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Abstract: The paper uses a metrological approach talock signal with frequencitfs, whereK is the modulator
modelling of>-A ADC. The main goal of such modellingoversampling ratioDigital output of the comparatd is
is possibility to evaluate the uncertainty of A-Dtransformed with 1-bit digital-to-analog converter to
conversion with given probability. The main attention istnalog form to be subtracted from the input signal. Digital
devoted to errors produced by noise. Analysis uses bdtlter realizes weighting averaging [5]. The output data
frequency and time domains. The application of theate for the digital filter = the first notch of the filterfs
metrological modelling is demonstrated at the example {2,4].
the concrete ADC manufactured by Analog Devices It is usually supposed [3,4] that spectral intensity of
company. The paper is based on application of metrologpmparator signal & is constant. To prove this
in design made in MPEI (Russia) as well as ofundamental idea, the transfer function of the comparator
widespread investigations of-A ADC fulfilled in (1-bit converter) is represented in [3] as a part of many bit
University of Westminster (England). ADC, the input signal being uniformly distributed in the
range [-2, +2]. Reference voltaiyger is accepted here as
Keywords sigma-delta analog-to-digital converter,unit. Then the comparator can be modelled as an amplifier
guantization noise, metrological modelling. with gain n followed by the quantization noise The
value of n can be chosen so [3] thdhe signalY
multiplied byn is spread over the whole range [-2, +2].
1. INTRODUCTION The SNRof the circuit shown in Fig. 1 is found in [3]

>-A ADCs are very widespread in many applications"f‘s
According to analysis made in [13-A ADCs are used 5 -
in9 fields of application from 14 considered. Only SNR=1010g3a (2n+1)k , (1)
successive approximation ADC has the same rating. The AP
number of publications devoted B-A ADCs seems to
dominate last years in comparison with other types of where a is the input signal amplitude (referred to
converters. The most specific and important feature eéference voltag¥res), A is the gain of the noise transfer
>-A ADC is noise. It comes from two sources [2]. Thdunction of a "lowpass modulator" or analog filter. It was
first one is the electrical noise in the semiconductacceptech =1 andA =1 in [3]. Corresponding functions
devices and resistors. The second source is so calEdSNRvs. K for differentn are shown in Figure 12 [3]
guantization noise. In principle, quantization error is and are the same as in Figure 14.11 [4]. According to (1)
systematic one but it can be considered as a rand@NR can be increased without limit i increases and
quantity or quantization noise if input quantity of theK >4. This result is not clear even without stability
ADC is a random variable. There is many paperanalysis. The second question is a possibility to increase
investigating the quantization noise. The basic blocBNR changing the gainA. These questions are

diagram shown in Fig. 1 is usually examined [3,4]. investigated in the next section. The specific problems of
noise in the case of narrow-band bandpass sigma-delta
ldk modulators are discussed in [6] but are not included in
this paper.
X Analog | Y ] J_ S: Digital | N Electrical noise was examined [7] for the switched-
filter filter capacitor integrator (SCF) shown in Fig. 2.

The capacitoCy is connected between input voltage
- Vin and ground or between ground and inverting input of
éﬁg < the operational amplifier due to switches 1 and 2 with
frequencyfy. From transfer function point of view the
capacitorCyy acts as a resistor having a resistance [4,7]

Fig. 1. Basic block diagram ofZ-A ADC.

Input analog signaX (DC voltage, for example) is R = 1 2)
converted into codeN. An analog filter consists of £, Cn
integrators. A comparator or quantizer is synchronized by
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It is evident that (2) can be used to calculate the
dependence o¥oyt on V. It is not evident that (2) can
be also utilized ([7] and several other papers) to find the The third part of (8) shows the conversion of a voltage
Root-Mean-Square of thermal noise in accordance withnge from modulator input to comparator input.

well known equation (Nyquist noise) According to Section 1, the value pfmust be chosen by
the way which corresponds to the condition
RMS = /4kT|QEQAf , (3) AIND" =Ves/ 4Vrer, whereVes is the full-scale voltage of

the analog-to-digital converter based on givERA

wherek is the Boltzman's constant that is equal tgnodulator. Then (8) is simplified to
k = 1.380710 % WxsecfK, T is the absolute temperature,
Af - frequency band where the noise is evaluated. @ann)z
According to [7] and other papers mentioned there (3) is RMS, :W
valid for a differential SCF whil&MS; of a single SCF is

V2 times less. The influence of switched-capacitor bound
with reference voltage is ignored. The authors of [7&
suppose without any proofs that "the thermal noise’
generated by amplifier is less critical than that of -

switches". The most papers devoted to noise analysis RM% - 6A/VFST[ ) (9a)
ignored its dependence on gain. All mentioned statements 48(2n + 1)K 2™

will be considered in sections 3 and 4.

(9)

The problem of stability [3] forces to decred®®IS,
factorW, which depends on concrete circuit. Then

The factorW can also include any deflection from
2. QUANTIZATION NOISE OF 3-A ADC theory given above. Signal-to-noise ratio [1] is equal to
2.1. Analysis in frequency domain

This noise is not a random error and can be considered SNR= 10|0g%(2n +IK> E (10)
as a random quantity in the case of random input signal. W2 ?"

To calculate standard deviation BMS of the noise the

spectral intensity of a comparator must be found before. It | et us compare (10) with (1). Equation (10) does not
is supposed that spectral intensity of a compar&ds depend om andshows the result 6 dB more than (1) if

constant within frequency band from zero toki& a=1 andW=1. Difference is produced due to choicerpf
Analog filter (see Fig. 1) is based on thimtegrators  y3|ye.
with transfer function in frequency domain To find limitations of (10) in dependence onand
input frequencychange, the analysis of quantization error
1 in time domain is necessary.
M= @ Y
Aler)

2.2. Analysis in time domain
Spectral intensity of the noise referred to input of NOW letus find the transfer function BfA ADC. The

analog filter is taking into account the model ofchematics of the first and the second order
comparator [3] described in Section 1 z-Amodulators are shown in Fig.3 and Fig.4
correspondingly.
S The output of a comparator is supposed to be equal
:% (5) accurately to reference voltage¥ or —Vger depending
n°H (w) on the sign of its input voltage. Due to this approximation
the 1-bit DAC (see Fig. 1) is not shown. All switches

Integrator constantr= RC. For switch-capacitors Nave two positions: 1 (shown in Fig. 3 and 4) and 2
techniques equivalent resist&q given by (2) can be (OPPOSite). Itis supposed, € G, = Cq. The initial values
used instead d®, then of integrators outputs are supposed to be set to zero [5].

Transfer function of modulators were found and reflected
Table 1 and Table 2.
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take place for ADC with averaging filter. By applying a

more sophisticated weighting filter [5], all codes shown in
Table 1 can be theoretically reflected to output codes of
>-A ADC and all code transition levels take place in the

C3 transfer function oE~A ADC. For considered example,
} Vout1 E averaging filter gives four code transitions, the same code

S3

<1 C1l
Ly

ve LG
ER
P22

L, bin widths, quantunQ = 0.5Vger and transfer function
Vourz  With zero differential and integral nonlinearity. A special
digital filter gives possibility to use more code transitions.
But code bin widths are not the same in the case of
weighting digital filter. Therefore differential and integral
nonlinearity arise. The former does not depend on kind of
weighting averaging if all transformed codes are used.
i . The latter depends on kind of weighting averaging.
In order to save place it is accepted in the tables thafo5,0nding absolute differential nonlinearity referred
Vx = Vin / Vrer to Vrer is shown in Tables 1 and 2. As an example,
Codes in Tables 1 and 2 correspond to the Stream\ﬁéighting coefficients 0.4: 0.3: 0.2; 0.1 for "1"s 0.4
"1"s and "0"s at the output of comparator. These codes arg :-0.2; -0.1 for "0"s at the 1, 2, 3 and"4lace in
transformed to desirable codes of ADC due to the digit@bquence of codes f&r = 4 are used to build the transfer

filter shown in Fig. 1. The simplest digital filter is afnction and to calculate the integral nonlinearity. The
digital counter [5]. It distinguishes only codes withyiggie of code transition levels is used to calculate this
different numbers of "1"s or "0"s. Transition from cod& oy [1]. One can find from Tables 1 and 2 that weighting
1011 to 1101, for example, is not distinguished by thig eraging in comparison with simple averaging decreases
filter. Numbers in the first column of Tables 1 and 2 showy,~vimum quantisation error but enters differential

code transition levels. Bolded values are only ones, Whiﬂ?)nlinearity

Fig. 3. The schematic of first orderz-A modulator.

Table 1. Transfer function of the first order Z-A modulator.

. . . Output code | Integral nonlinearity
Vy range Code CO(_:ie bin D|ffe_rent|gl with weighting with weighting
width nonlinearity o )
coefficients coefficients

-1< Vyx <-0.75 0000 -1.0 0
-0.75< V< -2/3| 0001 0.0833... 0.10 -0.8 —0.092
-2/3<Vx<-0.5 0010 0.166... 0.021 -0.6 -0.017
-0.5<Vyx<-0.25|] 0100 0.25 -0.063 -0.4 -0.025

-0.25< V<0 0101 0.25 -0.063 -0.2 -0.075

0<Vx<0.25 1010 0.25 -0.063 0.2 0.075

0.25<Vx<0.5 1011 0.25 -0.063 0.4 0.025

0.5< V< 2/3 1101 0.166... 0.021 0.6 0.017

2/3<Vx<0.75 1110 0.0833... 0.10 0.8 0.092

0.75<Vy<1 1111 1.0 0
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Fig. 4. TheZ-A modulator schematic of the second order.
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Analysis in time domain allows to find somefact increase of gives more combination of codes for
limitation of theory given in [3,4] and reflected ingivenK. But the number of such combinations is limited.
(9)-(20). For example, increase affrom 1 to 3 gives increase of

-Both differential and integral nonlinearity can takecode combinations from 10 to 12Kf = 4 (see Table 1
place in=-A ADC even with ideal capacitors, switches@nd Table 2). But the maximum number of code
operational amplifiers and comparator. These errors gg@mbinations equals to 16. If this number is got then
not described by (9)-(10). following increase ofi with K= 4 can not decreaseMS

-According to (1), (9)-(10) quantisation noise can b@r increase&SNRfor any kind of weighting averaging.
decreased to any value for givEndue ton increase. In

Table 2. Transfer function of the second ordeZ-A ADC.

Code | Codebin | Differential | QutPutcode | Integral nonlinearity
Vx range . ; : with weighting with weighting
width nonlinearity - "
coefficients coefficients
-1<Vyx<-0.9 0000 -1 0
—0.9<Vx <-5/6 0001 0.066... 0.11 -0.8 0.067
-5/6 < V< =2/3 0010 0.166... 0.014 -0.6 0.15
-2/3<Vx<-0.3 0100 0.366... -0.186 -0.4 0.083
-0.3<Vx<-1/6 0101 0.133... 0.047 -0.2 0.33
-1/6<Vy <0 0110 0.166... 0.014 0 0.083
0<Vx<1/6 1001 0.166... 0.014 0 -0.083
1/6<Vx<0.3 1010 0.133... 0.047 0.2 -0.033
0.3< V< 2/3 1011 0.366... -0.186 0.4 -0.083
2/3<Vx<5/6 1101 0.166... 0.014 0.6 -0.15
5/6 < Vx<0.9 1110 0.066... 0.11 0.8 -0.067
0.9<Vyx<1 1111 1.0 0
3. ELECTRICAL NOISE OF >-A ADC second way. The gain of the ADG)(is usually increased

According to Fig. 3 and 4 capacit62 is charged to by increase of commutatiqn frequency.at low gain and by
input voltage without any error if noise of switches is noiecrease QCl at high gain [2]. That' is why the noise
taken into account. By the same reason charge of thgférred to input can decrease vs. gain faster then square
capacitor is transferred to the output of an operation@f commutation frequencfiy at low gains as it is clear
amplifier without any noise if noise of the operationaffom (11). The model [3] given by (2(3) supposes that

amplifier is not taken into account. Change of inpufoise is proportional tq/ £, -
sampling frequency is not important t00 becguse The influence of the comparator and the following
transferred charge equals to zero. Therefore, according to

th . licati f to find noise i operational amplifiers (in the case of orderl) on the
authors opinion, appiication o .(_203) 0 TN NOISE IS & s g supposed to be negligible in comparison with the
mistake. Corresponding noise is absent both for singl

. A fifluence of the first operational amplifier.
endfdt and dlffere(rjw_tlal C|rcut|rt]s. . f th i Let us now discuss noise of switches. Let on-
€l us now discuss the noise o € opera Ion?Jesistance of switcheS, and S, mark asRswi and Ry

amplifier. iny voltage noise will be Q|scussed b?ca‘_‘s orrespondingly. When the switches connect inverting
very low input current of the operational amplifier is

. . S input of the operational amplifier through capacit@s
supposed. Let RMS of input noise within wide frequencgrf)d C, to thepground the pnoise of tr?ese gwitches is
band up to unity-gain frequendy, (more than 1 MHz '

V) mark TWO Wi . rational amplifier transferred to the output of the operational amplifier just
usua Y) ark afon 0 ways ol operational ampliier o he second way o, influence. It means that the
noise influence on ADC performance are possible.

. . - . influence of switches at high gains is important if spectral
The f|rs_t one 1s th.e.n0|se, which goes to the OUtpUI.é}ensity of the switches noise is the same or more than
the operational amplifier constantly. The value of thi

: I ity of th ional lifier. Th ical
noise is important at the moment when capadigris §pectra density of the operational amplifier e typica

disconnected from the first operational amplifier (for th‘ﬁ'ﬁg r?gigg_ﬁcsagetz?ngferéssiiﬂi tﬁgtesczr::tglld d(]:,\rr?;}[ is
second order modulator shown in Fig. 4). P y

The second way of operational amplifier nois@bout 9 nVA'Hz or RMS of noise i€sw =+/4KTR;Af =

influence is realized due to commutation of capadior =g ;v within the frequency band from zero to 1 MHz.
with frequencyfy and to commutation of capacit@ The operational amplifier must be a low-power device

with frequencyfrer. The value of this noise is importantyith low settling time. Under these conditions spectral
at the moments when capacity or C, are disconnected

from the operational amplifier. If mentioned moments ar
different then two noise parts are independent. The mort
frequency of commutation the more influence of the

gensity is usually more than 20 mM/Hz and noise of
gyitches becomes negligible.
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A unity gain buffer amplifier [2] is often used in order5. CONCLUSIONS
to increase the input resistance with regard/tp This 5.1.The equations to evaluate the RMSef ADC
amplifier is also the source of electronic noise. Let ugantization noise (9), (9a) and the SNR (10) were found

describe noisRMS of the buffer amplifier a€s. The  from analysis in frequency domain under ideal conditions.

digital filter (see Fig. 1) with output data frequeniey A coefficient W is supposed to take into account real

decreases standard deviation of electronic noiseKby -onditions.

times. Electronic noise referred to input of ADC 52 The analysis in time domain allowed to find some

accepting that all sources of noise are independentis jitferences between idealized and real conditionE-af
ADC performance including following:

f5C, (11) 5.2.1. A differential and integral nonlinearity can take

FnCoNK place inZ-A ADC even with ideal electronic elements

(switches, operational amplifiers, comparator etc.).

C - 5.2.2. For given oversampling ratioK, the
x E(Z)AE +%2 %_fw +%1 E—f;ﬂr E+ Ep -2 %_fw improvement of SNR due to increase of analog filter
O 3 3 750

RMS,, = x

£ Jul ordern has a limit besides stability. This limit is defined
by the number of code combinationskireymbols of "1"
Total RMS of error produced both by quantisation an@" "0".

5.3. Electronic noise does not depend on both
switched capacitance and input sampling frequency of
2-A modulator with ideal elements. The most important
RMSy; =/RMS, + RMS (12) source of electronic noise at low gain is the operational
amplifier, at high gains the influence of operational
amplifier and the buffer is approximately the same. The
4. COMPARISON OF THEORY WITH transfer of switches noise is the same as of the operational
EXPERIMENTAL DATA amplifier at high gains. For real elements the noise of

The proposed theory was checked by experimentapitches is usually negligible for all gains.
data of [2]. The quantization noise dominates at 5.4. Improved model of-A ADC allows to evaluate
comparatively highs. From (3) and experimental data [2]the random error with given probability (typically P=1)
for conditionsn= 2, K =19 (it corresponds to maximum ysing only three measured or specified parametts (
possiblefs = 1 kHz), Ves= (2Vrer / G) = 5 VIG, the E,, Eg). The evaluation is valid for wide ranges of full-
average value of W was founds,, = 1.3602. Using this scale input voltage (or gain and reference voltage), output
result, RM§, was calculated for differers by (9a) and data rate, oversampling ratio, input sampling frequency,
compared with experimental data of [2]. with the buffer amplifier or without it.

The experimental results [2] for the lowest frequency
fs= 5 Hz whereK = 3840 (quantisation noise is negligible EFERENCES
here)_ were u_sed to find equivalent value of operation ] Methods and draft standards for the DYNamic
amplifier noise Eos from (11). The average value characterisations and testing of Analog to Digital

EOA.: 38.5V was _found Wh'Ch was mu ch more thanco verters, European project, DYNABMT4-CT98-
possible value of switches noise. Then this value was us§£4

o cacuauru. o nose lor dlren 8 T L congtonng AOC AD71derlog Dovees
P P °S.A., Data Sheet, 1997.

0 . .
shown error less than 20% and is negligible. Both theo §A P.Benabes, P.Alderebt, R.Kielbasa, Analog-to-

(11) and experiment show dependence of noise on gd|gital sigma-delta converters modelling for simulation
(or fiy) more faster than|/ f,, in opposite to theory [7] and synthesisProceedings of International Workshop on
given by (2)(3). ADC Modelling and Testing Bordeaux, France,

Average value of buffer noise RM&g = 50V, was September910, 1999, pp.314. _
also found from experimental results [1] and (11). If#] SYSTEM APPLICATION GuideAnalog Devices,
accordance both to (11) and experimental data, tA&93. _ _ _ _
influence of the buffer and the operational amplifier i§>] Delta Sigma A/D Conversion Technique Overyiew
practically the same at high gains while noise of therystal Semiconductor Corporation 1997, AN10REV2,
operational amplifier dominates @ = 1. The calculated JAN '97. _ . .
values of Egs and Ez were used to predict by (12) thel6] M.. AI-Janab|,'|. Kale, R. Morlmg_, Concurrent noise-
total noise of the ADC for other combinationskaffs, G shaping fo_r multiple narrow-band smgle-loop and multi-
and Veer, Modelling error was less than 30 % and i$t@9¢ sigma-delta  modulators, Proceedings  of
negligible. It means that the proposed model can gaternational Workshop on ADC Modelling and Tesfing
considered as metrological one. Bordeaux, France, Septembef19, 1999, pp. 2732.

To evaluate the uncertainty of A/D conversion with7] A. J. Davis, G. Fisher, Performance limitations of
given confident probability P it is necessary to multiphpwitched-capacitor >-A analog-to-digital ~ converters,

the result found from (12) by corresponding coefficignt Proceedings of International Workshop on ADC
If, for example, P = 0.95 thep2. Modelling and Testing Bordeaux, France, September

9-10, 1999, pp. 2126.

electronic noise is
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