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Abstract - The paper is devoted to the methods of analyse éw class of “intelligent” pipeline
A/D converters (IP ADC). The conversion scheme usdB® ADC is based on the original analytically
grounded approach to optimisation of adaptive edton systems. Its application to the pipeline A/D
converters design leads to changes in the architeend principles of conversion in comparison to
solutions used in conventional pipeline A/D congest The paper focuses on modelling and analysis
of dependence of IP ADC performance on the parasefeheir analogue components and conversion
algorithm. The main goal was to develop appropria&thods and simulation tools which enable
effective assessment of the close to optimal patermef IP ADC components before the realization of
its hardware prototype. The results of selectedikition experiments related to analysis of influenc
of parameters of analogue and digital componentinah performance of IP ADC are presented and
discussed in the paper.

I. Introduction

Intelligent pipeline A/D converters (IP ADC) emplidye new pipeline A/D conversion method and the
corresponding architecture, which is the consequeiapplication of the analytical approach [1] to
optimisation of adaptive estimation algorithms. Tdmproach permits to determine analytically the
most efficient, under given conditions, structurel aalues of converter parameters which guarantee
maximal performance of conversion under given pesible probability of saturation. The approach
was applied earlier to optimisation and desigmudlligent cyclic A/D converters (IC ADC) [2-3]. The
laboratory prototype of IC ADC realized in CMOS AMS3Bum technology is now investigated.

Application of the approach to pipeline A/D coneest (PADC) design leads to changes in the
architecture and principles of pipeline A/D convens The most important one is resignation from the
common for conventional PADC method of the codesnmating based on the shifting and
summarizing low-bit binary words delivered by seufisd stages of PADC [4-5]. In IP ADC, these
codes are computed in each stage of conversiamagsbiit binary words of fixed lengtNomp (Neomp=
12+32-bits depending on required resolution of IPG). This creates a possibility to compute the
codes using the adaptive estimation algorithmsgwseg in [1]. Transition to the long-bit operations
IP ADC permits to remove inevitable in known pipeliADC constraints on the gain coefficients in
sequential stages of the converter, i.e. gainsldhtye only the values equal to integer powersvof
Impossibility to set the gains to each theoretycedlquired value restricts possibilities to utilizetirely
the resources of the analogue components of PAD@ethrction of influence of technological errors
and noises. On the other hand, to avoid overloaiinarticular stages, designers artificially dase
the gains of amplifiers. The latter results in imgete utilization of the resources of converter
components and decreases its final resolutionP IADC, potential overloading is excluded by setting
the components parameters in each stage to the wogptimal values determined analytically or in
simulation experiments at the initial stage of dlesign process.

General principles of IP ADC functioning were preseinand discussed in [6], where the potential
possibility of performance improvement of one oisérg pipeline A/D converters (AD9240) using the
proposed conversion scheme was shown. The mainof@gaestigations, which results are presented
in this paper, was to develop appropriate method$ simulation tools for IP ADC performance
assessment and analysis. The proposed methodsnanlidten tools enable effective assessment of
required parameters of IP ADC components at thairstage of IP ADC design.
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[1. Intelligent Pipeline ADC ver sus Conventional Pipeline ADC

A simplified architecture of a conventional pip&i®/D converter is shown in Fig. 1 [4-5] (compare
e.g. AD9240 or AD6645 [7]). PADC consistskfstages and a digital correction logic block. Ekt¢h
(k=1,2,...,K) stage of the converter provides, on the basitsahput signale”;*"?, the binary code
g and the residual output signgl™, which is routed to the next«1)-th stage. Each stage of the
conventional PADC consists of the sample and hadkb(S/H), the internal low resolution flash A/D
converter (sub-A/D converter - SARonnected to the internal D/A converter (sub-R&xverter -
SDAC,), the analogue subtractd)(and the amplifier with the gai, . The last stage consists of S/H
block and the internal flash A/D converter (SAPCThe internal SADEforms the binary codé™™"
of the input residual signa&™;*” directed to the digital correction logic block.ngiltaneously,
SDAG; forms the analogue equivaledf;“"? of the codeg"", and the difference between the input
residual signak{";*"" and the analogue equivalent of the cm;‘g"é“ at the SDAG output is amplified
G, times in the amplifier. The amplified sign&"™ = G (g™, *Y - 8" *") is routed to the next
(k+1)-th stage. All the code§" " are collected in the digital correction logic Htpevhere they are
combined and the digital output data is produced.
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Figure 1. Architectures of conventional pipelinddAdonverter (a) and itsth stage (b).

In known converters, the gain coefficien® may have only the values equal to the appropriate
powers of twoG, =2"<™™, where M, (1+6 bits) is the number of bits of the internalkrse A/D
converters SADE(M, = 1+6 bits), andm, is the number of redundant bits used for digitatection
of the errors caused in the previous stage. Usudallyactual pipeline converters [7], one bit of
redundancy is used, that im =1. Introduction of additional redundant (overlap)t(®i and
corresponding decrease of the gép is done in order to avoid possible rough errorthefparticular
stages overloading [4], which causes that missouges appear in the overall transfer function of the
pipeline A/D converter without redundant bits. Deage of the gairG,, as it was said above,
diminishes potentially achievable resolution of RAD

Also analytical quantitative assessment of the ahbdlly of the PADC stages overloading is a very
complex task. This is the result of immanent nagdnities of sub-converters SAR@nd SDAG as
well as analogue noises of amplifiers, subtraciois S/H units.

The architecture of the proposed IP ADC is preskimteFig. 2. Each stage of IP ADC (see Fig. 2b)
includes a sample and hold block (S/H), which halds constantoltage V"™ =V (for notational
convenience, the upper time index is further omjti the input of an analogue subtraciy).(This
voltageV is transferred unchanged from the previous stagbd next one until it reaches the final
stage in the converter. In eakfh stage, a new value of the input sample codm(efe)v(” s
calculated on the basis of the value of the voltigeand its digital codeV, 7% calculated in the
previous k-1)-th stage of IP ADC.

The second (negative) input of the subtra€pis connected to the output of an internal sub-D/A
converter (SDAQ. SDAG forms the analogue valu&/>i° of the binary Ny, ,-bit code
(Npac.k < Neomp) Of the estlmate/k _, Ccalculated in the previous stage according tddhmaula:

Vk = Vk—l + LV 1)

The residual signak, = V-V +v, at the output of, is routed to the input of the amplifier (A)
with the gainC,. The amplified signalC, g is routed to the input of the internal coarseé,(. = 1+6
bits) sub-A/D converter SADC N, -bit code §, = C, g +¢, formed by SADG is routed to the
digital part of the stage. Variablag and &, in above expressions for residuals and obsenation
represent the analogue and quantisation noisgmeatgely.

comp
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Figure 2. Simplified architectures of the propoded\DC (a) and itk-th stage (b).

Optimal values of the gairS, (maximal under given acceptable probability of te@dingu) as well
as corresponding values of coefficiebtscan be found using the analytical approach praposgl]:

D
C - ADC, k , (2)
" aol 4R
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Lk :ﬁzck]'(l_—kJ. (3)
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These values minimize, for eaéh=1,2,... K, the mean square error (MSE) of conversion:

(4)
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under probability of overloading not greater thagiveen acceptable valye « in (2) is determined by
the permissible probability of overloading of each stage, and in Gaussian sasgfies the equation

X

cp(a):%jexp(—?]dx:l%‘. )

On the basis of MSE of conversion (4), one canutale effective number of bits (ENOB) of IP ADC
using the following formula [8]:

1 R 1 C:R
N, ==log,| =2 [= N, , +=log,| 1+ 2|, 6
“ 2 gz{Pk] 2 g{ a§'k+cfajk] ©

which creates a possibility of analytical assesgrémP ADC performance depending on parameters
of its internal components.

Non-Gaussian quantisation noigge makes the codes computed using the algorithm piedén [1]
sub-optimal. This allows to develop the heuristioidation and analytical methods which enable an
increase of the gairS, to the maximal permissible values and, in consecgieadditional increase of
IP ADC performance [8-9].

I11. Modelling of IP ADC and Results of Experiments

MATLAB and SIMULINK models of intelligent pipelindDC developed according to the diagrams
presented in Fig. 2, were used for the assessnfigatjoirements for IP ADC components and their
influence on IP ADC performance. Fig. 3 shows tbaegal structure of the SIMULINK models of IP
ADC and its particular stage. Below, some resuftineestigations with the developed models are
presented and discussed.
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Figure 3. SIMULINK model of IP ADC (a) and iksth stage (b).

In simulation experiments, test input signals wgemerated as sequences of sine-wave samples:
v =v _sin(2rf,m), (m=1,..,M), whereV,_ was taken equal to the half of full-scale range
(FSR) of IP ADC andf, is the normalized frequency of the test signale Vhlues of parameters in
simulations were as followsV,, =1[V], f,=409/819z, M =8192, D,,., =Dy, =1[V],
u=10", V,=0, B, =FSR/12. In S|mulat|ons standard measures of A/D converferformance
[10] were used: root mean square error (RMS), gffemumber of bits (ENOB), signal to noise and
distortion ratio (SINAD), and total harmonic digion (THD). Empirical values of ENOB were
calculated using the following formula:

g =1 R :“:iM m _ Yymi2
Nk—zlogz(ﬁkjy RMS =4/ P \/M;IV VA ()

where M is the number of converted samples and empiricilegaof RMS of conversion were
calculated according to the right formula in (7).

In IP ADC model, the modified versions of the ridaships (2)-(3), based on “minimax” approach
[8] to Cy optimization, were used:

C — DADC,k (8)
k ’
AADC,k—l /(2 [:q:k—l) + a\' Jllz,k + Ullz,k—l +A DAC, k/ 2
L, =C. )

The idea of the minimax approach [8] consists icreasingC, values to the maximal permissible
values maintaining the “least favourable” signaltet input of each SADGas close as possible to the
boundaries of its FSR, but not exceeding these demigs. Also, errors caused by the finite resofutio
of SDAG;, were corrected. This was achieved using, instéétl) pthe following formula [9]:

VAk = \ZB;\C + LY (10)

In the first series of experiments (Fig. 4), theented values of ENOB of IP ADC for different
resolutions (N, , =1,2,3,4,5, thits) of the sub-A/D converters were investigatéde experiments
were performed under assumption that resolutioD/@ sub-converters isN,,. =10 bit (Fig. 4a)
and Np,., =12 bits (Fig. 4b). Simulations were performed withdaking into consideration any
nonidealities of IP ADC components apart from tihmaited resolution of internal sub-converters
SADC, and SDAG. Plots in Fig. 4 show the maximal ENOB of IP AD€hevable under different
resolutions of internal sub-converters and differammbers of IP ADC stages. For example, to achieve
ENOB at a level of 15 bits foN,,. , =4, Np, =12, four stages in IP ADC structure are needed.

In the second series of experiments (Fig. 5), erfze of the lengtiN,,  of binary wordst, Ly,
used in calculations in sequential stages of IP ADC the final performance of the converter was
studied. The results, obtained fo¥,,. , =2, Np, =10 (Fig. 5a) andN . =4, Ny, =12 (Fig.
5b), show that the minimal length of the word wheaisures that the computation errors (in the given
conditions) do not worsen the obtained values ofOBNhas the valueN,,,, =14 (Fig. 5a) and
N_... =20 bits (Fig. 5b), respectively.
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Figure 4. ENOB versus number of stages for diffefdy,. under (a)Ny,. =10, (b) N, =12.
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Figure 5. ENOB versus number of stages for diffefsp, , under (2)N,,. =2, Np,. =10,
(b) NADC = 4 ’ NDAC :12

The third series of experiments (Fig. 6a) was davdd the analysis of influence of internal anakgu
noises acting at the amplifier input (noises oftsadior, S/H, SDAC). The values of ENOB were
assessed for different values of the root meanreguz analogue noisesr,, from 0 to10™[V]. The
experiments were performed fd{,,., =4, Ny, =12 and N, =20. Fig. 6a shows that the
greater analogue noises are, the greater decredse total performance of IP ADC is. The developed
tools enable accurate assessment of this decrease.

In the fourth series of experiments (Fig. 6b), uefice of the errors of the gaiffz setting was
analysed. Errors were simulated according to thdehdC*" = (1+J.)C,, where C*" denotes the
disturbed value of the gainj. is the disturbance coefficient, a@j is the nominal value defined
using methods presented in [8-91, =C,*. The experiments were performed fd¥,,., =4,
Npac.« =12, N, =20and o,, = 25[10°[V]. Fig. 6b shows that the acceptable lew&l of C,
deviations, for which the performance of IP ADC ens unchanged, is not greater than £0.2%.
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level o, of the gain<y setting errors (b).

IV. Conclusions

The results of investigations show that the modeisthods and simulation tools, proposed and
presented in the paper, enable efficient analyfsiB dDC work and definition of the most appropeat
parameters of main components of the convertertwhpiovide the required final performance of IP
ADC. The developed analytical tools permit to asalyand compare IP ADC with different
configurations of internal components and theirapasters. These tools also enable to perform
a simulation comparison of expected performanc&ofDC with performance of existing pipeline
ADC. The results of the paper can be used at ilialistages of IP ADC design for effective choafe
suitable architecture and parameters of the intecomponents of IP ADC as well as preliminary
assessment of expected IP ADC performance achevaloler assumed conditions.
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