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Abstract: This paper presents new and original architectures and implementations of two filterless,
open-loop digital Class-BD audio amplifiers with constant common mode (CM) output voltage. The
first, low-power amplifier consists of four ultrahigh-current EL7158 pin drivers, the OUT pins of
which form the H bridge. The drivers are controlled from the extended LBDD PWM modulator
and have appropriately set voltage levels on the VL and VH pins. The second proposed amplifier
consists of two cooperating H-bridge power stages (HBS) implemented on complementary MOSFET
pairs and powered by two different voltages. Both HBSs are driven by four EL7158 pin drivers
having appropriately adjusted voltage levels on the VL and VH pins and controlled by an extended
LBDD PWM modulator. The hybrid 9 bit DPWM modulator uses a linearized Class-BD double-
sided modulation scheme with pre-compensation, enabling the most faithful emulation of natural
NBDD PWM and, thus, providing attractive spectral characteristics at the DM output. Basic SPICE
simulations and experimental results of the proposed digital Class-BD amplifiers were compared with
the conventional digital Class-BD amplifiers. The elimination of CM signals significantly contributes
to the reduction in electromagnetic interference (EMI), particularly those produced on the cables
connecting the loudspeaker to the HBS terminal. Proposed Class-BD amplifiers with original and
new topologies, due to their simple design and easy control (no galvanic isolation of control signals
and no floating bias power supplies), which generate no CM voltage and feature excellent DM
performance, similar to conventional Class-BD amplifiers, are very attractive solutions for filterless
Class-BD amplifiers.

Keywords: digital Class-D audio amplifier; filterless Class-D amplifier; linearized pulse width
modulation (LPWM); electromagnetic interference (EMI)

1. Introduction

Much work has been done on various kinds of improved PWM methods, as well
as Class-D power amplifier topologies to achieve high energy efficiency, high fidelity,
small size, and reduced power dissipation. Improving these performances is especially
important in battery powered portable devices. However, the full implementation of Class-
D technology in portable devices required solving many problems in order to improve
electroacoustic, energy, and electromagnetic compatibility (EMI) performance and filter the
output signal [1-5].

As with analog Class-D amplifiers, the architectures of digital Class-D amplifiers can
generally be divided into two categories: open-loop Class-D amplifiers with digital pulse
width modulation (DPWM) and closed-loop ones with sigma—delta modulation (SDM)
and a bang-bang controller.

Depending on the sampling method, DPWM schemes can be divided into two main
classes: uniform PWM (UPWM) and linearized PWM (LPWM). In addition, each DPWM
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sampling method also distinguishes one-edge or two-edge DPWM, as well as two-level
(Class-AD) or three-level (Class-BD) switching [6].

UPWM modulation would be the easiest to implement in an open-loop Class-D digital
amplifier; however, its primary problem is inherent nonlinearity. The use of pre-correction
algorithms and increasing the sampling frequency of the input signal lead to a reduction in
this nonlinearity to an acceptable level, but with higher power dissipation [6,7]. Adoption
of a ternary UPWM modulation scheme enabled the implementation of the filterless high-
performance digital Class-D amplifier [8].

Linearized PWM (LPWM) with pre-compensation algorithms is based on the most
faithful emulation of the analog NPWM with natural sampling.

Similar to analog NPWM modulation schemes, among four basic LPWM methods,
LBDD PWM (linearized Class-BD double sided PWM), equivalent to the linearized phase-
shifted carrier PWM (LPSC PWM), exhibits very attractive spectral characteristic at the
differential mode (DM) output, containing much fewer unwanted IMD products than
other LPWM methods. However, the LBDD PWM signal on the CM output reveals some
drawbacks, as its wide frequency spectrum contains many undesirable odd harmonics of
the switching frequency and their even IMD products. For this reason, the LC filter for
Class-BD amplifier with LBDD PWM modulation must be designed separately for DM and
CM components [7].

The Class-D amplifier operating in switching mode at high frequency contributes
significant electromagnetic interference (EMI). One of the major sources of EMI is repre-
sented by the sharp spikes of the shoot-through currents, generated during the switching
operation of the power MOSFETs. These short current pulses occur at the rising and falling
edges of the DPWM signal, as well as on the power supply bus. Another source of EMI
is represented by CM signals, in particular those produced on the cables connecting the
loudspeaker to the BTL terminals.

Shoot-through currents can be reduced by adding dead times in front of the edges
of the control signals switching on the power transistors, thus also reducing EMI. The
addition of dead times and the associated elimination of or reduction in shoot-through
currents increases the efficiency of the amplifier, as well as reduces EMI, but simultane-
ously introduces additional nonlinear distortion of the audio output signal; therefore, a
compromise is necessary to obtain acceptable distortion and efficiency of the amplifier.

Various techniques to reduce the EMI of Class-D amplifiers have been reported [8-13]. An
innovative multilevel PWM was presented in [14], which was implemented by converting
the two-level PWM signal directly into a multilevel signal using the original time-division
adder. An integrated Class-D amplifier with an ultralow level of EMI, using a feed-forward
ADC and feedback filters, was presented in [15]. Another method of reducing EMI in Class-
D amplifiers is the use of pseudorandomized carrier frequency modulation (PRCEM) [16].

The organization of this paper is as follows: Section 2 presents implementation of the
digital Class-BD amplifier using a 9 bit hybrid LBDD modulator. Section 3 presents the
original architectures and implementations of the digital version of the Class-BD audio
amplifiers with constant voltage at the CM output, which are controlled by an extended
hybrid modulator, based on the LBDD PWM modulation scheme. Section 4 presents basic
SPICE simulations and experimental results of the proposed digital Class-BD amplifiers
implemented on ultrahigh-current EL7158 pin drivers and complementary MOSFET pairs.
Discussion and conclusions are given in Sections 5 and 6, respectively.

2. The Digital Class-BD Amplifier Using 9 Bit Hybrid LBDD Modulator

Figure 1 shows the general block diagram of an open-loop digital Class-D amplifier
with LPWM digital modulation and pre-compensation, making it possible to emulate all
four basic NPWM modulation methods [7].

The input audio signal is converted into an N,-bit PCM data stream, which the digital
modulator converts directly into a train of 1 bit physical DPWM pulses. In the interpolation
process, additional signal samples uniformly distributed over the switching period T, are
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added into the PCM data stream at the ADC output. The modulating signal in this interval
is approximated by rectilinear segments passing through the interpolated PCM samples.
The digital values of the pulse-edge locations, the t, (n) rising edge and the t; (n) falling
edge of the LPWM pulse within n-th period T, of the switching frequency, calculated with
a high N, = 32 bit resolution, are then requantized to a lower Ny,-bit resolution (Ny; < Ny),
to moderate an excessive requirement of high clock frequency [7]. At the calculated pulse-
edge locations requantized to a 9 bit resolution, it is possible to implement a digital-to-time
converter (DTC) on the basis of the hybrid method, to convert the calculated data into the
physical train of the LBDD PWM pulses.

Analog N, bits@ f, mun ﬂ'ﬂ'ﬂ /\/

Input
Signal Digital Audio —_ Class-D
—>| ADC Interface > DILg\;\tI?\A —>]| Driver |—>| output || LCLow

Receiver Stage Pass Filter
DPWM using )
LPWM Nobits@fe|,_y . Nbts@L| - Nogbits@f,
N, bits of PCM @ f Diai
. gital to g
; Compensatin Re- . 1-bit modulated
—>| Interpolation —> e > Time P>
L Digital LPWM quantization Cofiertar PWM pulses @ f,

Jex =21, 2N'VJ

Figure 1. Block diagram of an open-loop digital Class-D amplifier.

The requantized data are split into two parts consisting of 6 MSB (8:3) and 3 LSB (2:0)
data bits; then, each n-th period of the switching frequency is sequentially rewritten into
LADD registers. The 6 MSB data are converted on the basis of the counter method using an
STM32 microcontroller with its peripherals, while the remaining 3 LSB data are converted
using a method based on the integrated 3 bit FAST TTL PTLDL [17].

The timing of the signal processing blocks in Figure 1 is based on the oscillator
frequency of the three microcontroller AHB buses [18].

The external converter based on the 3 LSB (2:0) PTD is controlled by the frequency.

168 MHz
frerk2 = ferkn = %T =—F @Mz 1)

The conversion frequency fcony of the ADC [18] and the switching frequency are

the same. f 42 MH
z
feony = fe = Z(Nrjffn’; G= g = 328.125KHz @)

The delay time ;1 of one 3 bit PTDL segment, consisting of eight identical delay
segments, results from the division of the clock period T¢; g, into eight parts.

Tcrkn 1
i = = =297 ns. 3
a 23 ferkn ne ©)

The conversion of the calculated and requantized 3 LSB LADD PWM audio data into
a sequence of 1 bit LADD PWM pulses is shown in Figure 2. Using 6 MSB (8:3) bits of the
requantized values of the rising edge f,, (1) and the falling edge t (1) locations, which are
stored in LADDL registers, the STM32 microcontroller and its advanced-control timers
generate in each T, period two synchronous sequences of the linearized Class-AD single
sided PWM (LADS PWM) signal. The falling edges of both generated LADS PWM signals
are differentiated and then passed through a 3 bit PTDL. As a result, at the output of
PTDL we get the spike pulses, which are delayed by the time programmed twice in each
switching period nT. for the 3 LSB (2:0) bits of the requantized values of the rising edge t,,
(n) and the falling edge t; (1) locations.
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The delated spike pulses corresponding to the rising edge ¢, (1) locations, which occur
at the PTDL output in the first half of the switching cycle T, set the RS output flip-flop,
while the pulses that occur in the second half of the switching cycle T,, which correspond to
the falling edge t; () locations, reset this flip-flop. As a result, at the output of the flip-flop,
the final 9 bit LADD PWM signal is generated.

@)  Sequences of 1-bit LADS PWM b)
pulses, generated by the P,
counting method using | | ¢
0 d
P 2/2:$4TCLK 7;:128?211(
J'I_I_L . Dc DIFF CLK H '
0 Il
Ttk : : t
LADS PWM for MSB 7, (nT,)
0 t (nT.) for MSB [8 : 3] T
o > LADS PWM for MSB 7, (nT.) :
5 0 "
3LSBs of t,(nT,) and t,(nT,) T./2+1,(nT,)MSB[8 :3] f
B PP P _ PTDL :
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PWM output pulses 0 J 1 4 - ¢
| § Q 1,(nT,)NISB(8:3] T./2+1,(AT,)MSB[8 : 3]
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Figure 2. Conversion of the calculated and requantized 3 LSB LADD PWM audio data into a
sequence of 1 bit LADD PWM pulses: (a) logical scheme of the LADD subsystem; (b) the control and
output signals.

Figure 3 shows the HBS implemented on the IRF9389PbF power MOSFET pairs, which
are driven by the EL7158 high-performance inverting drivers. The left branch of the H-
bridge is controlled by the LADD; PWM signal generated for the direct audio signal, while
the right branch of the H-bridge is controlled by the LADDrPWM signal generated in
the same way for the inverted audio signal. Shoot-through currents can be reduced by
adding dead times in front of the edges of the control signals switching on the power
transistors, thus also reducing EMI [7]. These times are independently set on the rising
edges of the signals driving of NMOSFETs (the Ry resistors) and on the falling edges of
the signals driving PMOSFETs (the R¢p resistors). Because the gate drivers and the HBS
implemented on complementary MOSFETs are powered by the same voltage, a level shifter
of the gate driver output signal is needed to ensure the proper Vs voltage turning on
the MOSFET, as well as to not exceed the maximum drain-to-source and gate-to-source
breakdown voltages.
Vbp < |VGsmax| and Vpp < |VDsmax|- 4)

The independent setting of voltage levels in the low VL and high VH states at the
output of the EL7158 driver allows for the optimal selection of the control voltage amplitude.
The EL7158 controller also has very good dynamic characteristics, the same rise and fall
times, and the same delay times of switching on and off the output signal; thus, it does not
introduce additional distortions of the DPWM signal at the HBS output.

At the output of the HBS, a second-order low-pass LRC filter is typically used to
suppress the high-frequency components of the LBDD PWM signal and to pass the audio
components to the load. The magnetic components of the output filter, which should
be put as close as possible to the HBS output, increase the complexity, size, and cost of
the amplifier.
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Figure 3. Digital Class-BD amplifier using LBDD PWM modulator: (a) circuit diagram; (b) block
diagram of digital LBDD PWM modulator; (c) control signals and DM and CM output voltages.

3. Filterless, Open-Loop Digital Class-BD Amplifiers with Constant Voltage at the
CM Output

Figure 4a shows an open-loop low power Class-BD amplifier with constant voltage at
the CM output implemented on four ultrahigh-current EL7158 pin drivers. The EL7158
high-performance inverting drivers are controlled by the extended digital modulator based
on the LBDD PWM modulation scheme (Figure 4b) and have appropriately set voltage
levels on the VL and VH pins to obtain the necessary voltage levels at the driver outputs,
depending on the status of the IN pins. The extended LBDD PWM modulator is based
on the hybrid 9 bit LBDD modulator, described in Section 2, with an additional logic that
generates all control signals 51, Sp, and S3. The outputs of drivers 1, 2 and drivers 3, 4
are connected in parallel; however, when drivers 1, 3 are active with OE in the high state,
then drivers 3, 4 with OE in the low state have the outputs placed in the three-state mode
(floating). On the contrary, when drivers 3, 4 are active, the outputs of drivers 1, 2 are
placed in the three-state mode.

In order to not exceed the continuous output current of the driver (0.5 A), with a
supply voltage of Vpp = 18 V, the load resistance R; must not be lower than 40 (). At
the differential mode (DM) output and the balanced CM output of the amplifier, we receive
near-perfect voltage waveforms, even at high switching frequency, as presented in Figure 4c.

The architecture of the second proposed amplifier, shown in Figure 5, consists of two
typical, but differently powered, Class-BD amplifiers built on the IRF9389PbF complemen-
tary power MOSFET pairs. The upper H-bridge on the (M1-M4) MOSFETs is powered
from the upper Vpp /2 power supply, while the lower H-bridge on the (M5-M8) MOSFETs
is powered from the lower Vpp /2 power supply. The resultant output signals on the left
V5,1 and right VX ;1 sides of the amplifier are the result of a series summation of the
output voltages of the upper and lower H-bridges, respectively, as shown in Figure 5.



Energies 2021, 14, 7014

6 of 16

Vop =12V
O—e—e = EL7158 =
V. =12V
EIL: . | Evs GND o
L L1Ivs\_/ vn r LR S{v NP—o 3
2 7 Vour L 7 2 2 :
S, o OE out AARAT NN aaey 51oUT OE—o0 5, +
s, i N1 VL:—O Voo _ gy Vour VH VS+ v, =12V —
g R } °
+
VD%:UY = EL7158 = Voo _ v T
L 2 = Vw
1, . = EL7158 = =6V
4 vs\_/ -
= VH = ; 3 [Vs. GND;—I +
S; O 3 OE 3 ouTt . %:6VC SivL 4 IN>—oO b
s, O— VLE—o "lout OE}—o0 ¢ -
e vsPy =6V Blum o~ vs+L 5
= EL7158 = ) | | Voo =12V
L o =
) % GND
5 :
1 vy (1) v, (1) v, () <
o ‘A\ L,Mt
me
e i AL
PWM,
v, (H)<0 _ PWM; OI
s > °5s pwnr [
= v, (£)>0 20 L
A X > O S,
a S . 3 PWMRGI r
v, | 2 = WM, _D o5, S,
o— -3 PWM < 0
a2 it Si S, f
Z S ol U] .
S SRS
E [0}
2 ,
Vour ] Yoo 1\ Voo /2
GND T : 0 —
1% v
our Vpp/2 oD |
ol L[
b) VoDLJ’z{ ’_‘ Vop
o | time
*VDDU U_\J
C) Vocé‘é =V,p/2 = const

Figure 4. Filterless, digital low-power Class-BD amplifier with constant voltage at the CM output
implemented on four ultrahigh-current EL7158 pin drivers: (a) circuit diagram; (b) the extended
digital LBDD PWM modulator; (c) control signals and DM and CM output voltages.

Both H-bridges are driven by the EL7158 high-performance inverting drivers con-
trolled by the extended digital modulator based on the LBDD PWM modulation, as pre-
sented in Figure 4b, and they have appropriately set voltage levels on the VL and VH
pins to obtain the necessary voltage levels at the driver outputs, depending on the status
of the IN pins. The switching frequency of the output stage MOSFETSs is twice as high
as the switching frequency in a conventional Class-BD amplifier (in Figure 3), since the
control signals 51 and S, are generated by an extended LBDD PWM modulator of this
frequency. This results in higher switching power losses. In this circuit, the S signals are
not used, and all EL7158 drivers are active, with their OE inputs OE =5 V. Moreover, in
this system, the set delay times before the edges of the control signals switching on the
power transistors prevent the shoot-through currents and also reduce EMI. These times are
independently set on the rising edges of the signals driving NMOSFETs (the Rgy resistors)
and on the falling edges of the signals driving PMOSFETs (the R¢p resistors). The amplifier
is loaded with resistance R; =4 Q) or Ry, = 8 (). At the differential mode (DM) output and
the balanced CM output of the amplifier, we receive near-perfect voltage waveforms, even
at high switching frequency, as presented in Figure 4c.
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Figure 5. Circuit diagram of filterless, digital Class-BD amplifier with balanced CM output, imple-
mented on complementary pairs of MOSFETs and four ultrahigh-current EL7158 pin drivers.

4. Simulation and Measurement Results

SPICE simulations and experimental results were used to compare the parameters of
the proposed digital Class-BD amplifier with constant voltage at the CM output (Figure 5)
with the parameters of the conventional digital Class-BD amplifier using LBDD PWM
modulator (Figure 3). Both amplifiers were implemented on complementary IRFO389PbFF
MOSFET pairs, driven by inverting high-performance EL7158 drivers and powered by the
same voltage: Vpp = 18 V. They were tested for two switching frequencies: f.q = 328 kHz or
fe2 = 164 kHz, using for each of them two different load impedances: Ry =4 (), L = 15 pH
orRp =80, L =30 uH.

A low-power Class-BD audio amplifier with balanced CM output, implemented on
four ultrahigh-current EL7158 pin drivers, was tested for Vpp = 12 V and two different
load impedances: R =40 ), L =150 uH or R, =80 ), L = 300 uH.

First, time domain waveforms and frequency spectrum characteristics of DPWM
signals were simulated using Matlab® tools. The frequency spectrum was estimated by
storing a number of pulses of the LBDD DPWM output signal, which represents more
than one period of the modulating waveform. Figure 6 shows a comparison of the THD
coefficients for three modulation methods, LBDD, NBDD, and UBDD, versus relative
frequency f; = fu/fe. This comparison shows that, even for a simple LBDD algorithm
for Q =1 between two adjacent samples yy (1) and y; (1) of the audio signal, only one
intermediate sample y; (1) is generated with the distance: T = T;/2, and using a recursive
noise shaping model with two feedback loops allows a significant improvement in the
modulator’s linearity.

In each H-bridge branch of the amplifier output stage, it is necessary to insert a
blanking period between either high-side turn-off and low-side turn-on or low-side turn-
off and high-side turn-on when switching transistors to reduce shoot-through or a rush
of current through both MOSFETs. The use of Rg gate resistors with antiparallel Schottky
diodes, as in Figures 3 and 5, allows adjustment of the MOSFET turn-on delay time
(Rgn allows adjusting the delay time of the rising edges of the PWM signal, while Rgp
allows adjusting the delay time of the falling edges) independently. During turn-off, the
antiparallel Schottky diode shunts out serial resistor Rg, providing a significant reduction
in turn-off delay time.
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Figure 6. A comparison of the THD coefficients for three modulation methods, LBDD, NBDD, and
UBDD, versus relative frequency f; = fi/fe.

For optimal values of the gate resistors Rgy and Rgp, we receive turn-on delay times
tsn for NMOS and t;p for PMOS, for which a compromise is possible to obtain an accept-
able level of THD and a significant limitation of the shoot-through currents. In order to
determine the values of these resistances, the currents of the drains and bypass diodes of
transistor pairs M1, M2 and M3, M4 in the output stage in Figure 3a were simulated in
PSPICE, using the transient analysis with the “Parametric Sweep” option.

Figure 7 shows the currents of drains and diodes shunting M1 and M2 transistors in
one period of the DPWM signal, when switching a constant load current, and when one of
the transistors is inversely conducting. The optimal resistances Rgy = 110 3, Rgp =70 (),
were selected on the basis of the transient, multirun parametric analyses at the specifying
sweep parameters of the gate resistors: Rgy [110, 140, 170] (2 and Rgp [40, 70, 110] Q2. For
the optimal resistances, the shortest turn-on delay times, ¢;5 for NMOS and f;p for PMOS,
as well the greatest limitation of the shoot-through current amplitudes, were obtained.

Figure 8 shows the SPICE-simulated time waveforms of the load current and output
voltages in DM and CM modes of the Class-BD amplifier with balanced CM output (from
Figure 5), at Ry =4 ), L =15 pH, and f, = 328 kHz, as well as part of the period of the
modulating signal with frequency f,; = 10 kHz.

The circuit has a perfectly balanced CM output with a constant voltage Vpp/2, al-
though very small spikes are generated at this output when switching transistors. The
switching frequency of the output stage MOSFETs is twice as high (2f;) as the switching
frequency f. of the conventional Class-BD amplifier, which may result in higher switching
power losses.

Figure 9 shows the output power and efficiency versus modulation index M, as
well as THD versus the frequency of the modulating signal, of the new digital Class-
BD amplifier with a balanced CM output (in Figure 5) using the extended LBDD PWM
modulator compared to the conventional Class-BD amplifier (Figure 3) using an LBDD
PWM modulator. The characteristics were determined for two switching frequencies,
fe1 =328 kHz or f., = 164 kHz, using for each of them two different load impedances:
Rp=4Q,L=15pHor R =8, L =30 pH.
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. I " H_,-l—l—l—l—l—l—
9v i !

=V(VR_OUT)

- U_m_ﬂ—l—l_[
9v

oV

18V

oV

-18Vv

= V(VL_OUT)/2+ V(VR_OUT)/2

18V

| L
ST

540us 544us 548us 552us 556us 560us
= V/(VL_OUT - VR_OUT)

Time

Figure 8. SPICE simulation of the load current and output voltages in DM and CM modes of the
Class-BD amplifier with constant voltage at the CM output (in Figure 5).

The THD characteristics versus the f;; frequency of the modulating signal were deter-
mined on the basis of the THD + N frequency spectra of the output voltage on the load
resistance, in the band up to 30 kHz, examples of which are shown in Figure 10.

The Class-BD amplifier with constant voltage at the CM output has almost the same
the output power and efficiency characteristics as the conventional one, but it exhibits a
slightly higher level of nonlinear distortions, which are caused by the distorted DPWM
waveform being generated in the output stage by nonideal MOSFET switches. The most
significant contribution to the total THD is represented by switching timing errors added
by the gate drivers, such as dead-time, t,;, / togrs and t,/ tr. The distortions are also caused by
nonlinearity in the DPWM signal from the modulator to switching stage due to limited
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resolution, as well as jitter in timing. Another source of distortions is represented by
unwanted characteristics in the switching devices, such as finite ON resistance (particularly
when the conductive branch of the output stage contains four MOSFET switches), finite
switching speed, or body diode characteristics.
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Figure 9. The output power and efficiency versus modulation index M (on the left) and THD versus the f;; frequency of the
modulating signal (on the right): (a) conventional Class-BD amplifier (Figure 3); (b) Class-BD amplifier with a balanced CM

output (Figure 5).

Figure 11a shows the-simulated time waveforms of the load current and output
voltages in DM and CM modes of the low-power Class-BD amplifier with balanced CM
output and implemented on four EL7158 drivers (Figure 4a), with Ry, =40 (), L =150 uH,
fec = 328 kHz, and f;; = 10 kHz, while Figure 11b shows the characteristics of the out-
put power and efficiency versus modulation index M, for two switching frequencies,
fe1 =328 kHz or f.» = 164 kHz, using for each of them two different load impedances:
Ry =40Q), L=150 uH or Ry, =80 ), L = 150 puH. This amplifier has lower efficiency (approx-
imately 85%), mainly due to the conduction power losses, because the conductive branch of
the output stage contains four MOSFET switches (each of them with a resistance of 0.5 (1)
connecting the output pin OUT of the driver to the input pins VH or VL, depending on the
status of the IN pin. The conventional Class-BD amplifier using LBDD PWM modulator
contains two MOSFET switches in the conductive branch of the output stage, which are
switched at the switching frequency f., while the conductive branch of the output stage of
Class-BD amplifier with balanced CM output, using an extended LBDD PWM modulator,
contains four MOSFET switches, which are switched at the frequency of 2 f.. The practical
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implementation of this amplifier is very easy, while providing a perfectly balanced CM
output with a constant voltage Vpp /2.

dB dB
0 0
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Figure 10. Simulated THD + N frequency responses of the tested amplifiers in the band up to 30 kHz.
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Figure 11. SPICE simulations of the low-power Class-BD amplifier with constant voltage at the CM output (in Figure 4a):
(a) load current and output voltages in DM and CM modes; (b) output power and efficiency versus modulation index M.
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Figure 12 shows a photograph of two PCBs containing the output stages of two
tested Class-BD amplifiers: (a) conventional Class-BD amplifier (in Figure 3); (b) Class-
BD amplifier implemented on complementary MOSFET pairs (in Figure 5). All gate
drivers of the output stages are steered by signals generated by the digital extended LBDD
PWM modulator.

Figure 12. Photographs of the two PCBs containing the output stages of (a) a conventional Class-BD
amplifier (Figure 3), and (b) a Class-BD amplifier implemented on complementary MOSFET pairs
(Figure 5).

Load impedances are connected to the PCBs with short cables from the outside.
The following equipment was used to test the amplifiers:

— Rigol DG1032Z function generator;
— Hp 8593 Agilent spectrum analyzer, 1 kHz-2.9 GHz;
— DS0O4254B advanced digital oscilloscope 4 x 250 MHz.

Figure 13 shows the oscillograms of the control signals generated by the hybrid 9 bit
LBDD PWM modulator in Figure 4b with extended architecture and oscillograms of the
output voltages in DM and CM modes of the Class-BD amplifier with constant voltage at
the CM output (in Figure 5).
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Figure 13. Cont.
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Figure 13. Oscillograms of the control signals generated by the hybrid 9 bit LBDD PWM modulator
in Figure 4b with extended architecture with f.q = 328 kHz and f;;, = 30 kHz: (a) PWM| and PWMpg
signals; (b) S; and S, signals; (c) output voltages in DM and CM for amplifier from Figure 5
(Vpp =18 V; Ry =8 O; L = 30 uH); V5,7 and V&1 voltages; (d) Vpm = Vi — V&yr voltage;
(e) Vem = (1/2) (Vyr + VByr) voltage; (f) voltage Vg, = I;R;, on resistance Ry

5. Discussion

We described and tested two new and original open-loop digital Class-BD audio
amplifiers with constant CM output voltage. The output stage of the first, low-power Class-
BD amplifier was implemented using only four ultrahigh-current EL7158 pin drivers, while
the second, higher-power Class-BD amplifier was implemented using four complementary
HEXFET IRF9389PbF power MOSEFET pairs, formed into two cooperating and interacting
typical H-bridges and driven by four ultrahigh-current EL7158 pin drivers. The drivers
have appropriately set voltage levels on the VL and VH pins and are controlled by an
extended LBDDPWM modulator based on a digital, hybrid 9 bit LBDD PWM modulator,
described in detail in a previous study [7].

Extensive experimental and SPICE simulation studies were conducted to compare the
performance of the proposed Class-BD amplifier with balanced CM output to the perfor-
mance of the conventional Class-BD amplifier. As presented in Figure 9, the characteristics
of the output power and the efficiency versus modulation index M, as well as THD versus
the audio signal frequency, were tested for two switching frequencies, f,; = 328 kHz
and f, = 164 kHz, using with each switching frequency two different load resistances:
Rp =4 O and Ry = 8 ). As we can see in Figure 9, the proposed Class-BD amplifier
with a balanced CM output has a slightly better performance at the DM output than the
conventional one.

For example, for Ry =4 () and f,1 = 328 kHz, when adjusting the modulation index
M from 0 to 0.96, the load power P; at its differential output changes in the range from
0 to 35 W and is higher than the load power P, of a conventional Class-BD amplifier in
this range from 0 up to 2.5 W, while the efficiency 7 varies from 0% to 96% and is higher
in this range from 0% to 1% than the efficiency of a conventional Class-BD amplifier. For
other combinations of R, and f, the load power Pj, and the efficiency # of the Class-BD
amplifier with balanced CM output are also slightly higher than for the conventional
Class-BD amplifier, but with a narrower range than the example above.

In order to verify the results of the simulation tests, actual measurements of parameters
were made at selected points of the simulated characteristics in Figure 9 on the model of the
implemented amplifier in Figure 5 (PCB in Figure 11b). The efficiency 77 was determined on
the basis of the measurement of the load power Pj, in the resistance R; and the Ppc power
of the source powering the output stage of the amplifier, while the spectrum analyzer
was used to measure the harmonic content of the output signal spectrum in the band
from 30 Hz to 30 kHz. For example, for Ry =4 () and f.; = 328 kHz, when adjusting the
modulation index M from 0 to 0.96, the load power P; changes in the range from 0 to 30 W
and is lower than the simulated load power Py, in this range from 0 up to 1.5 W, while the
efficiency # varies from 0% to 90.3% and is lower in this range from 0% to 1% than the
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simulated efficiency. For other combinations of R}, and f;, the measured load power Py and
the efficiency # are also slightly lower than simulated values but with a narrower range
than the example above. The obtained measurement results are slightly worse than the
simulation results, because the simulations did not take into account the resistances of the
wires and paths to the power supply and the resistance of the real coil in the load.

As we can see in Figure 4c and the oscillograms in Figure 13b, at the DM output and
the balanced CM output of the amplifier, we receive near-perfect voltage waveforms. The
upper parts of the output voltage V5, and V& ;- waveforms on the left and right branches
of the output H-bridge are generated by the upper HBS on the (M1-M4) MOSFETs, while
the lower parts are generated by the lower HBS on the (M5-M8) MOSFETs. Each of the
three states at the DM output of the amplifier is the result of switching on only one MOSFET
pair, causing low conduction power losses. Moreover, switching of each complementary
pair of transistors in the upper or lower H bridge occurs at half the supply voltage Vpp/2,
which results in lower switching power losses than in the conventional Class-BD amplifier.

As presented in Figure 7, the THD characteristics as a function of the f;; input signal
frequency were determined on the basis of the THD + N frequency spectra of the output
voltage on the load resistance, in the band up to 30 kHz. All tested amplifiers show some
distortion at the DM outputs, with the largest for f,1 = 328 kHz, R} = 4 (): conventional
Class-BD amplifier up to 0.7%, and Class-BD amplifier with constant voltage at the CM
output up to 0.68%. Much lower distortions, below 0.1%, are obtained for both amplifiers
at fop = 164 kHz (power MOSFET transistors, controlled by S1, S, signals, are switched with
the frequency of 2 f, = 328 kHz). These distortions are a result of the distorted LBDD PWM
time waveforms generated by the output stages of these amplifiers, caused by the switching
timing errors. It is well known that switching timing errors in the gate signals, due to
turn-on delay times of the transistors, in particular, have the most significant contribution
to nonlinearity in DM output stages.

Comparing the obtained results with the results of other studies, it can be concluded
that the measured and simulated performance of the proposed amplifier is slightly better
than that of similar Class-BD amplifiers with balanced CM output, described, e.g., in [10-12].

As presented in [10], a Class-BD amplifier with the power of 20 W/channel with
almost zero CM radiation emission had the configuration of the H6-type output stage
and used the PSCPWM modulation method. The Hé6-bridge contained two additional
series switches M5 and M6 connected parallel with the load, which were used to shunt
the bidirectional inductive load current when M1-M4 were off and to set both outputs
at Vpp/2 with the help of shunt resistors Rj, connected parallel with M1-M4 transistors.
With switching frequency of 250 kHz, power supply of 12 V, and R;, = 4 (), the amplifier
could deliver 10 W at the efficiency # up to 89% and THD + N up to 0.6%, whereas, with
supply of 24 V, it could deliver 18 W at the efficiency # up to 81% and THD + N up to
0.6%. The significant reduction in efficiency was due to the additional power losses in
shunt resistors R, connected in parallel with M1-M4 to set both outputs at Vpp/2, which
also increased the rise and fall times of the PWM output pulses, contributing to a further
increase in switching power losses.

The output stage of the open-loop Class-BD audio amplifiers presented in [11,12] with
balanced CM included a typical H-bridge with four MOSFETs and four additional MOSFET
switches that balanced and maintained the CM output. These amplifiers employed the
extended NBDD PWM or PSC PWM modulation scheme. With a switching frequency
of 328 kHz, power supply of 24 V, and R = 4 (), the amplifier could deliver 56 W at the
efficiency 77 up to 91% and THD + N up to 0.76%, whereas, with R} =8 (), it could deliver
32 W at the efficiency 77 up to 96% and THD + N up to 0.73%.

The performance of the compared amplifiers is similar, but the control system for the
proposed Class-BD amplifier in this paper is simpler and easier to implement.
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6. Conclusions

New and original architectures and implementations of two filterless, open-loop
digital Class-BD audio amplifiers with constant common mode (CM) output voltage
were presented.

The extended digital LBDD PWM modulator uses a linearized Class-BD double-sided
modulation scheme with pre-compensation, enabling the most faithful emulation of the
natural NBDD PWM and, thus, providing an attractive spectral characteristic at the DM
output, similar to the NBDD PWM, while simultaneously providing a balanced CM output
with constant voltage at this output. The simple filtering of the DPWM signal at the DM
output by the resistive-inductive impedance of the loudspeaker and the elimination of CM
signal filtering at the CM output (constant voltage at this output) are the most desirable
features of a filterless Class-D amplifier without an external LC filter. The elimination
of CM signals also significantly contributes to the reduction in EMI, particularly those
produced on the cables connecting the loudspeaker to the HBS terminal.

Proposed amplifiers with very original topologies, due to their simple design and easy
control (no galvanic isolation of control signals and no floating bias power supplies), which
generate no CM voltage and feature excellent DM performance, similar to conventional
Class-BD amplifiers, are very attractive solutions for filterless Class-BD amplifiers.

The topology of the amplifier output stage is formed by two typical H bridges in
which MOSFET switching processes are the same as in a conventional Class-BD amplifier;
therefore, it is easier and more effective to reduce the amplitudes of the shoot-through
currents. Switching of each complementary pair of transistors in the upper or lower H
bridge occurs at half the supply voltage Vpp /2, which results in lower switching power
losses than in a conventional Class-BD amplifier.

It seems that the proposed new Class-BD amplifier topology is easier to implement
and more efficient than the H5, H6, and HERIC topologies that are used in transformerless
full-bridge PV grid-tied inverters [19,20].
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