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ABSTRACT

Correct metrological calibration is the key to avoiding the main systematic error sources in an interferometer
configuration in order to obtain high resolutions and repeatability. The calibration procedure can consist of the
acquisition of two fringe patterns with a known phase shift between them, which means the correct adjustment of this
phase difference fits the system. Differential phase shifting algorithms, built by combining two known phase shifting
algorithms in a non-linear way, obtain this phase difference directly. In this sense, the two-dimensional characteristic
polynomial is an innovative tool for qualitatively characterizing the properties of the differential phase shifting
algorithms and, particularly, for determining the accuracy of the system. In previous works, it was demonstrated that
sensitivities are inherited from precursor phase shifting algorithms. This mechanism of error propagation allows us to
design new differential phase shifting algorithms according to standard requirements in each system in order to cancel or
at least minimize this known source of errors.
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1. INTRODUCTION

It is known [1-4] that interferometer configurations are affected by systematic and random errors that affect the
measurement process. Current metrology is not able to obtain the value of a magnitude with total accuracy and precision,
although it is possible to significantly minimize the influence of the main sources of systematic errors in the final
measurand. In this sense, the most widely used tool for acquiring the phase of a fringe pattern is the phase shifting
algorithm (PSA) because of its well-known properties. PSAs retrieve the optical phase by means of a combination of M
a-shifted fringe images s,,(r,4,,,),

0

s, (ro.a,)= i a, (r)cos[k(g+a, )= Z akz(r)ejk(aﬁmm) O

where a; is the harmonic contribution, weighted with the coefficients 7, and d,, of the corresponding PSA in the
argument of the arctan function [5,6]

inmsm (r,¢,2,)
#(r) = arctan ! 2)

>.d,s,(r.d.a,)

Since this pattern can be greatly affected by errors in the phase modulator, it is necessary to carry out a previous
calibration of this modulator. It can be done by the acquisition of consecutive M images with a known phase shift and to
retrieve the calculated « by means of a combination of the irradiance values s,,(r,9,¢,,) with the coefficients (n’,,, d’,,)
that depend on the PSA [7-10]:

a=fn,.d,, s, @pa,) 3)

On the other hand, with two fringe patterns with a nominal control shift J between the first M images of the original
pattern s,,(r,¢,a,,) and the o-shifted P images of the modified one #,(r,4+35,4,), with a  displacement between the p and
(p+1) images with g harmonics weighted with the coefficients by,
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it is also possible to undertake a calibration procedure using the differential phase shifting algorithms (DPSA) [11] that
combine two PSAs, which are not necessarily equal, in a non-linear way, and that can also be expressed as a
quantification process of the auxiliary mathematical function, product of the two patterns, with the sampling coefficients

(1w, d,y) and (n, p)
M
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This work shows the sensitivities associated to each of two different ways to calibrate an interferometer using as an
example the Schwider-Hariharan PSA [12,13] and the Schwider-Hariharan DPSA respectively.

2. CALIBRATION OF THE ADDITIONAL PHASE WITH ONE PSA

The two main systematic errors [14] in an interferometer are the presence of undesired harmonics in the irradiance values
(the ideal patterns should have a,=0 when £>1 and b,=0 when g>1)

Es, (r,§) = i a,(r) cos[k(¢(r) +a, )] (62)

Et,(r,¢p+0)= ibg (r) cos[g(¢(r) +0+ 8, )] (6b)

and the phase shift errors [15] introduced by the modulator that can be expressed for each pattern as:
‘I

*a,=a, +Ea, =a, +Z€ q”ql (7a)
q
E - ﬂ; (7b)
'Bp:ﬂp-’-Eﬂp:'BpJ’-zl»‘rﬂ_H
r=l1

With errors Ea,, for the original pattern, and Ef,, for the modified one, quantified by the g™ and " terms & and y.

This section shows the way the original pattern is affected by these two main systematic errors and a similar analysis is
valid for the modified one.

An initial approximation to the behavior of the PSA can be made in the Fourier space associating a characteristic
polynomial (CP) to the calculation of the additional phase in a similar way that it is associated to retrieve the phase [16-
21]. In this case, the drawback is that the additional phase is not always retrieved via the same function and the CP has to
be thought ad hoc for each PSA. For instance, if the algorithm to recover the additional phase can be expressed via arctan
function the CP should be:

V(ia) = i(d'm +jn', s, (ré,a,)= i {ake’“’ i(d’m +jn', ) e } = Zw:akejk"’P(e*’k“) (®)

m=1 k=—0 m=1 k=-0
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thus the multiplicity and localization of the roots of this P[exp(jk)] informs us of its sensitivity to these main error
sources. For calibration purposes it can be considered ¢=0 to simplify the experiment; there is no difference in the optical
path between the two arms of the interferometer. If there are considered miscalibration errors, in addition to the presence
of undesired harmonics in the signal, equation (8) can be rewritten as

M jk[am+i5q%J
V@)=Y ay(d,+jn',)e ' T "=
k== m=1
M " .
' ] jka, . m 9
:k;oak;(d tn+]n m )ejl " |:1+]k;€q q(;:.q—l:|: ( )

= iak P(ejka)+q§;[jkejka]q Sqa" dqp(ejka):|

gr’! d(ejk“ )q

The insensitivity to undesired harmonics (k>1) demands that P[exp(jka)] is cancelled at these frequencies. Regarding
phase detuning errors, the double roots of exp(-ja) must appear, and not for exp(ja) since the fundamental harmonic
must be detected.

On the other hand, a quantitative analysis provides the magnitude of these errors by means a linearization process [22].
The generic expression for a PSA of M shifts is

M M
Ea=3% 2% Bu gy Z(SQJES,H (10)

w0s, Oa, —~

m

As an example of these two analyses, according to equation (3), is shown the Schwider-Hariharan PSA, which requires
the value of the phase shift with a linear combination of its n/2 shifted irradiance values in the argument of the arccos
function [12]:

a = arccos —1 55 (11)
2s, —2s,

In this case, it is easy to express equation (11) as a complex number. Figure 1 shows module and characteristic diagram
for Schwider-Hariharan patterns where it can be seen that it detects all the even harmonics and, unlike the Schwider-
Hariharan PSA, is detuning sensitive.

§=2,6,2,-6,... —

X% 4202468 0 T

k

P(e/’ka): (1_ej4ka )+ i\/(ze/ka _26/3@) _@_6/4/@)

Figure 1. Module and characteristic diagram for the calculation of the additional phase for Schwider-Hariharan patterns.

The analytical expression of the discrepancy in the nominal value to first (g=1) and second order (¢=2) and the non-
sinusoidal profile of the signal with the presence of second (k=2) and third order harmonics (4=3) for the Schwider-
Hariharan PSA is [22]
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which validates the qualitative results and shows a dependency with sinusoidal functions in the denominator that could
introduce discontinuities in the recovered phase shift.

3. CALIBRATION OF THE ADDITIONAL PHASE WITH TWO PSAS

DPSAs inherit their properties from their precursor PSAs in an arithmetic way so the existing knowledge on the behavior
of each precursor PSA can be used to design especially insensitive DPSAs [23-25]. In this context, the phase o is the
calibration phase so, the more insensitive the PSAs involved in the process are, the more accurate the calibration of the
interferometer is.

In previous works [24,25], it was shown that a qualitative analysis can be made associating a complex number to the
calculation of the phase difference with a DPSA in a way that the roots of the two dimensional characteristic polynomial
(TDCP) P(e** &*") of the DPSA informs us of the presence of harmonics or phase shifting errors:

v©) =Y, +in,, ). (g, ), (rp+5.8,)=

m=1 p= 1

= Z za b e/ ilgo+(g+k)g ZZ( ot )ejka,uejgﬂp _ (13)
k=— g—foo m=1 p=1

— Z zej[g5+ gtk ¢]P(e.1er ’e«/gﬁ')
k=—0 g=—w

The calculation of this TDCP can be simplified if it is expressed as a multiplication of the CPs of its precursors, taking
into account that to recover the phase difference the original pattern has to obtain -¢

( ﬂ»a Jgﬂ) ZZ ]”m (d +]n )ejka(m D gighp-1 P*(e*jka)P(ejgﬁ) (14)

m=1 p=1

If it is considered that the two main systematic errors affect the signals, equation (14) is modified as follows

V(S) = z z k “rYe j[g5+(g ©)¢] ZZ( L mp)ejk”a,,,ejgﬁﬁp —

f—oo m=1 p=1
- i gi Jles+(g-k1g] {P(e[;ka, e‘fg/r’) +
koo g=—o 15
ki" Eqa 5qp( Jka /&ﬁ’) e Z;ﬁ o'P ( /ka’ejgﬁ) iep (1)
*J ; qr?” (ejka) e 7 g; ro! a(ejgﬁ )r ¢ -
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So, the only harmonic that should be detected is the reference one, (k,g)=(-1,1), the rest must be null in order to avoid the
presence of undesired harmonics. Accepting that the patterns should not have detuning errors demands mathematically
that exp(ja) and exp(-jf) be double roots. Likewise, in order to avoid error in the ¢ and r order phase shifts, their
derivatives of this order must be null.

The Schwider-Hariharan DPSA is used as an example to illustrate the calibration with two patterns:

(253 ~S1TSs )(th - 2t4)_ (2S2 - 254)(2t3 4L - ts)
(253 ST Ss )(2t3 -4 - ts)"’ (2S2 —2s, )(2t2 - 2t4)
Figure 2 shows the Schwider-Hariharan TDCP with the representation of its amplitude and characteristic diagram. It can

be seen, for example, that this DPSA is detuning error compensated (as its PSA precursor), since at k=1 and g=-1 it has
double roots, or that the even harmonics of 6 with k=g are not detected

O = arctan (16)
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Figure 2. Module and characteristic diagram for Schwider-Hariharan TDCP.

In the same way, its quantitative error can be calculated as an addition of the phase errors of its precursors or, in other
words, as a consequence of the linearization process:

E5(r)=;(§fj@;m jE%ﬁZ Sf ﬂ Ep, Z( ] +>. ;5 Et, (17)

p=1 p p=l p

For the Schwider-Hariharan DPSA, the magnitude of the phase shift error is calculated to first (¢=1 and =1) and second
order (¢g=2 and =2) and the presence of harmonics to second (A=2 and g=2) and third order (k=3 and g=3)

Ea:ﬂgzsin5sin(2¢+5)+%sin4¢—l;3Sin(4¢+45) 1"
a

1 1

In this case, it can be observed that there is a periodical nature in the error with a sinusoidal dependence in multiples of
the phases of both patterns.

4. DESIGN OF NEW ALGORITHMS: SCHWIDER-HARIHARAN - SYMMETRICAL 6+1 DPSA

DPSAs show interesting compensatory capabilities inherited from their precursor PSAS that can help in the design of
new tailored DPSAs. In this sense, the TDCP is an efficient tool for phase error examination that allows us to obtain
information about error calibration and undesired harmonic contribution in the signal.

It is important to note that the assignation of a particular PSA to the original pattern or to the modified one can alter the
sensitivities of the DPSA. Examples can be seen in the Schwider-Hariharan — Symmetrical 6+1 DPSA

(25, =5, =5 Nty + 1, —t, —1,)+~/3(25, =25, t, +1,~t, =21, — 1, +1, +1,)

0 = arctan (19)
—I(2s2 28, Nty +15 —ts — 1)+ (25, —5, =S N, +1,15 =21, —ts +1, +1,)
and the Symmetrical 6+1 — Schwider-Hariharan DPSA.
S = arctan (22, — 21, N, +5,=85 =25, — S5 + 8¢ + 5, )+/3(s, + 5, — 55 — 5, 285 =1, — 1) 0)

—3(2t, =2, N, + 53— 55 =5, )+ (28, =1, =15 )5, +5,—5, =25, — S5 + 5 +5;)
Both of these are designed with the combination of one PSA that is insensitive to detuning, Schwider-Hariharan PSA,

and one PSA that is very insensitive to harmonic errors since the first harmonic Symmetrical 6+1 PSA detects is the
fifth.
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Figure 3 and Figure 4 show that both DPSAs detect the signal at (k,2)=(-1,1) so it can recover o but at (k,g)=(1,-1) they
do not have the double root that would indicate insensitivity to detuning. It would be necessary for both precursors to be
insensitive to detuning to transfer this property but only the Schwider-Hariharan PSA is. On the other hand, the
harmonics that each DPSA detects are different, as can be seen in the amplitude plot and characteristic diagram of Figure
3 and Figure 4. For instance, the Schwider-Hariharan - Symmetrical 6+1 DPSA detects (k,2)=(5,5) but not (k,g)=(-5,-5)
and the Symmetrical 6+1 — Schwider-Hariharan DPSA detects (k,g2)=(-5,-5) but not (k,2)=(5,5).

22.8,-4-10,... &

=2,6,-2,-6,... &

lP ( e fku’e /gB) l

® i=0.4,4,...
! P51
23,9,-3,9,.. ¢ f
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7\? 2 2
. . . . . N2/ . . j= . = . =
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Figure 3. Module and characteristic diagram for Schwider-Hariharan - Symmetrical 6+1 TDCP.
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Figure 4 Module and characteristic diagram for Symetrical 6+1 - Schwider-Hariharan TDCP.

5. EXPERIMENTAL DESIGN

n/2 shifted images were acquired with a phase-shifting interferometer. Figure 5 shows these images grouped in two
patterns, the original and the modified one, to calculate the phase shift for each pattern, & and g, with equation (11) and

the phase difference between the original pattern and the modified one, &, with equation (16). Both calculations are a
means to estimate the accuracy and precision of the phase shifter of the interferometer.

It can be seen that in both cases equation (11) recovers a sinusoidal pattern with marked discontinuities according with
its calculated error, equation (12), and the behavior of ¢ shows a smoother behavior. Moreover, the standard deviation

for 6(2°) is rather smaller than for « (9°) or £ (11°). In consequence, for Schwider-Hariharan patterns the calibration with
two patterns recovers a more accurate additional phase.
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Figure 5 Original and modified Schwider-Hariharan patterns with their additional phases calculated with equation (11) and
their difference phase between patterns calculated with equation (16).
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