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Integrated Delta-Sigma 1. Sbit Power DAC with 100dB Dynamic Range
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Abstract: A stereo 1. 5bit delta-sigma digital-analog converter (A3 DAC) integrated with a filterless class D pow-
er amplifier is introduced. It consumes no static power,and its maximum output power is 436mW with an 8Q load.
Its output dynamic range exceeds 100dB. The circuit is implemented with a TSMC 0. 18xm process. The die area is

0. 28mm*. The supply voltage is 1. 8V for the digital part and 3. 3V for class D.
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1 Introduction

The past five years have been a golden time
for the development of consumer electronic prod-
ucts. According to the prediction of the Internet
Data Corporation (IDC),the multimedia market,
including MP3 players, PDAs, DV cameras, and
portable phones, will increase by at least 230%
from 2004 to 2007. Therefore, the design of audio
DACs, which are necessary components of these
multimedia products, is also attracting much at-
tention.

The delta-sigma DAC is the most popular
structure for audio signal processing. A typical A
DAC consists of a digital interpolator, a digital
AZ-modulator (DSM) ,a 1bit DAC.and an analog
signal reconstruction filter'''. Since multimedia
products require portability and low power-con-
sumption,today’s audio DACs are often integrat-
ed with linear power amplifiers (PA) to drive a
load such as a speaker directly™’ .

The majority of the silicon area of DACs is
occupied by digital circuitry whose area and pow-
er consumption are dropping dramatically with
the development of technology scaling. The ana-
log part, including a reconstruction filter and a
PA,then becomes the bottle-neck for further im-
proving DAC technology. In the new generation
of CMOS processes;it is becoming more and more
expensive to implement linear capacitors in the SC
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reconstruction filter. Moreover, the filter and lin-
ear PA introduce harmonic distortion and con-
sume much power.

In this paper,a delta-sigma power DAC with
filterless class D power amplifier is introduced.
The proposed power DAC removes the recon-
struction filter and replaces the linear PA with a
filterless bridge-tied-load ( BTL )
drive class D amplifier whose power efficiency is
much higher. Its 3-level (1.5bit) output can re-
duce the circuit’ s current consumption further.

differential-

The proposed DAC can be conveniently applied as
macro blocks in audio codecs and can more easily
undergo a process migration following the fast e-
volution of the digital processes than can tradi-
tional structures. The supply voltage is 1. 8V for
the digital circuitry and 3. 3V for the class D am-
plifier. The maxim output power is 436mW, and
the measured dynamic range exceeds 100dB.

2 Architecture of the 1. 5bit DS pow-
er DAC

Figure 1 shows the signal flow diagram of the
1. 5bit DS power DAC. The 16bit digital input is
first interpolated 64 times and then applied to the
digital 4th-order 1.5bit DSM. The output of the
modulator is converted to three voltage levels and
drives headphones or speakers through a BTL
class D amplifier. Since the DAC is used for audio
codecs and people’s ears can only perceive signals
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between 20Hz and 20kHz,no filters are needed to
remove the noise beyond 20kHz. The power sup-
ply for the class D amplifier is 3.3V, while the
digital circuit operates at 1. 8V to reduce the dig-
ital power consumption and switching noise.

1.5bit class D
33V
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Fig.1 Signal flow diagram of the 1.5bit A power
DAC
2.1 Interpolator design

A high over-sampling rate (OSR) can depress
the in-band quantization noise and reduce the or-
der needed for the AS modulator'® . Thus an inter-
polator is used here to enhance the OSR and filter
the image. The order of the interpolator increases
with the sample frequency and the width of the
filter’s transition band"'. To reduce the order of
the interpolator.a cascade structure is used with
two FIR half-band interpolation filters and one
band-pass interpolation filter (as shown in
Fig. 1). The half-band filters increase the OSR of
the input digital signal by 2 times, and the band-
pass filter increases the OSR by 16 times. Since
the transition bandwidth of the first filter is the
narrowest,its order is the highest. To reduce the
circuit cost,this filter is designed as one prototype

(41 The structures

filter with several sub-filters
and coefficients of the sub-filters are completely
identical. As expressed in Eqgs. (1) and (2),if the
prototype filters consist of 2m — 1 sub-filters
whose order is 2n — 1, the order of the prototype

filter (Foo) is Zm —1)@2n—1) +1.
m-1

Fsub(z) = Zﬁmzf_)(m — k)(szk + me+l<)

k=0

@y
n-1

Fprm(Z) — Z—<2n—1><2m—1> + Zz{fl (n — i) X
i=0
[FSUb(Zf2):|2i+l(272)<2mfl)(nfifl)} (2)
Then only one sub-filter needs to be realized with

hard-ware, which can be reused 2n — 1 times to
implement the high order prototype filter.

2.2 Design of the 1. 5bit AX modulator

The structure of the 4th digital AS modulator
is shown in Fig. 2. It shapes the quantization noise
to a higher frequency band and then satisfies the
required in-band SNR. To drive a low resistive
load such as speakers or headphones, the output
power of the modulator must be amplified. For a
traditional linear PA, the quantization noise at
high frequency must be filtered by the reconstruc-
tion filter in advance, and the order of the filter
must be higher than that of the delta-sigma modu-
lator® . Such a high order filter occupies a large
area,consumes great power, and introduces some
distortion as well.

1.5bit

3level (1.5bit),

quantizer

1. 5bit 4th AS modulator

Fig.2

To solve these problems,a 1. 5bit A, modula-
tor is proposed in this paper. Its output is a 3-level
code (“007,“10”,and “01”) that is applied direct-
ly as the input of a class D amplifier. Since this
power DAC is applied for audio codecs, the per-
son’s ear is an initial low pass filter (pass band is
20Hz~20kHz) ,so no post-filter is needed for the
class D power amplifier. Compared with the tradi-
tional structure, the 1.5bit structure can achieve
better SNR and equally good linearity.

Moreover, the efficiency of the 1. 5bit filter-
less class D amplifier is also higher than that of a
1bit one. As shown in Fig. 3, the differential out-
put varies between positive and negative power
supply for a 1bit class D amplifier because its load
is low resistance. Then the current through the
load is always high,which causes high power loss.
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Fig.3 Class D amplifier output voltage across load
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For a 1. 5bit class D amplifier, the voltage across
the load is set at 0 during most of the working
time when the output of the modulator is “00”.
This greatly reduces both the I?R loss in the load
and the switching power loss.

2.3 Class D amplifier

The class-D output stage not only provides
large driving to the load, but also acts as a 1. 5bit
DAC. It is critical to ensure that the signals in
cach branch of the differential path have equal
rise and fall times. Then the layout of the output
stage transistor should be designed to be as com-
pact and symmetric as possible. Compared with
conventional finger transistors,the bent-gate tran-
sistor as shown in Fig.4 can increase the gate
width while simultaneously allowing the gate
strips to be packed more closely. The use of 135
bends is less prone to localized avalanche than 90°
bends and can improve robustness under extreme
conditions,such as those encountered during ESD
testing. Moreover, it simplifies metallization and
backgate contact distribution. The source and sub-
strate of the transistor can be very close. Then this

D:drain sub:substrate
S:source
D NP S NP
s S

b o

Fig.4 Bent-gate transistor

layout pattern is insusceptible to backgate debias-
ing and latchup.

3 Measured results

The chip micrograph of the integrated stereo
delta-sigma power DAC is shown in Fig. 5. The
chip is implemented with a TSMC 0. 18;:m CMOS
process. The power supply is 1. 8V for digital cir-
cuits and 3. 3V for the class D amplifier. The scale
of the digital circuit is 47,000 gates and the die
area for the two-channel class D amplifier is
0. 28mm”. The maximum output power of the use-
ful audio signal is 436mW with an 8Q load. The
chip was measured with an ATS-2 audio test sys-
tem. As shown in Fig. 6, the floor noise is about
—100dBv (7.75pV) and the output dynamic
range exceeds 100dB. The total harmonic distor-
tion (THD) is less than 0. 02% and the THD + N
(in-band noise) is less than — 72dB. The detailed
measured results are listed in Table 1.
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Fig.5 Chip microphotograph
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Fig.6 Measured output spectrum of the power DAC
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Table 1 Measured results of the chip greatly reduces the I’ R losses in the load and the
Specification Performance Comment switching power loss. The tested output dynamic
Output swing +2.64V Differential, Rioaa = 8Q range of the power DAC exceeds 100dB.
Dynamic range 100dB 20kHz BW, f, = 48kHz
@ 6kHz
THD 0. 02%
= ? (20kHz BW. f, = 48kHz) References
. @ 6kHz
THD + Noise <72dB (20kHz BW . f, = 48kHz) [1] Peng Yunfeng, Kong Derui, Zhou Feng. Design and imple-
- mentation of a novel area-efficient interpolator. Chinese
Maxim output . A i
436mW Rioaa = 8Q Journal of Semiconductors,2006,27(7) :1164
ower
p [ 2] Pernici S. Fully integrated voiceband codec in a standard
— ; y integ
Chip size 0. 28mm Two channcl digital CMOS technology. TEEE J Solid-State Circuits.2004.
4 =1.8V Vv for digital circuit,
Power supply pPp DDD & " 39(8):1331
Vioor = 3.3V | Vippr for class D amplifier [3] Steven R N, Schreier R, Temes G C. Delta-Sigma data con-
verters. New York: Institute of Electrical and Electronics
: Engineers,1996
4 Conclusion nefmeers . ,
[ 4] Tapio S.Design of FIR filters as a tapped cascaded intercon-
) . nection of identical sub-filters. TEEE Trans Circuits Syst,
In this paper,a novel audio power DAC was 1987.34(9) :1011
presented. Compared with the traditional struc- [ 5] Fujimori I.Nogi A.Sugimoto T.A multibit delta-sigma audio
ture,it avoids the usage of a reconstruction filter DAC with 120-dB dynamic range. IEEE J Solid-State Cir-
. . . cuits, 2000,35(8) : 1066
and replaces the linear PA with a 3-level (1. 5bit) , _ .
[6] ChangJ S. Analysis and design of power efficient class D

class D amplifier whose efficiency is much high-

er. It consumes no static power. The 3-level output

amplifier output stages. IEEE Trans Circuits Syst, 2000, 47
(6):897
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