. ADAPTABLE CLASS- D PA OPERATION 

Typically the system is operating in half-bridge class–D 

PA mode. The PA is switched to full bridge mode during 

power modulation or downlink data transfer, but the 

operating frequency changes to sub-harmonic frequency 

(𝑓𝑜/3) from the resonance frequency (𝑓𝑜). The adaptive PA 

structure in Fig. 4(a) works as follows. The reference CLK 

is 27.12 MHz. The reference clock is ‘divided by two’ using 

a ‘CLK divider’ and supplied to the counter, Tx mode 

detector, second stage ‘CLK divider’ for low-frequency 

CLK generation. In steady-state conditions, power or data 

modulation is based on the uplink signal high condition 

during closed-loop operation or external input high 

condition during open-loop conditions. The counter starts 

counting for 25 cycles and updates the status of the Tx mode 

circuit. In Tx mode =1, the operating CLK is passed through 

a divider block and further divided by 3. As a result, the 

operating frequency is changed to (𝑓𝑜 3⁄ ) . The PA is 

switched to the full-bridge operating mode. The power level 

is reduced, as stated in the previous paragraph. Now the 

system is operating at a reduced current level for 35 cycles. 

Due to the complex structure of equivalent impedance 

between the primary and secondary sides, power reduction 

is not exactly three times. It is nearly 2 times, as observed 

from the secondary side induced voltage curve in Fig. 5. 

Thereafter, the uplink changes state (low), Tx mode = 0, the 

counter starts counting for 20 cycles. Operating frequency 

changes to resonance frequency (𝑓𝑜)  from sub-harmonic 

frequency(𝑓𝑜 3⁄ ). In this way, single-bit data transmission is 

complete. The data is recovered in the secondary site. 

 
Fig. 5. Comparative analysis of received power for adaptive and normal PA  

 

During the overall system simulation, we start the power 

modulation at 29.865 µs and stop the power modulation at 

33.957 µs. There lies a trade-off between the bandwidth and 

power transferring capability of the system. The bit width of 

the downlink is increased by 1.6 µs (4.76µs to 6.36µs) for 

changing ‘half-bridge PA resonance frequency’ to ‘full-

bridge PA sub-harmonic frequency’ power transmission 

protocol to frequency adaptive PA structure. However, the 

increment duration of the bit-width depends on the supply 

voltage and matching of the primary and secondary LC tank. 

During the transient phase, the power is increased by at least 

two times. The increment of bit width can be further 

reduced by an advanced ASK-based demodulator [7]. A 

detailed discussion of the local and global control structure 

or efficiency improvement of the whole system is beyond 

this paper's scope. It will be discussed in future publications. 

The primary focus of this paper is developing the digitally 

controlled adaptive PA structure.  

VI. CONCLUSION 

Through this brief, we analyzed downlink data 

modulation techniques using adaptive PA structure. This 

structure is helpful for transmitting a substantial amount of 

power during data transfer to prevent the abrupt shutdown 

operation in the implant due to the unavailability of power. 

Operating voltage and frequency are tuned simultaneously 

to have a better degree of freedom during power control. 

The data bit width is increased by 1.6 µs, whereas 

transmitted power is increased by approximately two times 

during the transient phase. The transmitter and receiver 

chips were designed in a 0.18-μm CMOS process using  1.8 

V and 5V devices. 
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