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This project is to design and realize a completely-
in—-canal/in-the-canal (CIC/ITC) advanced digital
hearing aid system. In additional to typical hearing
aid functionalities, such as hearing-loss
compensation, noise reduction, and echo cancellation,
we will also develop binaural processing techniques
to further improve the hearing aid performances.

On the system design, we will continue improving the
hearing-loss compensation strategy specifically
designed for Chinese-speaking population. We will
develop signal processing techniques rooted in
understanding human hearing perception to achieve
speech enhancement for hearing aid users.

Furthermore, we will develop the communication
technology for binaural hearing aids. Hearing aids
on both the right ear and the left ear will be able
to communicate and exchange signal parameters for the
purpose of synchronizing and balancing them, thus
preserving the directionality of the sound field.

The joint processing of binaural signals can enable
the acoustic source separation techniques which can
be used to improve the efficiency of noise reduction.
Actual clinical tryouts will be employed to evaluate
the performance of the hearing aid functionalities we
develop.

On the hardware design, we will design several
generations of hearing aid SoCs. The chips will
include a digital computing engine and some hardware
accelerators for executing all hearing-aid signal
processing and other auxiliary functions. The
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digital circuits are operated under reduced supply
voltage to decrease power dissipation. Also on the
chip are analog circuits, including analog-to-digital
converters for converting microphone signals into
digital signals, digital-to-analog converters for
converting digital signals to speaker sounds. The
power management circuits convert battery energy into
stable supplies to power other circuits on the SoC.
The chips will be fabricated using a 90 nm CMOS
technology. Total power consumption of each SoC chip
will be less than 1 mW. We will also develop high-
efficient MEMS speakers, inductors, and heterogeneous
micro carrier. This micro carrier can package
acoustic devices, SoC chip, and other components to
form a complete hearing aid system.

Hearing Aids, Digital Signal Processor, Low-Power
System on a Chip, Mixed-Signal Integrated Circuits,
MEMS.
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Abstract

This project is to design and realize a completely-in-canal/in-the-canal (CIC/ITC)
advanced digital hearing aid system. In additional to typical hearing aid
functionalities, such as hearing-loss compensation, noise reduction, and echo
cancellation, we will also develop binaural processing techniques to further improve
the hearing aid performances.

On the system design, we will continue improving the hearing-loss compensation
strategy specifically designed for Chinese-speaking population. We will develop
signal processing techniques rooted in understanding human hearing perception to
achieve speech enhancement for hearing aid users. Furthermore, we will develop the
communication technology for binaural hearing aids. Hearing aids on both the right
ear and the left ear will be able to communicate and exchange signal parameters for
the purpose of synchronizing and balancing them, thus preserving the directionality of
the sound field. The joint processing of binaural signals can enable the acoustic
source separation techniques which can be used to improve the efficiency of noise
reduction. Actual clinical tryouts will be employed to evaluate the performance of
the hearing aid functionalities we develop.

On the hardware design, we will design several generations of hearing aid SoCs.
The chips will include a digital computing engine and some hardware accelerators for
executing all hearing-aid signal processing and other auxiliary functions. The digital
circuits are operated under reduced supply voltage to decrease power dissipation.
Also on the chip are analog circuits, including analog-to-digital converters for
converting microphone signals into digital signals, digital-to-analog converters for
converting digital signals to speaker sounds. The power management circuits
convert battery energy into stable supplies to power other circuits on the SoC. The
chips will be fabricated using a 90 nm CMOS technology. Total power consumption
of each SoC chip will be less than 1 mW. We will also develop high-efficient
MEMS speakers, inductors, and heterogeneous micro carrier. This micro carrier can
package acoustic devices, SoC chip, and other components to form a complete
hearing aid system.

Key Words: Hearing Aids, Digital Signal Processor, Low-Power System on a
Chip, Mixed-Signal Integrated Circuits, MEMS.
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BREFHFAUTEKRIGA)
Analog interface Circuits for Hearing Aid SoC (3/3)

T E WEL ¢ NSC-101-2220-E-009-014

#iEHT  p 101 # 8 7 1 p4=3 102 &# 7 7 31 pit
d4FA S AN BT I AT
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Email : jt.wu@g2.nctu.edu.tw http://www.alab.ee.nctu.edu.tw/wpjtwu/
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RPELTEOREG Y2 A FEUP RS BT - R
LE R E RS R B RS SE AR NS A
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This project is one of the sub-projects of the “Advanced Hearing Aid SoC and
System” project. The objective is to design and realize the essential low-power
mixed-signal interface circuits, and then integrate those circuits with other digital
circuits on the same chip. This project will develop (1) an audio analog-to-digital
converter; (2) a digital class-D speaker driver; and (3) a digital power management
circuit.  This project is a continuation of a previous research. We will develop new


mailto:jt.wu@g2.nctu.edu.tw

techniques to improve circuit performances.

At the microphone end, the required signal bandwidth is 20 kHz and the dynamic
range is as high as 100 dB. We have developed a new delta-sigma analog-to-digital
converter (ADC) with digital calibration, which was used to reduce the power
consumption of the operational amplifiers. We will improve the dynamic range of
the existing design while further reducing its power consumption. We will also add
a programmable-gain amplifier at the ADC input to cover the entire dynamic range of
the microphone.

In a hearing aid system, the speaker drivers consume a significant portion of
power. We have designed a high-efficient class-D speaker driver. We will further
reduce the distortion of the driver. We will also design driver circuits for the MEMS
micro speakers developed in a separate sub-project.

The power management circuit for this project is to extract energy from a battery
and provide stable power supplies for other circuits. We have proposed a new digital
power management technique to realize complex control mechanism while improving
efficiency. The system requires a low-power ADC, which will be realized using the
successive-approximation-register (SAR) architecture.

All circuits will be integrated on a single chip fabricated in a 90 nm CMOS
technology. Operating under a 1 V battery supply, the total power consumption for
the analog circuits will be less than 500 uW.

Key Words: Low-Power Analog Circuits, Mixed-Signal Integrated Circuits, Hearing
Aids.
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Fig3BOZ A FARER * ' BT BBz d~ B Latch ;¢ vt R E o
% CLK ™3 BRpF > 3 B &> Reset ;2 18 » 7 & 4 M1 © M6 # Drain ‘;#;’Kfrft#i
3 VDD- § CLK i< 7 BRE I % 7 &> é’;ﬁvﬁi%] > Vigg £5d M1fr M2 %= >
£ 54 M3-M6 # 4 Regeneration -

Technology 90 nm CMOS
Signal Bandwidth 24.4 kHz
Sampling Rate 6.25 MHz
° Oversampling Ratio 128
i Input Range 500 mVpp
3 Peak SNDR (dB) 88
;g Dynamic Range 100 dB
SFDR (dB) 99
Supply Woltage 1.0V
Power Dissipation 860 pwW
Active Area 560x780 um?
Table 3B.1

WF gL A0 % B(DSM)® = TSMC 90 nm CMOS @A # iF & & & o
Fig3B.7 £.% ¥ BB & cDSM } * cha 4 5 560x780 um®e 2 1V c1 g BT 4% i%
DSM g ¥4 5 7 i£ 6.25 MHz » @ ¥ i 4£ 860 pW x5 o & Oversampling
Ratio £.128 | DSM £/ » 47 % & 24.4 KHzeDSM 4 # i » 4 {1 £ 800 mV -

Fig 3B.8 £ & ip| 7| 1 2 4 DMS #ij 1147 3% o i » Su s 5 L 1.3 kHz - iy »
¥= g -7.37 dBFS-Fig 3B.9 &_% ip| ¥| 2k #F DMS ﬂi%l 41 4F 2¥ - Signal-to-Noise Ratio
(SNR) 7 90 dB - Signal-to-Noise-Plus-Distortion ratio (SNDR) 3 88 dB
Spurious-Free Dynamic Range (SFDR) 7 99 dB - Total Harmonic Distortion Plus
Noise (THD+N) 7 -93 dB - Fig 3B.10 &_% | ¥| - SNR/SNDR éﬂi%] » B g e
B %) o By~ cE 5 1KHZ o b+ 7 SNR/ISNDR/SFDR 2 5 2 3085 » U 5LR 1§
#_-7.37 dBFS p¥ - Dynamic Range |73 100 dB-Table 3B.1 #_# & & B3] 242 o
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[Murmann06] Boris Murmann et al., “Impact of Scaling on Analog Performance and
Associated Modeling Needs,” in IEEE Transactions on Electron Devices, vol.
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[Changl3] C-L Chang and J-T Wu, “A 1-V 100-dB Dynamic Range 24.4-kHz
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3C. #c iz Class-D #f o™ 558 7 B

BAERCE Y awpleNSRd TELS EE B FoeF e 4 B - B 3C.1 5 #kcix Class-D
ek B2 AR Class D2~ BHE*BM7#H > VEFAAFES T -
BAE A Bt v R G RGBT AR AT e @i
Class-D %+ BHHT 3 #difet s ot JEH B 51 Fendg s> 3 g g,:l«
g R {2 f R B F o k= Class-D+ B7 4~ 53 B R M
5.3 % % B (Digital Pulse Modulator ) frﬂi@l RIS =3 (Output Driver) o TL‘EJ*UF’%;E
REDEY LD ol R B TR f o R gk - A R
(Pulse) 2t 55 % 44 ﬁi;J:‘:..%k HENS R]2 0 A ﬁi;J* BT RN H - ‘j& e
SRR T LM RERERPTF T ORI R L_ﬁ%]»l T2 (8D
i ok B (Low-pass Filter) 17 5 f2aa &% » #— =1 awi r%rr’w{zﬁb%r :Nz»g W
e AE A EL o

— . - . [
Input Modulator Driver Filter

Digital JIFHILLUF Digital Pulse m Cutput Low-pass /\/|:|<]

Fig 3C.1: #ci> Class-D *x+ & -

Digital 16-b 8x 16-b | Algorithmic | 16-b 3rd-order 8-b Pulse 1-b
| —_— | | - PWM - Noise - .
NPUt g kHz | INterpolator | g4 ki, 384 kHz| Shaper |384kHz| Generator

Fig 3C.2: # i~ PWM 2 % %

P gAY R EZ i Class-D *x+« BERAEAF > T L A
Delta-Sigma Modulation (DSM ) [Kim06] = Pulse-Width Modulation (PWM )
[Adrian09] = #g - 2 ¢ PWM Class-D Sg# T B ci7 34F 5 > 1235+ € 5 §xr§
SRS o i £ R MR ERY Slici Class-D %%+ % o ] 3C.2 #r% L i
e PWM A % EwHE] o 3 % B enlici 4 ﬁ'ﬁﬂi%l g (16 v ~ B
PR 5 48kHz) 7 £ ¢ (T3 8 & «hp & (Interpolation) #& 3 = 16 =~ ~ 384 kHz
SRLEL 0 N FEP r’ﬁ"f T B PR B e B PWM T B2 (Algorithmic PWM,
APWM) z_ 4 #4 4 & (Total Harmonic Distortion, THD) # 3¢ » ¥ 3% & {5 &
wEsea A (30 order Noise Shaper) #1% sdgB~4 (Over-Sampling) - p & &
B MR FEE APWM RH. 2 BA % 5 16 =~ ~ 384 kHz sh#ic 2% 7% &
ME. - B 3C.3 & APWM 3 % = ;2 2 57 & B[Pascual00] » @ ® ty[n] = 1 * ﬁi;J/\ 2
55 X[n-1] ~ x[n] ~ X[n+1]4v X[n+2]#7 R 18 % g R 5 0 B 3C.4 2.2 6.6 kHz
H %f{ﬁi;J/\ (16 ==, 384 kHz) 7 APWM iz 4 2 e et (THD+N) #-
#HEE H? NPWM ;2 I‘*’tml6 =~ PWM 352 THD+N % B~ LPWM 3 &
F1#* x[n]He x[n+1]iesptp £ 978 PWM 5.2 THD+N £ 3R o d M;%]*'i ik
APWM ¥ i L LPWM 1 THD+N % Iﬁ.";if?ﬁ;]  RMEH Ar A B IR %

MEJRT 5 0dBFS B > APWM 5 THD+N % -91dB -

21N

.___
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Fig 3C.3: APWM (Algorithmic PWM) # % = ;= o
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Fig 3C.4: APWM 4,25t % E 40 3220 ] o
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~(t
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Fig 3C.5: Noise Shaper -

& APWM F 8.2 15 » %gvj = F# Noise Shaper » 16 i+ =~ efic i+ % B & & 3150
¥ L8 A~ 384 kHz o i A e FF A UL R R w3 T < bt X Pulse
Generator srpF P& 4F 5 > X T L et ) 42 o §] 3C.5 #1757 & Noise Shaper 2. 7
HE- 2 7 h[n] & wip st § 5% 5 (impulse response )- ] 3C.6 214 6.6 kHz
7 ~ (16 1= =, 384 kHZ )5 APWM + 3"-order Noise Shaper # 1 33 5L47 3 W] -
H THD+N ~ THD 4= SNR 4 %] 5 -89dB ~ -92 dB {~ 96 dB - #* Noise Shaper i% i
3ppehw PE A B 0 T 48 = A ch PWM B2 3 S L fe 3 dF 4 95 dB =
+ oo P R ELAE ﬁ?] AR 5T o THD+N £ LR 48 APWM erzbad £ B 97
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Ax_o £ 3C.1 #r7]% APWM + 3“order Noise Shaper 22 THD+N ~ THD 4= SNR

-20

-40 |
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PSD (dB)
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_‘l 60 L L L 1 " 1 " 1 i 1 L 1 L 1 L
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Frequency (kHz)

Fig 3C.6: APWM + Noise Shaper #3 ¥ ]

Table 3C.1: APWM + 3"-order Noise Shaper % I -

Input Frequency | THD+N (dB) | THD (dB) SNR (dB)
1.03 kHz -95.1 -106.4 96.3
6.66 kHz -89.5 -92.2 96.4

# {4 Noise Shaper 313?] e 8 AR fiFE R M ELE-5d Pulse Generator A2 #
1=~ PWM L5t B 3C.7 & Pulse Generator 2 77 & B > 3 i » JLHL 5 4 7%
B R BT B IGUEL S - PWM ) p SR 2~ AP S SRR o i
= PWM # % % ¢ Pulse Generator ¥ &L e5 = ;2 5 (1) ™ ki #& F(Counter)
F I (2) mut&ks (Tapped Delay-Line) 935 (3) R & - Byt AR N9
oo * -8B %k IR Pulse Generator Z & — B 47 PF% o B3t Bo R endl (THR 5 5
B BB 920 B Bt b 08.3 MHZe B 4 1T B RIRF w4
RS EHRG G E B AR Sl e B RA A A AR BT R
B4 75 Pulse Generator ¥ 4.*%4 B 4P % en g o e X Btk H < (delay-cell) 7
A2 b BPFTEREA T RPN SNR 20 2tk 5 SNR ALk

(>0 dB) % > & - B PWMEH P 24 5 Z M2 pulpm il
PR ehe iR AP I BHEBMR N F T MBI TSR bR E S
TP BRI 0 A M K= PWM ks o B 3C.8 5 iR
& 3| Pulse Generator 2_ 7% # Bl {rid )7 LB > &8 =~ mﬁ%] x5 (PWM In)

? > 5 5 % MSB (Most Significant Bit) ¢ :*# % ( Counter-Based Pulse Gen.) J&
A2 PR BT R (Vo) » 230 %iﬁ%ﬁ%] » e MSB B 4p ks et
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BERF% (CKer) 2% ESZ L1 &% B PWMIEHE% (CKpym) 2% E 8
50 VeEFiFieau 2 (Tapped Delay-Line)  #—- B CKyit#p 22 8B
& &k gl > £ 1945 PWM In 03 B LSB (Least Significant Bit) #:i§ % 1
£ (Mux)E# 5 PWM £ ¥ (reset) 3 5L ( Vi) @ PWM 2k & (set) 350 (Vser)
Hd PWM i) pFek 5 i - BB % e 95 v (synchronize) 2 2 - &t PWM 2
%ﬁ%ﬂi’%‘% 5L (prm> Al ’5’\1‘3% Vsetﬂf‘f' Vmux # SR ﬂlp-ﬂOp A2 o

Digital PWM In ——»

Pulse
Generator

A

UL

CLK
Fig 3C.7: Pulse Generator -
3
¥
:V é Vmux
[}
8 | 5 | Counter-Based |Vent -
PWM In Pulse Gen. »| Tapped Delay-Line DR alwy
A A >S pwm
CKpwm (384K) Vset
CKent (12.3M)
CKent \__f /[ /[ .-/ L L/ L/ .-/ L L
CKpwm [ [ \ [T\ [T L
Vet | [ \ / SR W
Vset \ \
Vimux 4/ \ /_ b U I
prm \ \_. . —

Fig 3C.8: i & 3] Pulse Generator 7 1% 7} [
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Counter | Vent

PWM In — . »| Tapped Delay-Line
Pulse Gen.
T [ BN BN ] -
CKent .
) F]
Vdl,1~P+1 . |2 Vimux
I .
| + oo e *
CieeeCp «=———  Edge Detector [+ CKyet
CKemt — L1 L1 LI 1 I

Vot — 1 [ S—

Vaig 1 i I S

Val,3 ] | ] L1

Vd|’4 : : : 1 : : : | .

cKres I L0 T L[ L1 S I
C1C2C3 C1C2C3

Fig3CO: #Bampri A BRIZEHE 7 LBl -

7 B 3C.8 % Tﬁt’ P AEB AR EEPFR L - B CKyy ik P40 e 0 158
FOUAEH g S 4 4pae B (Delay Lock Loop, DLL) #jsk s R o ¥ *hat 24 e 8
lﬁ&ﬂﬁmmhﬁ@%ﬁ“» &EARE 0 B EH A2 e 24 (Timing Skew )
Mg BT AR ONR AT o 57 fRA LR R AP D T - R af B MpE
[ ffimiiﬁv B 3C.9 #17r & @ z?Jbix/iﬁfﬁF'“E@#m HRfoT LR Bl P CKe
n; B2 CKent 25K H e % s 55> 41 % 18 4% 4 Jp| B (Edge Detector ) % 1 B CKees

% (Rising Edge ) % 4 ehpF R » 1 #&ﬂ A BUAE AEFPN K fies B 1Y
Cl, v, Cpledr™ % - BI3CO ™3 St ip 3211 4 f‘:;uﬁ%] »~ (2-bits counter +
2-bits delay-line) 5 b #7r% ik 257 & B 1345 2 ==~ MSB> 3 #c § ev'v@%] B (Vent)
B kg R L AREE R IR s 3 L UERE R R AR R
BRI (Vaia)> C,Cop C3 58 F CKeg 2 i 5 A #pﬁﬂ?m&@fsﬂﬁ;] »ni 7
w2 =t e d 3 CKir 82 CKey b ) 0 CKigr 2 538 2 R i 5 %
(probability density ) ¢ % 3323 4 # (uniform distribution) > & # But & ¥ ~ F"*
L EA > CKet 2 4 5 5 'L%#Mﬂ?miﬁ@ﬁﬁ;]ﬂiiﬁ“m’?ifkﬁtéﬁﬁpﬁ ’
Flgt S -'l%ﬁr_’ Ci|Coemie Rt BMPFRF A HF A o
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f bR & 4] Pulse Generator » (B 3C.8 ~ 3C.9) » Counter-Based Pulse Gen.
- DAk E o d Bl & & F IR - Tapped Delay-Line ~ Mux ~ SR flip-flop
fv Edge Detector #3525 55" R LT B » B i AT & Bl o

Tapped Delay-Line ¢ 8 i 4p e ezt 2 H ~ (delay cell) 8 32 = > B 3C.13

- delay cell =7 B.H - %ﬁd F iz F130 5L De v%frﬁ;}]»lfm (Vop Von) £ B
T 7 0 ¥ 44 delay cell ez ¥ pF > 3 Tapped Delay-Line =%, 28 v pF ¥ 33 & 3
Y5 - B CKey oikp o 2 787 7 £41* £ - 244 £ (binary-weighted )
o~ ] ij'7|\/|OS TG TREGRET 6 B I FIEL o AR
R A G e e (coarse fofine) > & W * ke frf‘{tp’% delay cell s EPFR o £
3C.2 #17] :é p @:uz#’% delay cell Eﬂ’}'ﬂr%&..’l'% v At — B CKene3EHpP3% 2+ 5 81.38
nse & & 7% I @ 4% corner ek T’F-}}%’_}i" delay cell #« = frd -] ut & pE R i 45
A 6] % +2.42 ns 4v-2.07 ns > coarse control c733 F 4= B+ § F WAR B - F o &
A7 45 P coarse control #--L 24 & delay cell szt & pF F 1 B 2 H #7450 & F fine
control ¥F2¢ ¥& pF ¥ ivd i 33 & > AT B 1 (¥ pF - Tapped Delay-Line 4= CKen cp#
BoFZ B4 b - RN -
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Fig 3C.13: #i=F 4 delay cell -

Table 3C.2: #cizi 4] delay cell #ic# % % -

Delay (Min, Typ, Max) (8.10, 10.17, 12.59) ns

Coarse control range +3.88 ns

Coarse control resolution | 127 ps

Fine control range +0.30 ns

Fine control resolution 10 ps

Mux & 8. & 1395 PWM In 13 i LSB > j£. 8 B2 5 % Fﬁ&@ﬂ#ﬁ“ﬁﬂﬁﬁj%gm
PR A - B R (V) 15 PWM 2 8% brenreset 2 55 - B 3C.14 5 Mux T B
AR MUELL A B 0 V) (j=0~T) & Mux i ~ U5 0 A B PWM 8 p o
Vig &7 e CRoy 2 - BPER (tg)) $%E 3 10 @ & CKowm = 5 I 1
Wity e £k 5 00 S[]5 3 =~ LSB 4p &8 & 3+ 48 (thermometer code)
B i F B CRowm = 58 i %‘3%@?] A ELengF s b Mux ¥ d [ 3C.15
TR AR B SB[]i S[lF gl ¢ R E Vo~V7 3| Vi &t EF F 7
7 e (mismatch) #ds % & 7| 5ps T o

CKent  f / -/ J / -/ __J L

Cprrn_/ \ PRI 1 \ PP /__\_
vi O\ [ e |/ | W I
S[il _X X X

Fig 3C.14: Mux i 25 @] -
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SR flip-flop T #& 4 %342 Vet v Vinux 1T 5 set frreset 352 4 Voum * Vopwm
ELL R B Vsetﬂ}f‘“—; VSS 2% 5 VDD T & > * & Vi = ‘?d VDD # %
VSS - B 3C.16 5 H T E7 LBl > ¥ Ve #3 - D flip-flop s clock f§ 2 =4 = #-
H data ﬁ%l »~#3] VDD @ ¥ iF 3| set erxb iy oreset et sy B B Vi 38— B
7 at & (DLY )t > 41* NAND B & # — ‘2% =21 5.(RB) % reset #* D flip-flop -
st D flip-flop # * Sense-Amplifier =7 4 %5 3 > B 3C.17 5 D flip-flop
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Table 3C.4: #c iz Class-D w|o™Fpds 7 B 442 -

System Feature

Power Supply 1.2V
Signal Bandwidth 20 kHz
Output Load 320

Digital PWM Modulator

THD@6.67 kHz Input -92 dB

SNR 94 dB
Digital Power 100 uwW
Analog Power 140 uwW

Output Driver

THD+N -90 dB

Maximum Output Power | 18 mW

Power Efficiency 91 %

54 g

[Adrian09] V. Adrian, J. S. Chang, and B.-H. Gwee, “A Low-Voltage Micropower
Digital Class-D Amplifier Modulator for Hearing Aids,” IEEE Tran. Circuits
Syst. 1, vol. 56, no. 2, pp. 337-349, Feb. 2009.

[Kim06] S. Kim, N. Cho, S.-J. Song, D. Kim, K. Kim, and H.-J. Yoo, “A 0.9-V
96-uW Digital Hearing Aid Chip with Heterogeneous *—A DAC,” in IEEE
Symposium on VLSI Circuits 2006, pp. 68-69, June 2006.

[Pascual00] C. Pascual and B. Roeckner, “Computationally efficient conversion from
pulse-code-modulation to naturally-sampled pulse-width-modulation,” in Proc.
109" AES Convention, Sept. 2000.
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