Stochastic Approach for Memoryless Nonlinearity Measurements
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Abstract - In this paper we will present a simple and cost effective, yet
accurate, setup for measuring the amplitude distributfansignal and its
probability density functiongdf). From these, it will be shown how to
measure and model linear and memoryless nonlinear errorg bsth a
power and an orthogonal series representation of the tiidtsignal, and
how to use this knowledge to improve the resolution of an A@rac-
terization. Finally, we will give an usage application, kviéxperimental
results, in which the nonlinearities of a low grade stimuwduss ‘subtracted’
in the histogram method for the characterization of ADCs.

Keywords- nonlinear measurementsdf distortion, adc characteriza-
tion
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The performance assessment of an Analog to D'g'ﬁé‘.'g_ 1. PDFmeter - experimental setup used in the measutenfi¢he

Converter (ADC) usually entails inferring the downgradgmpiitude distribution. (1) Waveform Generator. (2) Weke8100 Cali-
suffered by the stimulus at the output of the converter, brator. (3) Ultra High-Speed ECL Comparator. (4) HP3314ckIGener-

. e tomated through a custom developed system ATIME .
evaluation of the downgrade requires either the complgtg°™a'e¢ frougn a custom developed systemATias

knowledge of the stimulus signal or that it adequately re- 3 |qengification of the model parameters from the am-
sembles an ideal stimulus, in which case it is assumed as plitude distribution data.

such. The standard procedure is to opt for the ideal stimu-4 " correction of the ADC characterization.

lus assumption, establishing a sufficient requiremeritgett 1,¢ layout of this paper closely matches this staging.

for the stimulus that assures a proper measurement. To this

end, however, care must be taken to assure that the met-1l. AMPLITUDE DISTRIBUTION MEASUREMENT

_ric choseq to assess the stimulus is meaningful, Whi(.:h' TorTo measure the amplitude distribution we have devised a
instance, is not entirely the case of the total harmonic d'éénceptuallyvery simple experimental setup shown in fig. 1

j[ortion when paired_ with the his_togram method, as is sho t, for ease of referencing, we have baptized as PDFmeter
in [1-4]. Related still with the histogram method, we woul ].The core of this experimental setup is the comparator,

like to (i) have a knowledge of the real stimulus amplitud e output of which(3) [see(3) and(5) in fig. 1] relates to

distri_bution, .(i) to assess this knov_vledge by means Oflﬂe amplitude distribution of the generator outfil)t , for
metric and, if possible,iif) to use this knowledge in aa a given threshold amplitud@), y

posteriori correction of an ADC characterization, so as to

suppress the stimulus distortions. This would allow, fer in H Fx (y) =Pz <y}, 1)
stance, the use of lower grade, cheaper, signal generatg}@ug P =Ay=Plr<y) = Fy ()
If properly exploited, the knowledge of the stimulus ampli- A (2)

tude distribution should also allovi)the assessment of its Plz=B}=P{z>yt= 1-Fx(y).
sustainability throughout the bandwith of interest afijl (7O these simple probabilities, its straightforward te ex
to set a nonlinearity metric for stochastic signals. The uBEeSS Poth the distribution and density functions:pi,

of Power Spectral Density (PSD) related metrics to asc&@1dPz resgectlvely. The mean or average:f,, and the
tain the quality of a given stimulus in the histogram methoffianceg; are now also straightforward to compute,
is not appropriate sincé)(it is a bit cumbersome for fre- pa = E{2} = Fx (y) (A - B) + B, @)
quency rich signals andli does not account for the known 02 = Fe (y) (1 — Fx (y)) (A— B)?.

Eg?r?]'g\:ité’ doi;ttc?rltsior:?;hZ? to the phase at time zero of ﬂ]? is easy to perceive from (3) that the average of the output
o from the comparator, for a given reference voltageayives

In this paper we W'" Iayput the means to descnbe_ MeMe distribution of: scaled by a known factor. Assuming
oryless nonlinearities with the dual goal of accessing the

; A t0 be a strict sense stationary and independent (SSSI) pro-
stimulus adequacy for ADC characterization, and to correct o
. ) . . . : cess, as long the comparator does not exhibit memory and
a posteriori the stimulus distortion, without masking th ; )
ADC nonlinearities. Our approach to the aforementione e clock frequency4) is not coherent with the frequency
' bp the stimulug(1), the outputz will also be SSSI. In this

. L : 0
problem can be stated, in a simplistic way, as being a fo(%ntext we can further assess the estimategfaando2,
wherez is the point estimate qi,,

stage endeavor,
1. Measurement of stimulus amplitude distribution. n
2. Estgbhshr_nent of a parametric model to describe the g = = ZE (21} = pia, (4)
nonlinearities. ni=



2_¢ {(2 B >2} _ 0_3 ) of the distribution of the idealy. It can be shown that for

“ Hz n’ small nonlinearities the distribution af reduces to,
Now we can compute the required number of samples for . 1
a given tolerance interval with a certain confidengethat Fy (a) = Fx (f7(a)) . (13)

is, findn such that, wherea is a transition level and'f is the inverse of (r),
P {Fx (y) — EFX < Fely) < Fy (z) + EFX} >, (6) which naturally may also be described through a series,

where EFX is the absolute tolera_nce fot (y) and Fy (y) r="fy) = Z emy™ =11(y) = Z Cm O (1)
stems directly from (3) by replacing the true average by the m=0 m=0
point estimator,

- B Solving for the inverse nonlinear model in (13) we &1&)
7

Fe(y)=—% () fy) =7, (Fy (v)), (15)
It can be shown that to satisfy (6), wherer, stands for the analytical inverse bf defined, for
12 the three aforementioned stimulus, by,
s 2Fx (y) (1— F;Q(y)) lerf(v)] . (8) (sinewave)
TP 1 (y) =r. (Fy(y)) = —Acos (tFy (y)) + O, (16)

With the setup shown in Fig. 1, the sample vector gath-
ered by the acquisition channel,), is pre-processed in the(triangular wave)

i 1
following manner, i f-1(y) =1, (Fy(y) =24 (Fy (y) — 5) +0, (17)
I=1...n, z[]> = z[l] =1,

2 9) (gaussian noise)
2[l] < A ; B 2[l] := 0. f(y) =r, (Fy(y)) = /202 erf ! (2Fy — 1)+ pux, (18)

In this way we reduce the effects of limited slewrate ifft Which A stands for the amplitud€) andy. for the offset
the comparator, suppress resolution limitations and si@Rdos for the power of the stimulus signal,

plify the determination of" [y] through (3), As we saw in the previous section, using the PDFmeter we
1y — B may acquire an experimental estimatefgf F',,. Consid-
Fy (y) = Z_ 5 - Fx (y;) = zi, (10) ering a power series limited to th# order, from this mea-
T surement we can estimate the coefficiengs,. . c5, of the

whereF (y;) is the experimental distribution of the stimu-inverse nonlinear model (14), by means of a linear, in the

lus = evaluated at thé’ step of the calibrator. The experi-coefficients, regression of the data, (see also (15)),

mental densitypg, can be found through numerical differ- - = <

entiation ” ° " (Ey) =Y.¢te Vo (Ey) =Y.ct+e (19)
. (y(i+1) + yi) _ Fa(yiv1) — Fx (yi) where,

11 . é . A
) Yiir1) — Yi (11) c= S c= cs T, n = dim(Fy), (20)

1y1~~~ ] 1¢>1y1)~~~¢>s(y1)
“Yn

T
)

IIl. LINEAR AND NONLINEAR MEASUREMENTS

. (21
QUANTIFICATION, SPECTRAL REPRESENTATION (21)

We need now to choose a parametric model for the non- 1 é1 y") @s(yn)
linearities of the stimulus. To this end we will considerfbotsmving (19) through standard regression analysis means
a power series representation and one based on orthage-get,
nal polynomials, conceiving the stimulus generator under. 1 - A 1 -
scrutiny to be the cascading of an ideal, conceptual, spurcé ~ YY) Y, (Fy)ve= YY) Y (Ey). (22)
followed by a distortion circuitry. The output of the generlt is very important to note that these coefficients might be
ator,y, can thus be expressed as, used directly, through (14), to correct the stimulus distor

tion in a time or frequency domain ADC characterization.
=f(z) = bna™ =f(@) =D by ém(z), (12) In a similar way, a communication channel may also be
m=0 m=0 compensated for its transmission nonlinearities. However
whereb are the coefficients of the power series descrie are also interested in using dh order series both to
tion, b,,, the weights of the orthogonal representation artescribe the memoryless nonlinear model of the stimulus
{¢>m} the orthogonal base. The chosen orthogonal polyr@Ad to use it in stochastic ADC characterization methods.
mial is a function of the stimulus: Chebyshev polynomialk both cases we need to obtain the direct nonlinear model,
of the first kind,¢,, = T),, for the sine wave, Hermite bo . . . b orby ...by, (12), which requires a series inversion.

polynomials,¢,, = H,,, for the gaussian noise and Leg¥or the power series this inversion can be conveniently ac-
endre polynomialsp,, = P,,, for the triangular stimulus. complished through [5],
To quantify these errors we must analytically be able to de- p = C' 010 - O]T, (23)

scribe the distribution of the distorted signal, in terms (s41,1)  (s+1,r+1) (r+1,1)



, \ [n/2] (bn(m) A1n a2n azn | Po (JJ) 1 (35)

" = n /3 Z kl(n 20)1 Hy ok (%/v2)| =00 <z < oo| [8] H,L(I/\/i) 1 \/5 2n 1 ﬂx
k[ = T (2) 1 2 1 1 x
n/2
" =g X () Toeai(@) = e | 1<e<1 |0 Pa(@) [ntlf2n+l]n | 1 | @
TABLE Il
\ [n/z] nt1/2—2k COEFFICIENTS CONNECTED WITH THE RECURRENT EQUATIOS3.
T =g = K () P2k (2) “l<z<l g with C' given by (24), requiring previously, Qc and,
e ¢n(@) ~ATu(@) Pa(@)} = © =[0x Az 0z - 0]",
(#) - Pochhammer factorialy/2] - largest integer smaller or equal gz (s+1,1) (35)
TABLE | $n(@) = {Ho(@)} = @ =[Oy A=/v2 0 -+ 0]".
EXPRESSIONS TO OBTAIN ELEMENTS OF CONVERSION MATRIX). X (s+1,1) A A A A A
- This method of orthogonal inversion differs in key points
where, C = [c(*0> VI C(*r)} : (24) from [5], and should be preferred when establishing the
- g - - nonlinearity model.
Jom) 1 Cg*’ﬂ s 0 (25) When the bidimensional density function of the stimulus
~ (1,s(r—n))|’ can be expressed in the diagonal form [10],
and [6], = ( )
= Dx xa (T m (T 36
X R Prera(T) = p()pU)Z (x) 6m(za). (36)

) _ & (26) with z4 being a delayed repI|ca of, px the first-order
koo Z ((” + 1) 1 — 1) ™ k>0 distribution of z, a,, the autocorrelation of the orthogo-
k kol nal basea,, = & {pm(x)pm(zq)} and om the base nor-
alization coefficientg,,, = € {¢n,(z)?}, then the power
pectral density of the distorted signél},, can be expressed

=1

To invert the orthogonal representation, we first need ?c])
convert it into a power series through,
through
E=19Q.c (27) Sy(f) = Z b2, 00, F {am()} . (37)

m=0

where1) is the conversion matrix between representations, [10] was shown that (36) applies to the sine wave and
whose columm: corresponds to the orthogonal descriptio, e gaussian noise. It can be shown that its not the case

of 2™, of the triangular wave. Nevertheless, the error made in as-
b, ~ b, do(x) + -+, dp(x) =2, (28) suming it to be diagonal is small enough to be neglected.
o T - ) In table Il we give the Fourier transforms af, for the

numerically derivable through table I. In (27, is @ nor- - g spjidal and gaussian stimulus, and the first 4 terms for

malization matrix required to guarantee the argument of thes triangular wave. Eq. (37) together with table 11l allow
orthogonal polynomials remains within it's orthogonality 2

n An = .7'— n
domain. Then™ column 0fQz, Qzn, corresponds to the ¢ - Tn in (/) lan(m)}
coefficients of the polynomial, T, f::j (O) 5[0a (f + 71 fs) +0a (f —n fs)]
n
Qa;n 2 (A;c v+ O:C) ) (29) " in ) — S, % o x5, S;(;n) Su = F{Ra(1)}
where A, = o is the stimulus amplitude or standard de- " oz oz T "

viation, O, = pux its offset or mean, and just a dummy () = 48 S (k4 D)6 (f 4 @h+ D) o)
al = d s

variable. We need also the reverse direction, the conversio S e
of a power series into a orthogonal representation. This can ) ar(f) = 2% k,z k=40a (f + 2k fs)
be achieved with, ) Pl andl | gy a0m s Go-(@bbim®? 5 04 (0 41y 1)

b=Qy' ¢ b, (30) S T (2

S da(f) =28 3 =060 (f 4 2k £2)
where the columns @y}, Q4 , are given by, k=

-7 TABLE IIl
-1 v— Oy ' FOURIER TRANSFORMS OF1y, FOR THE3 STIMULUS.
Qyn ) (31 o . : :
Ay for the spectral description of the distorted signal coasid

beingv a dummy variable, and the columnsyot, 17!, cor- ing an orthogonal representation. By converting the power

respond to the decomposition®f (x) into a power series, series representation to the corresponding orthogonal rep
PO S 2" . resentation the same equation can be used in association

w'f‘ _ 1/}0”1 w"” = 0n(@) (32 with the power series. It can be shown that when cor-

The coefficientsy7, ., can be numerically derived usingrecting a time or frequency domain characterization using

tableb II togetherW|th the following recurrent equatiol [7 the method proposed in this paper, there is no significant

a1n Gnt1(T) = agn € dn () — asp dn—1(x). (33) difference between the power series and orthogonal repre-
Putting it all together, it can be shown that orthogonal séentations. However, when establishing the nonlinearitie
ries representation,is equal to, model or compensating a stochastic ADC characterization
S s 1o method, the orthogonal representation provides significan
b=C"w, C =@¥Q.CQ V"), (34 improvements.

(s+1, s+1)
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) 500 %((‘):0% ) 1500 2000 pdf of a stimulus signal. From these it was shown how
ode

to measure linear and nonlinear errors through a power se-
Fig. 2. Integral nonlinearity vector (INL) of a VX4240 VXI 18it ac- ries or orthogonal representation of the distorted sigiveal.
quisition channel using a HP3310 waveform generator @ri&ar output). haye also shown how this representation could be used as
Below, thea posterioricorrected INL (INLc) having the generator distor- . . . L
tion supressed. an horizontal metric for adequacy of the amplitude distri-
bution in the histogram method and how to derive the PSD
IV. EXPERIMENTAL HISTOGRAM CORRECTION of the stimulus. One important application, the correction
The removal of the stimulus nonlinearities in the hisaf nonlinearities in the stimulus signal using the histogra
togram method can be accomplished by measuring the norethod, was presented, together with experimental results
linear coefficients of the series (14) associated with tHédis application configures the possibility of using cheape
generator, through the aforementioned experimental seupl more easily obtainable generators as well as the use
(PDFmeter). After gathering the cumulative histogram witf triangular waves which have been consistently put aside
the standard procedure, it's enough to ‘subtract’ the menlidue to the difficulty in generating them with the required
ear behavior of the generator to obtain the nonlinearity tfearity.
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