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Abstract

This paper presents the design, simulation, and optimization of a second-order discrete-time sigma-delta modulator intended for
biomedical signal acquisition. The modulator is implemented in Cadence environment using a standard 180 nm CMOS technology
and operates with a signal bandwidth of 500 Hz, targeting neural signal recording applications. The design employs an oversampling
ratio (OSR) of 256 and a sampling frequency of 256 kHz. The modulator achieves a maximum SNDR of 76.3 dB, corresponding to
an effective number of bits (ENOB) of 12.4 bits. A key contribution is the design of a low-power two-stage operational
transconductance amplifier (OTA) with load-capacitor compensation, featuring wide output swing and consuming only 5.26 pW.
The complete modulator consumes 10.7 uW, including the power dissipated by the OTA and a dynamic 1-bit comparator. The
resulting figure of merit (FOM) is 1.98 pJ/conversion-step, demonstrating competitive energy efficiency compared to recent state-
of-the-art designs. These results confirm the suitability of the proposed modulator for implantable and portable biomedical devices.
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power biomedical electronics

1. Short Introduction

Sigma-delta modulators, introduced in the 1960s, have become a cornerstone of high-resolution analog-to-digital conversion due to
their inherent noise-shaping capability and low sensitivity to analog circuit non-idealities [1]. Unlike Nyquist-rate converters, sigma-
delta modulators utilize oversampling and quantization noise shaping to achieve high resolution at moderate bandwidths, making
them particularly attractive for precision measurement and biomedical applications [2, 3].

As CMOS technology scales, challenges such as reduced supply voltages and increased process variations pose significant design
difficulties. However, sigma-delta modulators remain a robust solution, although their conversion speed is inherently limited by the
oversampling requirement. In the context of low-power implantable biomedical systems, energy-efficient data acquisition with high
resolution is essential for monitoring physiological signals such as neural activity, which typically have bandwidths in the range of
a few hundred hertz [4, 5].

Motivated by these requirements, this work presents the design of a second-order sigma-delta modulator optimized for brain signal
acquisition with a 500 Hz bandwidth. The design focuses on achieving high resolution, low power consumption, and reduced silicon
area, while maintaining sufficient robustness for practical biomedical applications.

2. Proposed Work

2.1. System-Level Design Using the Schreier Toolbox

The modulator was initially designed at the behavioral level using the Schreier Delta-Sigma Toolbox [6] in MATLAB. The objective
was to determine optimal loop filter coefficients and quantify the sensitivity to non-ideal effects such as finite amplifier gain.

The system-level architecture is depicted in Figure 1. Behavioral simulations show that the peak signal-to-quantization-noise ratio
(SQNR) occurs at an input level of -5 dBFS, beyond which integrator saturation degrades performance. This defines the maximum
allowable input amplitude for the modulator.

Amplifier gain requirements were also investigated. As illustrated in Figure 2, increasing amplifier gain beyond 40 dB (100 V/V)
yields diminishing returns, with SQNR saturating above 90 dB. This provides a clear specification for the analog circuit design.

2.2. Proposed Architecture and Comparative Evaluation

A simplified architecture was developed as an alternative to the Schreier-based design, as shown in Figure 3. This proposed
architecture eliminates two summing nodes and uses unity coefficients to reduce circuit complexity.

The dynamic range simulations for both architectures are compared in Figures 4 and 5. The Schreier-based modulator delivers
marginally better SQNR (approximately 95 dB versus 89 dB for the proposed structure at 40 dB gain) and improved voltage swing
margins. However, the additional complexity of the Schreier design, including non-unity coefficients and extra summing nodes,
significantly increases implementation effort and silicon area.

Table 1 summarizes the key trade-offs between the two architectures. Considering these trade-offs, the proposed structure was
selected for circuit-level implementation due to its simplicity and lower area overhead.

2.3. Circuit Design and Simulation Results

2.3.1. Operational Transconductance Amplifier (OTA)
2.3.2. Comparator Design

2.3.3. Complete Modulator Simulation

3. Conclusion

This paper has presented the system-level design, comparative evaluation, and circuit implementation of a second-order sigma-delta
modulator for biomedical applications. The proposed architecture, selected for its reduced complexity, was implemented in a 180
nm CMOS process. A low-power two-stage OTA with load-capacitor compensation was designed, achieving 40 dB gain and 70°
phase margin while consuming 5.26 pW. The complete modulator achieves 76.3 dB SNDR (12.4 ENOB) over a 500 Hz bandwidth
with a total power consumption of 10.7 pW, corresponding to an FOM of 1.98 plJ/conversion-step. These results validate the
suitability of the proposed design for low-power biomedical systems, such as neural signal recorders.


https://dor.isc.ac/dor/20.1001.1.23223146.1405.12.2.4.3

SR (oehgo S 9l (8 W — Ll 5oV (S5l dug

"9 g0 87780 i ks ¢ 53T il Lhwrg

cobwil:))T @M%&e@\) (e tgr 9 @éau&ub aéﬁgbﬁll é‘ﬁ Ll dwuj‘.f 4.'2>-}AT u‘:‘;"’\
R
Ol ¢ c0lomby3T Gke dgd olKiils ¢ pwdign 5 5 0dSKils (5 owikigo 09 S Ll "

O‘J:'.‘ GJ.LJJ ‘O@'QJSTQMW°@‘:‘MWj@éo Sa."‘éﬁwwbj;)w‘:r

skhmonfaredi@azaruniv.ac.ir : J s sdiws 5 (SG 5 2SI Sy o y5T

)f‘;‘:’ &

DOR:
20.1001.1.23223146.1405.12.2.4.3

&fgy,,f/m;w/"
Y O)la.:l -\Y c)’ub
VEF Ol 9 5

A JIVY Clio

ISSN: 2322-3146
http:// jnsee.sut.ac.ir

V60NN by b 1£:0/0/Y7 15,555k &b

1EEINVNY ol g6

NS>

R4

3,1 (s S Dl 53 45 o S LK 5 5V soke (5l 5 (S 3lutcd b dlie ol 3

Wnm CMOS (55455 L Cadence 15l o 5 Lee 53 5 5V ste ol 0 1) 5 I 23
S ol 0k 43 S Lo 55 e (SLaUS o (Lo 1)l (1 05,200 Ll (sl b g ok (s5lmesly
S g e god 4 S a5 s 58 LS YOS (o405 saised IS5 5 Y07 L (OSR) (gols pas sl 5
30 S W Jolas & das o &1l 1y s s VY slas (SNDR) zlr el 5 516 & IS o
3 W03 9does (113 L O L b aibgs oUleyl s Slles oaiS oy 455 . CWI(ENOB)
Faalin 5 oSy 5 ol ) 5V puke JS (e Ol 5 S o B0 015 077 LW g5 5 0550 s
bt a5 035550 VA L1 (FOM) (Kol oy o ot 53 o8 ol VoV W (eSS oSl s
oY ede 503y alin LS\ACJL 4 Cad (S0lgiy Cjb By 2T sdasolis &b o AT o Cs @

Sl s clie Jom B 5 a8 LB S Slasl 53 5,08 6l 1y salgii

Sl (saoilg

ks 4 8 JUT Ju
o L& ) Y suke
& T e slalike
by oS 58

£33 45 2 o5 Y5k

O paneS (S S5 Sl


https://dor.isc.ac/dor/20.1001.1.23223146.1405.12.2.4.3

ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

VO ) e el (G (Y 5e (3l daze

doNdo —
s o g5 sty s ae e a b s gVl 55 S plil L V47 Jle Hs )b s 6l - L& sladiue
Uadite ol 51 (63U 5 sla s ¢35 OT 51[V] s o3l Jlim s 4 &5 JUT IS ook (51 adon ol 5100 sl s
Lol sl cJlizus 4 5 JUT gladdue ple My laddae (pl .Lilos sas o3lizul (5 S 031l 5 51 ploue las 8 (5l
Sl ladibin ) 55k 618 (S 505 51 tishs Vb (6lacey 31tad b 583 sl LS (13 VU SablB 5 il (glotomy T
CJE.AYL.C.J:l{}j,ujvfé.xfeob;o‘\{:ﬁ@&&l{5@\}1}3@3‘,‘&1C,:l{léjdf}SUTkSLaJuﬁdTo.\i\bei;l@vf
Y] st

CJ‘JJ‘ &_‘Jﬁ‘mgﬂudv\.‘;’j&?;smC_Mﬂ‘o.)‘.)C)@W&&)\M)Jwb\ﬁjécéjjj)&:a}&ﬁb
63}3)&5\:@&&‘5‘);5‘);}1%MJ@&AK‘)I}_}Jkd&meQM}ﬁjﬂK‘r)))))‘l@f;.ndTau\i‘J:.c
S Cawla0T sl S bdde opl Cusgioes oA ol bl LS Jobs 1 eslizal (P30 g S g

[Y‘] Sl L;‘)léﬁé}m}& db)) JJQA.G (:)))‘ G&L

q;,,w«,,@,:p.maﬁ:y;ﬁL;uw)owuotL;,)T@n;uw‘@ﬁwwus&uoww,ﬁu
oS sl 015 LL Dllde ol ¢ (SKiss Slyle 1o dslaate S5l > (65,51 059 5 9does wimmad 5 65U 5L L Ll 425
A.Zd?}.‘UT dde Law g Wb odaT s gbaosls (Jlize s SleMbl Jlasl 5 2515 5 Clsgw @ a5 b [F] dules 5 e
o] el Lg)},étl:—ki:m;gh)}?ﬁ)vuﬂ o:l.&:.w\ﬁ\(w\“{g;hcjas\ﬁ..u}i Js ez s Jl.:i:w«fdtgq:

@ﬁ)lf&:;?..@lam@ijbdﬁdmltiﬂéﬁfg\x\&\ﬁwg.s;lip;«?:f‘;w:—uirﬂ)}:\bucduﬁa\);
u.éf.a_»o\j.?ja\:é)wgo&.e\.x:-\:@é:@i(g\(ug}ﬁ-&w%ﬁq&@sdlﬂ{ﬂw\j}abn.Ul.gé%éb\:
Cel puoman 4l 5 @mumfeul{vfo&ﬁ\btd\;@w@m.\ip‘gpu:&lfs\jw.mgv!
g O 3 e S TS ol Jer (St il

3ty e 6 505 5l ) a3l i (358 o0 o Y 4T 55V se 1 b 53 Wi )

AJJI.A_,JL A ngjlj.QLCadence J‘ﬁ‘(}"‘b‘."“J"ﬁh’}“" ul:d;‘ ‘Ju-ilCJbPu:’J‘ gs‘")jj‘:””)"'\”d:d}ﬂ

A sl (Gleand g e O s

Mch»)éjjy_gu\.&@‘jb“
g}.Ua.aJJSL‘.cjQL.a&JM4iLAQT)'\a.sl.é:.ul\.!c\jws\f..u)\.s.sﬁ)é;mL;thbl.;cl.ﬂ:—\.&ru)};\b.\.a@l,b)s
253 05l 55 Jold g mls plad (35 5 55 L e s 5 ol 5m D0 s ) pe b (ligy 5L S
VE (sl b 2o L (SNDR) zlrsel 5 51 55 4 JiSm i c0n pl 4 ol slr 3l oo S VY (VL (31~

il o g

LSchreier Toolbox

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy Al

2 ol plaser b j¥g0e (1 5b 1Y
meb.&; j‘ )j‘y)u\.a Uﬁ‘ g:M.u‘ CJY Ldli)ﬂ L;‘j’ C_Mﬂ‘ ol e.>‘.> QL&: (\) Jg‘& ).} av\.&M‘&u g_,.i‘)'.p L)}JY}JA )l.'.b-Lw
Jtizww;flb44.Q\}S@é:»b_:n)méjb%&}jl«f@\&.\{.:}.i:w}jé:ﬂl;i:o:j.\MjDC o

2l s 55 (SQNR) &l 515 554

Integratorl

R + -1
- DO o 1 o
a 1z 7 1-2_1

Ao\ L

- P P PSS A PRV D I <)

Integrator2

oS o 585 4S5 Sl 0l 2 3 ((S5luand sl 53 . Conl ol o5ls OLES (Y) J.§J BEET R IEY é:nl..i: 03 gdzwa 15 4ol
..U‘a.kﬁa AIAJ?JEJ)J(\)ﬁ)bcﬁdb\bb&ﬂb@\fﬂ‘x@} %‘fﬁ).\*&bw‘.}‘}:w.}\" L’J"‘J" L5|°J€'3

DR Simulation
110

100

90 X
80 \
0 |

60 \
50 \

40

30

20 -
-80 -70 -60 -50 -40 -30 -20 -10 0

.}i\fi)\}:‘w‘{c&i@‘k)jY}u\a&t{)b}M :(T)d&b

AS VA\Jé(dBFS) wals plod Jo g3 =0 63555531, SQNR jiS1u> 5 5V gke 03 55 oo outaline (V) IS 5345 5 sboslen

K:aw‘" a.\..:'-v aJ‘J CJ:A (\)%b )J dBFS wl:u a}>;;

input

dBFS =10xlog > "™ o

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

2% ) e el (G (Y 5e (3l daze

ot g ok ad SN0 (lin 0 s o o (4145 55 Y gona) aals o3 e 3 (63555 e el ) 31

dBFS

input _ IOT )

FS input
wals JSTde Ll g o 639590y ) 4 S5 Oo)see 55 g Sl I e ¥V 0 Uslas 0 Ll ABFS (6l 5 e oy
il 3 S Al ol (§3laant 53 (63555 SMAs ¢ fos 53 4l g LS s a8 U1K b sl ls I ke T

Al JTody) Sl 1 i olls 5515 (63555 e s oo ool (g lte JToyl e Ol 115 5 el Ik
Lgl.h‘)gwhub‘t;&)d )b}ws(\“)‘)ﬁ& sUas w\a,\,ﬂe;\;uu(’f)g}&,;,\mdmuu}m Lg|f(=j>1oj€_:
Il SIS0 55 T on el 1aS 5 shailen oSy 45l ol ) 0yl 0S5 4y o gs o Sl 0 e (5o 51
345l ¥ o)l oS 55 4y by e ol 0 0303 DL 0 Sl L oS S S 3 gl it 135 gn 03Lisl

3,8 0 o3 eslil 3500 055 S Sl

Schreier Designed Modulator

105 F I
100 /*‘ ’m\.e»-/

95 /"E
90 2
85 //
80 v 9/
75— /
70

SQNR (dB)

6E A y -
60 N

A v2
55 >

10 20 30 40 50 60 70 80
Amplifier Open-Loop Gain (dB)

Rl e slediS Sy 585 6 p5Y 6 il 3(F) S

4 glaws Gyl ol o.s\.ijx'”t}{w.s/v Gy j\ﬁjaﬁ)a.\.& oPP J‘«s“""b' ﬂtja,@&@,'u@@lﬁ
w\:u ") 4.]4;\) d"U"‘ J;w.ﬁwj:o*)‘.\.u .,L..;L J;w.ﬁ\c' )\.\..Lh u\.Sg_,.v_,ﬂ.v o g LJ;@J a0 L;YLSQNR
5 s

Gain (dB ) 20xlog i v )

SQNRA;J}T@J:;)‘@J"J‘;JaJ@;LC_»w\(V/V) dﬁjd)\" JJL&&J{&#J?' °J€‘.‘4']°‘.|JCJ:’.|Q";U"‘)§’“LI

ol (S g3 B HIade ¢ o 3 VO lg s 4 a5 L aS ey fi o3 A gl

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy YA

Solgiy Hlls  odaww (b -Y-Y

5odkd auslie 1 lplaar b Lkl cpl sl odd 63l Ol (F) Ko 5 coalgiiun Hltle (g5luans 5 b
S e a8 el o 03l OLi () S 53 (oalgiiuy 55V e 358 oo STl (gl (G5luesly (ol skl 55 51 S
el odd 53y ows Vor Wy e csileand al s el i ws QP Ll g das &0 Jrsms 0 39,9 ,3SQNR
el 5l bods (b e 4 6555 55 Sl cal 53 SQNR S s e Ol s

o ¢ Jriss 4 YL SQNR & slzws (6l .ol o €11 (9) S 3 0l & 35 0 g2 = » SONR (g jluaccs

el g I e Uslee o s Br o g 1) alaily 05,57 o sSean b kil i o g B 51l baoiS' oy 4

Integratorl Integrator2

1 1
Xin O 9 z z | Yout o
1z 9 1-z

&

(&olgii 5V e et Sl Lo 2(E) ICH

DR Simulation

100

90

80

70

60

50

40

30

20
-80 -70 -60 -50 -40 -30 -20 -10 0

‘5:\@..&::” )}JYJ.\A é.al.ib EPRESY :(O) JQ

Paper Modulator

105
100

. e
7 -8
85 /

o /

=

% 80 |

g v —g
70
€ 83— A v2 I
55 E

10 20 30 40 50 60 70 80
Amplifier Open-Loop Gain (dB)

Lgbl@..;..::_ ))}'Y}u\n LgLA oS C_,;_}E.? L§|j{ r)y o, y‘b :(.\) L}:&

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

va ) e el (G (Y 5e (3l daze

28V 98 dw o -Y-Y

5 (N G ISKE @ a5 L oyls (6 Sleadein (ol 5V e b awlin 55 ul,d iplaas bodd > b 555
JJ.G"“J\.. j‘j SQNR $2909 a‘)Jﬂ\ﬁ)};Y}Jﬁ Ll cv\})\v\i SQNR i)l J‘.’g_f“'}_a L;JJJJUJ};YJJA‘)J}&‘(O)

cdas o &5 o w380 1 SQNR (gslginy 55V ge a7 Jl= 3 03405

s 90 2 SQNR ¢ s s Fr 0,0 53 b 55V suke laodiS o 55 5 gokomn 0,0 9 8 i 55 L S0 (5w
odiasOlE ol ((8) JSK8) 3505 ews A 1 SQNR wlie Lol 3 3 ookt [ 5¥5ie & Jb= 53 () JK2) 5,0
el OLSS (SlaoiS o g8 b 15 5V s g 2T

25 53 (Aol ples Kt g 45 35 gr odalie 055 43 8 k5 )3 agSluas 53 (Siip) (s 5 ST ealg )
S 035 MBS ko 5 b sl Iy oD ) 053 0oy 5 Sl 5 Iy 015y Sl oS Ly 55 (51 )
53 3,8 I3 Sy N0 G pgs oS Ty 5 Ly BV bl sl ediS T Iy Y e SW
Al Iy /Y S g il ey g5 o 8 8 53 DL a8y 455 Y pame (D paneS ol 45 e slas 5 Y 5
SOWCIPE 270 S VTP RCJCHpr- PO P27/ BUPPNE G- RO S Py J Iy PRI PRI JAPNEE g -
wals plas o gws =0 (63555 (1 3ol ) &l S5 p3Y 5l (6 3 ke 5 S g 3 s Y sde ol
Lo s dslone

H9Y800 bl —§-¥

SNDR 5 jldie ol 5 dijls CoMast] o o # 390 63 gudoma 0 0 2 8 15 55 L SQNR 3, 5V 5o 53 8 &5 1T
b 5 5 5Y e 65 Llg 0 a5 Jole L el 15 plie Ll 5 SQNR STl (gl cpimman 3,15 Sl 30
3kl 3 (V) JSE) 1,5 5 plasmar b (63luasly amglie .ol o g0 BB (65 lnnly (S by o 40 887 ol 53 5
Iy gyl @\jb ;A:z.:;_ 5 el f“i}‘“g’-{ 9 Foslw (enlgiiy )}5\13.&4 Silwesly "y das oo OLES ") Jﬁ.i,) ©olgi
s e ials
St ol (BBl e 55 55 1 ) 5V ske &S Jlo 53 015 (5208 (slaodiS par sl (s3lgiiy 5 5V suke
5 od Gilpe 6 o b &S oS maz S B A b e s )1 5 (650l b s (1) K ) 5Y e 4G
Sole s 4 s Ve e gl eyl s b oeopl b cdas o Sl 1) sl slaw g gilwesly (S dony

el ol Ol (g lwenly (sl ealgiiny Hlla il s Y e (o 5luesly ;.A:gr__..i 3 2@ oY ade sl eyl
28Y9M sl Gilwdns 9 (b -1
OIS S g I (Silwodly 9 STy -1 -

i?}jla-‘-gkdlfbi)LJ)‘J)};‘YJM)JW)%&IZLKQ‘(OTA) &Lbj‘jawg:ﬂ}}:cwjjb)yﬂ&wu
V] das o Golastl s o a |y jlde (e 015 s 2y paie oplo)ls odge 1) Slie 0SB 1 iy 4055 adby 503
&S Sl ol a.)l.&.:.w\)b. g_))l> .la.wj LSJleFLAE.Jﬁ)J au\.SC_.{J.Ej)‘ Jlie &;"3-‘): RG] 6));@ QT &33 f‘Jb}[A

Wl i LSS 103 05 5 S 38 5 55 b Lyl ity S (B e Ol i 1 428l g g5 5l S g

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5



Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy A-

Sl Gl bl she 03 51 6K 0T oy (B s 015 BV 51 (S5 52015 2,087 ol Glas o 530Sy 335 )
el 0 0313 0Lz (V) IS 5 e oyl
Qe 8355 B pannS 4 a5 3 5o o0 S ol AR (25 A Caaslie 5 L Ol Lo i e b oliS 58l 5o
4kl g odd 5L L) s 15 g 5 03 O Daslie (2l 6358 on 0o 05T slie (65 b st 515 O oLk
38 bl 1y e B 28T O3 L Ol or o Sy 308 or 55 5B bl S s oL 5 b 0 S Fiml sl
Salen g 53 35 ol 5 od plnil 2 (S5Ol Jor 0 22 L Sul g0 03550 015 2l Ll 3 oS

S ad g oS 4 e 015l 53 5 b e O il sl oS S b oS -

VbD

M
f

=
(=]
13

:

M4 3b M6b

e

Y=
<
o

M5b

1= el T ov
| | |

b O3B S50l b aiys oS i oSiles 1Y) S

5 0S8 z55 Olgea MIb s M gla s g 515 ¢ Jblis 55 0L 2 e Ol gioas MO g2 515 (V) JSG8 Shae s
do ¢Sud 25 M2b s M2 (cla ) s 5l 5 S o Jos LSS T35 2k lsea MAb s M3b M4 (M3 gls sz 5l 5
Sl s 515 C 1) Jaw gme sl 503 87 (5,8 Jaw e A Bl S5 51 ba st 515l S o Ll |, (CMFB) o5 2
& e OL > 5 04k oS M4b , M4 ;;;L-J,u},:rfAw;,;bﬂ;w}fu%;w{.mdde4b5M4
Eo i AT 55 8o Sl s 1338 o JSCan Ol 5 5y (I3 el oS 53 on oo Wy st 55 nl Jaw s
A e

IS Ol (SO bl axbls (S5 BB ol JIe b Sl 5 sk B A DB 3 e b S
Ot 4ol 015 o M2D s M2 (5l sy 515 o511 i 3 s 0 e 5 Y5 Lo 5 457 ol 082y 55 )L 05155 Ol
Bl s ) p3Y o g Jolio oSy 55 ST (b o adl a5 Cansay (58 BB 5 4kl 5 a5 1) ek

Lo b 0 a5 (61 MOD s M6 (sls s s 515 ST oo il ) 35 b Sy 5 25 MSD s M5 (gl 52 515
ARl 5 b e (g 5luans i ls odge 51y il ol 5L 2B MTD s M7 (Gla ) st 515 5 il 57 4 (rp 5 ab oS 2

el 0l el 20 6 VAL (6550555 sCadence

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

AN ) e el (G (Y 5e (3l daze

5B Slg o, o @y AC Sl s olg (ileand Sl ol (gleac L6 S Y s & b o5l Ll
Vel b asle s 5 a&aV il dols e e b sl ¢ b ows Fr 212DC e dA) K Gollas .ol 0l planil 56 bl
o 3 53 b gV e 5,25k ) S SO WS 5 5 Y08 Ll (OSR) 5Lol (6415 a5 a3 s 40 4 55 L ol a5
s S ke oty a5 51 gl il S e IS5 03 51 S 5 A8V L (sl 5 ST S 5m kST YOS

LSl Al g
o 2 L slg (oo B0 21 DC o el cpl 53 ((A) JS8) Sl 0l gl 55 31,655 F O O3 (sl s 5lwand

Q\;;&b/ij\jk;!jawq‘,ﬁ@l%&édb@@«f@lbp/v j‘j)b@b');ﬁ&v/vj‘jv\"b

® Plant+DogUnwrapp+adNF(T/1+wp*T)/(T/14+nT/2) M aBSOONF(T/1+wp*T)/(T/1+nT/2)
50 25
-8y
40 . . — -——n s digs. s S 5 0
~ 30 R -25
m ‘\‘\,‘ )
3 20 Gy —50 3§
0 i =15 S
. Sa
~10 N -100
i
— e -125
e ‘ — ~150
10" 10' 10° 10° 10* 10° 10° 107 10 10”
freq (Hz)
S Y L O3 gl il i oS 55 56 5 0 15 505 2(A) S
I Plant+DogUnwrapp+adNF(T/I+wp*T)/(T/1+nT/2) M aBSOONF(T/1+wp*T)/(T/1+nT/2)
50 25
= |
40 + - » a —» -~ = s ._‘—*1\"\_\ 0
30 . P =25 ~
T 20 i e =500 =
S 10 \ =75 2
04 e R -100
-10 | \ -125
_20 ; 0 1 2 3 4 -] 6 7 \: ‘J_ISO
10 10 10° 10 10 10° 10 10° 10 10
freq (Hz)

S F L O3 6l iS5 s kiS55 5B 50 15 05 2(1) K0

S aulio jlae 1 —Y-F

St 5 5 g o) 53 5 RIS (15 2 g 5 5 23 JSE 3 b s els g VL s W LK, 5V pe 4 5
Sl 1 allie ol 53 il S ions 4 3L s 53618 Lol aie oS s Sawlie ol 558 o (5 5lwosly o3lu
e 5 Faslie oK g IS 05y 20eSS s 4l ol onls 3Lis (V0) S 55 o8 ol 0 o3lizul [4] =
03 4h oo 03lizal

S Sl Al fl 5 L gd e o oS 4 di S50 Y 5 X o 5 (il Jho SIS I & o) ¢ Sl ) 5
oo 4 5ok 4 g5 MIb s Ma (sla s g 515 o 5 055 sl S 08 a0 oo 51 SIS Jasl 35 8 oo o

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VFor Ol 5 5l o oslad VY 0,55 63 5 (owikige 5> (s o slaailol 4 25



Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy AY

¢SS M3b s M3a gy ol Gla s 515 3,03 Kows 63555 Joblis i dtels 4 5555 0L o Sl 428"
S on S 585 el pled Ik w1y Lagsn gy s oM 5 esls JSUt5 ot ¢S il

Vbb

M3a M3b

e NP e O e R e

X

A FEERSY,

o_||:‘ w o L2 -
1

[9] Falin Ssles 2V +) Ui

25 Y90 (Siludns Y
o513 0las (1) Ko 53 55V sce ¢Sl s (g 5luosly Joow oy somts ool (ol o6 jloancs s g @
Slaosls g Jles! Hle 4 (639,59 Calizes glaanels (s (g jluans 4l Lo VY (g 5luacs Lo L abBAVAY sluw 4y Hlde .l ol

.Jﬁ&ij}\bﬁ%&)))oﬂé‘)bﬁdﬁﬁjf

1pF
T —
o1
®2d @
o1d I o1d I 0.3 pF T ®2
Vin+ O——= H + ax
I,
Vin-o— ]| 4 —
1T
o1 o l 2pF o l ‘“dw l 03pF l 02
l_
l 8.8 pF l 1pF
Vemi Vemi

(ol ¥ Sles (1Y) S

ladals (Zals bl ol 0l OLiS alals rLoJ Jrows 0 63955 &l (\Y)Jgijb s/~ ps$ <ole=I L SNDR i
.&L—»‘oﬂr.._u.ﬂ_)g(“‘)ﬁ)))ﬁ&)-\ﬁéf\l{éb))dﬂtd)})}w.éu:

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

AY ) e el (G (Y 5e (3l daze

76.2983

50

0 |

i H|\|‘ l 1’ ‘N“J\ " Md ,,,,,

-50 “I ”\ I " iy -

-100 LU |l||1|1|’ H !

-150 /\N/\M/l(\1 i
-200 'l

v

-250 0 2 4 6
10 10 10 10

.ul;rw&&»:—b 63559 bosYode g > b :(11’)J.<:;

80
60 \
40

. |

-40
-80 -70 -60 -50 -40 -30 -20 -10 0

ol il 5 Y sde Sl 03 guoms et (V) JCH

o&f%ﬂjb .b.wj é\.&jﬁ@.{\i&bj Q\j}ﬁy'/"b}-b—f@‘&b}&\'/Vﬁ\ijijgﬁ»[)\j
528 5 55 L. e \Y/F Ll (ENOB) e glacs slams ¢ o ows V¥ il SNDR 5 8 L5 55 b5 48 s U3 e
13 5 gn b (F) sl Gollan (Sl oy 5 05 2 000 Ll sligy

—6
FoM - PowermB _ 10.7><10]24 —198x10" 7T
2xBW x2% 2x500%2™~ Cov —Step

()

cb.»/ﬁd)};& \/QAJJ‘J;FOM)‘.LEA&L—»‘jjthaBW}C_ﬁ.:WjENOB ch)ijowerQT):S

@‘(\)d)ub- BE] 44\.&.6 L;Lakja-“,bb%iﬁ‘:)b)‘u\.n u}>- &T)K au\...&buuuﬂ\fu\i-‘-@ CM».M.’ J;_JJ

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VFor Ol 5 5l o oslad VY 0,55 63 5 (owikige 5> (s o slaailol 4 25



Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy AY

&b 5 (STF) IS Jlis &b csslgtin p93 45 S-S 5V ke Sl b oj g S, 583 o s skiten
4@‘) Q)ymd‘j@bﬁy)dtifwdwa\ cu cr): A.JJAJ,:}J GAJJKJ JTQ-\{‘&’- st; L w)j(NTF)ﬂyJLE.:JI
13; ol b

STF(z) z 2, NTF(z)=(1—z ") )

OT Jsl 5 35 45 0 5299 (23S L blite Oljn 40 (S wilS 3 53 O mml 5518 3 5 0055 om0l sOLES sl
22 FAIS VT G313 505 55 5 00 il S b sy 35 50 bl VL a3 e
3 g Jima U il ) 5l 4 Bk okt a3 JS5 0 gl 55187 5 55 e(6lgnhey 5loke

0 Noise Transfer Function (NTF) of the Second-Order Modulator 5 Signal Transfer Function (STF) of the Second-Order Modulator
— NTF=({1-z-Y ‘ : — STF=z7?
== Signal bandwidth = 500 Hz == Signal bandwidth = 500 Hz
0 2
=20 1
—40 0
60 -1
=80 -2
-100 - -3 :
100 10! 10? 10% 10 108 100 10! 107 0% 10 1
Frequency (Hz) Frequency (Hz)
(o) ()
p33 45 W LS ) Y5 (NTF) 5, 55 st 5 (STF) JUSCn JUist 2(V£) JSCo
[14] & yg5¥gum dwlio :(1) Jgu
Y A8 Yee[10] Y] YeVe12] Y.eq3] Y\Y4) Qo oyl Slaskin
.4 <A Nty 1 1 1 \IY (V)4 o W9
Y. .I¥o e Y. 1 e -lo Wk sl
(kHz)
\a SAIY A+ A¢ oA E/A yuy SNDR (dB)
1 “IAY = " YA/ Wi Vol¥ Py Oly
(W)
NIt A A A VA .4 VA Syl
(um)
N YivY id ar/4 <IAY M V/4A FOM
(pJ/conv.)

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



AD

ol s il PLosiS'J 287 5 035 Jlab o 2 g p sl oS 287 S oslimnl L st 5y ot Sl 53 0y 31 DC-DC it 25 5 55 s o J 557

) e el (G (Y 5e (3l daze

S5 oS £

el (solgnia Ve bl 5l 5 Hlslasmer Sleslinal b p s ad o 5 5Y 5o b (ot mlas 53 (1 b e ol 5o

sl g lie (glwosly (5 o3kt 55V s ((gluesly (S oy el 5 ls eyl (Sl s 4 (T 53 e Sl A
b W LaSi 5 5 ¥ e (6 )le (S5l s b oS 015 5 bt 6K g L i 3 0S5 ws e b 53 3 S
plowil & (S gwibign U3 1) (sl 52 0 b Gl 5 IY/F S5e Gl 3l ¢ o g VI/Y 1, SNDR STl
3ol 4 G S5 3, es (55 2T 5 5 oS Cal Sy Ko VeV il ¥ s IS 5 eas Olg ey
Slaptogms 1t Sl (gl 0351 e 0 a30LE ¢ i pelam 2 I35 VA (Kol o 13,05 alie (slay 5Ysuke

us-uifﬂdu),:‘y,.\,@\y @j)so\f.\;ﬁjsmguwl{ﬁ,%@l@u .@\¢j@v§) cals e S

10.

11.

12.

13.

14.

15.

D A0] 3l Slman 0l Ols L

&y

H. Inose, Y. Yasuda, and J. Murakami, "A Telemetering System by Code Modulation: A-X Modulation," IRE
Trans. Space Electron. Telemetry, vol. SET-8, pp. 204-209, Sep. 1962.

L. S. Y. Wong et al., "A Very Low-Power CMOS Mixed-Signal IC for Implantable Pacemaker
Applications," IEEE J. Solid-State Circuits, vol. 39, no. 12, pp. 2446-2456, Dec. 2004.

Y. Chae and G. Han, "Low Voltage, Low Power, Inverter-Based Switched-Capacitor Delta-Sigma
Modulator," IEEE J. Solid-State Circuits, vol. 44, no. 2, pp. 458-472, Feb. 2009.

J. Goes et al., "Low-Power Low-Voltage CMOS A/D Sigma-Delta Modulator for Bio-Potential Signals
Driven by a Single-Phase Scheme," IEEE Trans. Circuits Syst. I, vol. 52, no. 12, pp. 2595-2604, Dec. 2005.
S. A. Zanjani, A. Jannesari, and P. Torkzadeh, "9.9 uW, 140 dB DR, and 93.27 dB SNDR, Double Sampling
AY Modulator Using High Swing Inverter-Based Amplifier for Digital Hearing Aids," Electronics, vol. 12,
no. 7, p. 1747, 2023.

R. Schreier, "Delta-Sigma Toolbox for MATLAB," 2000. [Online].

Available: http://www.mathworks.com/matlabcentral/fileexchange/19-delta-sigma-toolbox

L. Yao, M. Steyaert, and W. Sansen, "A 1-V 140-uW 88-dB Audio Sigma-Delta Modulator in 90-nm
CMOS," IEEE J. Solid-State Circuits, vol. 39, no. 11, pp. 1809-1818, Nov. 2004.

J. Roh, S. Byun, Y. Choi, H. Roh, Y. G. Kim, and J. K. Kwon, "A 0.9-V 60-uW 1-bit Fourth-Order Delta-
Sigma Modulator With 83-dB Dynamic Range," IEEE J. Solid-State Circuits, vol. 43, no. 2, pp. 361-370,
Feb. 2008.

T. B. Cho and P. R. Gray, "A 10 b, 20 Msample/s, 35 mW Pipeline A/D Converter," IEEE J. Solid-State
Circuits, vol. SC-30, pp. 166-172, Mar. 1995.

H. Roh, H. Lee, and Y. Choi, "A 0.8-V 816-nW Delta-Sigma Modulator for Low-Power Biomedical
Applications," Analog Integr. Circuits Signal Process., vol. 63, no. 1, pp. 101-106, 2010.

J. Goes, B. Vaz, R. Monteiro, and N. Paulino, "A 0.9 V AX modulator with 80 dB SNDR and 83 dB DR using
a single-phase technique," in Proc. IEEE Int. Solid-State Circuits Conf. (ISSCC), Feb. 2006, pp. 74-75.
C.-H. Kuo, D.-Y. Shi, and K.-S. Chanag, "A Low-Voltage Fourth-Order Cascade Delta-Sigma Modulator in
0.18-um CMOS," IEEE Trans. Circuits Syst. I, vol. 57, no. 9, Sep. 2010.

P.-H. Su and H. Chiueh, "The Design of Low-Power CIFF Structure Second-Order Sigma-Delta Modulator,"
in Proc. 52nd IEEE Int. Midwest Symp. Circuits Syst. (MWSCAS), Aug. 2009, pp. 377-380.

C.-H. Hsu and K.-T. Tang, "A 1V low power second-order delta-sigma modulator for biomedical signal
application,” in Proc. 35th Annu. Int. Conf. IEEE Eng. Med. Biol. Soc. (EMBC), Jul. 2013, pp. 1520-1523.
M. R. Farsi and K. Monfaredi, "Design and Simulation of High Precision Second-Order Sigma-Delta
Modulator for Bluetooth Applications," J. Eng. Sci. Technol., vol. 13, no. 10, pp. 3073-3088, Oct. 2018.

Journal of Nonlinear Systems in Elect. Eng. Vol.11, No.2, Autumn and Winter 2024 VE Y Ola 9 ol ¥ opled VY 05 (3 (owiliga 53 (b b Gladilelu 4 a5


http://www.mathworks.com/matlabcentral/fileexchange/19-delta-sigma-toolbox

Sy kign a3l gl s — L 5V ke (5l gy

i e 3 63 o ST el sy AP

16. M. R. Farsi and K. Monfaredi, "Design of a High-Precision Second-Order Sigma-Delta Modulator with Low
Power Consumption for Medical Applications," Journal of Modeling in Engineering (JME), vol. 16, no. 55,
pp. 191-197, 2018. DOI: 10.22075/jme.2018.12865.1263.

Journal of Nonlinear Systems in Elect. Eng. Vol.12, No.2, Autumn and Winter 2025 VPP Ol 5 5al ¥ oslad VY 0,95 63 1 owikige 5> (b 8 aaileln 4,25



