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Abstract. Design details and results of post-layout simulation for multi-stage noise-shaping
2-2 delta-sigma modulator based on 0.18 um CMOS from JSC Mikron are presented. The circuit
consists of two similar 2" order stages connected sequentially and based on fully differential
operational transconductance amplifiers and switched capacitors. The delta-sigma modulator
processes a differential input signal and has a two-bit quantizer, which is a simple 2-bit analog-
to-digital converter that contains three differential comparators. A special digital circuit is
used, which provides dynamic element matching, also known as dynamic weighted averaging
in digital-to-analog converter, which is connected to the switched capacitors. Supply voltage is
1.8V. Clock frequency is 1 MHz. Frequency band of the input signal is up to 8§ kHz. Dynamic
range is 62 dB. Power consumption is 1.9 mW.
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M.M. lNununko @, [.B. Mopo306 ©,
M.C. EHyuyeHKO B

CaHKT-lMeTepbyprckmii MoAUTEXHUYECKUI yHMBepcUTeT MeTpa Beankoro,
CaHKT-lMeTepbypr, Poccuitickan Pepepaums

= mixeme@outlook.com

Annoranus. [TpencTaBieHbI porece pa3padbOTKK U Pe3yIbTaThl MOICIMPOBAHUS B TOM YHMCIIS
C TTapa3sUTHBEIMU MapaMeTPaMHU JUISI MHOTOKACKaIHOTO IeJIbTa-CUTMa MOIYJIATOpa CO CTPYKTYPOit
MASH 2-2 na ocnoBe TexHojorun AO "Mukpon" KMOIT 0,18 mxMm. Cxema COCTOUT U3 IBYX
MMOXOXMUX KacKaloB 2-TO TOpsaKa, COSAMHEHHBIX MOCIEIOBATEIbHO M MCIOJB3YIOIIMNX TTOTHO-
cThlo nuddepeHIIaTbHbIe ONepallMOHHbIE TPAHCKOHIYKTUBHbBIE YCUIUTEIU U TIepekouyaeMblie
KOHAeHcaTopkl. JlenbpTra-curMa MoayasiTop oopadaTbiBaeT BXOAHOU AuddepeHIInalbHbINA CUTHAT
W UMeeT OBYXpa3psIIHBII KBAHTOBATEIb, KOTOPBII MPEICTABIISICT COOOM ITPOCTOM 2-pa3psiIHBII
aHaJoro-un@poBoii Mpeodpa3oBaTesb, COmepKaIUi TpU TN depeHINATBHBIX KOMIIapaTopa.
[IpumensieTcst crienmanpHas mudpoBas cxeMa, KOTopas o0ecrneunBacT TMHAMUICCKOE COTJIa-
COBaHUE 2JIEMEHTOB, TaKXe M3BECTHOE KaK TMHAMUYECKOEe B3BEIIEHHOE yCpeaHEeHUE B IIMDpo-
aHaJOroBOM IpeoOpa3oBaTesie, MOAKIIOUYEHHOM K MacCUBY MEpeKIoyaeMbIX KOHAEHCATOPOB.
Hanpscxkenue nutanus coctasisiet 1,8 B. TakroBas yactota coctasasger 1 MIir. uamna3oH ya-
CTOT BXOJHOTO CUTHaJIa cocTaBisieT no 8 kIi1. JInHaMuyeckuil guana3oH cocrasisier 62 nb. TTo-
TpebisseMast MOIIHOCTh cocTaBisieT 1,9 MBT.

Kmouesie cioa: [ICM, ALIIT, nepekntoyaembie KoHaeHcaTopsl, [ICD, OTY, nuddepenumans-
HBIIl KOMIIapaTop, BTOPOU MOPSII0K

Baarogapnoctu: [1por3BoaCTBO MHTETPATbHONH MUKPOCXEMBbI OBbLIO BHIMIOJTHEHO 3a CUET CPENCTB
MunobpHayku Poccum B pamkax (enepanbHoro npoekra «IloaroroBka KaapoB W HAyYHOTO
dyHaaMeHTa 1 3JEKTPOHHOU MPOMBINUIEHHOCTA» IO TOC. 3aJaHUI0 HA BBIMOJHEHUE Hay4-
HO-HUCCJIEZIOBATENbCKOM paboThl «Pa3paboTka MeTOAMKN TPOTOTUMMPOBAHUS DIEKTPOHHOU
KOMITOHEHTHOM 0a3bl Ha OTEYECTBEHHBIX MUKPO3JIEKTPOHHBIX NMPOM3BOICTBAX HA OCHOBE CEp-
Buca MPW» (FSMR-2023-0008).

Jlna uuruposanus: Pilipko M.M., Morozov D.V., Yenuchenko M.S. MASH 2-2 Delta-Sigma
Modulator with Dynamic Element Matching in 0.18 um CMOS Technology // Computing,
Telecommunications and Control. 2023. T. 16, Ne 3. C. 29—38. DOI: 10.18721/JCSTCS.16303

Introduction

Delta-sigma modulators achieve a high degree of insensitivity to analog circuit imperfections as they
are based on a combination of oversampling and quantization error shaping techniques. This makes them
the best choice in many cases for implementing on-chip analog-to-digital interfaces in today's integrated
CMOS circuits. Increasing the analog-to-digital converter (ADC) resolution requires increasing the order
of the delta-sigma modulator. Modulators up to the second order are stable circuits, to implement mod-
ulators of a higher order, Multi-stAge noise-SHaping (MASH) structures are used [1—6]. Another way to
increase the ADC resolution is a multibit quantizer in the delta-sigma modulator which also demands a
multibit digital-to-analog converter (DAC) in the feedback loop.

This paper presents realization of the MASH 2-2 delta-sigma modulator based on 0.18 um CMOS from
JSC Mikron. The paper is organized as follows. Section I gives a brief description of the delta-sigma modu-
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4 Circuits and Systems for Receiving, Transmitting and Signal Processing >

1 1 2
— g
2\ 1£
1 dac1 o1 5
Vil'l .

1 dac2 o1

L —

2\ 1£

dac3

T
2\ 1£

Fig. 1. Simplified structure of the unbalanced 2™ order delta-sigma modulator

lator structure based on switched capacitors. Section II presents the circuit for generating signals of phases
to switch capacitors in the modulator. Section 111 describes the differential comparator for the ADC-DAC
part, which is discussed in Section IV. Section V is devoted to the delta-sigma modulator layout and its
simulation results. Finally, conclusions are given.

1. Delta-sigma modulator structure

The switched-capacitor delta-sigma modulator is designed in accordance with the recommendations
of papers [7—10] as MASH 2-2. Its circuit consists of two similar 2" order stages connected sequen-
tially. A 2" order stage is shown in Figure 1 as a simplified unbalanced circuit based on two operational
transconductance amplifiers (OTAs). The quantizer is a simple 2-bit ADC that contains three differen-
tial comparators and generates the stage output code. The input signal of the delta-sigma modulator is
supplied during the first phase to three switched capacitors in the first summing integrator, and during
the second phase via direct connection to the second integrator. In the first integrator, during the second
phase, the 2-bit signal of the digital-to-analog converter (DAC) is supplied to the switched capacitors.
Here, DEM is dynamic element matching. The DAC output code is in unary form (digits are dac3,
dac2, dacl). In the simplest case, the output signals of the comparators in thermometric code are sup-
plied. In the second integrator, during the second phase, signals from one resistive element (based on a
capacitor and four switches) and two capacitive elements are added. The capacitor ratios in Fig. 1 are
given in the following proportions:
in both stages C1=0.5 pF and C2=3 pEF, therefore, the attenuation coefficient in the first integrator is set
to 3*C1/C2=1/2,
in the first stage C3=0.5 pF, C4=1 pF, and C5=2 pF, therefore, the attenuation coefficients in the second
integrator of the first stage are set to C3/C4=1/2 and C4/C5=1/2,
in the second stage C3=0.5 pF, C4=1 pE and C5=1 pF therefore, the attenuation coefficients in the sec-
ond integrator of the second stage are set to C3/C4=1/2 and C4/C5=1.

The integrators of the delta-sigma modulator are based on a fully differential OTA [10, 11]. The OTA
core is the folded-cascode circuit, with the parallel connection of the p-type and n-type input differential
pairs and has the differential rail-to-rail output. The OTA has 69.8 dB gain and unity gain bandwidth of
27.0 MHz and phase margin of 78.5 degrees at 5 pF load. The current consumption of OTA at the supply
voltage of 1.8 Vis about 200 pA. The amplifier noise referred to the input at 1 kHz is 383 nV/ \Hz.

I1. Circuit for generating signals of the first and second phases

The circuit for generating signals of the first and second phases is shown in Fig. 2, a. Based on the input
clock signal clk, the circuit generates signals for the first and second phases, as well as the phase signals
inverse to them. After passing through several inverters ‘inv’, the signal is fed to the delay line based on ‘inv’
and ‘inv_long’ (inverters with a large transistor length). Then, using NAND elements ‘nand’, the signals
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Fig. 2. Circuit for generating signals of the first and second phases (a); Simulation results (b)

before and after the delay line are multiplied, which makes it possible to create protective time intervals
between the working phase intervals. In this way, signals f1, nf1, f2, nf2 are generated that control analog
multiplexers based on CMOS switches ‘sw_cmos’. The simulation results of the output signals c1, ncl of
the first phase and ¢2, nc2 of the second phase are shown in Fig. 2, b (¢l and c2 are on the top graph, ncl
and nc2 are on the bottom, with ¢2 and nc2 shown with the dotted line).

I11. Differential comparator

The circuit of the differential comparator is shown in Fig. 3, a. The differential comparator has four
inputs, two for the analog signals of the integrator vp, vin and two for the reference levels vp2, vin2. When
the clock signal clk is at ground level, the input signals of the inverters ‘inv’ are equal to the supply voltage.
When the clock signal c/k becomes equal to the supply voltage, transistors M3, M6 go to cutoff, and the
transistors M2, M10 make a decision depending on the comparison of currents through transistors M1
and M4, M7 and M11. Inverters ‘inv’ provide decoupling between the circuit core and the latch using
NOR elements ‘nor’. The latch stores the comparator decision while the core is in the reset phase, that is,
when the clock signal c/k is at ground. The simulation results of the differential comparator are shown in
Fig. 3, b. The top graph shows the input signals. The analog signals of the integrator vp, vm are triangular,
the reference levels vp2, vin2 are both equal to 900 mV, i.e. half the supply voltage.
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Fig. 3. Circuit of differential comparator (a); Simulation results (b)

IV. ADC-DAC part

The circuit of ADC-DAC part with DEM is shown in Fig. 4, a. The circuit contains a resistive divider,
three comparators ‘comparator’ with output buffers on inverters ‘inv’, an adder ‘adder’ in accordance
with paper [12, 13] as an encoder of the thermometric code #<1:3> into the binary code »<0:1> and
analog multiplexers on CMOS switches ‘sw_cmos’ that generate DAC signals #4<1:3> and nth<1:3>. In
this circuit, the output signals of the DAC are not the same as the output signals of the comparators. A
special digital circuit is used, consisting of D-flip-flops ‘d_ff” and logic elements, which provides dynamic
element matching (DEM), also known as dynamic weighted averaging [14, 15] in the DAC. The resistive
divider is based on resistors with a nominal value of 11 kOhm. With the supply voltage of 1.8 V, the voltage
levels in the res<1:3> nodes are 600 mV, 900 mV, 1200 mV, respectively.

Due to the variation in the values of the elements, the transfer curve of the DAC turns out to be non-
linear. The nonlinearity of the DAC leads to the appearance of unwanted harmonics in the operating
frequency range of the modulator spectrum. In Fig. 1, a unary DAC is used consisting of three capacitors
of the same value, let’s denote them A, B, C. As can be seen from Table 1, depending on the 2-bit output
code of the modulator, no element of the DAC is connected or 1, 2 or 3 elements are connected. Table 1
shows three options for connecting the elements. If only one of them is used, the effect of mismatch on
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Fig. 4. Circuit of ADC-DAC part with DEM (a); Simulation results (b)

the nonlinearity of the DAC is maximally negative. If the connection options are used alternately, then
the nonlinearity of the DAC is averaged and reduced by V3 times. If the cyclical appearance of options for
connecting the elements is excluded, the nonlinearity will turn into noise.
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Table 1
Operating principle DEM of the DAC control circuit
Options for connecting the elements
b<1:0> t<3:1> x2x1

00 01 10
00 000 — — —
01 001 A B C
10 011 A+B B+C C+A
11 111 A+B+C B+C+A C+A+B

The simplest way to use options for connecting the elements is one after another. However, the con-
nection option is only important in two cases of the input code 01 and 10, when one or two elements are
connected. Therefore, it is advisable to switch to the next option only in these two cases. In addition, it is
possible to switch options clockwise when code 01 appears and counterclockwise when code 10 appears.
Since these codes have an equal probability of occurrence, switching will occur at random times in a
random direction. For this case, the logical expressions in the circuit (see bottom of Fig. 4 a) have the
following form

xx2:t3+t_2-x2+xl-t2+t_1-x1-§-t1-ﬁ+x1;

ol =£3+12-x2-12+11-x2+ x1-£3-¢1- x2 + x1;
ph3=12-x1-11-x2-13;

ph2=1t2-x2-t1-x1-13;

phl=13-x1-12-x2-1l.

As depicted in Fig. 4, a, signals xx2 and xx1 act on the inputs of D flip-flops ‘d_ff” and are stored for
one clock cycle of clk, and signals ph<1:3> and nph<1:3> control multiplexers based on CMOS switches
‘sw_cmos’ that form DAC output signals #2<1:3> and nth<1:3>.

The simulation results of ADC-DAC part with DEM is shown in Fig. 4, . The input signals vp, vm,
clock signal clk, DAC signals th<1:3> and the code signal code=2*b<1>+b<0> formed from the output
bits are presented. As seen, when code is equal to 1 or 2, the signals to control DAC t41<1:3> are switched
according to the described idea, which leads to error averaging and compensates for the nonlinearity of the
DAC transfer curve.

V. Delta-sigma modulator layout and simulation results

The delta-sigma modulator layout is shown in Fig. 5. Sizes of the layout are 430 pm x 220 pm. The
circuit consists of two similar stages connected sequentially. The attenuation coefficients in the second
integrator of the first and second stages are different, so capacitor arrays look different. The last OTA
in the second stage has half the load in comparison with other OTAs. Thus sizes of the last OTA layout
are 32 um x 35 pm, while sizes of other OTAs are 51 pm x 35 um. The last OTA has 68.7 dB gain, and at
2.5 pF load it shows a unity gain bandwidth of 27.5 MHz and phase margin of 78.4 degrees. The current
consumption of the last OTA at the supply voltage of 1.8 V is about 120 pA. The last amplifier noise
referred to the input at 1 kHz is 450 nV/\Hz.

35



Wed Sep 14 18:26:08 2022 1

W

0.0
-10.0
-20.0
-30.0
-40.0
50.0
-60.0
-70.0
-80.0
-90.0
-100

Fig. 5. Delta-sigma modulator layout

Vis

..erage(clip(mash-2.7 108u 8300u )) @

spectrum_mash-2.7

Il spectrum_v("/out" ?result "tran")-2.7 «

spectrum_out

Name

4YCT|DOI7ICTBa N CUCTEMbI Nepeaayn, npuemMa n 0bpaboTkn CMrHanoB

ig-

ts
ion is

t signal
inpu

Post-layout

order noise
is 62 dB. Power consumpt

inpu

the 4"

At the clock frequency of 1 MHz and the frequency band of the

b

The output code was

10

6

From the spectrum

in Fig

0

Frequency band of the

1

dulator
18 um CMOS technology from JSC

mW.

ic range

9

1

10
freq (Hz)
igma mo
is
is 1 MHz
ies an area of 430 pm x 220 pm

-S

10n

dulator are shown
. Dynam

ions
iven

0

Its of delta
dulator based on 0

igma mo

Conclus

10n resu
=S

Power consumpt

10°
igma mo

8 V. Clock frequency
dulator layout occup

dulator are g

lat

S

is 1

igma mo

imu

S
of the first and second stages

is 62 dB
2 delta

6

Its of the delta

S
-sigma mo

ig

F
outputs

ic range

bit

ion resu
rty can be seen

Supply voltage

lat

The delta

f the MASH 2

imu
ribed.

the dynam
Its of the delta

b
ion o

layout s
izat
is desc
to 8 kHz
ion resu

Real
lati
1.9 mW.

Mikron

Post
composed from two 2

shaping prope
up to 8§ kHz

nal is up
simu

36



4 Circuits and Systems for Receiving, Transmitting and Signal Processing >

REFERENCES

1. de la Rosa J.M. Sigma-Delta Modulators: Tutorial Overview, Design Guide, and State-of-the-Art Sur-
vey, in IEEE Transactions on Circuits and Systems I: Regular Papers, 2011, vol. 58, no. 1, pp. 1-21. DOI:
10.1109/TCSI1.2010.2097652

2. Morgado A., del Rio R., dela Rosa J.M. High-Efficiency Cascade XA Modulators for the Next Gener-
ation Software-Defined-Radio Mobile Systems, in /EEE Transactions on Instrumentation and Measurement,
2012, vol. 61, no. 11, pp. 2860—2869. DOI: 10.1109/TIM.2012.2200394

3. de la Rosa J.M., Schreier R., Pun K.-P., Pavan S. Next-Generation Delta-Sigma Converters: Trends
and Perspectives, in IEEE Journal on Emerging and Selected Topics in Circuits and Systems, 2015, vol. 5, no. 4,
pp. 484—499. DOI: 10.1109/JETCAS.2015.2502164

4. Payandehnia P., He T., Wang Y., Temes G.C. Digital Correction of DAC Nonlinearity in Multi-Bit
Feedback A/D Converters: Invited tutorial, 2020 IEEFE Custom Integrated Circuits Conference (CICC), Bos-
ton, MA, USA, 2020, pp. 1-8. DOI: 10.1109/CICC48029.2020.9075916

5. Jing C., Li T., Gao B., Gong M. A MASH2-2 Sigma Delta Modulator with NTF Zero Optimization
Technique, 2022 5" International Conference on Communication Engineering and Technology (ICCET), Shang-
hai, China, 2022, pp. 68—72. DOI: 10.1109/ICCET55794.2022.00021

6. Xu J., Xu W., Tian Q. The Design of a High-Accuracy Sigma-Delta Modulator with 2-2 Mash Structure,
2023 6" International Conference on Electronics Technology (ICET), Chengdu, China, 2023, pp. 1007—1011.
DOI: 10.1109/I1CET58434.2023.10211909

7. Hao San et al. Second-order AXAD modulator with novel feedforward architecture, 2007 50® Midwest
Symposium on Circuits and Systems, 2007, pp. 148—151. DOI: 10.1109/MWSCAS.2007.4488558

8. Korotkov A.S., Pilipko M.M., Morozov D.V., Hauer J. Delta-sigma modulator with a 50-MHz sampling
rate implemented in 0.18-pum CMOS technology, Russian Microelectronics, 2010, vol. 39, no. 3, pp. 210—219.
DOI: 10.1134/S106373971003008X

9. Kozlov A.S., Pilipko M.M. A Second-order Sigma-delta Modulator with a Hybrid Topology in 180nm
CMOS, 2020 IEEE Conference of Russian Young Researchers in Electrical and Electronic Engineering (EICon-
Rus), St. Petersburg and Moscow, Russia, 2020, pp. 144—146. DOI: 10.1109/EIConRus49466.2020.9039246

10. Korotkov A.S., Morozov D.V., Pilipko M.M., Yenuchenko M.S. Sigma-Delta ADC on SOI Technol-
ogy for Working at High Temperatures, Radioelectronics and Communications Systems, 2020, vol. 63, no. 11,
pp. 586—595. DOI: 10.3103/S0735272720110035

11. Morozov D.V., Pilipko M.M., Korotkov A.S. Delta-sigma modulator of the analog-to-digital con-
verter with ternary data encoding, Russian Microelectronics, 2011, vol. 40, no. 1, pp. 59—69. DOI: 10.1134/
S1063739710061034

12. Morozov D.V., Pilipko M.M. A circuit implementation of a single-bit CMOS adder, Russian Microe-
lectronics, 2013, vol. 42, no. 2, pp. 113—118. DOI: 10.1134/S106373971302008X

13. Pilipko M.M., Morozov D.V. The XOR-MAJ Thermometer-to-Binary Encoder Structure Stable to
Bubble Errors, IEEE Transactions on Circuits and Systems I1: Express Briefs, 2021, vol. 68, no. 7, pp. 2613—2617.
DOI: 10.1109/TCSI11.2021.3052695

14. Baird R.T., Fiez T.S. Linearity enhancement of multibit AX A/D and D/A converters using data weight-
ed averaging, in /EEE Transactions on Circuits and Systems II: Analog and Digital Signal Processing, 1995,
vol. 42, no. 12, pp. 753—762. DOI: 10.1109/82.476173

15. Sanyal A., Chen L., Sun N. Dynamic Element Matching With Signal-Independent Element Transi-
tion Rates for Multibit AX Modulators, in /IEEFE Transactions on Circuits and Systems I: Regular Papers, 2015,
vol. 62, no. 5, pp. 1325—1334. DOI: 10.1109/TCS1.2015.2407434

37



4YCTp017ICTBa ¥ CUCTEMbI Nepeaayum, npueMa 1 o6paboTku CUrHaioB

I
INFORMATION ABOUT AUTHORS / CBEAEHUA Ob ABTOPAX

Pilipko Mikhail M.

IMumunko Muxann Muxaiiiosuny

E-mail: m_m_ pilipko@rambler.ru

ORCID: https://orcid.org/0000-0003-3813-6846

Morozov Dmitry V.

Mopo3os JImutpuii BanepbeBua

E-mail: dvmorozov@inbox.ru

ORCID: https://orcid.org/0000-0003-3403-0120

Yenuchenko Mikhail S.

Enyuyenko Muxaun CepreeBud

E-mail: mixeme@outlook.com

ORCID: https://orcid.org/0000-0002-5301-3871

Submitted: 17.07.2023; Approved: 25.09.2023; Accepted: 11.10.2023.
Hlocmynuaa: 17.07.2023; Odobpena: 25.09.2023; I[lpunama: 11.10.2023.

38



