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Multimode high-resolution DPWM for RF class-D amplifiers�
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Abstract: This paper describes a multimode high-resolution digital pulse width modulator. This modulator, based
on a novel hybrid structure, not only has a programmable duty cycle but also realizes phase modulation. A 576 ps
pulse resolution is achieved based on a 13.56 MHz switching frequency for near field communication. Fabricated
in a SMIC 0.18-�m EEPROM CMOS process, the total area of modulator is only 130 �180 �m2. Measurement
results validate the multi-mode modulation function and high pulse resolution.
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1. Introduction

Pulse-width-modulation (PWM) is a technique for control-
ling analog circuits with a digital signal in which the duty cy-
cle of a square wave is modulated to encode a specific input
signal using a pulse-width modulator. PWM is employed in a
wide variety of applications, ranging from measurement and
communication to power control and conversion. As the criti-
cal block in an RF class-D amplifier, PWM provides two cru-
cial advantages. The first one is that it encodes a signal into a
few discrete levels, with the information represented in pulse
duty ratios or variable phase. This coding characteristic per-
mits energy to be delivered by switching among a small number
of discrete power sources. The second advantage is the ability
to recover the signal from its discrete-level form with a pas-
sive filter. However, the practical implementation of PWM is
a very challenging task because of the following conflicting re-
quirements: high resolution, low power consumption and small
silicon area occupied by the PWM.

The implementation of PWM includes analog and digital
methods. Although the analog PWM modulatorsŒ1; 2� have a
good linearity, they are susceptible to interference and have
bad control flexibility. Compared with analog PWM, the ad-
vantage of digital PWM (DPWM) is excellent programmabil-
ity and better noise immunity. The direct implementation of a
digital pulse width modulator includes the use of two meth-
ods: counter-based structuresŒ3� and delay-line-based struc-
turesŒ4�. In counter-based DPWM, the required external clock
frequency 2N fsw (N and fsw are the desired bit resolution and
switching frequency respectively) would be very challenging
and it would take a significant amount of power, while delay-
line-based DPWM reduces the clock frequency to the switch-
ing frequency at the cost of a large digital multiplexer (2N : 1)
and a large delay-line (at least 2N delay units). In recent years,
it has been reported that some hybrid DPWM structuresŒ5�7�

have made tradeoffs between the high clock frequency require-
ments and large hardware requirements. However, multimode
modulation with amplitude modulation (AM) and phase mod-
ulation (PM) is absent in these structures, which limits the

DPWM application to RF. Especially under a near field com-
munication (NFC) applicationŒ8�, the system usually needs to
use different modulation modes to satisfy different commu-
nication data rates. Furthermore, the differential PWM wave-
forms required in most RF class-D amplifiers are also hard to
implement in these structures.

In this paper, a novel multimode DPWM with discretely
adjustable phase for RF class-D amplifiers is proposed. This
modulator uses an analog ring-oscillator with a 2NL.NL is the
least significant bit (LSB)) delay cell to generate versatile delay
clocks andmake up the pulse waveforms by frequency division
and combinatorial logic. A look-up table is employed to realize
the multi-mode control for class-D amplifiers. The proposed
architecture and the operation principle are presented. Circuit
design and measurement results are also shown.

2. System architecture

Figure 1 shows the block diagram of proposed DPWM
modulator in a class-D amplifier system. The modulator is

Fig. 1. Diagram of proposed DPWM modulator. The analog part in-
cludes a phase frequency detector (PFD), a charge pump (CP), a loop
filter (LP) and a ring oscillator. The digital part includes DPWM unit
and look up table.
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Fig. 2. Ring-oscillator. (a) Ring. (b) Input stage. (c) DCSL delay cell.

mainly composed of a differential ring-oscillator and a DPWM
unit. The ring-oscillator with 2NL delay cell offers 2NLC1

clocks with �=2NL phase shifts for DPWM, which generates
the discretely adjustable pulse width. The relation between os-
cillator frequency (fsys/ and switching frequency is fsys D

2N �NLfsw (N is 6 and NL is 4 in this design). Compared with
counter-based DPWM and delay-line-based DPWM, a trade-
off between the system clock frequency and the scale of the
delay-line is made. In addition, the DPWM accepts the AM or
PM command from the look-up table, and translates it into one
or more differential PWM driving waveforms for the class-D
power amplifier. The adoption of a look-up table improves the
control flexibility by programmable EEPROM or other mem-
ory inner chip. Based on the phase-locked loop (PLL), this
modulator can provide variable switching frequency based on
the external reference clock.

3. Circuit implementation

3.1. Multi-phase ring oscillator

Since a PLL oscillator is a required block in most RF sys-
tems, sharing the oscillator with other blocks can effectively
improve the system power efficiency and reduce chip area.
Figure 2(a) shows the 32-phase (X1–X16 and Y1–Y16) ring-
oscillator based on a 16-stage differential current steering logic
(DCSL) cell. The frequency of ring-oscillator incorporating
this cell can be varied by more than four orders of magnitude
with less than a twofold variation in the amplitudeŒ9�. An input
stage translating control-voltage into bias-current is shown in
Fig. 2(b). The structure of the individual delay cell is shown in
Fig. 2(c). The delay cell has the property of an inverter when
the dimension of M1 is much larger than M2. It consumes very
low power (8 �A under 54.24 MHz). The output voltage rise-
time (tLH/ and fall-time (tHL/ can be derived according to the
time of charging and discharging the capacitance of the next
stage. Therefore, the frequency of oscillator can be expressed

Fig. 3. Digital pulse width modulator.
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where Cout is the total output capacitance of delay cell, Vth is
the threshold voltage of NMOS transistor and Ibias is the bi-
asing current of delay cell. Equation (1) shows the oscillation
frequency is nearly proportional to bias current, so an approx-
imate linear VCO gain versus bias current can be achieved.

3.2. Digital pulse width modulator

The proposed DPWM circuit with 6-bit resolution is
shown in Fig. 3. The left part is two 32 : 1 multiplexers which
select clock signals fromX1–X16 and Y1–Y16, while the right
part generates the pulse width waveforms by dividing the se-
lected clocks and combining them. The 1 : 4 divider is reset by
the flag generator before each PWMoccurs. All control signals
(P0–P4, S0–S4 and T1–T3) are given by the look-up table.

A timing diagram for theDPWM is shown in Fig. 4. FP and
FN are successively selected from X1–X16 and Y1–Y16. QP
and QN are generated from the 1 : 4 frequency division of FP
and FN, respectively. Controlled by the reset signals (FLAG1
and FLAG2), QP and QN generate pulses WP and WN, whose
widths are determined by the phase differences between the
leading edges and trailing edges of QP and of QN.

Due to the NAND operation between QP and QN, the time
differences between QP and QN will become different pulse-
widths. Through combining the versatile clocks, a multimode
modulation with AM and PM is implemented in the DPWM.
On the one hand, a range of pulse-width between 1=2N C1fsw
and 1=2fsw is given according to the smallest phase-shift in the
clock group. The smallest pulse width of 576 ps and the largest
pulse width of 36.87 ns are obtained based on a 13.56 MHz
switching frequency and the 6-bit resolution in this design. On
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Fig. 4. Timing diagram of DPWM.

Fig. 5. Flag generator.

the other hand, the phase of pulse width is discontinuously ad-
justed by changing FP and FN. The range of adjustable phase is
from � /64 to � . A typical �-phase adjustment is called binary
phase shift keying (BPSK). Therefore, through continuously
switching selected clocks and control signals, mixed modula-
tion with AM and PM is realized in this DPWM.

As shown in Fig. 4, different pulse-widths pulse 1 (pulse 3)
and pulse 2 (pulse 4) are generated by giving different FLAG1
and FLAG2, while pulse 1 (pulse 2) and pulse 3 (pulse 4) have
the same pulse width but different starting phases.

Figure 5 shows the flag generator, which generates four
reset signals with one clock-cycle delay in turn. The timing
diagram is shown in Fig. 6.

Fig. 6. Flag timing diagram.

Fig. 7. (a) Micrograph of PWM modulator. (b) PCB for test.

4. Experiment results

The RF chip was designed and fabricated in a 0.18 �m
EEPROM 2P4MCMOS process. As shown in Fig. 7(a), the to-
tal area of the modulator is about 130 � 180 �m2, of which the
DPWM is only 130 � 40 �m2. A printed circuit board (PCB)
with a copper antenna (100 � 70 mm2/ was manufactured for
an RF interface test. Software connected to the chip through
a serial port is used to switch between different modulation
modes during the measurement.

In order to observe themultimode operation of theDPWM,
pulse-width waveforms are scanned by observing the class-D
amplifier output signal from the antenna. Figure 8(a) shows
the RF signal in on/off keying (OOK) mode, while amplitude
shift-keying (ASK) with 10% modulation index is shown in
Fig. 8(b). Figure 8(c) shows the load modulation of the sub-
carrier, in which the frequency of subcarrier is 4 times the data
rate of system. The BPSK mode is shown in Fig. 8(d). In ad-
dition to the central frequency, there are two side bands with a
fsw=16 frequency distance from the central frequency. fsw=16

corresponds to the data rate of system. Figure 8(e) shows the
measured phase resolution. Limited by testing error and dis-
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Fig. 8. Measurement results. (a) OOK modulation. (b) 10% ASK modulation. (c) Subcarrier load modulation. (d) BPSK modulation. (e) Phase
resolution.

Table 1. Compared results with reference articles.
Parameter Ref. [5] Ref. [7] This work
Multimode No No Yes
Delay cell scale 64 32 16
Switching frequency
(MHz)

4 0.781 13.56

Oscillator frequency
(MHz)

128 25 54.24

Pulse width resolution
(ns)

0.977 1.25 0.57

play precision, the CLR signal in flag generator is used as the
reference signal. The measured resolution of 570 ps is similar
to our theoretical design.

Finally, Table 1 compares this design with partly reference
articles.

5. Conclusion

This paper presents a multimode high-resolution DPWM
based on a novel hybrid structure. This modulator not only gen-
erates pulse width modulation, but also realizes phase modula-
tion using discontinuously adjustable phase shifts. This mod-
ulator realizes the multimode method with high switching fre-
quency, low oscillator frequency and high pulse resolution.
Fabricated in a SMIC 0.18-�m EEPROM CMOS process, the
total area of modulator is only 130 � 180 �m2. Measured
results demonstrate the multi-mode modulation and a 570 ps
pulse resolution based on a13.56 MHz switch frequency using
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this design.
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