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Step -scan transient F ourier tran sform infrared (FT-IR ) d ifference

sp ectra are often m easured in an ac-coup led con ® guration . Th e re-

su lting differential intensity sp ectra con tain b oth posit ive and neg-

ative ban ds. This con dition poses problem s for d irect ph ase correc-

tion b y the standard M ertz and Form an m ethods. R estricting th e

calculated p hase angle to the range [ 2 p /2, p /2] w as p reviously

sh ow n to ® x som e of these p roblem s, but w e show th at the u se of a

reduced-resolu tion p hase spectrum can prod uce oth er artifacts. The

effect of redu ced reso lution is an alyzed for a sim u lated n oise-free

sp ectrum and for a m easured tran sient spectru m of a rea l pho to-

chem ica l system , bacteriorhod opsin . Exam ination of these resu lts

revea ls th at the M ertz and M ertz Sign ed m ethods can p roduce sp ec-

tral ban ds of red uced m agn itude an d u nu su al ban d shap e, w ith

considerable am ou nts of in tensity rem a ining alon g the im aginary

axis after phase correct ion . H ow ever, these errors can be elim inated

by self-con volution of the m easu red interferogram , w h ich d oubles

all ph ase an gles, prior to sm oothing . This procedure rem oves the

poten tia l d iscon tinuities in the ph ase an gle due to sign ch anges in

the d ifferential spectrum . W ith b acteriorhodopsin , th is dou bled-an-

gle m ethod for d irect p hase correction is able to produ ce a transient

sp ectrum w h ich closely m atches that p rodu ced by using a separately

m easured d c interferogram to calculate th e p hase ang le.

Index H eadings: Step-scan difference sp ectroscop y; D ou bled ang le;

In terferogram self-convo lution; Ph ase reso lution .

IN T R O D U CT IO N

In step -scan transien t F ourier transfo rm infrared (F T-

IR ) difference spectra of b io log ical sam ples, the tim e-

dependen t in tensity changes are 2±3 orders o f m agn itude

sm aller than the static in tensity. To m easu re these in ten-

sity changes w ith m axim um sensitiv ity, it is advan ta-

geous to ac-coup le the detecto r. 1 T he resu lting spectra

con tain bo th positive and negative in tensities, w h ich are

no t hand led co rrectly by the standard M ertz and F orm an

phase co rrection algo rithm s.2,3

W hen the spectrum contains reg ions o f positive and

negative in tensity, these phase co rrection m ethods fail to

produce the true spectrum . A negative in tensity can be

in terp reted in either of tw o w ays due to the equality :

( 2 A )e i u 5 A e i( u 1 p ). (1)

T he M ertz and Form an algorithm s im plicitly assum e that

m ost of the in tensity in the spectrum is positive. W hen

negative in tensities are p resen t, they are likely to be m is-

in terp reted as positive in tensities w ith a phase sh ift o f p
rad ians. H ow ever, the phase-angle erro rs are no t lim ited

to p sh ifts. A s dem onstrated below , the use o f reso lu tion -

reducing sm oo th ing procedures leads to a m ore com pli-

cated set o f erro rs.

A popular so lution to th is problem has been to m easure

a separate dc-coup led in ter ferogram from w hich the
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phase in form ation can be ex tracted .4,5 A disadvantage o f

th is app roach is that care m ust be taken to ensu re instru-

m en t stab ility betw een these tw o m easu rem ents. A lter-

natively, one can m easure the tw o in ter ferog ram s con-

curren tly w ith special hardw are.6 ,7

To circum ven t the need fo r a separate dc-coup led in -

ter ferog ram , M cC oy and de H aseth p roposed a m od i ® -

cation o f the M ertz algo rithm for v ib rational circu lar d i-

chro ism spectra,8 w hich also have positive and negative

peaks. T his phase co rrection m ethod has been incorpo-

rated into som e com m ercial so ftw are app lications as the

``M ertz S igned’ ’ m ethod .9 T he broad difference bands o f

quarter w ave p late/polar izer spectra w ere show n to be

properly phase co rrected w ith this algo rithm .8 H ow ever,

as show n below, th is m ethod does no t w ork nearly as

w ell on spectra that have narrow bands of alternating

positive and negative intensity. T h is situation is o f ten en -

coun tered in tim e-reso lved step -scan spectroscopy as w ell

as other step -scan m ethods and v ibrational circu lar di-

chro ism .4±7

In ligh t o f these sho rtcom ings, w e propose here a d if-

ferent m ethod fo r phase co rrecting spectra w ith alternat-

ing positive and negative bands, based on doub ling the

phase angles p rio r to low ering the reso lu tion . T he advan-

tage o f doub ling the phase ang les is that the phase facto r

e i2 u is iden tical fo r u and u 1 p . T h is bene ® t e lim inates

all the po tential p ¯ ips in the phase. Com parison of this

m ethod w ith the M ertz and M ertz S igned m ethods show s

that our new approach elim inates the phase artifacts as-

sociated w ith the latter tw o m ethods. T he doub led -ang le

phase co rrection m ethod is capab le of p roducing tim e-

reso lved step -scan spectra that m atch those produced w ith

the dc S tored P hase m ethod , w ithout the need for a sep -

arate experim en tal m easu rem ent. T his new phase co rrec-

tion m ethod m ay also ® nd utility in phase co rrection o f

other types o f FT-IR spectra that d isp lay both positive

and negative bands.

TH E O R Y

O ptical and electron ic factors can in troduce odd (sine)

com ponents in to the ideally even (cosine) in terferogram .1

T hus, Fourier transform ation of the in ter ferogram pro-

duces a com plex resu lt. P hase co rrection algorithm s are

designed to ro tate each com plex value in th is rep resen -

tation o f the spectrum on to the real ax is. W ith the M ertz

correction m ethod, the frequency-dependent phase ang le,

u 9 ( ) , is calculated from a short doub le-sided region ofn Å
th e in terferogram around the position o f zero path d iffer-

ence (Z P D ). T he phase co rrection can be rep resen ted as

B ( ) 5 [b( )e i u ( )] e 2 i u 9 ( )n Å n Ån Å n Å (2)

w here b ( )e i u ( ) is the com plex spectrum ob tained by Fou-n Ån Å
r ier transform ation of the in terferog ram . A s long as u ( )n Å
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F IG . 1 . Phase correction of a sim ulated difference interferogram , I(x)

[see text for the de ® n ition of I(x)] . (A ) True spectrum , i.e ., spectrum

obtained after F ourier transform ation and phase correction using the

prede® ned phase angle: u ( ) 5 p /2 ( 2 1000 cm 2 1)2 . The spacing be-n Å n Å
tw een each pair of oppo sitely signed d functions is listed. (B ) Spectrum

produced by using M ertz phase co rrection w ith a phase reso lution of

128 cm 2 1 . T he superimposed dotted line represents the real p art of the

Fou rier transform at 128 cm 2 1 resolution. (C ) Spectrum produced by

using M ertz S igned phase correction w ith a phase reso lution of 128

cm 2 1 . A t this reso lution the M ertz Signed m ethod is not ab le to produce

the negative bands w ithout error. (D ±E ) Spectra correspond ing to B and

C, but w ith 64 cm 2 1 phase reso lution . W ith an increase in the phase

reso lution, the M ertz S igned m ethod is now able to phase co rrect the

negative bands w ithou t error.

is slow ly var y ing , then u 9 ( ) ù u ( ) , and the M ertz phasen Å n Å
co rrection m ethod produces the true spectrum , w ith on ly

noise rem ain ing in the im ag inar y part o f the spectrum .

T he assum ption that b( ) . 0 w ith the M ertz algo rithmn Å
m eans that negative in tensities can resu lt in erroneously

calcu lated phase ang les o f u 9 ( ) 5 u ( ) 1 p . S ubstitutingn Å n Å
in to the above equation ,

B ( ) 5 b ( )e i u ( )e 2 i( u ( ) 1 p ) 5 b( )e 2 i p 5 2 b( ) .n Å n Ån Å n Å n Å n Å (3 )

T hus, peaks in som e ranges of the phase-corrected spec-

trum m ay be inco rrectly signed because o f the p rad ians

phase error.

M ertz S igned A lgorith m . A m odi® cation of the M ertz

phase co rrection algorithm designed to hand le the posi-

tive and negative peaks o f vib rational circu lar dich ro ism

spectra w as p roposed by M cC oy and de H aseth. 8 T his

m ethod lim its the possib le phase angles to the range 2 p /

2 to p /2 . T hus, the p ¯ ips in the phase ang le caused by

negative intensities are reversed by d isallow ing phase an -

g les in the second and third quadran ts. O f course, w ith a

poor cho ice o f the Z PD position, p roper phase co rrection

w ou ld requ ire phase ang les ou tside the allow ed range.

H ow ever, w ith the lim ited phase ang le d ispeÂrsion pro-

duced by carefu lly eng ineered in terferom eters in m odern

F T-IR spectrom eters, there ex ists a proper cho ice fo r the

Z P D that allow s the M ertz S igned algo rithm to m ap the

phase ang les of all negative-in tensity bands to u 9 ( ) 5n Å
( u ( ) 1 p ) 2 p , so that the phase co rrection p roduces then Å
t rue spectrum .

N evertheless, as discussed below , low ering the reso -

lution o f the phase spectrum to im prove the signal-to -

noise ratio can result in phase errors o f in term ediate val-

ues; i.e., u ( ) , u 9 ( ) , u ( ) 1 p . In these cases, then Å n Å n Å
M ertz S igned m ethod does not p roduce the true spectrum .

P hase C orrection of a S im ula ted Interferogram . To

dem onstrate the erro rs caused by low ering the resolu tion

to calcu late the phase spectrum , w e construct a sim u lated

d ifference in terferog ram I(x ), co rrespond ing to eigh t dif-

feren tial intensity band pairs of var y ing spacing, as fo l-

low s:

8
1

I (x) 5 cos[2 p xn Å 1 u (n Å ) ] 2 cos[2 p x ´(n Å 1 D n Å )O j j j j[ 2j 5 1

1 u (n Å 1 D n Å )] (4 )j j ]
w here

2 1n Å 5 j ´(200 cm ), (5 )j

2 1 2 1D n Å 5 46 cm 1 j ´(2 cm ) (6 )j

and

2 1 2u (n Å ) 5 p /2 ´(n Å 2 1000 cm ) . (7 )

W ith the use o f H app±G enzel apod ization and a phase

co rrection angle u 9 ( ) taken d irectly from the above def-n Å
in ition of u ( ) , the spectrum calcu lated from the sim u lat-n Å
ed in terferog ram is show n in F ig . 1A . T he doub le-sided

interferog ram used for th is calcu lation con tains 1000

poin ts w ith a d iscrete spacing of 2 .5 m m , fo r a spectral

resolu tion of 8 cm 2 1 over a bandw id th o f 0 ±2000 cm 2 1.

C alculation o f the sam e spectrum by using the M ertz

phase co rrection m ethod at a phase reso lu tion o f 128

cm 2 1 (in stead of relying on our a priori know ledge of

the phase ang le) resu lts in the character istic ``re¯ ected

peaks’ ’ pattern fo r som e of the negative bands (F ig . 1B ).

H ow ever, the negative com ponents at 248, 450 , and 652

cm 2 1 rem ain unre¯ ected . I t is only the m ore w idely

spaced d ifferen tial band pairs at higher frequency that

exhib it re¯ ection, w ith the w eaker negative com ponen t

becom ing m ore com pletely re¯ ected as the spacing in -

creases.

U sing the M ertz S igned m ethod at 128 cm 2 1 phase

resolu tion (F ig. 1C ) o rien ts the peaks in the co rrect m an-

ner qualitatively, but the negative peaks above 1000 cm 2 1

are reduced in m agnitude o r show unusual band shape.

In som e cases, the peaks even becom e split. T hese arti-

facts occu r w hen the real part o f the F ourier transfo rm at

128 cm 2 1 reso lu tion (dotted line superim posed on Fig .

1B ) crosses zero at a frequency w ith in a negative band

of the phase-corrected spectrum . W hen the phase reso -

lution is changed to 64 cm 2 1, all the negative peaks are

re¯ ected in the M ertz phase-co rrected spectrum (F ig.

1D ). T he real par t o f the Fourier transfo rm at 64 cm 2 1

(do tted line superim posed on Fig . 1D ) is , 0 in the vi-

cinity of all the negative peaks; thus, the M ertz S igned

m ethod is able to p roperly phase co rrect the spectrum at

this phase reso lution (F ig . 1E ). H ow ever, if the spacing

of 1 and 2 bands is reduced to # 32 cm 2 1, the phasing

erro rs and resu lting spectral ar tifacts return (no t show n).

T hese artifacts can be better understood by tho roughly
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F IG . 2 . E ffect of a band o f intensity M 2 5 6 2M 1 on the phase calcu -

lation of a nearby band o f intensity M 1. I t is assum ed that the true phase

angles of the bands are u 1 5 p /8 and u 2 5 5 p /32. T he calculated phase

angle is plotted as a function of the band separation , D , norm alized byn Å
the nom inal phase reso lution, 1/xm ax . I f the intensi ties of bo th bands are

posi tive (M 2 5 2M 1), then w ith either the M ertz or M ertz Signed al-

gorithm , the calcu lated phase angle (plus sy m b ols) is bounded by 5 p /

32 and p /8. H ow ever, if the intensities are o f opposite sign (M 2 5
2 2M 1) , then the phase angle calculated w ith the M ertz m ethod (dotted

line) is bounded only by 5 p /32 and 9 p /8 . A pp lication of the M ertz

Signed phase correction (ATA N function) restricts the resu ltant phase

angle to the 2 p /2 to p /2 range (dashed line) , but large errors in the

phase angle persist near a discontinuity at D ´xm ax 5 0.4 4. T he bandn Å
separation near w hich these errors appear depends on the relative m ag-

nitude of the two bands and the apodization function.

exam in ing the phase calcu lation. T he apodized in terfer-

og ram can be represented as the inverse Fourier trans-

fo rm of the spectrum b( ) tim es the instrum en tally gen -n Å
e ra ted phase factor e i u ( ), a ll m ultiplied by the apod izationn Å

function A (x) :

I(x) 5 A (x)´F2 1{b ( )e i u ( )}.n Ån Å (8)

Fourier transfo rm ation of th is apodized in ter ferogram

yields the convolu tion of the com plex spectrum w ith the

line shape function , L ( ) 5 F{A (x)}:n Å

B 9 ( ) 5 L ( ) J [b ( )e i u ( )].n Ån Å n Å n Å (9)

Regardless o f the apod ization function used , as the res-

olu tion o f the phase calculation is low ered, L ( ) b roadens.n Å
T herefore, all bands are broadened ; i.e ., the con tribution

to the calcu lated phase ang le from neighboring peaks is

increased .

L et us now exam ine in m ore detail the effects o f th is

con tribution using a sim p li ® ed spectrum consisting o f

tw o d functions of m agn itudes M 1 and M 2 at 0 and 0 2n Å n Å
D , respectively. A pply ing the convolu tion descr ibedn Å
above, one ob tains

B 9 ( ) 5 L ( 2 0)M 1 1 L ( 2 0 1 D )M 2 .i u (n Å ) i u (n Å 2 D n Å )0 0n Å n Å n Å e n Å n Å n Å e

(10)

E valuation of th is equation at the cen ter frequency of the

band at 0 g ivesn Å

B 9 ( 0) 5 L (0 )M 1 1 L ( D )M 2
i u i u1 2n Å e n Å e (11)

w here w e have de ® n ed u 1 5 u ( 0) and u 2 5 u ( 0 2 D ) .n Å n Å n Å
T hus, B 9 evaluated at the position o f one band is actually

a w eigh ted vecto r sum w ith con tribu tions from bo th

bands.

F igu re 2 show s the behavio r o f the calcu lated phase

ang le, u 9 , as a function of the separation betw een the tw o

bands, D , norm alized by the phase resolu tion 1 /xm ax. Ifn Å
M 1 and M 2 are of the sam e sign , then the calcu lated phase

ang le u 9 ( 0) at the center o f the resolu tion b roadened linen Å
is constrained to the range of u 1 to u 2 (F ig. 2 , so lid line) .

A ssum ing that the true phase ang le varies slow ly (i.e., u 1

ø u 2), the phase erro rs in troduced by using a reduced

reso lution are sm all fo r bands o f the sam e sign .

H ow ever, if M 1 and M 2 are o f opposite sign , as in the

sim u lated spectrum of F ig. 1 , then u 9 m ay vary from u 2

to u 1 1 p (F ig . 2 , do tted line). In the exam ple in F ig. 2 ,

the relative in tensity o f the neighboring bands is g iven

by M 2 5 6 2M 1 . T hus, the in tensity in the w ings of band

2 exactly cancels the cen ter in tensity of band 1 w hen the

band separation is equal to the half-w id th at half-heigh t

(H W H H ) of the apod ization function. P assing th rough

th is separation , the calcu lated phase ang le at n 0 undergoes

a rapid transition of p rad ians. A t m uch sm aller separa-

tions, it app roaches u 2; a t m uch larger separations, it ap -

proaches u 1 1 p .

F or the H app±G enzel function (the apod ization func-

tion used throughout th is paper) , D H W H H 5 0 .44 /xm ax.
1n Å

W hen D ´xm ax ! 0 .44, the calcu lated phase angle at 0 isn Å n Å
heav ily in ¯ uenced by the larger neighboring band , so that

u 9 . u 2. T his is the situation also encountered in F ig. 1B

fo r the bands at 248, 450, and 652 cm 2 1 . In these cases,

the neighboring positive band is close enough to the neg-

ative band of in terest to dom inate the phase ang le cal-

culation . T hus, no p ¯ ip is encoun tered in the calculated

phase ang le, and a negative band is properly p roduced

by the M ertz phase co rrection m ethod .

O n the o ther hand, w hen D ´xm ax & 0.44 , the phasen Å
ang le calculation is in ¯ uenced m ore by the negative band

itself, so that u 9 . u 1 1 p . T h is pattern can be seen in

F ig . 2 , w here the dotted line approaches 9 p /8 at large

separations. A ll the bands in F ig. 1D also fall into th is

categor y. T he tw o oppositely signed bands in each pair

are m uch farther apart than the half-w idth of the line

shape function introduced by reso lu tion reduction and

apod ization . T hus, the in ¯ uence o f the positive band on

the neighboring negative band is sm all, and a p sh ift does

occu r in the calcu lated phase ang le. In th is case, the

M ertz algo rithm produces re¯ ected band shapes.

W ith the add ition o f a (second) p sh ift w hen D ´xm axn Å
. 0.44 , the M ertz S igned algorithm can often p roduce a

properly phase-co rrected spectrum even w hen the M ertz

algo rithm fails (F ig . 2 , dashed line) . T his result can also

be seen by com paring traces D and E in F ig . 1. H ow ever,

in the reg ion of D ´xm ax ø 0 .44 , the phase ang le u 9 cal-n Å
culated w ith the M ertz S igned algorithm still undergoes

large sw ings aw ay from the true phase angle. T he source

of these large sw ings is apparen t from Fig . 2 . U se o f the

fu ll-range arctangen t function , as in the M ertz m ethod

(do tted line) , p roduces a sm oo th transition from u 9 . u 2

to u 9 . u 1 1 p . L im iting the phase ang le to 2 p /2 to p /

2 w ith the ATA N function , as in the M ertz S igned al-

go rithm (dashed line), p roduces a calcu lated phase ang le

in w hich large erro rs rem ain . T hese large erro rs occur

w henever the phase reso lution is chosen in such a w ay

that neighboring bands o f unequal intensity and opposite

sign nearly cancel one ano ther near the center o f the

w eaker band .

T h is is p recisely the situation encoun tered fo r the
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peaks above 1000 cm 2 1 in the sim u lated spectrum of F ig .

1 w ith a phase reso lution o f 128 cm 2 1 ( traces B and C ).

T he spacing betw een the peaks at th is phase reso lu tion

is just large enough to ensu re that the positive band can

signi ® can tly in ¯ uence, bu t not dom inate, the calculation

o f the phase ang le fo r the negative band. T h is pattern can

be seen in the 128 cm 2 1 resolu tion F ourier transform of

the interferog ram (do tted trace superim posed on F ig . 1B ),

w hich show s the nearly com plete cancellation of intensity

at the centers of these negative bands. T he in term ed iate

phase ang les that result are m an ifest as partially re¯ ected

peaks in the M ertz-calcu lated spectrum (F ig . 1B ). T hese

erro rs cannot be properly co rrected by application o f the

M ertz S igned algo rithm (F ig . 1C).

W hile the preceding d iscussion focuses on phase co r-

rection erro rs w ith the use o f the M ertz m ethod , it is

applicable to the F orm an m ethod as w ell. T he phase er-

rors resu lting from oppositely signed bands occur during

the calcu lation of the phase spectrum , e 2 i u 9 ( ), a step thatn Å

is com m on to the M ertz and Form an m ethods.2 ,3

P hase C orrection via Self-C onvo lution of the In ter-
ferogram (D oub led-A n g le M eth od). A s show n above,

the problem s encountered in app ly ing the M ertz S igned

algo rithm to ac-coup led spectra can be traced to the

sm oo thing of a d iscon tinuous function . H ow ever, it is

possib le to elim inate the d iscon tinu ities and thus resto re

the slow ly var ying natu re o f the phase ang le, sim ply by

convo lv ing the interferog ram w ith itself p rio r to carry ing

out the phase co rrection . T h is convolu tion is equ ivalen t

in the F ourier dom ain to squaring the com plex rep resen -

tation o f the spectrum , i.e.,

F{I J I} 5 [b( )e i u ( )]2 5 b 2( )e i2 u ( ).n Å n Ån Å n Å
(12 )

T hus, the self-convolved in terferog ram I J I is the in -

verse F ourier transfo rm of a com plex spectrum con tain-

ing on ly positive in tensities, b 2, and a slow ly var y ing

phase ang le, 2 u ( ) . T he doub led phase ang le, 2 u 9 ( ), cann Å n Å
easily be calcu lated by app lying the ATA N 2 function to

the real and im ag inar y parts of the Fourier transfo rm of

I J I . (N o te that the algo rithm used in the A rray B asic

p rog ram provided in the A ppendix does not actually em -

p loy the ATA N 2 function, but carries ou t m athem atically

equivalen t operations.) T he advantage o f per fo rm ing the

self-convo lu tion and thus doub ling the phase ang les is

that the phase facto r e i2 u ( ) becom es iden tical fo r u and un Å

1 p . T h is cond ition elim inates all the p ¯ ip s in the phase.

I t is thus possib le to truncate and apodize the self-con-

volved in terferog ram (I J I ) p r ior to F ourier transfo r-

m ation, i.e., to reduce the phase reso lu tion , w ithou t in -

troducing any large phase ang le erro rs.

Tak ing half of the reduced -reso lution doubled -phase-

angle g ives the best sm oo thed estim ate for the phase o f

the o rig inal in ter ferog ram . H ow ever, determ ining the

half-ang le still requires a choice betw een ½[2 u 9 ( )] andn Å
½[2 u 9 ( )] 1 p . T h is am bigu ity can be reso lved by usingn Å
the cr iter ion that the phase ang le m ust be a slow ly var y-

ing function of . D uring the calculation of the d iscreten Å
a r ray o f phase ang les, each u 9 ( ) is sim p ly chosen to ben Å
the value closer to that o f the p revious elem en t o f the

array. T his cho ice is now easy because the reso lution re-

duction has suppressed the no ise w ithou t introducing

phase ang les betw een u 9 ( ) and u 9 ( ) 1 p .n Å n Å

W hen the en tire phase array has been produced , a g lob-

al cho ice rem ains. A dding p to the phase ang le at all

f requencies also satis ® es the criterion o f slow ly vary ing

phase. T he only w ay to m ake th is choice is by exam in ing

the resulting phase-co rrected spectrum . A dding p to the

phase ang le is equ ivalent to m ultip lying the en tire spec-

trum by 2 1. T hus, w hile the algo rithm produces the co r-

rect relative o rien tation of positive and negative peaks,

som e know ledge of the ``co rrect’ ’ g lobal or ientation o f

the spectrum is required. With respect to the sim u lated

spectrum of F ig . 1 , a priori know ledge of the sign of any

one band allow s proper global o r ien tation of all of them .

T hus, w ithout any o ther in form ation, the D oub led -A ng le

m ethod can correct the phases o f our sim u lated d iffer-

en tial in terferogram , p roducing a resu lt (no t show n) that

is identical to F ig . 1A .

F or the D oubled -A ngle phase correction m ethod to

w ork properly, a double-sided in terferogram is needed .

To see w hy, consider the effects o f truncating one side

o f a double-sided differential in terferog ram prio r to con-

volv ing it w ith itself . T h is one-sided truncation introduc-

es erroneous phase ang les in the Fourier transfo rm of the

unconvo lved in terferog ram ; convo lution doub les these

erroneous ang les. Reducing the reso lution after convo-

lution sm oo ths the erro rs sligh tly but does not signi ® -

cantly reduce them . T hey can be avo ided on ly by using

the full double-sided in terferogram to calculate the con-

volu tion .

Z P D S elect ion . T he interferog ram signal at the Z PD

is approxim ately equal to the spectral in tensity integ rated

over the bandw id th . T hus a spectrum con tain ing positive

and negative in tensities o f com parab le m agnitude w ill

p roduce an in terferog ram w ithou t a cen terburst at the

Z P D . E ven in such cases, the Z PD can often be de ® n ed

from the convolu tion o f the interferog ram w ith itself. T he

integ ration of the squared in tensities resu lts in a cen ter-

burst in the self-convo lved interferog ram . T he position o f

this cen terbu rst can then be used to locate the Z PD of

the o rig inal in ter ferogram . If a m easu red in terferog ram

of N poin ts is rep resen ted as I(n) w here n 5 (0 , . . . , N

2 1), and I(n ) is set to zero fo r n , 0 and n $ N , then

the self-convo lu tion is de ® n ed as

N 2 1
N

I J I (m ) 5 I (n )I 2 1 2 n 1 m . (13 )O 1 22n 5 0

(N o te: T his de ® n ition o f convolu tion is dictated by the

A rray B asic program m ing language that w e used to im -

p lem ent ou r phase co rrection m ethod as detailed in the

A ppendix ). A ccord ing to this de ® n ition , if the Z PD is at

poin t N /2 2 1 1 D x of the o rig inal interferog ram , then

the self-convo lution w ill sh if t it to poin t N /2 2 1 1 2 D x.

If the cen terbu rst of the self-convo lved in terferog ram oc-

cu rs at a po in t w here 2 D x is odd, it is rounded dow n by

one so that D x can be in tegral.

M A T E R IA L S A N D M ET H O D S

B acterio rhodopsin (bR ) sam ples w ere p repared from

H . ha lob ium as descr ibed prev iously. 10 P urp le m em brane

pellets w ere w ashed w ith d istilled w ater and transferred

to a C aF 2 w indow. A second C aF 2 w indow w as coated

around its edge w ith vacuum grease and pressed against

the ® rst to seal the bR sam ple.
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F IG . 3 . (A ) Transient ac-coupled interferogram of bacter iorhodopsin photop roducts averaged over the tim e range 0 ±1 m s after photolysis (8 cm 2 1

reso lution w ith a bandw idth of 0 to 1970 cm 2 1; i.e ., a total of 888 points) . (B ) Sam e interferogram after application o f a d igital h igh-p ass Fourier

® lter w ith a cutoff frequency of 400 cm 2 1 . (C ) Convolution of the ® l tered interferogram (B ) w ith itself . T his self-convolved interferogram has an

enhanced intensity at the Z P D (or a nearby point; see text for details) and is therefore used to identify the Z PD of the original interferogram . For

the tw o-sided interferogram in A , there are 444 points to the lef t of the Z PD and 443 to the r ight. For the self-convolution in C, the Z PD is sh ifted

slightly, as calculated by our program , w ith 445 points to the lef t and 442 to the righ t.

Interferog ram s w ere co llected on a Bruker IFS -66 FT-

IR spectrom eter in tim e-reso lved step scan m ode at 8

cm 2 1 reso lution by using a K olm ar photovo ltaic H gC dTe

detector (M odel #K M PV 11-1 -L J2/239) . T h is detecto r ’ s

pream pli ® e r has dual ac- and dc-coup led ou tpu ts. T he

m easu red bandw id th w as lim ited to 0 ±1970 cm 2 1 as a

resu lt o f reduced sam pling of the in terferog ram . A long-

pass optical ® lter placed in fron t o f the detecto r p reven ted

aliasing of op tical signals from ou tside th is bandw id th.

A pulsed , frequency-doubled N d 1 :YA G laser (532 nm ,

10 m J cm 2 2) w as used to trigger the bR pho tocycle fo r

the transient FT-IR m easu rem en ts, w h ich w ere m ade w ith

the detecto r and internal d ig itizer ac-coup led . Transien t

signals from 10 ¯ ashes, spaced ever y 300 m s, w ere re-

corded at each m irro r position . T im e-reso lved interfero -

gram s corresponding to 10 tim e slices o f 100 m s each

w ere so rted and sto red to d isk, bu t the 10 interferog ram s

w ere averaged together prior to phase calculation .

To obtain a dc-coup led step -scan interferog ram for

phase correction w ith the dc S tored P hase m ethod , w e

reco rded three tim e slices o f 10 m s each w ith the laser

off , w ith 10 coadd itions at each m irro r position . T he three

tim e slices w ere then averaged and sto red as a sing le

in terferog ram . T his in terferogram w as m easu red im m e-

diately p rio r to collection o f the ac-coup led d ifferen tial

in terferog ram s to w hich the sto red phase w as to be ap -

plied.

D ata p rocessing of the in terferogram s w as carr ied ou t

in A rray Basic routines on G RA M S/32 so ftw are (G alac-

tic Industries, S alem , N H ). T he M ertz and dc S to red

Phase m ethods fo r phase correction w ere im p lem ented by

running the standard icompute.ab A rray B asic code sup-

plied w ith the so ftw are. T he M ertz S igned and D oub led-

A ng le m ethods w ere im plem en ted by sim p le m od i® ca-

tions o f icompute.ab , as detailed in the A ppendix .

R E S U L T S

We tested various phase co rrection m ethods on typ ical

tim e-resolved F T-IR data from a b iolog ical sam ple, bac-

ter iorhodopsin . T he transien t differential in terferogram

m easu red from a bR sam ple af ter pho to lysis is show n in

F ig . 3A . T hese data, and the phase co rrection results ob -

tained from them , are rep resen tative o f m easu rem en ts on

fou r d ifferen t sam ples o f bR .

D eterm in ation of th e Z P D . T here is a slop ing base-

line in the raw in ter ferogram in F ig . 3A ; such a baseline

drift is qu ite com m on in step -scan m easu rem ents. T his

artifact m ust be rem oved by the application of a d igital

high -pass F ourier ® lter (F ig . 3B ). F ailu re to rem ove th is

slop ing baseline resu lts in a self-convo lved in ter ferog ram

w ith low -frequency featu res that p roh ib it selection o f the

Z P D position (not show n). T he self-convolu tion o f the

® ltered in terferog ram has a clear centerbu rst at its Z P D

(F ig. 3C ). T he position o f th is centerbu rst is used to de-

® n e the Z PD of the o rig inal interferog ram as d iscussed

above.

C om parison of P h ase C orrection M eth ods. Figure 4

show s the resu lts o f different phase co rrection algorithm s

app lied to a step -scan tim e-reso lved interferog ram of bR

pho tolysis. T he sam e m easu red differential in terferog ram

(F ig. 3A ) and Z PD position w ere used fo r all o f the phase

correction m ethods. Fo r the D oub led-A ng le m ethod , the

on ly a priori know ledge of the spectrum that w as utilized

is the positive sign of the large in tensity change at 1527

cm 2 1.11 T his in fo rm ation is needed to m ake the co rrect

global cho ice o f sign fo r the spectrum .

T he spectra produced w ith the dc S tored P hase (A ) and

D oubled -A ngle m ethods (D ) m atch ver y closely over the

entire 850 ±1950 cm 2 1 reg ion, w h ile the M ertz algorithm

(B ) p roduces a pattern o f ``re¯ ected peaks’ ’ over m uch

of the spectrum . T he M ertz S igned algo rithm (C ) co rrects

som e, bu t no t all, o f these peaks. T he broad area o f neg-

ative intensity from 1250 to 1450 cm 2 1 is properly phase

corrected , but the jux taposition o f positive and negative

bands from 1500 to 1600 cm 2 1 causes the M ertz S igned

algo rithm to produce bands of m uch reduced intensity,

corresponding rough ly to a p /2 phase error.

A s a m ore stringen t test o f these m ethods, the residual

spectra rem aining along the im ag inar y ax is after phase

correction w ere exam ined (F ig. 5) . B o th the dc S to red
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F IG . 4 . Phase correction m ethods applied to calculating the transient

ac-coupled spectrum of bR, averaged over the ® r st 1 m s after a pho-

toly sis ¯ ash . A ll fou r traces w ere com puted from the sam e transient

difference interferogram , each using the indicated m ethod of phase co r-

rection. T he spectral reso lution is 8 cm 2 1 over a bandw idth of 0 to 1970

cm 2 1 w ith H app±G enzel apodization and 128 cm 2 1 phase reso lution.

A lthough the M ertz Signed m ethod corrects som e areas of ``re¯ ected

peaks’ ’ (1250 ±1450 cm 2 1) seen w ith the M ertz phase correction, i t pro-

duces bands of reduced m agnitude in other region s (1500 ±1600 cm 2 1).

H ow ever, the D oubled-A ngle and dc S tored P hase m ethods produce

nearly identical spectra.

F IG . 5 . Residual spectra left along the im aginar y axis af ter phase cor-

rection w ith each of the m ethods. T he scale is the sam e as in F ig. 4.

With either the M ertz or the M ertz S igned m ethod, the residual spectral

intensity is as large as the real sp ectral intensity (Fig. 4) fo r som e bands.

O n the other h and, the residual intensit ies of the D oubled-A ngle and dc

Stored P hase m ethods are com parable to the noise .

F IG . 6 . Phase spectra calculated by using each of the four m ethod s at

128 cm 2 1 phase reso lution. Interpolation to the full 8 cm 2 1 spectral

reso lution w as perform ed by zero- ® lling the truncated interferogram

prior to F ourier transform ation. The M ertz m ethod does not sim ply

jum p from an angle near 0 fo r po sit ive band s to an angle near 6 p for

negative bands. In stead, large regions of the spectrum have calculated

phase angles of interm ediate values. Restriction of the phase angle to

[ 2 p /2, p /2] w ith the M ertz Signed m ethod does not restore all phase

angles to near 0 because of these interm ed iate angles. H ow ever, the

D oubled-A ngle m ethod does produce phase ang les that var y slow ly

w ith and are close to 0 everyw here.n Å

P hase and D oub led -A ng le m ethods p roduce residual

im ag inar y spectra w h ich appear as random no ise. H ow -

ever, the residuals from the M ertz and M ertz S igned

m ethods have featu res m uch larger than the no ise at

1201 , 1527 , and 1560 cm 2 1; these correspond to im prop-

er ly phase-corrected bands in the real spectra. N o te that

in the broad region of negative in tensity betw een 1250

and 1450 cm 2 1, a ll four m ethods g ive residual ( im agi-

nary ) spectra sm aller than the noise. A lthough the M ertz

algo rithm succeeds in ro tating the d ifferen tial in tensity in

this region fu lly on to the real ax is, it inco rrectly assigns

the sign of that in tensity.

T he phase spectra p roduced w ith the fou r m ethods are

show n in F ig. 6 . T he phase ang les from bo th the dc

S tored P hase and D oub led-A ng le m ethods are close to

zero and vary slow ly across the spectrum . H ow ever, the

phase angles calcu lated by using the M ertz and M ertz

S igned algo rithm s cover the en tire allow ed ranges ([ 2 p ,

p ] and [ 2 p /2 , p /2] , respectively ) . A s d iscussed in the

T heory section , w ith a true phase angle close to 0 , the

M ertz algo rithm app lied to a spectrum of alternating pos-

itive and negative bands shou ld ideally p roduce a d is-

continuous phase spectrum w hich jum ps betw een 0 and

6 p radians. T here are h ints o f such discon tinu ities in the

M ertz phase spectrum (F ig . 6 , dot-dash line), but these

featu res are sm oo thed by the low (128 cm 2 1) reso lu tion

o f the phase calcu lation. L ikew ise, in the reg ion from

1500 to 1600 cm 2 1, in w h ich the M ertz S igned algorithm

w orks least effectively, the phase ang le takes an in ter-

m ed iate value of 2 p /2 in stead of 0 o r 6 p rad ians.

E ffect o f V aryin g th e P h ase R eso lu tion . A s d iscussed

in the T heor y section above, the spectral ar tifacts p ro-

duced w ith the M ertz S igned algo rithm are due to

sm oo thing of the phase spectrum . T he phase ang le is cal-

cu lated from a truncated region of the in ter ferogram and

then in terpolated to m atch the po int spacing of the spec-

trum from the full in ter ferogram .

F igu re 7A show s how truncating the interferog ram at

d ifferen t reso lu tions affects the real part of its Fourier

transform (i.e., the spectrum used fo r calcu lating the

phase ang les). To g ive accu rate phases w ith the M ertz

S igned m ethod , th is real par t of the Fourier transform

generally needs to faith fully rep roduce the positions o f

the zero-crossings o f the true in tensity spectrum . H ow -

ever, as the phase reso lution is low ered from 8 to 32 cm 2 1
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F IG . 7 . Behavior, as the reso lution is decreased, of the real part of the Fourier transform of (A ) the original interferogram and (B ) the self-

convolution of the interferogram . N o phase correction has been applied.

F IG . 8 . P hase spectra calculated w ith the M ertz Signed m ethod at var-

ious spectral reso lutions. The interferogram w as truncated at the indi-

cated reso lution, and zero- ® lled prior to Fourier transform ation and

phase angle calculation using the form ula, u 9 ( ) 5 ATA N (Im ( )/Re( )) .n Å n Å n Å

and then to 128 cm 2 1, the num ber o f zero -crossings be-

tw een 850 and 1950 cm 2 1 drops from 17 to 10 to 4 , and

their positions are sh if ted . T he large positive real band at

1527 cm 2 1 in the h igh -reso lution F ourier transfo rm (F ig.

7A , top trace) co rresponds to an area o f near zero in ten -

sity at 128 cm 2 1 reso lu tion (F ig. 7A , bo ttom trace). T he

sam e is true fo r the three positive bands near 1200 cm 2 1 .

T he only consistent featu re w ith a sign that does no t de-

pend strongly on spectral reso lution is the b road area o f

negative in tensity betw een 1250 and 1450 cm 2 1.

In con trast, F ig . 7B show s the real par t o f the spectrum

calcu lated from the Fourier transfo rm of the self-con -

vo lved in ter ferogram . N early all in tensities are now

greater than zero regard less o f the resolu tion used . A l-

though the bands are b roadened at 128 cm 2 1 reso lution ,

the positions o f the peaks are consisten t w ith the bands

obser ved at 8 cm 2 1 resolu tion .

F or the M ertz S igned m ethod , sm oo thing due to the

reduced reso lution of the phase spectrum resu lts in inter-

m ed iate values o f the calcu lated phase ang le u 9 ( ) inn Å
reg ions o f sharp alternating positive and negative featu res

in the spectrum (see F ig. 8) . T he zero -crossings o f the

real part o f the Fourier transfo rm (F ig . 7A ) occur at the

sam e w avenum ber values as the b ig jum ps in the phase

ang le (F ig . 8 ) . A t 8 cm 2 1 resolu tion , af ter application o f

the 2 p /2 to p /2 lim itation , the phase angle u 9 ( ) is closen Å
to zero at m ost frequencies excep t fo r those d irectly ad-

jacen t to zero -crossings. U nfo rtunately, these are m ade

m ore frequen t by spectral no ise. A t 32 and 128 cm 2 1

reso lution, the no ise is p rog ressively suppressed , but the

phase spectrum is also p rog ressively sub ject to the sys-

tem atic erro rs induced by the b roadened line shape (see

T heor y section ) .

T he resu lts o f these system atic errors can be seen clear-

ly in F ig. 8C . T he w orst case occu rs betw een 1500 and

1750 cm 2 1 . H ere, the phase angle m igh t be expected to

¯ ip betw een ; 0 and ; ( 6 p ) fo r the M ertz m ethod , and

to be corrected to ; 0 ever yw here by the M ertz S igned

m ethod . Instead the phase ang le takes on an in term ediate

value near 2 p /2 over a large spectral range. T his value

is unaffected by w hether the M ertz o r M ertz S igned

m ethod is used . T he resulting spectra (F ig . 4B , 4C ) thus

coincide in this w avenum ber range, bu t show incorrect

m agnitudes o f bo th positive and negative bands.

T he M ertz and M ertz S igned m ethods do not d iverge

over the 1500 ±1750 cm 2 1 spectral region un til the phase

reso lution is raised to 32 cm 2 1 (spectra not show n). E ven

at th is reso lu tion , how ever, the negative band at 1560

cm 2 1 still show s a system atic ar tifact due to the broad-

ening of the large positive neighboring band at 1527

cm 2 1, analogous to the artifacts show n in F ig . 1C . O nly

at 8 cm 2 1 reso lu tion does the M ertz S igned m ethod prop-

erly co rrect the phase in the 1500 ±1750 cm 2 1 range.

H ow ever, the poorer signal-to-no ise ratio in o ther reg ions

of the spectrum precludes use o f th is phase reso lu tion for

correcting the en tire spectral range.

D IS C U S SIO N

T he presence o f both positive and negative peaks in an

FT-IR d ifference spectrum poses a b inar y cho ice o f u or



APPLIED SPECTROSCOPY 981

u 1 p fo r each phase ang le fo r any d irect m ethod of

phase-correcting a m easu red d ifferen tial interferog ram .

F or m ost F T-IR spectrom eter designs, there are tw o char-

acter istics o f the phase spectrum that can be used to m ake

this choice: (1 ) the phase ang le shou ld be ever yw here

close to zero sim ultaneously fo r an approp riately chosen

Z P D ; and (2 ) the phase angle should vary slow ly as a

function o f .n Å
T he th ree d irect m ethods o f phase co rrection evaluated

hereÐ M ertz, M ertz S igned , and D oub led-A ng leÐ each

use differen t cr iter ia fo r determ in ing the phase ang le. T he

M ertz algo rithm assum es that the phase angle varies

slow ly and that the in tensity is alw ays positive except fo r

noise. T he latter assum ption is clear ly inco rrect fo r ac-

coup led d ifference spectra. U se o f the M ertz algorithm

results in an erro r o f p rad ians fo r b road negative bands,

and an erro r near p /2 rad ians fo r reg ions con tain ing

closely spaced positive and negative bands of sim ilar in-

tensity.

T he M ertz S igned m ethod substitu tes the assum ption

of positivity w ith a m ore realistic cr iter ion fo r d ifferen tial

spectra, w hich assum es that the phase angles should all

lie w ith in the in terval [ 2 p /2 , p /2 ] . P hase factors are thus

restr icted to lie in the ® rs t and fourth quadran ts of the

com plex p lane; p rad ians are added to any calcu lated

angle that falls outside these lim its. T he m ethod is suc-

cessfu l at co rrecting the re¯ ection of b road negative- in -

tensity peaks. H ow ever, it fails to co rrect spectral reg ions

containing sharp alternating positive and negative bands,

frequen tly y ield ing a resu lt identical to the M ertz algo -

r ithm , i.e., strongly attenuated bands due to an erroneous

phase that canno t be co rrected by the add ition of any

m ultip le o f p rad ians. A s w e show above, th is erroneous

phase resu lts from blurring o f neighboring positive and

negative bands by the use o f a low ered phase reso lu tion .

L ike the M ertz and M ertz S igned m ethods, the D ou-

b led -A ng le m ethod presen ted here utilizes a truncated

(reduced -reso lution and reduced -no ise) in terferog ram to

calcu late the phase, thereby im plicitly assum ing a slow ly

vary ing phase ang le. H ow ever, the erro rs obtained w ith

the M ertz S igned m ethod as a resu lt of b lu rr ing sharp ly

alternating positive and negative bands into each other

are elim inated by doub ling their phase angles p rio r to

b lurring . T his approach allow s nearby bands w ith phases

that d iffer by nearly p to be sm oo thed on to each other

w ithout introducing erroneous interm ed iate phase angles,

since u and u 1 p g ive equivalen t ang les w hen m ultiplied

by 2. T herefo re, the slow ly var y ing nature of the phase

spectrum is m ain tained. T here is a b inar y choice that

m ust be m ade w hen the original phase angles are restored

by div iding by 2 . H ow ever, th is cho ice can be m ade eas-

ily because the D oub led-A ng le m ethod succeeds in al-

low ing reso lution reduction to im prove the signal-to -

noise ratio in reg ions o f alternating bands, w ithout in tro -

ducing phase artifacts.

E ffect of N o ise on P h ase C orrection . T he anom alous

phase ang les p roduced w ith the M ertz and M ertz S igned

m ethods in the p resence o f positive and negative bands

occu r at the zero -crossings o f the reduced-resolu tion

spectrum . I t m ight therefo re be assum ed that no ise is the

cu lpr it. T his assum ption is true on ly indirectly. If at cer-

tain frequencies the spectral m agn itude d rops below the

noise level, then the phase angle, u 9 ( ) 5 arctan [Im ( )/n Å n Å

R e( )], becom es indeterm inate. H ow ever, as show n in then Å
T heo ry section above, phase erro rs near zero -crossings

can occu r even in the com plete absence o f no ise. T here-

fore, it is no t co rrect to assert that the phase ang le erro rs

that occu r near the zero -crossings o f R e( ) w ith the M ertzn Å
S igned m ethod are due to random noise.

I t is true that no ise-free spectra, such as the sim ulated

spectrum of F ig . 1 , can alw ays be properly phase cor-

rected by using the M ertz S igned m ethod , if the phase

resolu tion is increased su f ® c iently. H ow ever, for m ea-

su red spectra, increasing the phase reso lu tion alw ays in -

creases no ise. T hus, at h igh phase resolu tion , noise lim its

the accu racy of the phase angle calcu lation; at low phase

resolu tion , on the other hand , line shape sm ooth ing in -

troduces phase erro rs regardless o f the am ount o f no ise

p resen t.

T he D oub led -A ng le m ethod elim inates the phase erro rs

p roduced w ith alternating signed bands at reduced phase

resolu tion . H ow ever, the effect o f no ise w ith the D ou-

b led -A ng le m ethod can be m ore severe than w ith the

M ertz m ethods, especially at high reso lution. T hus, the

phase co rrection w ith the D oubled -A ngle m ethod m ust

generally be perform ed at low phase reso lu tion , typ ically

128 cm 2 1 .

D irect (D oub led -A n gle) P h ase C orrection vs. th e d c
S tored P h ase M ethod . In term s of spectral accu racy, our

D oub led -A ng le phase co rrection m ethod is com parab le

to, bu t does no t outperform , the dc S to red Phase m ethod .

H ow ever, because it is a d irect m ethod , there is no need

to co llect a separate interferog ram for the phase calcu -

lation . P ossib le bene ® ts o f the direct approach include

decreased suscep tibility to instrum ental d r if t and less to tal

tim e required to co llect the data.

H ow ever, these bene ® ts m ay be partially negated by

the need to use m ore com pu ter m em ory to co llect doub le-

sided in terferogram s. T h is is the on ly sign i ® can t d raw -

back of the direct D oub led -A ng le phase co rrection m eth -

od. T h is requ irem en t has a cost in term s of d isk space

and RA M utilization . In add ition , the m easu rem ent o f

transient F T-IR step-scan spectra requ ires a m eans to per-

turb the sam ple reversib ly at each of ; 10 3 positions o f

the m ov ing m irro r. T he need fo r doub le-sided in ter fero-

g ram s increases the num ber of positions requ ired to co l-

lect a single in ter ferogram by alm ost tw ofo ld, so that an

even greater prem ium is p lace on the reversibility of the

changes effected by the sam ple perturbation. H ow ever,

the signal-to -no ise ratio in the ® nal result is im proved by

co llecting a tw o-sided interferog ram . M ost step-scan

tim e-reso lved experim en ts requ ire sign i ® can t signal av -

erag ing in any case. T herefo re, co llecting tw o-sided in -

terferogram s actually costs usefu l m easurem en t tim e on ly

in those rare cases w here the sam ple is not stab le fo r the

m in im um tim e period (o r m in im um num ber o f ¯ ashes)

needed to com plete a single (doub le-sided ) m irror scan .

A bene ® t o f using the D oub led -A ng le phase co rrection

m ethod m ay be a reduction in the com plex ity of the hard-

w are needed to m easu re interferog ram s. I t is no t neces-

sar y to sw itch detecto r p ream pli ® e rs and m ain am pli ® e rs

from dc to ac coup ling in order to co llect a phase spec-

trum , thus sim p lify ing the instrum en t con ® gu ration . In

addition , the requirem en ts o f a large dynam ic range and

a high degree o f linear ity in the am pli ® cation and d igi-

tization p rocesses are relaxed . T hese advantages m ay also
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be realized for a host of other techn iques that p roduce

spectra w ith positive and negative bands, such as v ibra-

tional circular dich ro ism , as w ell as phase-m odu lation

and lock -in step -scan m easurem en ts.

T he convo lution invo lved in the D oub led-A ng le phase

correction m ethod is com putationally intensive. Fo r tim e-

reso lved step -scan spectroscopy, an interferog ram is col-

lected fo r each tim e po int. T hus, there m ay be several

hundred in terferog ram s from a single experim en t. Con-

vo lv ing each of these in ter ferogram s w ith itself du ring

the phase correction p rocess w ou ld requ ire a sign i ® can t

am oun t o f tim e. A dd itionally, the resu lting phase spectra

are likely to exh ibit erro rs due to poor signal-to-noise

ratio. In stead , it is far better to calcu late a sing le phase

spectrum from the average o f all the tim e-reso lved in ter-

ferog ram s or, better yet, f rom the ® rst p rincipal com po-

nen t derived by principal com ponent analysis. T his phase

spectrum can be sto red, and then used to co rrect the

phases o f the indiv idual in terferog ram s.

T he w eigh t o f these facto rs vs. the reduced instrum en-

tal requ irem ents of the D oubled -A ngle algorithm w ill de-

term ine the relative advan tages o f d irect phase correction

vs. use of a dc-coup led sto red phase. Fo r in stances in

w hich a dc-in terferogram can easily be collected , the

D oubled -A ngle and dc S tored P hase m ethods can be used

in com bination, each to doub le-check the other, since the

tw o m ethods are susceptib le to d ifferent sou rces o f erro r.
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A P P E N D IX

M odi ® cations o f the A rray B asic rou tines supp lied

w ith G R A M S/32 so ftw are (v. 4.02 ; G alactic Industries,

Salem , N H ) w ere m ade to im p lem ent the new m ethod of

phase correction. T he changes m ade to the icompute.ab
program to im plem en t the M ertz S igned or D oubled -A n-

gle phase co rrection m ethod are ind icated below . I talics

ind icate added lines o f code. A few lines of the surround-

ing program are included to m ark the locations of the

add itions. T he un italicized lines are unaltered from the

original, excep t fo r the conversion of three lines in to re-

m arks by add ition o f the no tation R E M . A rrow s m arkÝß
jum ps to d ifferen t sections o f the p rog ram .

M ertz S igned M eth od

3020 rfft ph2 : ph2(1 )5 0 ’ ff t phase array

cm plx2 5 ph2 : transpose cm plx2 ’ get 2 row s: real & im ag

m ag2 5 sqrt((cm plx2(0 )*cm plx2(0 ))1 (cm plx2 (1)*cm plx2(1 ))) ’ get m agn itude of values

m ag2 5 div rev (m ag2 ,1) ’ get 1 /m agnitude

cm plx2(0 ) 5 cm plx2(0 )*m ag2 : cm plx2(1 ) 5 cm plx2(1 )*m ag2 ’ no rm alize

’ ***************************************************

cm plx2 (1) 5 cm plx2 (1 )*( cm plx2 (0 )/abs(cm p lx2 (0)) ) ’ if the rea l part is , 0 , then

cm plx2 (0) 5 cm plx2 (0 )*( cm plx2 (0 )/abs(cm p lx2 (0)) ) ’ m u ltip ly bo th parts by 2 1
’ ***************************************************

cm plx2(1 ) 5 2 cm plx2(1) ’ get com plex conjugate

Ýß
3070 rfft ph : ph (1) 5 0 ’ ff t phase array

cm plx 5 ph : transpose cm plx ’ get 2 row s: real & im ag

m ag 5 sq rt((cm plx (0)*cm plx(0))1 (cm plx(1)*cm plx(1 ))) ’ get m agnitude o f values

m ag 5 d ivrev(m ag ,1) ’ get 1/m agn itude

cm plx (0 ) 5 cm plx (0 )*m ag : cm plx (1) 5 cm plx(1)*m ag ’ no rm alize

’ *****************************************************

cm plx(1 ) 5 cm plx(1 )* ( cm plx(0 )/abs(cm p lx(0 )) ) ’ if the rea l part is , 0 , then

cm plx(0 ) 5 cm plx(0 )* ( cm plx(0 )/abs(cm p lx(0 )) ) ’ m u ltip ly bo th parts by 2 1

’ *****************************************************

cm plx (1 ) 5 2 cm plx (1 ) ’ get com plex con jugate

D ou bled-A n g le M eth od

’ ********************************************************** ****

’ A C D ifference In terferogram com pute w ith zero ® ll, phasing and apod ization.

’ D oub led -A ngle P hase C orrection A lgorithm

’ **************************************************************

’ C opyrigh t (c) 1992±98 G alactic Industries C orp . Copy on ly for use w ith G R A M S/32t.

http://masetto.catchword.com/nw=1/rpsv/0006-3525^281988^2927L.733[aid=561760,nlm=2454680]
http://masetto.catchword.com/nw=1/rpsv/0006-3525^281985^2924L.799[aid=561761,nlm=2410049]
http://masetto.catchword.com/nw=1/rpsv/0006-2960^281996^2935L.13001[aid=561763,csa=0006-2960^26vol=35^26iss=40^26firstpage=13001,nlm=8855934]
http://masetto.catchword.com/nw=1/rpsv/0006-2960^281980^2919L.5421[aid=561764,nlm=7448177]
http://masetto.catchword.com/nw=1/rpsv/0027-8424^281987^2984L.5221[aid=557936,csa=0027-8424^26vol=84^26iss=15^26firstpage=5221,nlm=3474649]
http://masetto.catchword.com/nw=1/rpsv/0006-3525^281988^2927L.733[aid=561760,nlm=2454680]
http://masetto.catchword.com/nw=1/rpsv/0027-8424^281987^2984L.5221[aid=557936,csa=0027-8424^26vol=84^26iss=15^26firstpage=5221,nlm=3474649]
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free

pauseo ff : onpain t 0

m ode 5 0 ’ S tand alone

’ ’ po r tou t 2 44, 2 1 : debug 5 0

’ **************************************************************

m 5 0 .1 ’ get param eters for ® lter

dia logon ’ ’ H igh -P ass F ilter o f In terferogram ’ ’

dia logask m , 0 1 256 ,0 ,1 , ’ ’ B reakpoin t:’ ’

dia logo ff
`**************************************************************

100 dim res ® le(256),tex t(256),tem p(256) ,tem p1(256) ,tem p2(256),tem p3(256)

Ýß
’ F ind Z P D and set up array fo r apod ization functions

1000 free apdfn : d im apdfn (np ts(#s)) ’ create apod ization func array

if getffp () . get¯ p () then x¯ ip

if ctype 5 1 then #s 5 #s 2 sum (#s)/pts ’ A verage subtraction

RE M zpd 5 index0(abs(#s) 2 m ax(abs(#s))) ’ locate Z PD po int

np 5 np ts(#s)

’ *********************************************************

free preigram ,igram ,unapod1 : dim preigram (np),igram (np), unapod1(np)

if getffp() . get¯ p () then x¯ ip ’ m ake sure tha t zero is on the left

’ **F ilter in terferogram to rem ove low -frequency drift
preigram 5 #s ’ transfer to array

® lter preigram , 0 ,0 , m ,0 , m 1 0 .1 ,1 , 1,1 ’ rem ove low frequency no ise

igram 5 preigram ’ use array lim its to zap tha t added

’ by the ® ltering

’ **Self-convolu tion o f in terferogram

free tem p1 : d im tem p1(2*np) ’ A rray for self-convo lution
tem p1 5 0

tem p1(np/2 ,np /2 1 np 2 1) 5 igram (0 ,np 2 1) ’ zero ® ll ig ram on each side

convo lve tem p1 ,ig ram ’ Self-convo lu tion

’ **R em ove apod iza tion effect of self-convo lu ting boxcars

free unapod1 ,unapod2 : d im unapod1(np),unapod2(2*np)

unapod1 5 1
unapod2 5 0

unapod2(np /2 ,np /2 1 np 2 1) 5 unapod1(0 ,np 2 1)

convo lve unapod2,unapod1

unapod1 5 unapod2 /(m ax(unapod2))

igram 5 tem p1 /unapod1

’ **F ind the ZP D of the convo lu tion
zpd pc 5 index0 (igram -m ax(igram )) ’ F ind Z P D of self-convo lu tion

zpd 5 in t ( (zpdpc 2 (np/2 2 1)) /2 1 (np /2 2 1) ) ’ and use to assign zpd of igram

zpd pc 5 (zpd 2 (np/2 2 1))*2 1 (np /2 2 1) ’ reassign zpd pc based on zpd

’ **************************************************************

if (zpd . 5 (np /2 ) 2 50) then db lside 5 true else db lside 5 false

® llbeg 2 (1 /(np 2 zpd 2 1))*zpd ’ set up ® lls

® llinc 1 /(np 2 zpd 2 1)

go to 1100 1 (apod*100)

Ýß
’ L inear interpo lation o f phase

3010 if ph int . 0 goto 3050

dim ph2(p ),ap2 (p) ,cm plx2 (p /2,2) ,m ag2(p/2 )

RE M ph2(0 ,h ) 5 #s(#zpd ,#zpd 1 h):ph2(p 2 h,p 2 1) 5 #s(#zpd 2 h ,#zpd 2 1) ’ ro tate Ig ram into sm all phase array

’ **************************************************************

ph2(0 ,h ) 5 ig ram (zpd pc,zpd pc 1 h):ph2(p 2 h ,p 2 1) 5 igram (zp d pc 2 h,zpd pc 2 1) ’ ro tate Igram in to sm a ll phase array

’ **************************************************************

Ýß
3050 R E M ph(0 ,h ) 5 #s(#zpd ,#zpd 1 h):ph (n 2 h ,n 2 1) 5 #s(#zpd 2 h,#zpd 2 1) ’ rotate Ig ram in to b ig phase array

’ **************************************************************

ph(0,h) 5 igram (zpd pc,zpd pc 1 h): ph (n 2 h ,n 2 1) 5 ig ram (zpd pc 2 h,zpd pc 2 1) ’ ro ta te Igram into b ig phase array

’ **************************************************************

Ýß
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’ S to re phase array if ’ ’ S torepnew ’ ’

’ **************************************************************

3100 free cosT , sinT , quad : d im cosT(n /2) , sinT(n/2 ) , quad(n /2 )
’ **C om pu te half-ang les

transpose cm plx

cm plx(1 ) 5 cm plx(1 )* ( 2 1) ’ undo com plex con juga te

quad 5 cm plx(1 ) , 0 ’ 5 0 if cm p lx(1 ) . 0 and 5 2 1 if cm p lx(1 ) , 0

cosT 5 sqrt (((cm plx(0))*(1 ) 1 1)/2) ’ ha lf-ang le form ulas for cos

sinT 5 sqrt (((cm p lx(0 ))* ( 2 1) 1 1)/2 ) ’ and sin
sinT 5 sinT*(quad*2 1 1) ’ m u ltip ly by 1 or 2 1 to choose proper quadran t

’ **T est for ¯ ips in the phase array and correct

fo r j 5 0 to n/2 2 2

test1 5 cosT (j)*cosT (j 1 1)

test2 5 sinT (j)*sinT(j 1 1)

test 5 test1 1 test2 ’ test is cos(T [j] 2 T[j 1 1])
if test , 0 then ¯ ip 5 2 1 else ¯ ip 5 1 ’ if , 0 then T has jum ped by . pi/2

cosT(j 1 1) 5 ¯ ip*cosT (j 1 1)

sinT(j 1 1) 5 ¯ ip*sinT(j 1 1) ’ correct fo r ¯ ip

next j

cm p lx(0 ) 5 cosT ’ reassign in to phase array

cm plx(1 ) 5 sinT
cm plx(1 ) 5 cm plx(1 )* ( 2 1) ’ redo com plex con juga te

transpose cm plx

’ **************************************************************

if phstr , . 2 go to 3200

new spc zqzq(n )

#s 5 cm plx


