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Abstract – In this paper presents a high-speed and low-power 
transmitter for capsule endoscope application in CMOS 65nm 
process. The transmitter consists of a FSK modulator for high 
speed, low power modulation and a class-E Power Amplifier 
that can effectively transfer power to the antenna. The 
modulator has to secure sufficient loop bandwidth for high 
speed operation. Therefore, we implemented the fast FSK 
modulator using two frequency synthesizers (PLL). The 
frequency band used is the 420-440MHz band, which is a 
frequency that can minimize loss, and two frequency 
synthesizers are switched to 20Mbps. The power amplifier 
using series resonance at the output network, with frequency 
selective characteristics, a class-E switching power amplifier 
with 87% power efficiency at the output power of -16dBm. 1V 
was used for the supply voltage, and the DC power 
consumption was 1.7mW. The phase noise of the FSK 
modulator is -85dBc at 420MHz. The fabricated chip occupied 
a core area of 0.3mm*0.36mm, achieving sub-0.1nJ/b energy 
efficiency. 
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I. INTRODUCTION 

Recently, a wireless capsule endoscope is emerging as an 
alternative to the cable-attached endoscope by providing an 
effective and non-painful diagnostic method. The capsule 
should have a small form factor under the battery with little 
capability. Moreover, given that transferring colored VGA, 
4-fps images require a 20Mb/s data rate, the energy-efficient 
wireless transmitter is the critical enabler for the application. 
The non-coherent frequency shift keying (FSK) modulation 
is optimized for the energy-efficiency since its constant 
amplitude with zero-crossing data permits the use of an 
efficient nonlinear PA without any spectral regrowth found 
in phase-shift keying (PSK) [1] and on-off keying OOK [2] 
modulations. Previously, the signal generation for FSK has 
been mainly from the phase-locked oscillator [3-4], open-

loop oscillator [5], and injection-locked oscillator [6], which 
suffers from limited loop bandwidth or large power 
consumption due to the I/Q signal generations with an 
upconverting mixer (Fig. 1a), frequency drift issue (Fig. 1b) 
over the process variation, and calibration overheads, 
respectively. Therefore, achieving up to 20Mb/s data rate 
with low power consumption and low system cost is still a 
significant challenge. 

In this paper, we have implemented a high-speed 420-
440MHz FSK transmitter which consists of 1) a fast 
switching FSK modulator with two phase-locked oscillators 
and 2) an energy-efficiency Class-E power amplifier (PA) 
with configurable switching transistors. As a result, the 
transmitter has high energy-efficient, it consumes 1.7mW at 
-16 dBm output power with a data rate of 20Mb/s, 
corresponding to the energy consumption of 0.085nJ per bit. 
Compared with previous work using similar frequency 
bands [6], it improved energy-efficiency by more than four 
times. 

 
(a)

(b) 

Fig. 1 Previous works; (a) FSK transmitter with an upconverting mixers 
(b) Open loop FSK transmitter 
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II. CIRCUIT IMPLEMENTATION 

A. Overall Architecture 

Fig. 2 shows the overall architecture of the proposed FSK 
transmitter, which consists of a high-speed FSK modulator 
and energy-efficient Class-E PA. The modulator utilizes two 
independent phase-locked loops (PLLs) based frequency 
sources followed by a switching multiplexer. Provided that 
the PLL is realized with a low power ring voltage-controlled 
oscillator (VCO), the data rate is not limited by the loop 
dynamics, minimizing the frequency switching time without 
degradation of the modulation speed. Since the FSK is 
performed by direct-switching with little delay, the target 
data rate of 20Mb/s can be easily obtained with two PLLs, 
each of which can be controlled under 1mW. The output 
phases of the two integer PLLs using a common reference 
are well aligned at the reference clock's rising edge, resulting 
in phase continuity at the modulator. In addition, the fast 
charge switching charge pump with cascode biasing and a 
retiming flip-flop is used to mitigate the current mismatch in 
the charge pumps and the logic delay of the frequency 
divider, minimizing the timing mismatch between two PLLs. 
The timing mismatch between PLLs is less than 50ps. 

B. Class-E Power Amplifier 

Fig. 3 shows the class-E PA circuitry composed of the 
reconfigurable switches, off-chip Choke inductor, and 
matching LC tank. The driving current from input switches 
is transferred to the Choke inductor. After the input switches 
off, stored current in the inductor continues flowing through 
the resonance tank to block unwanted harmonics from 
reaching the antenna. Since the input switch only turns on 
when the drain to source voltage is almost zero, little power 
is dissipated in the input devices. The soft switching 
capacitor is added to improve the switching efficiency to 
reduce drain voltage before the drain current is drawn. 
Assuming the off-chip inductor's quality factor in resonance  

Fig. 2 Overall architecture 

Fig. 3 Class-E PA 

matching is large enough, the capacitance (Csoft) for soft 
switching is obtained using equation (1), where R is the 
antenna impedance. The output power can be expressed in 
equation (2) as well. The resonance matching LC tank is 
composed of 8.6nH inductance and 17pF capacitance, and 
soft switching capacitance is set to 1.7pF. It can combine 
with a miniaturization antenna [7] for capsule endoscopy 
applications. 
 

𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝜔𝜔𝜔𝜔 = 8
𝜋𝜋(𝜋𝜋2+4)

                 (1) 
 

𝑃𝑃𝐷𝐷𝐷𝐷 = 𝑃𝑃𝑜𝑜 = 𝑉𝑉𝐷𝐷𝐷𝐷2

𝑅𝑅
∗ 8

(𝜋𝜋2+4)
          (2) 

III. IMPLEMENTATION RESULTS 

The capsule endoscope transmitter has been fabricated in 
65nm CMOS technology, and its chip microphotograph is 
shown in Fig. 4. The total chip area, including the pads, is 
0.9mm * 1.3mm, while the active area is 0.3mm * 0.36mm. 
All circuit measurements are performed with a 1V supply 
voltage. 
 

 
 

Fig. 4 Chip microphotograph. 
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Fig. 5 shows the output spectrum of the single PLL at 
420MHz. Its phase noise is measured at -85 dB/c @ 1MHz, 
and the reference spur is measured at -47dBc. The output 
power is set to -16dBm through the reconfigurable switches 
in the PA. 

 
Fig. 5 Phase noise and reference spur 

Fig. 6 shows the output spectrum of 20Mb/s BFSK 
transmitted signal with a frequency deviation of 20MHz, 
which has a modulation index of 1. The common reference 
clock of 20MHz is used, showing the phase continuity of the 
FSK signal at the switching moment thanks to the fast 
switching charge pump and the retiming flip-flop. 
 

Fig. 6 Measured FSK spectrum and time domain waveform at the 
switching moment. 

Fig. 7 plots the output power and power efficiency of the 
Class-E PA concerning the control code of the 
reconfigurable switches from 0 to 15. The output power can 
be configurable from -35 dBm to -16 dBm, which 
corresponds to the power efficiency from 30% to 87%. Table 
1 compares the proposed transmitter with other 400MHz 
transmitters. We have achieved the 20Mb/s data rate through 
the direct switching FSK modulator consuming 1.7mW with 
a high energy efficiency of 0.085nJ/b, still under the die area 
of 0.11mm2, showing a promising solution for use in capsule 
endoscope application. 

 
Fig. 7 Output power and power efficiency according to PA control signal. 

IV. CONCLUSIONS 

This paper implemented a low-power, high-speed 
transmitter for a capsule endoscope application with 65nm 
CMOS technology. The 20Mb/s data rate is obtained by 
adopting high speed switching FSK modulator with two 
independent low power PLLs. Moreover, the Class-E 
amplifier is exploited to efficiently transfer the FSK signal 
into the antenna with a soft switching capacitor. At the 
output power of the -16dBm, the PA achieves 87% of power 
efficiency. With the 1V supply voltage, the transmitter 
consumes 1.7mW with sub-0.1nJ/b energy efficiency. 
 

TABLE I. Comparison with other transmitters. 

Parameters [1] [3] [4] [6] This 
Work 

Technology 65nm 
CMOS 

90nm 
CMOS 

180nm 
CMOS 

130nm 
CMOS 

65nm 
CMOS 

Frequency 
(MHz) 400-450 429 400 401-428 420-

440 
Data Rate 

(Mb/s) 10 0.2 3 11 20 

Modulation 
Method OQPSK FSK MSK QPSK BFSK 

Output Power 
(dBm) -15 -8.2 0 -13 -16 

DC power 
(mW) 2.97 0.39 3.9 4.08 1.7 

Die 
Area(mm2) 1.5 1 13.3 0.643 0.11 

Energy 
Efficiency 

(nJ/b) 
0.28 1.95 1.3 0.37 0.085 
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