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Abstract. This paper presents the design process of the cascaded (MASH) 2-2 sigma-delta
modulator. For this purpose, several sigma-delta modulator topologies were studied at the system
and schematic levels. Simulation at the system level was used to define the requirements for the
operational transconductance amplifier (OTA), which is a part of the integrator. Sigma-delta
modulators were designed using a 0.18 um CMOS technology library. The influence of temperature
swing, process variations and noise on the characteristics of second-order sigma-delta modulators
was taken into account during simulation. As a result of the simulation, the optimal second-order
topology was selected. This topology was used to design the cascaded (MASH) 2-2 sigma-delta
modulator. The developed modulator has a resolution of 15.97 effective bits, a working frequency
band of 20 kHz, consumes 12 mW of power at a supply voltage of 3.3 V. The occupied area of the
circuit on the chip is 0.22 mm?. A device with such characteristics can be used in interfaces of
micromechanical sensors.
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AnnHoTtanusa. B naHHOI1 cTaThe mpeacTaBieHa pa3padoTka KackagHoro (MASH) 2-2 curma-naenb-
Ta MonyJsaTopa. B xone paboThl ObUIM PACCMOTPEHBI Pa3IMYHbIE apXUTEKTYPhl CUTMa-IebTa MO-
JYJISITOPOB HAa CUCTEMHOM M CXEMOTEXHUYECKOM YPOBHIX. MoaenupoBaHe Ha CUCTEMHOM YPOB-
HE TTO3BOJIMJIO OIPEeAeUTh XapaKTEPUCTUKKU OMEPallMOHHOTO TPaHCKOHAYKTUBHOTO YCUJIUTEJIS
(OTY), Bxomsiero B coctaB MHTeTrpaTopa. JIJist pa3paboTKN CXeMOTEXHUYCCKOM pealn3aiy CHT-
Ma-JIeJIbTa MOMYJISITOPOB MCITOJIb30BasIach TexHoormdeckass omnoimmoreka KMOII-texHOMOTMY C©
HopMmamu 0,18 mxm. Ha cxeMoTexHMYeCKOM YpOBHE OBIJIO MPOBEAECHO MOJSIUPOBAHUE CTPYKTYP
BTOPOTIO MOpsIKa C yUeTOM IllyMa, TeMIIepaTyphl, a Takxke pa3zdpoca mapaMeTpoB TexHoyioruu. B
pe3yJibTaTe MoJeMpoBaHus Obljla BbIOpaHa onTUMaJibHasi CTPYKTypa BToporo nopsiaka. Ha ocHo-
BE 9TOU CTPYKTYpHI ObLJIa MOCTPOEHA CXeMa KaCKaJHOIro CUTMa-JesikTa MoayJisiTopa. PaspadoraH-
HBII MOJIYJISITOp UMEET Pa3peliaollyo criocoOHocTh 15,97 addeKTuBHBIX OUT, Mo0Ccy pabounx
yacrot 20 kli1, 3aHnMaeT Ha Kpucrajuie mromans B 0,22 Mm? 1 morpedisier 12 MBt MomHocTH ripu
HanpskeHuu utanus 3,3 B. YeTpolicTBoO ¢ TaKMMU XapaKTepUCTUKAMM MOXKET TIPUMEHSThLCS B
nHTepdericax MUKpOMEeXaHUUECKUX TaTYMKOB U CEHCOPOB.
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Introduction

The rapidly growing market for microelectromechanical systems (MEMS) is driving the demand for
precision interface chips. Analog-to-digital converters (ADCs) are an essential part of such circuits, since
without them, further digital processing of the signal from the MEMS device is impossible. The output sig-
nals of MEMS sensors usually do not exceed tens of kilohertz, so ADCs based on sigma-delta (XA) mod-
ulation are most often used to convert them into digital form. A sigma-delta ADC consists of an analog
(sigma-delta modulator) and a digital (filter-decimator) part. This type of ADC is capable of providing
high resolution (up to 24 bits). Typically, sigma-delta ADCs consume much less power than faster ADC
architectures. Sigma-delta ADCs achieve high resolution by using noise shaping and high sampling rates
above the Nyquist frequency (oversampling).

Sigma-delta modulators can be roughly divided into two general categories: continuous-time (CT)
and discrete-time (DT) circuits. In CT circuits, the only clocked unit is the comparator, while the in-
tegrator is implemented as a Gm-C, active RC or passive RC filter. Sigma-delta modulators of this type

© Koznoe A.C., Muaunko M.M., Tynaes A.T., benses f.B., 2024. WU3patenb: CaHkT-MeTepbyprckuili NOUTEXHUYECKUI YHUBEPCUTET MeTpa
Benukoro
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consume less power and are capable of operating at higher clock rates than DT modulators. According
to [1], the highest operating frequency band for the CT modulator achieved to date is 465 MHz, while
for the DT modulator this value is only 40 MHz. However, CT modulators also have their drawbacks.
First, they have increased sensitivity to jitter, since errors in the digital-to-analog converter (DAC)
occur due to an unstable clock signal. In addition, delays in the DAC and quantizer can introduce
additional poles in the signal transfer function (SiTF) and noise transfer function (NTF), which leads
to degraded performance and possible instability of the modulator. This effect is called excess loop
delay (ELD) [2].

In contrast, DT sigma-delta modulators have lower bandwidth and higher performance require-
ments for an operational amplifier, which is a part of an integrator. Nevertheless, they have become
widespread due to their immunity to jitter and ELD. It is also worth noting that the characteristics of
DT modulators are less sensitive to process variations.

>

Simulation of second-order topologies at system level

First-order sigma-delta modulators are easy to design and inherently immune to instability. Nev-
ertheless, the relatively low level of the suppression of quantization noise at moderate values of the
oversampling ratio significantly limits their scope of application. This is why second-order sigma-delta
modulators have become the most widely used.

Interest in second-order sigma-delta modulators has led to the emergence of a number of different
structures. The best known is Boser—Wooley modulator — cascade of integrators with feedback (CIFB)
[3]. Reducing the gains of the integrators improves the stability of the modulator for signals with high
amplitude, and the use of delaying integrators makes it possible to reduce the speed requirements for
the operational transconductance amplifier (OTA). Integrators’ gains are chosen such that STF(z) =
=z2and NTF(z)=(1 -z ")~

The so-called feedforward topology was first introduced in [4]. Some papers also referred to it as
the ideal topology and the broadband topology. The main advantages are the reduced requirements for
the signal swing of the OTA (since the integrator processes only the quantization noise), as well as an
increased dynamic range. This modulator implements STF(z) = 1 and NTF(z) = (1 —z ")

Another version of the sigma-delta modulator, called the cascade of integrators with distributed
feedback topology with capacitive input feedforward (CIFB-CIF), was presented in [5]. The proposed
modifications made it possible to reduce the speed requirements for the modulator components (it is
especially important in the case of a modulator with a multi-bit quantizer, since in this case a multi-bit
DAC with digital element matching is used), and also to omit the adder before the quantizer. Like the
feedforward topology, this modulator implements STF(z) = 1 and NTF(z) = (1 —z ')

The following structure was first considered in [6]. A similar structure was published in [7].

It can be noted that this architecture is also characterized by the absence of an adder in front of the
comparator. In addition, the modulator has only one feedback branch, therefore, to implement this
structure, a single DAC is required, which makes it possible to reduce the area of the circuit on the chip,
as well as power consumption. In this structure, STF(z) = 1 and NTF(z) = (1 — z )%

It is also possible to design a topology with STF(z) = z"' and NTF(z) = (1 — z'')*. This topology was
considered in [8]. A hybrid topology is a kind of CIFB architecture. The hybrid topology, like the feedfor-
ward one, is characterized by reduced requirements for integrator nonlinearities. In addition, in this case,
the number of signal branches is smaller and there is no adder in front of the comparator, therefore the
power consumed by the modulator is reduced.

The noise performance of second-order topologies can be a limiting factor for their use in high-pre-
cision applications. Higher order sigma-delta modulators present an effective way to reduce quantiza-
tion noise in signal band. The main drawback of high-order single-loop architectures is their vulnerabil-
ity to instability. Multi-stAge noise SHaping (MASH) architecture can be immune to instability, while
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demonstrating noise suppression comparable to high-order single-loop sigma-delta modulator. This is
why MASH topologies are of interest.

Theoretically, any of the second-order topologies mentioned above can be used to design a MASH
2-2 sigma-delta modulator. However, different non-idealities should be taken into account. This is why
simulation at a system level is an essential part of the design process. In [9, 10], an analysis of the in-
fluence of various factors on the performance of the first-order sigma-delta modulator was carried out.
Nevertheless, the authors note that such an analysis needs to be performed for various architectures. In
this regard, the effect of the finite gain, the finite gain-bandwidth and the finite slew rate will be dis-
cussed.

According to [11, 12], the finite value of the gain leads to an effect called “integrator leakage”. The
parameter p, which characterizes this effect, is defined as:

k-1
P=—7">

where £k is the amplifier gain. Due to leakage, the gain of the integrator turns out to be different from the
nominal value. It should also be noted that leakage changes the position of zeros in the noise transfer
function, thereby increasing the noise power in the useful frequency band. These effects can greatly af-
fect the operation of sigma-delta modulators based on the MASH architecture.

The influence of the gain bandwidth on the transfer function of the integrator was considered in [13].
Taking into account the gain bandwidth modifies the transfer functions as follows:

Non-inverting integrator:
-1
H(z)=9 2 J1-en| S ||
C 1z C +C,

Inverting integrator:

(el
C+C, )\ 1,

where ft is the unity gain frequency, fé is the clock frequency, C , is the input capacitor, C2 is the feedback
capacitor.

In practice, in switched-capacitor circuits, it is recommended to use amplifiers with gain bandwidth
of at least 5 times the clock signal frequency [14, 15].

The slew rate (SR) of the op-amp output is also an important parameter that determines the overall
performance of the sigma-delta modulator. The finite SR causes the gain to be nonlinear [11]. To ac-
count for this parameter, changes in the output signal are described using the equations from [16].

To implement a high SR, it is necessary to increase the current of the amplifier output stage. This
leads to an increase in power consumption and an increase in the occupied area on the chip (due to
wider devices). It is also possible to increase the SR by using class AB output stage amplifiers; however,
these are difficult to design and generally require frequency compensation.

According to [17], the SR requirements are highly dependent on the gain bandwidth. To achieve
high signal-to-noise-and-distortion ratio (SNDR) values, it is necessary to provide one of two operating
modes of the integrator: slow or fast.
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The normalized SR is determined by the expression:

T
SRy = SR——,

pp

where T' . is the clock period, V;p is the value of the feedback signal of the sigma-delta modulator (deter-
mined by the supply voltage).

In the slow mode, it is assumed to use an amplifier with a relatively small gain bandwidth (few times
of fS ). The normalized SR in this mode must exceed the value of n, which is defined as follows:

T
n.=—,
2t
where T is the amplifier’s time constant
1
T=—",.
2nf,

When working in this mode, two difficulties arise. First, a high SR is required for a broadband am-
plifier to operate correctly. Satisfying this criterion is especially problematic if the amplifier is loaded
with a large capacitance. Second, if the gain bandwidth of the amplifier is higher than expected after the
circuit is fabricated, the SR y may occur less than n_, which will lead to a decrease in the SNDR of the
modulator.

To implement a circuit operating in a fast mode, an amplifier with a bandwidth such that n_> 12 is
required. In this case, the SR requirements are significantly reduced.

To summarize all of the above, it should be noted that for each sigma-delta modulator topology,
system-level models with OTA’s non-idealities were designed. The model for the feedback topology is
shown in Fig. 1.

The simulation results show that for ft = 20]2 the dependence of the SNDR on the amplitude of the
input signal becomes close to ideal (with an infinitely high gain) when the normalized SR is higher than 5.

Similar dependencies were obtained for a finite gain and finite gain-bandwidth. All considered sigma-
delta modulator topologies have shown approximately the same results.

System-level simulations show that for the MASH 2-2 modulator with SNDR > 90dB, input signal
bandwidth of 20 kHz and oversampling ratio of 128, non-idealities of an OTA become negligible (do not
degrade overall modulator performance) if its parameters meet the following requirements:

* DC gain of more than 40 dB;

* Gain bandwidth of more than 100 MHz;

+ Slew rate of more than 82.5 V/us.

Simulation of the second-order topologies at the schematic level

In order to design second-order sigma-delta modulators at the schematic level, several main blocks
are required: a CMOS switch, a comparator, and an OTA. The switch has a finite resistance, which, in
the case of using a single transistor with a certain type of conductivity, turns out to be highly dependent
on the input signal level. Using a switch based on a complementary pair of transistors allows one to ef-
fectively cope with this problem. The clock feedthrough effect, however, remains. One of the options for
reducing the clock feedthrough is to use a CMOS switch with additional dummy transistors [18].

A comparator is required to convert the signal from the integrator output to a pulse train. Clocked
comparators are of interest because they do not consume static power. An example of such a comparator
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is a structure called StrongARM latch [19], shown in Fig. 2. When a low-level signal is applied to the
clock inputs of the comparator, the p-transistors connected in parallel with the bistable cell in the upper
part of the circuit are turned on, and the current source in the form of an n-transistor in the lower part
of the circuit is locked. As a result of resetting the comparator value, a logical zero value is set at both its
outputs, regardless of the signals at the comparator inputs. In order to store the information signal while
the comparator is reset, an RS-latch is used.

In the previous paragraph, the following OTA’s requirements were obtained: DC gain of more than
40 dB, gain bandwidth of more than 100 MHz, slew rate of more than 82.5 V/us. In addition, in order to
ensure high linearity, the OTA should have a rail-to-rail output signal swing. A folded-cascode amplifier
meets these requirements. The amplifier with feedforward compensation from [20] was taken as a basis.
For better stabilization of the operating point, a common mode feedback circuit (CMFB) in the form of
a differential amplifier with diode-connected transistors as a load was used. Fig. 3 shows the final OTA
schematic. Simulation results showed that the designed OTA has the following characteristics: DC gain
of 75 dB, gain bandwidth of 200 MHz and slew rate of 102 V/us with a capacitive load of 4 pF. Perfor-
mance margin is added in order to ensure the reliability of the design across all process corners.

After designing the main blocks, the design of the sigma-delta modulators themselves follows. Based
on the analysis carried out earlier, an implementation with switched capacitors was chosen. All struc-
tures are fully differential.
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As a result of the simulation, the dependence of the SNDR of the output signal versus the amplitude
of the input signal was obtained for different second-order topologies (Fig. 4). The graphs for feedback
(FB), feedforward (FF [4]), hybrid (HY [21]), Gharbiya (GH [5]) and Murayama (MU [6]) topologies

are shown.

Next, the simulation was carried out taking into account the influence of temperature swing, process
variation and the intrinsic electrical noise of the circuit. Further simulation was carried out at a single

signal amplitude of 1.2 V.

To study the effect of temperature on the characteristics of modulators, three temperature values
were chosen: —40°C, 27°C, 85°C. Based on the data obtained, it can be concluded that the Murayama
structure [6] is the most sensitive to the effect of temperature: the decrease in SNDR at the temperature

of —40°C was 24 dB compared to the nominal value.

The technology libraries used in the project allow for simulation with process variations. The largest
deviations of the parameters from the nominal values are called “corners”. The simulation showed that
for all five structures, the change in characteristics turns out to be insignificant.

Simulation with intrinsic noise was performed using the transient noise option. The SNDR value
for the Murayama structure decreased by 24 dB, for the Gharbiya structure — by 6.4 dB, and for the

84

_in

wermnfh

wsa



4 Information, Control and Measurement Systems>
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Fig. 5. Analog part of the MASH 2-2 sigma-delta modulator

feedforward structure — by 2.5 dB. The SNDR value for the feedback and hybrid structures even im-
proved slightly after adding noise.

According to the simulation results, it is clear that the most reliable structures are the feedback, feed-
forward, and hybrid. In addition, as the feedback structure requires the least number of capacitors, it was
decided to build the MASH sigma-delta modulator based on it.

The MASH 2-2 sigma-delta modulator

Next, the schematic of MASH 2-2 sigma-delta modulator was designed. The analog part is shown in
Fig. 5. The first stage is presented by the feedback topology shown earlier. In the second stage, changes
were made to this circuit. The modulator feedback is implemented using a separate capacitor C12. Ca-
pacitors C6 and C13 are used to subtract the code of the first stage from its residue analog signal. Signals
Y1 and Y2 are then fed to the digital processing circuit. The resulting multibit signal has the properties
of fourth-order noise shaping.
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Conclusion

The paper presents the design process of the MASH 2-2 sigma-delta modulator. Simulation at the
system level was used to define the requirements for the requirements for the operational amplifier,
which is the key building block of the sigma-delta modulators.

The circuits of the main blocks of a sigma-delta modulator based on a 0.18 yum CMOS technolo-
gy library have been designed, and simulation has been carried out. Based on the developed blocks,
five structures of second-order sigma-delta modulators were assembled, simulated and compared. The
influence of temperature swing, process variations and noise on the characteristics of second-order
sigma-delta modulators was taken into account during simulation. Simulation results showed that the
feedback topology is the most suitable for implementing a cascaded sigma-delta modulator.

A schematic for the MASH 2-2 sigma-delta modulator has been designed, and the characteristics of
the developed device have been obtained. With an effective number of bits equal to 15.97 in a signal band
of 20 kHz, the circuit is suitable for audio systems and other high-resolution low-power applications.
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