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Abstract—This article presents a Class-D audio amplifier for
capacitive piezoelectric speaker loads. Employing a dual voltage
feedback (VFB)/current feedback (CFB) topology, the amplifier
is capable of damping LC resonance without using an external
damping resistor, therefore reducing system power consumption,
cost, and size. Additional power savings are achieved by using
a push—pull (PP)-modulated output stage. To mitigate linearity
degradation due to the mismatch of the feedback resistors, they
are dynamically matched by employing choppers. The prototype,
taped out in a BCD 180-nm process, can drive up to 4 uF load
with a peak current of 4.4 A while achieving an idle power
consumption of 122 mW and a peak THD+N of —91 dB.

Index Terms— Audio power amplifier, chopping, class-D ampli-
fier, current feedback (CFB), piezoelectric speakers, push—pull
(PP) modulation, resistor-less LC damping.

I. INTRODUCTION

UE to their compact size and improving audio quality,

piezoelectric speakers are gaining popularity in applica-
tions constrained to a thin form factor, such as tablet computers
and flat-screen TVs, [1]. However, their highly capacitive
impedance makes them challenging to drive. Fig. 1 shows
some of the existing approaches used to drive piezoelectric
speakers with conventional Class-AB or Class-D amplifiers.
To prevent amplifier instability and excessive transient cur-
rents, an external power resistor may be connected in series
with the load [see Fig. 1(a)]. However, the power consumption
of this resistor and the inefficiency of Class-AB amplifiers
makes this approach quite power hungry, and therefore,
this approach is typically limited to relatively small loads
(<1.5 wF) [2], [3]. Class-D amplifiers can deliver large
load currents with much higher efficiency. However, a series
inductor is then required to limit the high-frequency currents
generated by the amplifier’s switching output stage. In addi-
tion, an external resistor of around 5-10 Q is still required
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Fig. 1.  Existing approaches to drive a capacitive piezoelectric speaker.
(a) Class-AB amp. + ext. resistor. (b) Class-D amp. + ext. resistor.
(c) Class-D amp. + calibration.

[see Fig. 1(b)] to damp the resulting LC resonant circuit,
which would otherwise draw excessive currents when excited
by large out-of-band signals, for example, during clipping
events [4], [5].

To reduce system power consumption, cost, and size,
the external damping resistor should be eliminated. In [6],
a digital-input Class-D piezoelectric speaker driver [see
Fig. 1(c)] relies on foreground calibration to modify the
input signal using a priori information about LC filter
impedance. This prevents current overshoots but increases
system complexity. Instead of a damping resistor, a cur-
rent feedback (CFB) loop can be used to damp LC reso-
nance [7], [8]. In prior art, however, a current transformer
is required to sense the amplifier’s output current, which
increases system cost and militates against a fully integrated
CMOS solution.

This article, an extension of [9], presents a fully integrated
Class-D piezoelectric speaker driver that achieves resistor-less
damping by employing both voltage and CFB. With the help of
a single external inductor, it can drive a 4 xF load capacitance
with a peak current of 4.4 A while dissipating low idle power
(122 mW) and achieving a peak high THD+N of —91.1 dB
across a wide range of output amplitudes (10.2Viy).

This article is organized as follows. Section II introduces the
proposed system-level architecture and describes its benefits
and challenges. Section III describes the circuit implementa-
tion. This is followed by measurement results in Section IV,
and finally, conclusions are drawn in Section V.

0018-9200 © 2022 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 2. Block diagram of the resistor-less piezoelectric speaker driver.

II. PROPOSED RESISTOR-LESS ARCHITECTURE

An overview of the proposed driver architecture is shown
in Fig. 2. It employs a conventional voltage feedback (VFB)
path around the loop filter and a separate CFB path to its
second integrator. With the help of small on-chip current-
sensing resistors, which, for a given damping factor, dissipate
much less power than an external damping resistor, this path
acts to damp LC resonance. A push—pull (PP)-modulated
output stage is employed to further reduce the driver’s power
consumption at low signal amplitudes. However, this leads to
a large common-mode (CM) swing at the input of the first
integrator, whose finite CMRR would then lead to distortion.
In this work, this is mitigated by employing chopping and a
CM regulator at the virtual ground of the first integrator.

A. Dual VFB and CFB

To illustrate how the CFB path helps damp LC resonance,
a simplified block diagram of a Class-D amplifier with a dual
VFB/CFB network is shown in Fig. 3(a). It consists of a loop
filter H(s), a PWM modulator, and an output stage loaded
by an undamped LC filter with a cutoff frequency of fic.
The VFB path has a normalized feedback factor of unity
(BvEB.norm = 1), and the CFB path senses the load current
(I oaa) using a small on-chip sense resistor (Rg) and amplifies
the resulting voltage by a gain factor K. The output of the
CFB path (Vcpg) is given by

Vers = K - (ILoad Rs). (1)

Since I oad = Vsw/Z1oad, Where Vsw and Zjp o4 denote the
switching node output voltage and the load impedance seen
from Vsw, respectively, a V/V feedback factor (fcpg) for the
CFB path can be defined as

PBcrs = Vers/ Vsw = Rs - K/ Z1oua- (2)

As shown in Fig. 3(b), the magnitude of Scpg peaks at
frc due to the presence of Zp,g, Which is the undamped
series combination of L and Cp. Setting an appropriate
gain K allows |fcgs| to become larger than |fvgg| around
fLc, thereby creating a peak in the overall feedback factor
Protal = Pves + Pcrs. This effectively translates into a notch
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Fig. 3. (a) Simplified block diagram of dual VFB/CFB topology.
(b) Magnitude response illustrating resistor-less LC damping.

in the closed-loop gain of the Class-D amplifier (G¢r), which
can be approximated as

Ger = Vsw/ Vin ~ 1/ Brotal- (3)

Together, the cascade of G¢r and the LC filter trans-
fer function (Vo/Vsw) results in a damped signal transfer
function (STF).

Although a larger gain K can provide greater damping,
it will also reduce the flatness of the STF and increase the
impact of any non-linearity in the CFB path on the linearity
of the overall feedback factor. Increasing f;¢ further allows
for more flexibility in the choice of K for adequate damping
while also ensuring that the VFB path dominates the STF in
the audio band (20 Hz-20 kHz). At frequencies above fic,
the VFB path dominates again and determines the Class-D
amplifier’s unity-gain frequency and stability.

B. PP Modulation and Load Current Sensing

An H-bridge output stage is used to drive high current
through a bridge-tied load (BTL), which in this case is
the series combination of a single inductor L and the load
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Fig. 4. Simplified schematic of the PP-modulated output stage with low-side
sense resistors and readout amp, generation of controls signals of the CFB
network switches.

capacitor Cp, as shown in Fig. 4. To reduce the power
consumption of this output stage, a PP modulation scheme
[10], [11], [12], [13] is employed. In such a scheme, also
known as ternary modulation, BD modulation with low CM,
and half-side switching, only half of the H-bridge switches,
while the other half remains grounded, as illustrated by the
timing waveforms in Fig. 5. The required PWM signals are
generated by comparing the differential output of the loop filter
(VLp.air in Fig. 2), with a pair of 180° phase-shifted triangular
carriers (£ Vrrygir). When Vig gir is lower than both £ Vrgy gif,
VSW,p = 0 and VSW,N = PVDD (2144 V); when VLF,dif is
higher than both iVTRI,dif’ Vsw.p = PVDD and Vsw.y = 0;
and Vsw p/v = 0 otherwise. The single-sided switching cuts
down the gate-charging losses of the output stage by half in
comparison to conventional AD modulation [13]. Furthermore,
the differential switching output (VSWjdif = VSW,p — VSW,N)
now switches across three levels (0, £PVDD), reducing the
step size by half in comparison to AD modulation, thereby
reducing the ripple current and the associated losses, especially
during idle-channel operation [14]. Unlike other multilevel
output stages [14], [15], [16], [17] that also enable a reduction
in ripple current, PP modulation does not require the use
of additional large power switches, supplies, and/or off-chip
components. However, the single-sided switching of Vsw p/n
also results in a significant CM switching output Vsw.cm =
(Vsw.p + Vsw.n)/2, the consequences of which are discussed
in Section II-D.

To sense the load current, on-chip sense resistors are pre-
ferred over external components due to their lower cost. Ide-
ally, such resistors would be inserted in series with the outputs
of the H-bridge (Vsw,p,n) to get a direct measure of the load
current-I; o,q. However, due to the PWM switching activity
at these nodes, the associated readout amplifiers would then
have to handle large high-frequency CM signals. Low-side
current sensing, with sense resistors Rg p,y positioned below
the low-side output switches (see Fig. 4), can also be employed
to indirectly sense the load current [18], [19]. However, the
BD-modulated output stages used in these designs do not
facilitate linear, continuous-time current sensing via low-side
resistors, due to the overlapping OFF-state of both low-side
switches every PWM cycle, along with the presence of other
switching non-idealities. In this work, however, since the
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Fig. 5. Time-domain waveforms illustrating the PP modulation scheme and
the operation of the CFB readout network.

sensed current is fed back to the signal path, a continuous-time
current-sensing scheme with adequate linearity is required.
PP modulation is beneficial in this regard, since depending
on the polarity of the input, one of either half of the H-bridge
avoids high-frequency PWM switching and instead remains
grounded. As shown in Fig. 5, when Vin gir is negative, Vsw_p
remains grounded, while Vsw y is switching, and therefore,
I1 0ad can be sensed by connecting the readout amplifier across
Rs p. When the polarity of the audio signal changes and
Vsw p starts switching, the read-out amplifier is connected
to Rs y, thereby providing a quasi-continuous readout of
I1.0ad- The control signals of the CFB switches (¢ p/n) are
generated in the low-voltage (LV) domain by an SR-latch that
is triggered by the LV control signals of the output stage
(¢p/n), avoiding the need for a separate zero-crossing detector.
The propagation delay (fge1ay) between ¢p,y and Vsw p v,
due to peripheral blocks in the output stage, such as level
shifters and the gate drivers (see Fig. 4), ensures that the
CFB switches always a transition between Rg p,ny when both
H-bridge halves are grounded. Furthermore, the transition time
is less than 1 ns, thereby minimizing any current-sensing
glitches. Low-side current sensing further relaxes the input
CM swing requirements of the readout amplifier (~3100 mV
around 0 V).

However, both the CFB and VFB paths introduce distor-
tion, and solutions to address this issue are discussed in the
following.
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Fig. 6. (a) Simplified block diagram illustrating the CFB network and
nonideality suppression. (b) Magnitude response of CFB to Int2 and referred
to Intl.

C. CFB Path Nonlinearity Suppression

Since the load current readout is now a quasi-continuous
measure of two different sense resistor voltages, the over-
all linearity of the CFB path is limited by their rela-
tive matching. Furthermore, the combination of self-heating
and their intrinsic temperature dependence causes the volt-
age drop across the current sensing resistors to be a non-
linear function of load current amplitude and frequency.
To avoid complicated calibration and trimming techniques to
suppress these errors, a relatively straightforward approach
is proposed.

As the CFB path is primarily required to damp the LC
resonance at frc, its gain in the audio band can be reduced.
This, in turn, will mitigate the effect of its non-idealities in
this band. This is achieved by closing the CFB loop around
Int2, as shown in Fig. 6(a) with an additional low-pass (LP)
filter with a cutoff frequency at fc cps and rescaling the dc
gain K to

K' =K - (fuc,m /fe.crs) “

where fuc.mu is the unity-gain frequency of the first integrator.
The overall s-domain transfer function of the CFB readout
network is given by

! 1
Viers _ o (— 1 )
Vks o

where w terms correspond to frequencies in rad/s. Referred to
the first integrator’s input, the transfer function above is given
by

Vers (V/CFB)/(CUUG,[m]) _x. S/a)c,CFB ©)
VRS VRS N 1 + S/COC CFB .
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Fig. 7. Simulation results illustrating (a) effect of effective CFB gain-K on

the LC peaking in the STF (normalized to 0 dB) and (b) improvement in THD
with audio band CFB filtering.

This is a high-pass filter, which ensures that CFB non-
idealities are suppressed for input frequencies less than fc crg,
as shown in Fig. 6(b). Fig. 7(a) shows the effect of the CFB
gain (K) on LC peaking suppression when frc = 80 kHz,
which is an often used cut-off frequency in Class-D amplifiers
switching at MHz frequencies [14], [20], [21] (Bvrs = 1/8,
C. = 4 uF and Rsp/y = 20 mQ). It can be seen that,
although the audio band filtering of K slightly reduces damp-
ing efficacy, it can be recovered by increasing K. Fig. 7(b)
shows the linearity of an ideal amplifier in the presence of a
0.05% mismatch between Rs p,n, which can be achieved by
careful layout and proper sizing. The two graphs demonstrate
that, to attain certain damping in the presence of CFB path
nonlinearity, it is better to go for a larger K, e.g., 2.5 with
audio band filtering, than a smaller K, e.g., 1.25 without
filtering.

D. VFB Path Nonlinearity Suppression

Although PP modulation is beneficial for low power con-
sumption, the single-sided switching of Vsw p,y creates a
significant amount of CM signal (Vsw cm) at the output.
As shown in Fig. 5, Vsw_cm not only comprises high-frequency
components at the PWM switching frequency (fsw) and its
harmonics but also distorted low-frequency components in the
audio band. Therefore, any mismatch in the first integrator’s
input stage or the feedback resistor pairs (R and Rygs) would
compromise its CMRR and cause the distorted audio band
CM content to leak into the differential-mode (DM) feedback
path and degrade THD. In a conventional AD/BD-modulated
output stage, since the low-frequency component of Vsw.cm
is ideally just a dc signal, THD and PSRR degradation due
to CM-DM leakage within the audio band can be mitigated
by employing a CM regulation loop [22]. However, with PP
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modulation, due to the inherent non-linearity, it creates in
low-frequency components of Vsw cwm, and it cannot simply be
regulated to a dc value. Therefore, in this work, to mitigate the
adverse effects of CM—DM leakage, choppers are employed to
dynamically match the Ry and Rygg pairs. However, to avoid
intermodulation between PWM and chopping, the chopping
frequency fcy must be carefully chosen.

A simplified block diagram of the first integrator with
choppers around Rin;1/2/Rveg,1/2 is shown in Fig. 8(a). Due
to the mismatch between Rygg 1,2, a distorted DM feedback
error current (/cm-pwm,err) 1S created by the nonlinear CM output
voltage Vsw cm. Since Vsw cwm, and therefore Icm.pw err, has
content both in the audio band and around fsw (and its
harmonics), fcy must be chosen to avoid modulating compo-
nents of /cm.pmerr into the audio band. The frequency-domain
activity is shown in Fig. 8(b). Ideally, the DM switching
output of the Class-D amplifier (Vsw gir) only consists of a
linear audio signal (blue) and PWM switching sidebands at
fsw (green). If this is chopped at an odd subharmonic of
fsw (e.g., fcu = fsw/3), the upmodulated audio feedback
current (/aud.qif) overlaps with error tones of Icyv pm.er (red)
at fsw (circled). The latter will thus be modulated to the audio
band by the chopper at the integrator’s virtual ground (CHyj;).
In comparison to chopping an AD-modulated output stage
[23], where both Vsw cm and Iem-pmerr have negligible content
in the audio band, the distortion due to Icmpwm,er foldback
in PP modulation can be significant. This is avoided by
chopping at an even subharmonic of fsw (e.g., fcu = fsw/4),
as the resulting foldback is now outside the audio band.
Furthermore, this choice ensures that the chopping transitions
always occur when both Vsw p/y are grounded as shown in
Fig. 8(c), minimizing the output-stage-state-dependent delays
and glitches of the high-voltage (HV) feedback choppers [23].
To avoid the adverse effects of a high chopping frequency,
such as clock feed-through and charge injection at the first
integrator’s virtual ground, while also maintaining an adequate
margin from the audio band edge, fcy was set to 125 kHz
(=fsw/16) in this work.

III. CIRCUIT IMPLEMENTATION

Fig. 9 shows a simplified top-level schematic of the pro-
posed Class-D amplifier. The output stage is powered from
PVDD (14.4 V) and switches at fsw = 2 MHz. Except
for the output stage, the feedback chopper (CHgg), and the
input switches of the CFB network, all other blocks operate
at LV and are realized using area- and power-efficient 1.8-V
devices. They include a fully differential third-order loop filter,
a virtual ground CM regulator for Intl, the CFB network
feeding into Int2, and a PP PWM modulator that generates the
control signals for the HV output stage and the CFB interface
switches.

A. Loop Filter and Int-1 Virtual Ground CM Regulator

A third-order loop filter is realized with a cascade of active-
RC integrators in a feed-forward (CIFF) configuration, to
create high loop gain around the output stage. The unity-gain
frequency of the loop- fug,Loop 1 570 kHz, which satisfies the
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Fig. 8. (a) Simplified block diagram of the first int. and associated signals.

(b) Frequency-domain behavior of chopping in the presence of mismatch.
(c) Chopping phases with respect to switching nodes.

stability criteria (fuc,Loop < fsw/m) [24]. At this frequency,
the CFB path gain is significantly lower than the VFB path
gain, allowing the Class-D amplifier to handle a sufficiently
high fr¢ (~200 kHz) without compromising on loop stability
(phase margin > 50°) and thereby making it robust to fi¢
spread. A closed-loop gain of 8x is set by Ry and Rygp.
High-density MIM capacitors are used to realize the RC time
constants. They are made 2-bit trimmable to compensate for
the RC process spread.

As shown in Fig. 10, the single-sided switching of Vsw p/n
also creates a non-linear CM signal at the first integrator’s
virtual ground Vyir.em = (Wirt + Vvir—)/2, which can swing
from 0.8 to 1.6 V. Any mismatch in the integrating capacitors
(Cinrp) or a finite CMRR in OTA; would therefore also
degrade THD due to CM-DM leakage induced non-linear
currents in Ciyt;. To relax the matching constraints on Cing
and improve the CMRR of OTA|, a separate virtual ground
CM regulator is used, as shown in Fig. 9. It detects Vvir.cm
through Rcwm in and regulates the voltage to a fixed dc value-
Vemrer (~1.1 V) by sinking/sourcing currents through Rem,out-
This also reduces the input CM swing requirements on OTA;
drastically. To relax the matching constraints of the Rcwm.in
and Rcmowe pairs, they are also dynamically matched by
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Fig. 10. Effect of the single-sided switching on the first integrator’s virtual
ground CM voltage with and without the virtual ground CM regulator.

connecting them before CHy;. Capacitor pairs Cemin and
Ccm,ou €nable a fast transient response.

The noise of the Class-D amplifier is mainly dominated
by Rinv (20 kQ), the noise of OTA;, and Rcm ow. While
the contribution of Rcmoue can be reduced by increasing its
resistance, the swing required (Vo cmreg in Figs. 9 and 10) at
the output of Acy would increase. Therefore, as a tradeoff
between noise and swing, Rcm, our 1S set to 25 kQ.

B. Choice of RS and CFB Readout Network

In this work, diffusion resistors (Rg p/y ~ 20 mQ) are
used to sense the load current, and they are sized to satisfy

area constraints and current density limits while ensuring
adequate voltage linearity across the expected range of load
currents. Compared to diffusion resistors, metal resistors have
significantly lower sheet resistance and better voltage linearity.
However, their temperature dependence is much larger, leading
to greater CFB non-linearity due to self-heating. Conversely,
despite their lower temperature dependence, poly-silicon resis-
tors were not used due to their larger sheet resistance.

The choice of effective CFB gain-K is a tradeoff between
the non-linearity of the CFB path and the amount of damping
required, as discussed in Fig. 7. As a compromise between
the two, K is programmable between 1.25 and 2.5, which can
then limit the LC damping to ~4 to 8 dB for a 4 uF capacitive
load. Fig. 9 shows the implementation of the CFB path around
Int2 using an active-RC filter. The dc-scaled passband gain-K’
from (5) is set by R, Ry, and Ry, while the LP filter cutoff
at 40 kHz is set by R, and C,. K’ is made programmable by
adjusting the feedback current into the second integrator with
Rirs. A two-stage OTA, shown in Fig. 11, is used to achieve a
high in-band gain and linearity while satisfying the input and
output swing requirements. It comprises a conventional PMOS
input folded-cascode input stage, to handle the low CM input,
along with a class-A biased output stage that provides adequate
output swing. A feed-forward compensation network, realized
by capacitively coupling the inputs to the inputs of the second
stage, ensures stability [25].

C. Chopper Network

The HV chopper (CHpp) uses 20-V LDMOS devices to
handle the 14.4-V signal swings at Vsw p,y [23]. The design
of CHgp, and those of the peripheral circuits required to
drive the HV switches, is adopted from [23]. The choppers
at the input (CHyy) and virtual ground (CHyj) use 1.8-V
devices. Both of them are bootstrapped to achieve adequate
linearity and avoid the use of unnecessarily large switches,
which would then cause significant charge injection and clock
feed-through [23].
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Fig. 12. Die micrograph of the prototype IC.

IV. MEASUREMENT RESULTS

A prototype resistor-less Class-D piezoelectric speaker
driver was fabricated in a 180-nm BCD process Fig. 12 shows
a die micrograph of the prototype, which occupies 7 mm?.
It is powered from 14.4/1.8 V (PVDD/AVDD) supplies and
drives a 4 uF capacitor in series with a 1.1-uH inductor
(fLec ~ 75 kHz). During the idle-channel operation, the
amplifier consumes 122.4/9 mW from PVDD/AVDD. Of the
total power consumption, the additional sense resistors and
CFB readout network consume <1% and ~0.6%, respectively.

All audio measurements were performed using an Audio
Precision APX-555 in combination with an AES17 filter.
Fig. 13 shows the efficacy of the dual VFB/CFB topology
in damping the LC resonance. An impedance analyzer was
used to extract the undamped LC transfer on the test PCB
itself. Two CFB gain settings, corresponding to effective CFB
gains of K = 1.25 and 2.5, show that the STF peaking can
be suppressed by 20 and 22 dB, respectively.
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Fig. 14. FFT at Vo = 5V for (a) fix = 1 kHz and (b) fin = 6 kHz.

Fig. 14 shows the measured output spectrum when driving
the 4 uF load with a 5V, signal for K = 1.25 and 2.5. For
an input frequency of 1 kHz, the THD+N is —86.8/—86.5 dB
for K = 1.25/2.5. Due to the smaller load current at this
frequency, the linearity is primarily limited by the HV chop-
pers in the VFB path. With the larger load current at fix =
6 kHz, the CFB path also contributes to non-linearity. The
THD+N in this case is —90.9/—85.4 dB for K = 1.25/2.5.
Fig. 15 shows the THD+N across output amplitude for input
frequencies of 1 and 6 kHz for both the CFB gains. With
K = 125, the THD+N peaks at —87.3 and —91.1 dB
for a 1- and 6-kHz input frequency, respectively. With the
higher CFB gain of K = 2.5, the peak THD+N numbers
are similar to K = 1.25. However, at amplitudes close to FS
(Vo ~ 7-8Vims) for the larger load currents with the 6-kHz
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PERFORMANCE SUMMARY AND COMPARISON WITH PREVIOUS WORKS

This Work [6] [2] [3] [4]
Analog i Digital in, Analog in, Analog in, Analog in,
Architecture (l:l? ogll)n, Class-D Boost + Boost + Boost +
ass- 1 channel | 2 channel Class-H Class-G Class-D
PVDD (V) 14.4 12 24 3.6 3.6 3.6
Piezo Load (uF) 4 1 4 1.5 1 1
Resistor-less Yes Yes No No No
Configuration L+CL 2L+2C+CL R+CL R+Co R+L+ CL
Io (mA) 8.5 37 130 4 8 5
Po (mW) 122.4 444 3120 144 28.8 18
THD+Npeak (dB) (fix = 1K) (1235) (1162"?5) 77.0 77.6 -66.0 -94.0 -66.0
THD+Neeak (dB) (fix = 6k) (];2} ';5) (]'<8=92'55) - ; ; - -
Dynamic Range (dB) [A-wt.] 106.5 111 (24V supply) - 106 -
SNR (dB) [A-wt.] 105.8 111 (24V supply) 98 108 94
Output noise (nVrms) [A-wt.] 45 45 134 - -
Peak Current (A) 4.4 7.5 15 2.8* 1.4* 1.2*
Power Consumption (W) 35 ) 13.9 } ) }
(Cr = 4pF, fiy = 10kHz, Vo= 10Vgys) ) )
Power Consumption (W) 0.44 0.46%* 3.2% 0.75* 0.35* 0.14*
(fin =1kHz, Vo= 7Vgrwms) (Rext = 0QQ) Rexr=0Q) (Rexr=0Q) (Rexr=10Q) (Rexr = 10Q) (Rext = 10Q)
PSRR (dB) (20- 20kHz) > 68 R > 50 > 58 >80
* Estimated from plots, ** reported only at fsyppLy = 1kHz
-30 T T T T -75 T T T
-40 -80
50 g 85 ¢ 8
m
= -60 S : Z 90
= = [m) |
& 70 [ —f, = 1kHz, K=1.25 Sl I
| I bt I ]
T T Ty T KAz A= 2 | | .
90 [ - - -f = BkHz, K=25 1 -105 02 00 o
19 o1 0.1 1 10 Frequency (Hz)
VO (VRMS) Fig. 16. THD+N across frequency (Vo = 5Vims).-
Fig. 15. THD+N across Vp.

input frequency, the THD+N with K = 1.25 is ~8 dB better
than with K = 2.5, thus demonstrating a better linearity
due to the lower CFB gain. The reduction in THD+N for
K = 2.5 in this case is primarily attributed to the self-heating
of Rg p/y. Fig. 16 shows the THD+N across frequency for
a fixed Vo = 5Vims. Beyond 10 kHz, the THD+N is purely
noise limited. The amplifier has an A-weighted output noise of
45 uVims and a dynamic range of 106.5 dB (measured using
a —60-dB FS input).

Fig. 17 shows the measured power consumption of the
amplifier when driving the 4 uxF load with different input
frequencies. It can deliver a peak current of 4.4Ap, which
corresponds to Vo = 10.2V,ys (FS) at an input frequency of

12 kHz. In this situation, the amplifier consumes 4.9 W, which
is mainly dominated by the conduction and switching losses
of the amplifier. As per simulations for the same condition,
the sense resistors account for 8%—-10% of the total power
consumption. To get an estimate of the power savings achieved
in comparison to a conventional Class-D amplifier with a series
Rexr, the power losses were emulated for resistors that provide
the same damping as the CFB gains used. An additional power
of ~1.9 and ~3.5 W is then lost in Rgxt = 0.2 Q (K = 1.25)
and Rgxt = 0.35 Q (K = 2.5). Due to the capacitive loading,
the power consumption decreases with decreasing frequency.

Fig. 18 shows the PSRR of the amplifier (seven samples)
when the supply is perturbed by a 1V, sine wave across
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Fig. 18. PSRR of the amplifier (7x samples).

frequency. Due to chopping, the amplifier’s PSRR is sig-
nificantly less dependent on the matching of the Rn/Rps
pairs. Although the relatively large spread in PSRR at low
frequencies is not well understood, possible causes include
an over-estimation in the degree of matching in the HV
chopper devices,' along with off-chip component variations
across different daughterboards for the seven samples. The
PSRR roll-off beyond 1 kHz is attributed to limitations in the
measurement setup, such as a finite CMRR of the analyzer
and on-board asymmetric coupling from supply to the output
nodes. Overall, for all seven samples, the PSRR is >100 dB
at 1 kHz and >68 dB in the entire audio band.

A comparison of the performance of this amplifier with
other state-of-the-art designs is shown in Table 1.

V. CONCLUSION

A resistor-less Class-D piezoelectric speaker driver using
a dual VFB and CFB topology is presented. CFB enables
resistor-less LC resonance damping, thereby enabling a low-
power system at a reduced cost. In addition, a PP-modulated
output stage lowers the power consumption of the amplifier
itself. Linearity is improved by employing chopping in the
VEB loop and suppressing the CFB loop gain in the audio
band. The amplifier can deliver 4.4Ap while consuming

'Due to the absence of mismatch models for several LDMOS devices in
this process, the degree of matching was estimated based on previous silicon
measurements.
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122 mW during idle operation. Finally, it achieves a com-
petitive DR, output noise, and PSRR.
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