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Abstract—We investigate the influence of two important prac-  vs-;(t)
tical design parameters on total harmonic distortion (THD) for the
design of low-voltage (0.9-1.4 V) low-power analog Class-D am-, (t)
plifiers: the linearity of the carrier waveform and the impedance st
of the output stage. We show that the carrier nonlinearity results
in THD and propose a novel mathematical analysis method to st (1)
model the nonlinearity. We recommend a range of the parameter vg;-;(%)
that describes the carrier nonlinearity and that results in a good
compromise to the dynamic range of the pulsewidth modulator of Vot (t)
the Class-D amplifier. We show that the impedance of the output st
stage has little effect on THD. We verify our analyses by means of
MATLAB and HSPICE computer simulations, and on the basis Ws

of practical measurements. We
Index Terms—Class-D Amplifier, hearing aids, pulsewidth mod- 0
ulation (PWM), total harmonic distortion (THD).
NOMENCALATURE

B DC component of the modulating signal.

JIn Bessel function of the first kind with integer order
n.

k Zero-input duty-cycle of the pulsewidth modulator|
(PWM) signal.

Kn Fourier coefficients of the PWM signal.

m Carrier harmonic index.

M

Sinusoidal modulating signal for the leading-edge
exponential carrier.

Sinusoidal modulating signal for the trailing-edge
exponential carrier.

Transformednodulating signal.
Transformedmodulating signal for thdinearized
leading-edge exponential carrier.
Transformedmodulating signal for thdinearized
trailing-edge exponential carrier.

Angular frequency of the modulating signal in rad/s.
Angular frequency of the carrier in rad/s.

Degree of nonlinearity in the exponential carrier
(o = wety for trailing-edge or leading-edge expo-
nential carrier, andy = 2w.t, for double-sided ex-
ponential carrier).

. INTRODUCTION

ANY current-art portable low-voltage low-power audio

devices, including hearing instruments (hearing aids),
employ a Class-D amplifier (amp) as the output power ampli-
fier. This is primarily because when appropriately designed [1],

Modulation index (0< M < 1) or equivalently, the Class-D amps can feature power efficiency greater than 90%
value of the signal level normalized to the maximunaver a large signal swing (or modulation index) range. This ef-

signal level.
n Signal harmonic index.
Q Magnitude of the modulating signal.
to Time constant of the exponential carrier.
T. One period of the exponential carrier.
ve(t) Exponential carrier signal.
Ve-1 (1) Leading-edge exponential carrier signal.
Ve-t(t) Trailing-edge exponential carrier signal. thetics.
ver(t) Linearizedexponential carrier signal.

ficiency is substantially superior over classical linear amps, e.g.,
Class A, B, and AB designs, and is highly desirable in sub-
miniature power sensitive audio applications and where the crest
factor of the signal is large, e.g., 15 dB. These applications in-
clude portable audio devices, in particular hearing instruments
where the power source is a small pill-size battery cell (0.9 -1.4
V operating voltage range) and the size is a premium for aes-

The architecture of an analog Class-D amplifier may be clas-

Ucl-lgt) Linearizedleading-edge exponential carrier signalsified into three types: 1) PWM modulation; 2) oversampled

Uel-t t)
Ue-pp
VCsat
rier).
vs(t) Sinusoidal modulating signal.

Linearizedtrailing-edge exponential carrier signal. sigma-delta} A); and 3) “bang-bang control” approach. The
Peak-to-peak amplitude of the exponential carrier.c|ass-D based on PWM modulation is the Class-D amplifier of
Saturation voltage of an exponential waveform (Cafpterest in this paper because of its circuit simplicity, microp-
ower and low-voltage operation (see later).

The >> A approach is essentially the design of an

analog-to-digital converter and its architecture is well es-
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instrument, the first-ordep A modulator (as opposed to a
ﬂﬁulti—orderZA modulator) may be considered. However,
we can show that the first-ordér, A modulator consumes
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Fig. 1. Schematic diagram of a Class-D amplifier.

approximately 12 times more current and occupies approxithe PWM signal, thereby retrieving an equivalent amplified
mately 2.6 times the IC area compared to the PWM modulatanalog input signal at the load. In some applications [8], it is
This substantially increased power dissipation and hardwaressible to drive the load directly from the output. These appli-
overheads are consequences of the increased circuit complegétiions, however, require a high frequency carrie2%6 kHz)
and increased clocking frequency. In terms of nonlinearity, tlad results in higher power dissipation.
>~ A modulator has improved total harmonic distortion (THD) The THD of an ideal Class-D amp is theoretically 0% [9],
over the PWM modulation at high modulation indexes (e.gefer to (4) later. However, practical low-power low-voltage
M = 0.9) but comparable THD at low modulation indexe<lass-D amps suffer from significant THD of the order of
(e.g.,.M = 0.2). 3-5%; [4]-[7]; the reasons for this will be discussed later. De-
The “bang-bang control” approach [3], on the other hand, &pite the early development [9] and recent interest [1], [4]-[14]
based on an hysteresis band modulator that calculates the err@lass-D amps, the mechanisms responsible for nonlinearities
between the desired output and measured output. When thish as THD in practical analog implementations, in particular
error exceeds a certain bound (or leaves the hysteresis bataly, voltage (0.9 —-1.4 V) operation, remain unreported in
the controller will change state to drive the error back withiliterature. In classical linear amps, negative feedback is usually
that bound. applied to suppress the nonlinearities. However, Class-D amps
The bang-bang control approach typically requires a hidieing switch mode (nonclassical), are usually open loop (as
clocking rate (depending on the hysteresis of the controller, e.gpposed to feedback) circuits. The usual application of negative
500 kHz-1 MHz) and the circuit complexity is also relativelyfeedback in a Class-D amp is not straightforward because its
complex (although somewhat simpler than the first-oddef\).  output is a PWM signal and some of the carrier components
The magnitude of its power dissipation is somewhat compaemain at the output of the low-pass filter. To be specific,
rable to the first-orde} | A approach (and substantially largewe require substantial PWM signal attenuation [of the order
than the PWM approach). Its THD is also comparable to tled 30 dB from ~4 to ~40 kHz (carrier clock frequency)]
first-order)_ A approach. from the output to the summing node of the feedback loop
In view of the earlier mentioned critical power (and lowand without excessive phase lag. Furthermore, this should be
voltage) and IC area parameters, most analog Class-D ampliained without prohibitive hardware and power dissipation
fiers for hearing instruments are based on the PWM modulatoests, bearing in mind the critical parameters of hearing
For these reasons, this class of Class-D amplifiers is thmstruments described earlier. Consequently, the majority of
architecture of interest in this paper. reported Class-D amp designs [4]-[6] including contemporary
The Class-D amp depicted in Fig. 1 comprises a PWM, &lass-D amps encapsulated within the subminiature receivers
output stage, and drC low-pass filter. At the PWM, the com- (loudspeakers) for hearing instruments [14] are open-loop
parator compares the input modulating signal with an intedesigns and suffer from significant THD.
nally generated carrier waveform, usually sawtooth-like or tri- In this paper, we investigate two important practical param-
angular-like [4]-[11], and generates a series of width-modeters in the Class-D amplifier that may contribute to THD: the
lated pulses—the PWM signal. The Class-D output stage is énearity of the carrier waveform and the finite output impedance
sentially a low-impedance voltage source and is usually brid¢mr on resistance) of the output stage. These parameters have im-
configured in low-voltage applications (to increase the outpptications to the complexity of the design and the resultant IC
power by a factor of four over the single-ended output). I8e area [1], [4]-[7], and are usually heuristically chosen by circuit
low-pass filter attenuates the unwanted carrier signal compondasign engineers in the following manner.
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A. Review of Mathematical Analysis of an Ideal PWM
Employing a Triangular Wave Carrier

We will first review the mathematical expression of an ideal
PWM output employing a linear triangular wave carrier. This
review will serve as a reference to our subsequent derivation of
the expression for the output PWM signal of a practical PWM
¥ : A : : ] where the carrier is an exponential carrier (refer to Fig. 4 and
sttt bbb Section 11-B-1 ater); it is worthwhile to note that this carrier is
i : : : : 1 used in the majority of low-voltage Class-D amps for practical
Y S reasons [4]-[7]. With these analytical expressions, we will sub-
: : 1 sequently compare the effect of the nonlinearity of the carrier
on harmonic distortion.

An input sinusoidal modulating signal can be represented by

: ] vs(t) = B + Q cos(wst)
"""" SE R 7 TR0mY =27k + M cos(wst) 1)

wherek is usually set to 0.5 (equivalent to 50% duty cycle at
Fig. 2. Measured PWM signal (top) of a Class-D output stage and t&E€ro-input). We have shown in [6] that itis imperative to observe
demodulated output signal (bottom) across the load. this in practical Class-D amp designs to obtain a low output bias

current in a bridge output stage, thereby taking advantage of the

1) Make the carrier as linear as possible—any nonlineari%];f'ck"ency of the CIass—Df amp. i v th
in the carrier may directly generate harmonic distortion at There are two types of PWM sampling processes, namely the

the PWM output natural sampling and uniform sampling. The natural sampling
2) Make the outpﬁt impedance as low as possible—péocess is used in analog PWMs whereas the uniform sampling
nonzero output impedance in the Class-D output sta [ocess applies to digital PWMs. As the PWM of interest is

may cause the amplitude of the PWM signal to be slight alog, we will only investigate the THD where natural sam-

amplitude modulated as that depicted in Fig. 2. This m ing process is u_sed. _ .
in turn generate harmonic distortion. The three possible ways of conducting the natural sampling

. i . ] process are single-sided trailing-edge sampling, single-sided

We derive, in this paper, a novel mathematical-analy§isading-edge sampling and double-sided sampling (refer to
method to determine the THD with the linearity of the carriefig. 7 later). We will denote the resultant PWM signals,
waveform as a key parameter. We show that the nonlinearspectively, as the trailing-edge PWM signal, the leading-edge
of the carrier waveform results in THD and it is imperative t@ym signal and the double-sided PWM signal.
reduce the degree of this nonlinearity to suppress the THD. Therpe gouble-sided natural sampling process is used in the ma-
analysis provides goqd insight into the degree of nonlmearﬁt(yrity of commercial low-voltage Class-D amps [4], [5], [7],
acceptable for a practical low-voltage Class-D amp design. \MQl]. It is well established [9] that this PWM signal can be ob-
recommend a range for the parameter that describes the cagggieq by combining the trailing-edge and leading-edge PWM
nonlinearity that results in acceptable THD and that results @lbnals.
a good compromise to the dynamic range of the PWM. We gy means of the double Fourier series analysis [9] for the
also model the impedance of the output stage and show th@fut modulating signal and the trailing-edge sawtooth carrier
the output impedance has little effect on THD; the design ‘{’rfepresented by the line Apdepicted in Fig. 3, the Fourier

the output impedance of the output stage described in [1]dgries of the trailing-edge PWM signBi () is
therefore appropriate, especially given the compromise to the

IC area. We verify our theoretical derivations and analyses by: (1) = + M cos(wst) + Z {L sin(mw.t)
means of MATLAB and HSPICE computer simulations, and 2 ey \mm

on the basis of practical measurements. oo  +£oo
J()(m’/TM) .
— ———sin(mw.t — 2mwk) » — Z Z
mn m=1 n=+1
Jn M) .
. M sin (mwct + nwgt — 2mmk — n_7r) .
Il. EFFECTS OFCARRIER NONLINEARITY AND OUTPUT STAGE mm 2
ON-RESISTANCE ONTHD )

The first termk represents the dc component of the PWM output
In this section, we analytically investigate the effect of twand the second term represents the modulating signal. The third
parameters on harmonic distortion: 1) the degree of carrier ndarm represents the carrier and its associated harmonics. The last
linearity in the PWM; and 2) the magnitude of outputimpedanderm represents the intermodulation products between the fun-
of the output stage. In each case, we shall assume that all otttemental and harmonic components of the modulating signal,
parameters are ideal. and the carrier.
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v(o)=B+Q cosy

\
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X
e
Fig. 3. A 2-D geometrical configuration of a single-sided PWM signal.
The Fourier series of the leading-edge PWM sighAgl) 1.2 4 ! Jvel(®)
[9] can be obtained by simply reversing the time scale of the :/ v
trailing-edge PWM signak’;(t) as follows: 1.0 ~~w~——~——7:'————————————f~—93—‘”—
|
Fi(t) = Fr(-t) 3 /1 0]
B 0 8 4 / |
M [ 1 g 0 /o
=k+ > cos(wst) — Z {E sin(muw,t) é“ // :
m=1 S 0.6 - / i
Jo(mmxM == 5 e
+ Jo(mmM) sin(mw.t + 2m7rk)} + Z Z S / |
mm = .= g 041 / {
m=1 n= 5 / i
Ju(mmM) . nw < / |
. sin (mwct—{—nwst—l— 2mrk + —) ) 021 /7 !
mm 2 ) |
(3) |
The terms in (3) can be similarly interpreted as above. 0.0 ; '
Consequently, the Fourier series of the double-sided PWM 0 1 2 3
signal is time (s)
Fp (t) —Fp (t) + FL(t) Fig. 4. Exponential carrier.(¢) and its derivativer.;(¢) at the origin.
M > Jo (mw%) ) ) . . .
=k+ o cos(wst) + 2 Z E— modulating signal and the carrier) are either negligible or effec-
m=1 tively removed by the low-pass filter depicted in Fig. 1. Con-
) < fe g (mmil) sequently, the double-sided modulated PWM output signal of
cosmwet sin(mmk) + 2 Z Z mn an ideal Class-D amp will comprise only the second term in (4)
m=1 ":fl; where no harmonics af, is present. To put it simply, the THD
- cos(mw.t + nwst) sin (mﬂ'k + 7) . (4) of the PWM generated from a triangular carrier is ideally zero

We remark that as the trailing-edge and leading-edge sawto8tfice the THD of the PWM signal generated from the individual
carriers intersect at half period to form a triangular carrier, tig€@! trailing-edge sawtooth carrier and ideal leading-edge saw-

resultant amplitude of the triangular wave carrier is scaled EgPth carrier is zero.

a factor of 0.5. Consequently, the modulation indéxof the ) ) )

modulation signal for the trailing-edge and leading-edge cdp: 1he Effect of Carrier Nonlinearity on THD

riers is also scaled by a factor of 0.5. The frequency of the tri- 1) Derivation of Fourier Coefficients of the Double-Sided

angular carrier, as expected, remains unchanged. PWM Employing an Exponential Carriertn practice, in par-
We make the following remarks on (4). The first term, the diicular low-voltage PWMs, the ideal triangular carrier is usu-

component, is usually of little consequence as itis eliminated bily replaced by an exponential carrier which is generated by

means of a bridge configured output stage. The third term (haharging and discharging a simpRC integrator circuit with

monics of the carrier) and the last terms (intermodulation progguare pulses [4]-[7], [14]. The rising edge of the exponential

ucts between the fundamental and harmonic components of taerier v.(¢) is shown in Fig. 4 and an example of a popular
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Square Wave to To model the trailing-edge exponential carrier, (t), as alin-

Fop. generate the carrier KDB . . : . . .
Inlinl earizedexponential carrier).;-(t), we determine its gradient
o A i att = 0 (refer to Fig. 4)
! ! dve-4(t Ve sa
En o En | [
| —‘ [ | pwm Hence, thdinearizedtrailing-edge exponential carrier is
Cin R o i Output _ VC sat
o | : Ver-¢(t) = ——— 1. (7)
1 MWy ! —L to
! | We now normalize these carriers to a maximum valu@mnf
! _| I: | First, we find their maximum values for one peridgd
) v, R j— c, ‘: 1 B
Q § 2 | 3 Uc-t(t)|max, t=r, = VC sat (1 - (TC/tO)) ®)
S ! Ve sat
L - Vel-t (t)|max, =T, tosa T. ()]
= C,, Coupling capacitor — Ve sat
R, R, & R,: for biasing the carrier Single-Ended Wherevcl't(t) ranges from 0 to TC'
R, & C,: RC integrat . . 0 .
o & By T megraion Comparator Subsequently, using the maximum value in (9), we normalize
both carriers by applying a scaling factor of
Fig. 5. _PWM Qircuit embodying theRC integrator for generating the 2rto weto zo
exponential carrier. = = (10)
VC satTc VC sat VC sat
and obtain
S|_mple PWM_ circuit err_1p|o_ymg aRCmtegrato_r is depicted in Vet (£) = weto (1 _ e—(t/to)) : 0<t<T,
Fig. 5. This simple design is employed primarily for low-power,
low-voltage, small IC area and noise considerations. However, 0 < Veep < weto (1 - e—(Tc/to)) (11)

the circuit simplicity advantage is realized at the expense of
the carrier nonlinearity. We will now show by using the double vf"t(t) =wet, 0t <Te, 0S vy < 2_7r' (12)
Fourier series analysis that this nonlinearity results in harmorfi¢ this juncture, we have now removed the nonlinear compo-
distortion at the PWM output. nent in the original nonlinear trailing-edge exponential carrier
We first consider the trailing-edge PWM, and later th@_f't(t)' resulting in alinearizedtrailing-edge exponential car-

leading-edge PWM. As explained earlier, the double-edd§" vei-(t) @s depicted in Fig. 6(a) and (b), respectively. Note
PWM is simply a sum of the trailing-edge and leading-ed atv.-+(t) is now a sawtooth waveform. We shall now account
PWMs. or the nonlinearity of the trailing-edge exponential carrier by

To model the nonlinearity of the trailing-edge exponentianifing itto the modulating signal in the next step.
carrier and yet employ the double Fourier series analysis, weSt€P 2—Transformation of the Sinusoidal Modulating Signal,
propose a novel mathematical methodology to shift the nonlift=-t(2), t0 the Transformed (Nonlinear) Modulating Signal,
earity of the exponential carrier to the input modulating signdis-+(t): I (1), the time dependency term of the sinusoidal
Our proposed mathematical methodology involves three step@nal can be removed and the sinusoidal modulating signal
and is shown in Fig. 6. In step 1, we remove the nonlinearif&i't(t) fo_r the traﬂm_g—edge exponential carrier can be re-ex-
of the trailing-edge exponential carrier in Fig. 6(a) by trand2r€Ssed in—y domain (refer to [9, p. 267] and Fig. 3) as

fprmiljg the exponential (_:arri_er tglﬂearizedexponential car- Vyep ( Yt ) — B+ Qcosy (13)
rier (linear sawtooth carrier) in Fig. 6(b). In step 2, we account Ws
for the removal of the carrier nonlinearity by transforming the where0 < vg(y:/ws) < 2.

initially-linear modulating signal to &ransformed(nonlinear) From the exponential carrier range given in (11), we set the pa-
modulating signal, refer to Fig. 6(b) and (c). Thensformedsi-  yameters andQ as follows:

nusoidal modulating signal is then normalized. We subsequently Lk
repeat steps 1 and 2 to the leading-edge PWM. In step 3, we de- B =w.ty (1 - ef(TC/tO)) B}
rive the double Fourier coefficients of the double-sided PWM k
output by summing the Fourier coefficients of the trailing-edge =Uepp 5 (14a)
and leading-edge PWM outputs. This is depicted in Fig. 7. M wty (T Jt0)
Step 1—Transformation of the Trailing-Edge Exponential Q= 9 9 (1 —¢ )
Carrier v.-+(t) to “Linearized” Trailing-Edge Exponential M
Carrier v.-+(t): We first express the trailing-edge exponential =74 Verr- (14b)
carrierv.-(t) depicted in Fig. 6(a) as Note that for the same reason given in Section II-A earlier, we
have scaled the modulating signal for the trailing-edge PWM by
2 0.5.
Ve-t(t) = Veosat (1 —€ (t/tO)) ’ 0<t<Te <:— . For analysis using the double Fourier series, the one-dimen-

We
(5) sional (1-D) trailing-edge PWM process in the time domain is
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Fig. 6. (a) Original modulating signal,-,(¢) and the trailing-edge exponential carrier,(t) at M = 0.8 andzq = 0.7 [refer to (10)]. (bJransformed
(nonlinear) modulating signal,.-.(t) and theinearizedcarrierv.;-; (t).(c) Original modulating signal,-,(t) and thetransformednonlinear) modulating signal
Vgt (1).

transformed to a two-dimensional (2-B}y domain such that  The normalized trailing-edge exponential carrier in (11) can
the z axis andy axis correspond to the carrier and modulatingubsequently be expressed as a functiog, of

signal, respectively [9], that is / ,
Vet <ﬂ> = z0 (1 — e—(yt/yo)) (16)
Ty =wet Ws
e = wst. (15) Where the normalized maximum value of the carrieris=

weto, andyy = wsto is atime constant along theaxis. Note that
To derive thetransformedmodulating signab,;-:(y:/ws), for  the extent of the nonlinearity of the exponential carrier depends
the trailing-edge PWM, we employ a twpeoordinate system, on z.
namely,y; for the modulating signal ang for the exponential  Since the trailing-edge exponential carrigt;(y;/ws) inter-
andlinearizedcarriers. sects the sinusoidal modulating signal;(y:/ws) at the sam-
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Fig. 7. (a) Double-sided exponential carrier and sinusoidal modulating signal. (b) Resultant PWM signal from the double-sided exponenéaticheier

sinusoidal modulating signal. (Ejnearizedtrailing-edge exponential carrier;-.(t) and thetransformedmodulating signab,.-:(t). (d) Resultant PWM signal
from thelinearizedtrailing-edge exponential carrier.;-;(t) and thetransformedmodulating signak:.-;(¢). (e) Linearizedleading-edge exponential carrier
v.1-1(t) and theransformednodulating signab,-; (¢). (f) Resultant PWM signal from tHinearizedleading-edge exponential carrier-; (t) and theransformed
modulating signab..-;(t). (g) Sum of trailing-edge and leading-edge modulated PWM signals in (d) and (f), and is identical to (b).

pling points, we can obtain an expressiongpby equating (13) wvs:-+(y:/ws) at the same sampling points, thmnsformed
and (16) modulating signal for the trailing-edge modulated PWMs is

<f‘/t> _ <u£>
Ust-t \ — | = Vel-t | —
Ws Ws
1
. | el (2 ) e ()
xO—B>+y01n<1—acos(yt)> ws zo— B 1 — acos(y:)

a7 O Y mf—t
ro x9— B +roln 1 — acos(y:)

(18)

B+ Qcos(y:) =0 (1 — e—(yi/yo))

%me<

where

Q
where0 < ="
=« < rog— B

0 SOZ <:%%> < 1.

Similarly, since thdinearizedtrailing-edge exponential carrier From (18), we note that the transformed modulating signal
ver-t(yY; /ws) intersects thetransformed modulating signal vs:-+(y:/ws) depends on the values Bfand(@ of the sinusoidal

) < 1 as before
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modulating signal and on the valuestgfandz, of the carrier signal, that is, the Fourier coefficients of the PWM signal ob-
signal, refer to Figs. 3 and 4. We also note that the sinusoidained from a sinusoidal modulating signal and the double-sided
modulating signal comprising a dc component and a sinusoigxponential carrier as

term has been transformed into an expression in logarithmic

Y2 =27
form without an expression for the dc component. However, thek,,, = 4% / { [a:o ln( 0 >
7T .

dc component of the transformed signal can be obtained by in- y11=0 To =
tegrating the signal over a complete time period. + o ln< 1 )} o—inye } dy,
We have explained earlier that the double-sided PWM signal 1 — acos(y:)
is obtained by summing the trailing-edge and leading-edge 1 Yiz=2m (T t)
PWM signals. Thetransformed modulating signal for the + m/ S { {2” + o 1n<e ‘
trailing-edge exponential carriet,;-+(y:/ws), was given in B gélC_OS@I) '
(18) earlier. By using the same steps (refer to the Appendix), we + T)} e Invt }dyl n € Integer

derive thetransformedmodulating signal for the leading-edge

Yo =27
exponential carriens;-; (v /ws), as — |0, Zo n 1 Y eI gy
4m2 r9 — B 2r | J,

’ 1=0
Ust-l <£> = Vel-1 <&> y2=2m 1
Ws Ws + In 17605(:{»
_ B+ Q cos(y;) Jy1=0 @
=2r +x ln<e (Te/to) y Z T * 7T ) )
0 P fn <e—<Tc/to> 1 BHQeosly) QCOS(y))} ey (21)
(19) o

Y2 =27

0, Vn#0

2r, n=0.

At this juncture, we have now accounted for the nonlinearity ivhere / e ?"dy = {
the trailing-edge and leading-edge exponential carrigrgt) Tn=0
andw.-(t), (thereby making these carriers linear) by making/e interpret (21) as follows. The first term is a dc compo-
their respective sinusoidal modulating signals,,(t) and nent and the second term comprises the fundamental and har-
vs-1(t), nonlinear. monic components of the modulating signal. We note that the

Step 3—Compute the Double Fourier Series Coefficientsgrmonics of input modulating signal are nonzero, thereby re-
the PWM Output: By using (18) and (19), we derive the doubleulting in nonzero THD. We further note that the parameter
Fourier series coefficient®,,,, for a PWM signal resulting Which determines the nonlinearity of the carrier, shows that the
from a sinusoidal modulating signal and a double-sided expdarmonic distortion increases with the degree of nonlinearity of
nential carrier depicted in Fig. 7 as the exponential carrier; this observation is somewhat noted in-

yir=2n  pas tuitively. This parametet, and (21) is of particular interest to
K,m = 4_12 / / (vst_t <£> e—j(mx+nyt)> dzdy, ~PWM designers as it provides an insight to the degree of THD
T Jy Jax, Ws
1

t1=0

distortion as a consequence of the nonlinearity of the carrier.
Yir=2m o> Y . , We will later describe in Section Ill, a range of appropriate
+— v I gmilmatny) | 10 g ; , , :
a2, o S, A\ YL for a practical design. It is worthwhile to note tha affects
- 1= . . . . .
1 Yi2=21  pa . the dynamic range of the PWM and we will also discuss this in
- F/ / { {xo In ( 0 B> Section Ill later.
T Jy T -
1

+1=0 Zo
4 zoln ( )} e_j(mﬁnyt)}dx dye C. Effect of Output Stage On Resistance on THD
1 — acos(y) We shall now investigate the second parameter that may af-
1 [ye=im w2 fect the THD: the on resistance of the final CMOS inverters at
+ 4r? /y“:O /I1 the output stage [1]. The primary reason why the Class-D amp is
ety B+ Qcos(y) more power efﬂc!ent than class_|cal Ilrle_ar ampln_‘|ers is because
-9 |2m+2pln( e + T its output PWM signal is essentially digital or switch mode. The

MOS transistors of the inverters in the Class-D output stage dis-
. eI (matnys) }da: dy;. (20) sipate very little power in the ohmic region when they are turned
on. However, this on resistance is not negligible [1], [10] if the
We described earlier that the THD of an ideal PWM is zerimpedance of the load is relatively low, as in the case of hearing
Since thdinearizedexponential carrier in (20) is ideal, the THDinstruments (typically<600 €2). This will result in a slightly
of the PWM signal due to the nonlinearities of tinensformed “amplitude modulated” signal at the PWM output as shown in a
modulating signal is simply equivalent to the THD of thens- PWM signal obtained experimentally in Fig. 2. This amplitude
formedmodulating signal. modulation becomes more pronounced at higher modulation in-
To obtain the Fourier coefficients of theansformedmnodu- dexes.
lating signal, we set» = 0in (20), thatis, we remove the carrier To investigate the effect of on resistance (with all other pa-
component and its harmonics, and the intermodulation terms ba@meters assumed to be ideal) on THD, we model the output
tween the carrier and the modulating signal. Hence, we finaliyage to a first-order approximation as a simple output source
express the Fourier coefficients of ttransformedmodulating resistanceR,,,, as that depicted in Fig. 8. We remark that this
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"""""""""" ' 60
Ideal R, L, 50 4
ClassD |, AAA_ of A~~~
output 15 mH 401
stage g
a 30
__________________ e
(=
20 4
c, Load, R,
0.1uF| ~600 ohm 10 1
------------------ 0 . . .
0.0 05T 107 157 207
Ideal
Class D R,, Lz Carrier non-linearity, x,
FHO—AAN——O04— Y Y
output 15 mH . . ) L
stage Fig. 10. THD based on MATLAB simulations [(21)] at modulation index
L Filt M = 0.99 (or near full signal swing) with carrier nonlinearity ranging from
................. owpass Fiiter 2o =027to27.

Fig. 8. Circuit model for simulating on resistance. . . i X
is used to compare against the modulation signal to generate the

PWM output is quasilinear. To put it differently, the greater the
T nonlinearity pf the_ carrier during the process o_f comparing with
the modulating signal to generate a PWM signal, the greater
the deviation of the resulting pulses from ideal. This deviation
fe=40 kHz results in harmonic distortion.
251 fs=1kHz ] Using the theoretical Fourier series coefficient derivation in
(21), we summarize in Fig. 10 the THD (Af = 0.99) as a
1 function ofz, the degree of nonlinearity of the carrier. We note
here that, as expected, the THD increases with the nonlinearity
{ ofthe carrier, i.e., with decreasing. From this study, we rec-
ommend a range of 1/6to 2.0x for z¢. Note that the maximum
value ofx, cannot be arbitrarily chosen because a largwill
reduce the maximum allowable input modulating signal range.
This is the case because for a given carrier frequency, the more
linear the exponential carrier, the lower is its peak-to-peak signal
/ swing. This would in turn reduce the dynamic range of PWM.
% o1 o0z 03 o4 o0s os o7 os os 1 Themaximum signal range of the input modulating signal for
Mocddation ndex zo = 1.57 to 2.0 is approximately(1/3)Vpp, and results in
Fig. 9. Comparison of THD based on numerical integration and FFT. acceptable signal swing in practical realizations. In hearing in-
struments and other low-voltage electronic instruments, the dy-

model is true when the MOS transistors are operating in thgmic range is usually limited and needs to be preserved where
ohmic region and where the drain-to-source voltage is sm ssible. It is worthwhile to remark that we obtain the same re-

(<0.4V). This model will be used in our MATLAB simulations.SUItS in Fig. 10. ifwe determine_the THD by perfo_rming an F.FT
In HSPICE simulations, we will use practical output stage d n the PWM signal output obtained from the original sinusoidal

signs and we shall compare these MATLAB and HSPICE Sin|{1put modulating signal and the double-sided exponential car-

: . rier.
ulations with measurements on prototype ICs. We summarize in Fig. 11 the THD obtained from MATLAB

[(21)], HSPICE simulations and practical measurements for dif-
ferent modulation indexes for two carrier nonlinearitieg, =

We will first verify our theoretical derivations of the Fourier0.5 = andzy = 1.5 x. The HSPICE simulations are sim-
coefficients in (21). We do this by comparing the THD obtainedlations of the practical circuit depicted in Fig. 5. The mea-
from (21) using numerical integration [15] in MATLAB with surements, on the other hand, are based on circuits constructed
that obtained by performing a 1024-point fast Fourier transforfrom off-the-shelf devices connected to a prototype IC (Fig. 12)
(FFT) (also in MATLAB) on the PWM signal obtained from theembodying Class-D output stages. We note from Fig. 11 that
original sinusoidal input modulating signal and the double-sid¢kde THD determined from (21), HSPICE and measurements
exponential carrier. Fig. 9 depicts the THD obtained from thesgree well, thereby verifying our analytical expressions in Sec-
two methods forzg = 1.5 7 over the full-modulation index tion II-B earlier. Based on this study, we recommend thabe
range. As the THDs agree well, our derivation of (21) is henaosen to be between 1z5and 2.0xr, and this range is con-
verified. We further remark from Fig. 9 that the THD increasesistent with our earlier recommendation. We further note, as
when the modulation index increases. This is expected becahséore, that the THD increases when the modulation index in-
when the modulation index is small, the part of the carrier thateases.

3.5 T T T T T T T T T

Percentage THD

-
3]
T

05

I1l. SIMULATION AND MEASUREMENTRESULTS
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. . . . Fig. 13. Comparison of THD between MATLAB simulations, HSPICE
Fig. 11.  Comparison of THD between MATLAB simulations [(21)], HSPICEgimylations and measurements on prototype ICs for different output on
simulations and measurements on prototype ICsfor= 0.5 andxo = 1.57.  agistances.

We note that the THD is small in all cases. The measured
THD are somewhat larger than the simulated values and this is
probably due to the nonperfect triangular carrier and other prac-
tical nonlinearities. Of particular interest, we note that the dif-
ferent on resistance have little effect on THD as predicted by
our simple model in Section II-C. Nevertheless, it is probably
worthwhile noting that the output PWM for a high output re-
sistance (relative to the load) is slightly amplitude modulated.
This modulation has little, if any, effect on THD. However, the
' maximum signal output is slightly reduced, and the reduction is
less than 5% for the worst case condition/f, = 17 Q in this
experiment.

E | Vw H. %ff;% z:‘;f'::é;q | V.- CONCLUSION

We have investigated the effect of the nonlinearity of the car-
Stageg.ier in the PWM circuit and the effect of on resistance of the

Fig. 12. Microphotographs of the 3 Class-D output

Ron(Qutput 1) = 17 €, R,.(Output 2) = 53 Q and oOutputstage on THD. By means of a novel mathematical anal-
Ron(Output 3) = 2.9 Q. ysis method, we have shown that the nonlinearity of the carrier
should be small to achieve a low THD. We have shown that the
TABLE | on resistance of the output stage has little effect on THD. Our
W/ L RATIO AND ON-RESISTANCE OF THECLASS D OUTPUT STAGE pMOS  analyzes have been verified by computer simulations and on the
TRANSISTORS(W,, = W, /2.77) IN FIG. 12 basis of experimental measurements.
ot APPENDIX

2997 pm/1.2 9558 pm/1.2 17873 pm/1.2 . . .
" - " - H - Step 1—Transformation of the Leading-Edge Exponential

Ron 17Q 53Q 29Q Carrier v.-(t) to the “Linearized” Leading-Edge Exponential
Carrier v.-(t): The leading-edge exponential carrigr ;(t)
can be expressed as

We designed a prototype IC embodying three different Vet (t) = Vi sat (e—(t/to) _ e—(Tp/to))
Class-D amp output stages depicted in Fig. 12 whosd. ra-
tios of the final inverter transistors (or equivalent on resistance) 0<t<T. <:2_7T> (A.1)
are different as tabulated in Table I. e

Fig. 13 depicts the THD for the three different output stagesd thdinearizedleading-edge exponential carriers (for one pe-
based on MATLAB, HSPICE simulations and on the basis ¢fod) is
measurements on prototype ICs for two modulation indexes,

M = 0.5andM = 0.8. A linear triangular carrier is used and
the MATLAB results are based on a 1024-point FFT analysis of Ve sat
the PWM signal. whereve-i(t)],_, = o T..

Ve () = — Vi;“ (t—T.) (A.2)
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