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Abstract. A delta-sigma modulator with reset for incremental AX ADCs for the 180 nm CMOS
technology with a supply voltage of 3.3 V from Mikron JSC is presented. The simulation of the
AY modulator in the time domain in the Virtuoso analog design environment from Cadence DS
was performed. The clock frequency was set to 6.25 MHz. The power consumption was about
9.5 mW. The reset was performed every 32 or 128 clock cycles. The results of the AX modulator
simulation were processed in MATLAB. The digital decimation filter in the form of a cascade of
integrators was realized in software. At the oversampling ratio of 32, the modulator shows
SINAD = 69.3 dB (ENOB = 11.2 bits) and SFDR = 76.9 dB. At the oversampling ratio of
128, SINAD = 88.7 dB (ENOB = 14.4 bits) and SFDR = 92.7 dB are achieved. The crystal
dimensions were 640 x 340 um. The AX modulator circuit is suitable for precise digitization of
sensor signals in the audio frequency range.
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Annoramusa. [IpencraBieH AX MOIYJISITOpP cO cOpocoM i MHKpeMeHTanbHbIX AX ALIIT mo
180 nm KMOII-texHonoruu ¢ HanpsikeHueM nutanus 3,3 B ot AO «MukpoH». MoaenupoBa-
HUe AX MOIyJISITOpa BO BpeMEHHOI 00JIaCTU MPOBOAMUIOCH B Cpelie aHAJOrOBOTO MPOEKTUPO-
BaHus Virtuoso komnanuu Cadence DS. TaktoBas yactora Oblia paBHa 6,25 MIi. ITorpebis-
eMast MOIITHOCTh COoCTaBuia okojio 9,5 MBT. COpoc mpousBommicst Kaxmble 32 win 128 TakToB.
Pesynbratel MogenupoBaHust AX-mopyisTopa oopadarsiBannch B MATLAB. Ludposoit neum-
MUPYIOIINI GUIBTP B BUAE Kackala MHTETPAaTOPOB peann3oBaH mporpammHo. [Ipu koadhu-
LIMEHTE TMepenuckpeTusanuu 32 monyasatop obecrieunBaer SINAD = 69,3 nb (ENOB = 11,2
out) u SFDR = 76,9 nb. I1pu xoadbuinente nepeauckperuzaunu 128 nocrurarorcsa SINAD =
= 88,7 1b (ENOB = 14,4 6ut) u SFDR = 92,7 nb. Pazmepsl kpuctamia coctaBuin 640x340 MKM.
Cxema AX MomyJIsiTopa IIPUTOIHA IUISI TOYHOM OLM(PPOBKK CUTHAJIOB JATYNKOB (PM3NICCKUX BE-
JIMYMH B 3ByKOBOM [IMara3oHe 4acToT.

KiioueBblie ciioBa: aHanoro-1uppoBoil mpeodpaszoBaTteiib, AeJabTa-CUIMa MOIYJISITOP, UHKPEMEH -
TalbHBIN AerbTa-curMa ALLTT, K104 ¢ MOCTOSTHHBIM COTIPOTUBJICHUEM, IMHAMUYECKOE COTIaco-
BaHNE 3JICMEHTOB

®unaHcupoBanue: [Ipou3BOICTBO MHTErPaJbHOM MUKPOCXEMBI OBLIO BBIMOJHEHO 3a CYeT
cpenctB MUHHCTEpPCTBa HAyKU M BBICIIEro obpa3oBaHus Poccuiickoit Denepalini B paMKax
denepanbHOro npoekta «IToaroroBka KaapoB M HaAydHOTo (DyHIaMeHTa ISl 9JIEKTPOHHOI Tpo-
MBIIIUICHHOCTH» TI0 TOCYIapCTBEHHOMY 3aJaHUIO Ha BEITIOJIHEHNE HayYHO-MCCIEI0BaTEIhCKOM
paboThl «Pa3zpaboTka MeTOAUKU TTPOTOTUITMPOBAHUS 3JI€KTPOHHOU KOMIIOHEHTHO 0a3bl HA OT-
€UeCTBEHHBIX MUKPOBJIEKTPOHHBIX TPOU3BOJACTBAX HA OCHOBE cepBrca MPW».,

Jlna nmutupoBanus: Pilipko M.M., Morozov D.V. Incremental delta-sigma modulator // Com-
puting, Telecommunications and Control. 2025. T. 18, Ne 2. C. 91-98. DOI: 10.18721/JC-
STCS.18207

Introduction

For battery-powered systems, such as sensors, power-efficient analog-to-digital converters (ADCs)
are especially important and are typically tuned to the required bandwidth. Incremental delta-sigma
(AX) ADCs [1, 2] are the optimal choice for achieving high power efficiency. Incremental AX ADCs
have a reset and perform a sample-by-sample conversion, which distinguishes them from traditional AX
ADCs, when digitizing weakly correlated input samples. Since such converters typically have a finite im-
pulse response, the corresponding decimation filter can be as simple as a cascade of integrators, which
is much simpler than their counterparts using filters with an infinite impulse response.

The block diagram of such an ADC is shown in Fig. 1. It consists of a AX modulator, a decimation
filter and a reset circuit. The input signal X is fed to the AX modulator. At the AX modulator output,
an oversampled digital data stream Y is formed, which is processed by the decimation filter. At the
output of the digital decimation filter, the AX ADC output code D is formed. The clock signal (clk) is
fed both to the AX modulator and the reset circuit. The reset circuit is a counter that is controlled by
an oversampling ratio signal (OSR) — 32 or 128 in this paper — and discretely changes the conversion
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Fig. 1. Incremental AX ADC

X(z) 5‘
- T b<0:3
rst rst
DAC

Fig. 2. The second-order AX modulator with reset

factor within the oversampling ratio values and generates a reset signal (rst). This paper will focus on
the design of the AX modulator with the reset for incremental AX ADCs.

Functional-level model of the AX modulator

Fig. 2 shows a functional-level model in z-domain [3, 4] of the second-order AX modulator with
reset, which consists of two integrators with reset, feedforward paths H1(z) = H2(z) = 1—-z7', two
analog adders, a quantizing circuit in the form of an ADC, and a digital-to-analog converter (DAC)
in the negative feedback loop. Unlike other modulator structures, this structure requires only one
feedback DAC and does not require an adder before the local ADC. The input is designated as X(z).
The digital data stream b<0:3> is formed at the output Y(z) of the AX modulator. The first integrator
has a transfer function z='/(1—z7'), and the second integrator has a transfer function 0.5/(1—z7").
Both integrators are reset by the “rst” signal every 32 or 128 clock cycles. The feedback DAC suffers
from mismatch of component values. In order to alleviate this problem, a dynamic elements match-
ing (DEM) circuit in DAC is developed [5]. The signal for controlling the DEM part of the DAC is
designated as “dem”.

Cadence Virtuoso circuit of the AX modulator

According to the functional level block diagram of the AX modulator shown in Fig. 2, a circuit
of the AX modulator based on switched capacitors has been developed in the Virtuoso analog design
environment from Cadence DS. The circuit of the AX modulator with reset is shown in Fig. 3, where
the 180 nm complementary metal-oxide-semiconductor (CMOS) technology with a supply voltage
of 3.3 V from Mikron JSC was used. The AX modulator layout is shown in Fig. 4. Sizes of the layout
are 640x340 um.

In Fig. 3, input signals — non-inverting (inp) and inverting (inm) — are applied to the integrators via
bootstrapped switches [6, 7]. Each integrator utilizes a folded-cascode rail-to-rail operational transcon-
ductance amplifier (OTA) similar to [5, 8], with the width of the transistors in OTA1 being two times
greater than the width of the transistors in OTA2 due to a proportionally larger load. The OTA inputs are
non-inverting (vp) and inverting (vm), the OTA outputs are non-inverting (vop) and inverting (vom).
The signal equal to half the supply voltage is designated as “vem”. The output signals of the integrators
are “olm” and “olp” for the first integrator and “o2m” and “o02p” for the second integrator.
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Fig. 3. The AX modulator in Virtuoso by Cadence DS

The quantizer at the output of the AX modulator forms four output bits b<0:3> and has eight quan-
tization levels, which are provided by comparators similar to [5]. The non-inverting and inverting feed-
back signals of the AX modulator are presented in thermometer code and are designated by t<1:8> and
nt<1:8>, respectively. The signal for controlling the dynamic elements matching circuit [5] is designated
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Fig. 4. The AX modulator layout

as “dem”. The circuit uses CMOS switches controlled by two phase sequences “f1” and “f2” similar
to [5]. Phase sequences “nfl” and “nf2” are inverted to “f1” and “f2”, respectively. The main feature
of this AX modulator circuit is the presence of CMOS switches that perform reset of the integrators by
connecting the input and the output of the OTA pairwise using the “rst” signal (“nrst” is the inverse
signal to “rst”).

The input capacitance of the AX modulator consists of eight parallel-connected capacitors with a
nominal value of 1.2 pF to both non-inverting (inp) and the inverting (inm) inputs, which totally gives
9.6 pF in both of the specified nodes. Capacitors with a nominal value of 9.6 pF are connected in the
feedback loops of OTAL. This ratio of capacitances sets the unity gain in the first integrator of the AX
modulator. The load of the first integrator is the input capacitance of the second integrator, which in
total is 4 pF at both the non-inverting (vop) and inverting (vom) outputs of OTA1. Capacitors with a
nominal value of 4 pF are connected in the feedback loops of OTA2. Each of the capacitors connected
to both the non-inverting (vp) and the inverting (vm) inputs of OTA2 has a nominal value of 2 pF. This
ratio of capacitances sets the gain of 1/2 in the second integrator of the AX modulator. With these ratios
of capacitances, the circuit of the AX modulator corresponds to its z-domain transfer function in the
functional-level model described in previous section.

The AX modulator circuit in Virtuoso by Cadence DS was simulated at 27°C in the time domain with
transient noise option turned on. The clock frequency was set to 6.25 MHz. The input harmonic signal
frequency was 1335 Hz, the amplitude was 1 V. Power consumption was 9.5 mW. The simulation results
were processed in MATLAB. The input differential signal “inp” and “inm”, reset signal (rst) and output
code b<0:3> in decimal form (DSM code) are shown in Fig. 5 for the case when the “rst” signal acts
every 32 clock cycles. The AX modulator output code in decimal form takes values from 0 to 8. After
the reset pulse on the second graph, the code at the output of the AX modulator takes the value 4, which
corresponds to the middle of the specified range of the output values.

Processing the simulation results of the AX modulator in MATLAB

The results of the time-domain simulation of the AX modulator were processed in MATLAB. A
software implementation was done for the decimation filter from Fig. 1 in the form of a cascade of in-
tegrators. The number of the integrators in the decimating filter is two, which corresponds to the order
of the AX modulator.

For the case when the reset signal (rst) acts every 32 clock cycles, the output code after processing
by the digital decimation filter is shown in Fig. 6, a. Every 32 clock cycles, the sum of the AX mod-
ulator output codes is formed by accumulation. The resulting digital values before the reset moment
proportionally represent the shape of the input harmonic analog signal. Fig. 6, b shows the decimated
output code of the digital filter fixed in the register before the reset moment. In decimal form, the
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Fig. 5. Simulation results of the AX modulator from Virtuoso by Cadence DS processed in MATLAB
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Fig. 6. Processing in MATLAB the simulation results for the reset signal (rst) acting every 32 clock cycles

values of the decimation filter output code range from 608 to 3616. The decimation filter output code
spectrum is shown in Fig. 6, ¢, a 1024-point discrete Fourier transform with a rectangular window was
performed. The calculated signal-to-noise and distortion ratio is SINAD = 69.3 dB (the effective num-
ber of bits is ENOB = 11.2 bits), spurious-free dynamic range is SFDR = 76.9 dB.
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Fig. 7. Processing in MATLAB the simulation results for the reset signal (rst) acting every 128 clock cycles

For the case when the reset signal (rst) acts every 128 clock cycles, the output code after processing
by the decimation filter in the form of the cascade of integrators is shown in Fig. 7, a. Every 128 clock
cycles, the sum of the AX modulator output codes is formed by accumulation. The clock frequency and
the input harmonic signal are the same as in the previous case.

Fig. 7, b shows the output code of the decimation filter fixed in the register before the reset mo-
ment. In decimal form, the values of the decimation filter output code range from 9466 to 56584.
The decimation filter output code spectrum is shown in Fig. 7, ¢, a 256-point discrete Fourier trans-
form with a rectangular window was performed. The calculated characteristics are SINAD = 88.7 dB
(ENOB = 14.4 bits) and SFDR =92.7 dB.

Conclusions

Delta-sigma modulators are suitable for relatively low-frequency applications, such as sensor sys-
tems and audio applications, that require high-quality digitization of the input signal. Unlike tradi-
tional AX ADCs, incremental AX ADCs allow easy integration into multi-channel systems due to sam-
ple-by-sample digitization without memory effect.

The AX modulator with reset for incremental AX ADCs was designed in 180 nm CMOS technology
with a supply voltage of 3.3 V from Mikron JSC. The clock frequency is set to 6.25 MHz. Power con-
sumption is about 9.5 mW. The reset acted every 32 or 128 clock cycles, i.e., the signal band was from 0
to either 195 kHz or 49 kHz, respectively. When the reset acts every 32 clock cycles, circuit properties are
as follows: SINAD = 69.3 dB (ENOB = 11.2 bits), SFDR = 76.9 dB. With the reset at every 128 clock
cycles, SINAD = 88.7 dB (ENOB = 14.4 bits) and SFDR = 92.7 dB. This allows the AX modulator to
be used in precision measurement systems.
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