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Abstract—We measured the phase and amplitude error distri- results relating to the measurement of giased AWGS, in-
butions in InP-based arrayed-waveguide grating (AWG) multi/de-  cluding an improvement in the crosstalk by phase error compen-

multiplexers using Fourier transform spectroscopy with interfer-  ¢otiqn [6]-[8] and the origin of the crosstalk degradation [11]
ogram restoration. The interferogram restoration was used to re- . .
and chromatic dispersion [12].

duce the effect of the group-velocity dispersion of the waveguide. .
It was based on a wavenumber scale transformation or a disper- AWGS based on other materials, such as InP [13]-[15],

sion balance between two arms in the interferometer. We derived a polymer [16] and LiNbQ [17], have already been reported. Of
criterion for choosing the appropriate restoration method by esti-  these, InP-based AWGSs show a superior potential for mono-
mating the worst-case measurementerror in the presence of second ;i integration with active components such as detectors,

order dispersion. After selecting a method using the derived crite- . . .
rion, we obtained isolated fringe patterns, from which we were able lasers, amplifiers, modulators and switches [18]{22]. Itis also

to obtain the phase and amplitude distributions in 50 and 200 GHz important to measure the phase and amplitude distributions of
AWGs. Using the obtained distributions, we examined the origin  AWGSs based on this material in order to obtain information
of the crosstalk and chromatic dispersion in InP-based AWGs. The allowing us to improve their performance. One problem that
re_sults revealed that the main origin is phase error as found with arises when measuring the distribution of an AWG based on
SiO;-based ANGs. _ _ _ _ dispersive material is the fringe broadening caused by the
Index Terms—Crosstalk, optical filters, waveguide grating, group-velocity dispersion (GVD). This fringe broadening leads

wavelength division multiplexing (WDM). to a degradation in measurement accuracy, because the overlap
of neighboring fringes becomes serious. Thus, the effect of
|. INTRODUCTION dispersion makes it difficult to estimate accurately the phase

d litude distributi f AWGs with a | di [
HE ARRAYED-WAVEGUIDE grating (AWG) multiide- o ornPide disributions o S With a large dispersion
itin| 11151 is a k i lenath di .and a small path difference.
. mult'lpl exgr[ \]/QI[DIE/IIS 'flrhey':vc\)lgponen II? W"’t‘x‘? ?n% VI The aim of this paper is to show how to measure accurately
sion multiplexing ( )- The IS a multipath inter erom'theéphase and amplitude errors of an AWG based on a dispersive

eter whose paths are cqnstructed by using afrayed'waveguwg eguide. Section |l derives the measurement error in phase
with a constant length difference between neighboring waveg- |

litude in th f d order GVD. Th
uides. The optical performance of this filter can be fully char- ampliiude in te presence of seconc order en we

terized by the ph q litude of h vath. Th stimate the measurable limit for the AWG and the dispersion
acterized by the phase and amplitude ot éach path. 1hus, g, yeters. Section 111 considers two methods for reducing the
knowledge of phase and amplitude distributions helps us to

d d what should be i d btain hiah levels of easurement error caused by the GVD. One method is to bal-
ferstan W aths OLIJ € Imgr?lz/ee t080 taclinl Igd' Evels ol Pefice the dispersion in the test arm with an equal dispersion in the
ormance, such as low crosstalk [6]-{8] and low dispersion. & ]J'ence arm. However, this balance method can only eliminate

. fe
have developed method to measure the phgse and amplituqg o dispersion at a particular path in the AWG and the disper-
each path [.9]' [10]. This was ba_sed on Fourier trar_15form SP&Gon effect still exists at other paths. Another method is a numer-
troscopy with a low coherence mterferometer. Using a broa] al approach based on a wavenumber scale transformation [23],
pand light source yvhose coherent length is shortgr than 'the 4]. Although this method requires information on dispersion
Flcal path !ength difference in the .AWG’ we thaln a Seres Yarameters, the dispersion effect can be eliminated at any path
|solat_ed fringes, from each Of which we derive the phase a the AWG. In Section lIl, we clarify the criterion for a suit-
amplitude for the corresponding path. We have reported SO%fe choice of restoration method by estimating the worst-case

measurement error. Using this criterion, we successfully mea-
Manuscript received March 16, 2000. sure the phase and amplitude distributions in 50 and 200 GHz
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Il. MEASUREMENT ERROR IN PHASE AND AMPLITUDE *p-1 *p Xp+1
DISTRIBUTIONS IN THE PRESENCE OFSECOND-ORDER Delay length x

DISPERSION

Fig. 2. Schematic of a part of an interferogram for the AWG, when the fringe
overlap is (a) small and (b) large because of the GVD in the waveguide

The measurement of the phase and amplitude distributions of
the AWG is based on Fourier transform spectroscopy with a lamhereS,, () is the transfer function of thgth path.
coherence interferometer [9], [10]. Fig. 1 shows a schematic of
the setup for the distribution measurement. The setup consist8efDerivation of Measurement Error for a Dispersive
a Mach—Zehnder interferometer (MZ1) with a broad-band ligiaveguide
source. The AWG under test is placed in one arm of the interfer-|n a practical measurement, we cannot obtain a completely
ometer. Since the AWG contaiig paths with a constant lengthseparated fringd,(x), because there are also contributions
difference AL between neighboring waveguides, the transfefom neighboring fringes/,+x(z)(k = 1,2, 3...) near the
function can be written as fringe peak position:,,, as shown in Fig. 2. As the figure shows,
M1 the contributions from the neighboring fringes increase with
H(o) = Z a, exp(—jo,) exp[—iB(o) Ly (1) increasing GVD. The truncation dix) is an effective way of
minimizing these contributions. If we us& as the truncation

width, then the truncated fringk (x) can be expressed as
wherea, and¢,, are the amplitude and phase of the light propa-

gating through theth arrayed waveguide(«) is the propaga- I(z) = I(z)[(z — x,)/ W] (6)
tion constant of the waveguidb,, = L+ [p— (M —1)/2]ALis

the length of thesth path and. is the length of the central path
which contains the input and output waveguides and two slab 1 { 1 for|z| <1/2

A. Measurement Principle

p=0

wherell(z) is a truncation function defined by

waveguides. By changing the path lengtbf the other arm of @)

: . . 0 otherwise
the interferometer, we obtain the interferogram

Because of the truncation and fringe overl§fgr) is not equal

00 ML to I,(x) and this causes measurement errorg,imnd¢,. We
I(z) = / G(o)H(o)exp(j2rzo)do = Y I(x) (2) have derived the measurement error for a nondispersive wave-
- p=0 guide [10]. Here, we will derive the measurement error for a dis-
persive waveguide by extending that for a nondispersive wave-

whereG(o) is the power spectrum of the light sourde(x) is

. . T guide.
related to the fringe for thath path in the AWG andis given by The fringel,,(x) for a dispersive waveguide can be expressed
o . analytically when3(o) andG(o), respectively, are given b
Ip(x) = / ape % G(o) explj2rao — jB(0) Ly do (3) Y Y (@) (@) P Y J y

/3(0’) =00+ /31(0’ — O’o) + /3—2(0' — 0'0)2
The value ofG(o)H (o) for o < 0 is defined by its complex 2
conjugationG(—o)H(—o) = G*(0)H* (o). If we can extract
the fringel,(x) from the interferogrand (=), we can calculate
a, and¢, from the Fourier transform af,(z) o— oo\ 2

G(o) = exp [— < 0) ]

bo

=2n[npnoo + ngr(o — oo)] + %(O’ — 00)2 (8)

©)

S,(0)G(0) = / L(2) exp(—j2nzo)de  (4)
- where
Sp(0) = a, exp{—3[B(o)L, + ¢} (5) ny, andng,.  phase and group indexesay, respectively;
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So half 1/e width; Im
o0 center wavelength of a light source. A
Using (3), (8), and (9) and carrying out the integration, we obta

sin”1 )

ay exp(—jiy)(1 +e5) "¢/
(x —ng.Ly)?
(1+¢€2)ox? }
x cos[2rog(x — ngrLy) + p(x)] (20)

Ip(x) = ﬁ

X exp [—

where () (b)

) - nger 2 1 ) Fig. 3. Polar diagram of/ (a)/S,(o) for (a) Xo < |U,, 0| and (b) X, >

= — - tan""(g,) (11) IUp.ol
1+¢2 bx 2

— Paly

£, =
P on282

£

overlap, are zero. Whefi, = 0, the values of and¢ are in-

dependent op, because, , = 0. This means thai,/a, and

) ) . . ¢p — ¢4 are equal to the values obtained without the trunca-

bz = 1/(wbo) is the halfl /c-width for a nondispersive wave- i |n contrast, the truncation causes measurement error when

guide andk,, is the dlspe_rS|on_factor. The e_nvelopeIg(a:) is fBQ £ 0, becausé/,, , depends op. Therefore, we should con-

broadened and its amplitude is depressed in the presenie Ofgiqer the effect of both truncation and fringe overlap in the pres-
Using (6)—(7) and (10)—(12) and performing a Fourier trangs, .o offs.

form of I, (=), we obtain the transfer function

12)

C. Measurable Limit Due to Second-Order Dispersion
! _ "
Splo) = Z ap—q XP{=J1A(@) Lp—g + p-al}Up,q It is important to consider the measurable limit when an

=0, %1 (13) error tolerance is given. In this subsection, we first estimate the
where worst-case measurement errors in phase and amplitude caused
by fringe overlap and truncation. Using this knowledge, we then
Up,q = s[erf(D} ) — erf(D; )] (14) dlscuss_ the_measurable Il_mlt due_to second order dispersion.
For simplicity, we use five dominant termg & 0, +1, 4+2)
pDE — _X <q + }) in (13) with approximationap_q ~apande, @ e, 0 =€ .
P9 (14 jep, o) H? 2 for ¢ # 0. This does not greatly change the result, because i)
+ 51 + je, )V (15) Uy, rapidly decreases with increasing; i) a,_, does not
’ differ greatly from those of neighboring paths; iy is gen-
g = Pa(Ly — qAL) (16) erally much shorter thai, in the ANG layout. Under these
’ 2wz conditions,S’,(¢)/S, (o) is given by
X =ngrAL/bx a7
S (a)/S,(a) = U, 4| exp(5® (22)
a :(O' —0'0)7T6.’L' (18) p( )/ P( ) q:072:t217i2| P:(I| ( P:(I)
and erf) is the complex error function with a complex variablevhere ®,, , = ¢3(0)AL + (¢, — dp—q) + arg(lp, ) is an
z, defined by unknown phase factor.
N The worst-case errors in phase and amplitude become clear
erf(z) = 2 / e du (19) when we consider the vector addition of contributions from
VT Jo [Up, o exp(§@p,0) @nd Y _iy 1o |Up 4| exp(i®,, o). Fig. 3

In the derivation of the above equations, we used approximfélowS a polar diagram @, (=) /5, () whenXo < |, of and
tionsz,, = ngr Ly, Tp_g = ngrLp_g aNdW ~ ngy, AL . Now, 20 = |Up,0l, whereXo = 3, _., 1»|Up,q|- The value of

: . S/ (o)/5,(o) lies within a circle with a radius oK . The open
P p
\g/z;:an express the measurement error in phasel amplitude circles in Fig. 3 represent the points at whiah[S!,()/S, (o))

is minimum or maximum. The closed circles correspond to
0= — arg[S'(0)/S,(o)] (20) the points at whichS, (o)/S, ()| is maximum or minimum.
P WhenX, < |U, ol, the value o# and(1 + &) are in the range
£ =15,(0)/Sp(0)| - 1 (21)

) ) ) , d, o —sin"t < 0 ) <(-6)
whereS,,(o) is the transfer function, as in (5), without any mea- ’ [Up. 0l
surement error. X
To conclude this section, we consider the effect of truncation <®,0+sin"! < 0 ) (23)
with the help of the term fory = 0 in (13). We thus assume |Up,of
that the other terms, which correspond to the effect of the fringe [Up o]l —Xo <(14+&) < |Upol+Xo. (24)
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Therefore, the worst-case errdé$,, and|¢|,, are given by 16, = 14, = 0.0002
% 6.0 C= 9‘5 1“.0 1.5 / 0.0006 o2
6], = min |7, |®, o +sin™* < 0 )} (25)
Up, ol '
[€lw =11 = |Up, ol + Xo (26)
In contrast, whenXy > |U, o, we find that|6|,, = = and =

|€]w, = 1 as shown in Fig. 3(b).

Equations (25)—(26) indicate that, , plays an important
role in the worst-case measurement errors. According to
(14)-(15),D% , andU,, , fore, < 0 or a < 0 follow:

]:!:,q()(v €p, _a)__Dp q(X? €p, CY) .
+ + 41
Dp,q(X7 —E€p, Oé) :Dp,*—q(X7 Eps a) (27)
—n) — Fig. 4. Contour plots of9|.. (—) and|¢|., (- - -) fore, = 0 as a function of
Up,q(X; €py =) = Up, —o(X: &p, @) x anda. The broken lines showa = #C', whereC' =P(a — 0)ng AL,
UP (I(Xv _Epv Oé) :U;, 7(1(X7 Epv Oé) (28)
C=051015

These relations indicate that the worst-case errors estimated 9 Y
from (25) to (26) fore, < 0 or @ < 0 are equal to these [ .
obtained fore,, > 0 andw« > 0. Therefore, we will consider the
effect ofe, and« only in the range:, > 0 and« > 0. 7|
Fig. 4 shows contour plots df|,, and [¢],, for e, = 0
as a function ofy and «, which is computed from (25)
to (26). The error decreases with increasiggfor any «

Zmin
o

value. Therefore, we can find the minimum value yffor 5

a given« and an errof@|., (or |£|..)- Since this relation is 4 F

unchanged when,, # 0, we define the minimury value by

Xmin = Xmin|¢%, €p, |0]w(0r[¢]w)]. Fig. 5 shows the change in 3

Xmin(t, €5, 0.02) as a function ofx for e, ranging from 0 to 0.0 0.5 1.0 1.5 20
2. The valueymin must be increased ag increases. @

T - .
The brokenlinesinFigs. 4and 5 shquw = _WC for ¢ = 0.5, Fig. 5. Xmin as a function ofx fore, = 0, 0.5, 1.0, 1.5 when|é|., = 0.02

1, and 1.5, whereC = (o — 0p)(ny.AL) is the parameter () |¢]. = 0.02 (- - -)

related to the wavenumber measurement range. It is effective

to use parametef’ for comparing measurement errors withi

the same measurement range. Parant@ter 1 means that the error within|C| < 1 is almost the same as that for an amplitude

wavenumbep is Ao = 1/(n,, AL) apart flomoo. SINCEAG o Therefore, in the following estimation, the usecef im-
is the free spectral range (FSR) of the AWG, there are at Ie%ﬁ:itly assumes thad|,, — |¢|

two AWG transmission peaks in the ranggy < 1.

We have already shown that thg,;, value is a function of
€pr |0]w (Or |€]w) ande (or C). Sincexmin < x = (7/Ac)bo
ande,, = (|32|L,/2)602, we obtain

Tound from Fig. 6 is that the maximum valuexf,;,, for a phase

Using (30), we then calculated the value2ef’s, /X2, (=
2n2e,/x%,) as a function ot,, for different error values. The
result are shown in Fig. 7. The value f%¢,/x2, has a peak
neare, = 1.1 and the peak value decreases with the decreasing

, 2%, error value. Fig. 8 shows the peak value2ofe, /x3; (epeax)
|32| Ly Ao® < =5 (29) and xgi(epeak), Where e,eqi is the value ofe, for which
min 2n2e,/x%, has a peak value. The maximum measurable value

This means that the maximum valuedfe,,/x2,._ determines Of |521LyAc? in the presence off;| can be read from this
the upper limit of|3|L,Ac?. To estimate this value, we first figure for an allowable error from 0.001 to 0.1. .
examined the relationship betwegg,, ande,. Fig. 6 shows In the last part of this section, we estimate the maximum
Xmin{®¥, €5, 0.02) as a function ok, for |C| < 1. As shown measurable length for a givers| and Ao using the obtained
by the broken line in Fig. 6, the maximum value gf,;, for ~Maximum value oRr%e, /X2, The criterion for this estima-

|C| < 1is well approximated by a single function tion is that the errors o[&|w qnd_|£|,w are less than or equal
to 0.02. We selected this criterion because the value of 0.02
Xumin 2 Xa¢(8p) = Xo(1+€2)7 (30) rad is close to the typical value of phase measurement error

caused by noise. The criterion determineds, / x2, (€peak) =
wherey, andr are fitting parametersr(~ 0.5). This fitting 0.68 and xa:(epeak) = 5.8. Under these conditions, we cal-
function could be used as an error value ranging from 0.001dalate the maximum measurable length for an FSR&F =
0.1 with a slight change igo and7. Another important feature 6.4, 3.2, 1.6 THz, wherec is the velocity of light in a vacuum.
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g, Allowable maximum error (8, , 1€,
Fig. 6. Ymin @s a function of, for ¢ =0, 1. Fig. 8. 2m%c,/Xfi(Epcar) @Nd X1ie(cpeax) a@s a function of allowable
maximum error |0]., |€|w, where ¢pea is the ¢, value for which
272, /X%, (c,) has the maximum value.
1.0
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0.1 . £
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15,
Fig. 7. Relationship between, and2x2¢, /x%,.
Fig. 9. Maximum measurable length vergus| for an AWG whose FSR
_ ) cAe = 6.4, 3.2, and1.6 THz.
The results are shown as a function8f| (Fig. 9). If the max-
imum path length in an AWG exceeds the length shown in thi
graph, we need to reduce the effect of GVD using one of the

methods shown in the next section. Pp(0) = ¢p + B(o)p — (M — 1)/2]AL (32)

Thus, the balance method is equivalent to reducing the path
length L, of the AWG.

Although this method eliminates the dispersion at a particular
A. Balance Method path wherex ~ n,.L, the dispersion effect still exists at the

A simple method for reducing the effect of the GVD in th@ther paths. The maximum measurement error for this balance

waveguide is to balance the dispersion of the reference afpgthod occurs for a path whose ingex- 0 or M — 1. Using
with that of the measurement ari(¢)L) in the interferom- (30), we obtain

I1l. | NTERFEROGRAMRESTORATION TO REDUCE
MEASUREMENT ERROR

gter. This is pos;ible by using either a compqtational gpproach M—_1 ) on2e,
in which 3(c)L is added to the phase term in the middle of |Be] { —5—AL ) Ao” < o) (33)
fit\~p

(2) or an experimental approach in which a waveguide with the
same dispersion and length is placed in the reference arm. Tt condition for the number of arrayd can be written as
resultant interferogram is given by (3) with a difference that

2
L, = [p— (M — 1)/2]AL. If this balance method provides M<1+ 2; cr <2”9"> L (34)
sufficiently separated fringe patterns, we can obtain the transfer - Xt (€p) \ |[B2] / Ao
function for thepth path as Thus, the maximum measurable number of arrays decreases

with increasing FSRA«. Another useful form of the measur-
Sp(o) = ap(0) exp[—j1,(0)] (31) able condition results from representing the number of arrays
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Fig. 10. Maximum measurable FSR versus channel spacing of an ANG g- 11. Required condition for the spectral width of a light source as a

: P A2 —[p— (M — /
several materials when the maximum allowable measurement |@fror = undctlfon °f|'52|LPAbU : Forlthe balapce m‘?thOﬂ,p_— g (ﬁf bl)k/Z]Al_L
€] = 0.02. and for wavenumber scale transformatipf.| = 0. The broken line

shows the range of spectral width where the maximum measurement error
6] = l€] < 0.002.

TABLE I
TABLE | AWG DESIGN PARAMETER
GROUP INDEXES ng,, DISPERSION 3z FOR

DIFFERENTMATERIALS AT DIFFERENT WAVELENGTHS A B

Material ~ Ao[pm] ng  Bo[um] Channel spacing cAos, 50GHz 200 GHz

Si0g ? 1.500 146  -0.06 Free spectral range cAc 32THz 1.6THz

LiNbOg?® 1400 2.19 0.5 Number of array M 232 28

InP® 1535 34 6.8

a. from ref. [24] B. Wavenumber Scale Transformation Method

b. obtained in this article (section V) Another way to reduce the effect of the GVD in the wave-

guide is to use a numerical algorithm. This method is based on

M in terms of a paramete¥y = (M — 1)/N, whereN = a wavenumber scale transformation [23], [24], where

Ao /Ao, is the available maximum number of channels in the v=0+[3(c) = fo— (o — 0)]/BL = (o)
AWG. We can thus rewrite (34) as ..
GH(v) =GIC()]H[((o)]. (36)
o2, [ ngr 2 Fourier transform in terms of the new wavenumbegives a
Ao < | 5—= . — | Aoep, 35 i
=\ X2 (e,) <| /32|> < MN) k (35) restored interferogram

I(z) = / G(v)H(v)exp(j2rzv) dv
Fig. 10 shows the maximum measurable RER®s as a func- —o0

tion of channel spacing for several waveguide materials under 00 M-1

the assumption that/y = 3.6 and2n?e,,/x2, = 0.68 (|6],, = — / G(v) Z apeI% exp(j2man)

|€].w = 0.02). The dispersion parameters for waveguide ma- —oo p=0

terials used for calculation is listed in Table I. For $iGnd .

LiNbOs-based ANGseAo = 7 THz (N = 70) for cAo,, = x exp{=jlflo + 1 (v = r0)lLp}

100 GHz andcAo = 5 THz (N = 100) for cAo,., = 50 M-1

GHz are the limit of the FSRX) to measure within an al- = > L) (37)
lowable error of less than 0.02. Since the FSR of almost all p=0

AWGs satisfies the above condition, this balance method c@Ris restored interferogram is the same that obtained by mea-
be employed for Si®» and LiNbO;-based AWGs. In contrast, gring a nondispersive waveguide. If the restored fringe is suf-

an InP-based AWG whose FSR@ho > 2.4 THz (N > 24)  ficiently separated from the neighboring fringes, the transfer
for cAo., = 100 GHz orcAs > 1.7 THz (N > 34) for  fynction forpth path can be approximated as
cAc., = 50 GHz cannot be measured within the same error y

tolerance. S,(v) = a,(v) exp[—jib, (V)] (38)
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where

(@

(V) = bp + [Bo + Bulv — o)L, (39)

Thus, this method is equivalent to reducing the higher order di
persiong, = (d¥B/da*) (k = 2, 3...).

The measurement error iﬁ)(u) anda,(r) estimated from
the Fourier transform af,(z) is no longer affected by the GVD
in the waveguide. Although this method requires knowledge ¢
the waveguide dispersion parameter and a more complicat
calculation than the balance method, there is no restriction «
the channel number or channel spacing of the AWG under te: -
Therefore, (35) can be used as a criterion, when we select
restoration method.

I(x) (a.u.)

I(x) (a.u.)

C. Required Condition for Spectral Width of Light Source 303 30.4 305 30.6

In the preceding subsections, we showed that either or ba Optical delay length x (mm)
restoration techniques can reduce the effective valygL,,

to satisfy the condition as in (29). We recall it by rewriting it a‘?—ig. 12. Part of an interferogram for a 50-GHz AWG (a) before and (b) after
27r25p wavenumber scale transformation.

XfQit (ep) (40)

Since the value of the left-hand side in (40) is determined wher
the restoration method is selected, we can obtain the cond
tion for ¢ for a given allowable error by using (30) and (40).
It cannot be solved analytically, however, it is generally written
asyo < x1 < x < x2, Wherey; andy» are, respectively, the
allowable minimum and maximum values pfand are a func-
tion of | 32| L, Ac?. Finally, the condition for the spectral width
6o of a light source is given by

|Ba| Ly A0? <

Mot = <22 (41)

For the special case whefie = 0, xy; = xo andyz = oo.
Fig. 11 shows the condition fofo/Ac as a function
of |B2|L,Ac?. The broken line in Fig. 11 shows an ex- . - - : ‘
ample of the range ofo /Ao for |3s|L,Ac? = 0.2 and 10.5 11.0 11.5 12.0 12.5 13.0
10| = |€]w = 0.002. As the figure shows, the range &f /Ao Optical delay length x (mm)
decreases with increasing|L,As? value and the widest
tolerance for Se'ec“”g tH62|LPA02 value can be fo_u_nd V_Vhen Fig. 13. Interferogram for a 200-GHz AWG (a) before and (b) after applying
b0 /Ao ~ 2. Another important feature of the condition is thathe balance method.
an AWG with a wider FSR requires a light source with a wider
spectral width.
We have derived the required conditions for the dispersigf_; -
parametef,|, path lengthi,,, FSRA¢ and spectral widtio " (cbe = 6.9 THz) and a center wavelength of 1535 nm. We

. . aveéo /Ao = 2.2 for the 50 GHz AWG ando /Ao = 4.3
for the AWG measurement. We believe that the derived congl, theaéo-gHz AWG o/A0

tions can easily be extended to the measurement of other typelgigs_ 12(a) and 13(a) show measured interferograms for the
of linear circuits which do not include recursive circuits such 33WGs with channel spacings of 50 and 200 GHz, respectively
distributed Bragg gratings, ring resonators and Fabry—Perot he fringes of both interferograms overlapped, thus preventing

terferometers. us from obtaining isolated fringes. To allow us to choose a suit-

able interferogram restoration method, we measured the transfer

function of a reference waveguide using Fourier transform spec-
We show the results of experimental phase and amplituttescopy. The phase of the transfer function was fitted with the

distribution measurements undertaken using the restoratfanction given by (8). Then the dispersion parameters were de-

methods mentioned in the preceding section. The devices unggmined as:,. = 3.4 andf, = 6.8 um. These values were

test were two types of InP-based AWG [14], [15]. Table Il listsised to calculate the measurable maximum FSRéy =

the parameters of these AWGs. For the distribution measuték, = 0.02 when the balance method is applied.

ments, we used a fiber-optic MZI [10]. For the coupling of the Since the maximum measurable FSR for the 50-GHz AWG

light into the InP-based AWG, we used two lensed fibers. Thveas 1.68 THz, which is smaller than the FSR of 3.2 THz,

I(x) (a.u.)

light source was a super luminescent diode With= 2.3 x 10*

IV. EXPERIMENTAL RESULTS
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we used a wavenumber scale transformation to reduce th

effect of second order dispersion in the interferogram. We 3 ' ' ' 12

calculated the value of¥(a)H(o) for o = (~L(vo + kAV) 2t 1.0

(k = £1, £2, £3...) using a discrete Fourier transform. Then Tl 0.8 35

we obtained/(z) using a fast Fourier transform (FFT) with = 2

respect to thes scale. E o} 0.6 'qg:
In contrast, we used the balance method for the 200 GH: § . 0.4 3

AWG, because the measurable maximum FSR was 3.48 TH & T ’ 5

and this is larger than the FSR of 1.6 THz. We calculated the 2t 0.2

G(0)H(o) value using an FFT and addetfo)L to its phase . . .

term. Then we obtained a restored interferogram using an FF1 '30 58 16, 174 2320'0
Figs. 12(b) and 13(b) show the restored interferogram for the Array number

50 and 200 GHz AWGs, respectively. We successfully obtaineu

isolated fringe patterns. Although the balance method did not @)

completely remove the effect of the second order dispersion ne: 12 . ' . ' 12

the edge of the array [Fig. 13(b)], the fringes were well separate '

because of the long path differenad. of the 200 GHz AWG. 110
Fig. 14(a) and (b) show the amplitude and phase error dis los 35

tributions calculated from the restored interferogram for the 5( 5 T

and 200 GHz AWGs, respectively. We obtaingdanda, (p = g {06 §

19-214) for the 50 GHz AWG andh(= 2-25) for the 200 GHz & 5

AWG. The phase and amplitude of the other waveguides coul & 104 §

not be measured because of noise. The effect of these errors {02

the AWG performance will be discussed in Section V. 00

We consider here the accuracy with whigh and«,, were
measured. For this purpose, we calculated the transmissic
spectral‘®) (o) from the phase and amplitude distributions
andT™ () from I(z) (Fig. 15). In the calculation df‘*)(o), (b)
¥p(o) given by (31) was used for the 200 GHz AWG to includig. 14. Phase and amplitude distributions for (a) 50 GHz AWG and (b) 200
the effect of GVD. For the 50 GHz AWG{ (/) was calculated GHz AWG.
from ¢,() and a,,(1-). Then ‘we converted the wavenumber

0 7 14 21 28
Array number

scalev to o so thatH(s) = H({(c)) and obtained®) (o). P

The agreement 6f ) (') andT*) (o) shows that we obtained x exp ) —Jlfo+ (v —10)]

¢p anda, without serious deformation during the interferogram M-1

restoration. “\p— AL (44)

V. CROSSTALK AND DISPERSION IN ANAWG BASED ON A These relations shows that the maximum crosstalk level of the

DISPERSIVEWAVEGUIDE AWG is independent off(v), becausel'(s)|* = |T[¢(o)]|?.

A Crosstalk Thus, the maximum crosstalk of the AWG based on a dispersive
: waveguide is determined only by the phase and amplitude dis-
Here we discuss the crosstalk in an AWG based on a dispgfbutions. The effect ofi(c) on the AWG amplitude response

sive waveguide using the expression of the AWG transfer funig-related to the change in the wavenumber scale fsoimto

tion v, which causes the change in, for example, the FSR and peak

wavelength.

H(o) = exp[—jB(o)L|T() (42) To examine the effect of phase error on the crosstalk in the
50-GHz InP-based AWG, we divided the phase error distribu-
tion into randomg’” and slowly-varyings’” components.

M1 Here ¢§,”) and ¢§f) correspond to Fourier components whose

T(o) = Z ap exp(—jop) order isr > 4 andr < 4, respectively. These are shown as the
p=0 light and heavy lines in Fig. 14(a). The transmission spectrum

) M—1 assuming/)é”) = 0 was calculated and is shown as the broken

X €xp [_1/3(0) <p_ )AL} - (43) ine in Fig. 15(a). This reveals that the main origin of the
crosstalk is random phase error with an rms of 0.16 rad. The

With a wavenumber scale transformation given by (36), we oBroken line in Fig. 15(b) shows the transmission spectrum of

where

tain the 200 GHz AWG when there are no phase errgis £ 0).
M—1 The crosstalk was also caused by phase error in the 200-GHz
T(v) = Z a, exp(—jdp) AWG. These results are the same as found with,&h@sed

= AWGS [9]-[11].
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M () andD™) (7). The values of ™) (o) and D™ (), as

m
Z well as those of (¥ (s) and D(?) (), depend ond(o) unlike
§ 10t the maximum crosstalk.
s In order to consider the effect g8(s) on (™) (o) and
g -20 D) (g), itis useful to rewrite the first and second derivatives
& -30 of W(s) by using¥(r) = — arg[T(»)]. This is becaus& (»)
i is the same as the value we would obtain for a nondispersive
ﬁ 40 NS ., ! waveguide, as shown in (44). The results are given by
£ S0, SEAVEACECS | RE A Y iR A dv 4V [/ 1dj
ZO 60 PNELEEN N g e Py % = E </3_1%> (48)
1535 1537 1639 1541 1543 1545
Wavelength (nm) A <i %)2 dv <i @) (49)
@ do? — dv? \ B do dv \ By do?
~ where we use the relatiafv/do = (1/51)(dB/do).
g ol In the terms of the phase response, it is sufficient to consider
ol theos range wherés — o, | is less than the channel spacing of the
§ -0t AWG, whereo. is the center wavenumber of the passband. For
T 20 an AWG whose channel spacing is less than 200 GHzg .| <
(% 30 6.7x10~* pm~1. Using this knowledge and neglectifig (k =
E° 3,4...), we obtain(1/5:)(d3/da) ~ 1 + (B2/B1)(c. — 70)
8 40 and(1/6,)(d?p3/da?) ~ (82/51). Whena.. — oy is negligible,
E 50 we can approximate (o) and D™ (o) as
S 60 : : : : 7 (o) = 7 [((0)] (50)
1534 1537 1540 1543 1546 1549 D) = DI[¢(0)] — (Bo/ B2 ™[C(0)]  (51)
Wavelength (nm) where
() 7 (1) = (1/27¢)(dV /dv) (52)
Fig. 15. Transmission spectrum for (a) 50 GHz AWG and (b) 200 GHz AWG. - .
(0 1 |TO(a)]?; — [T (a)|?; - - - 1| T (0)|? assuming (ap™ = 0 and D () = (=12 /2re) (2T /dr?). (53)
(b) ¢p = 0)

Since (32/81)? < 1072 nm~! whenrv < 1 pm~! and
B. Chromatic Dispersion /32//;11 <1pm, the”contrlibutior? of tgelterrg‘ﬁg//31)1’2%_;"’;‘(11) .
The AWG dispersion consists of the GVD of the AWG centr tgr(e )rljuas dZ?;a (;%S(V)esitlgg S 'IE)r?urs]mweeV?:gr: ; e:ﬁxl_s a
path and multipath interference dispersion, which are, respec-g group . . ps. 1AuS, ppre
: “Fimate D™ (o) = D[¢(0)] unless7™) (v) expressed in
tively, related tod3(o)L and¥ (o) = — arg[T(o)] as shown in . oo Ay (o
(42)~(43). The group delay(c) and the dispersio(c) can picosecond units i40° times larger thanD'™ (/) in ps/nm

units.
be expressed as The use of the neglected terfm. — og) in (1/5:1)(dB/do)
(o) =7 (o) + 79 () gives the dependence of™) () [or D™ ()] on the channel

1 JU 1 a3 or wavenumber at which the AWG is measured. When we as-
= <_> <_> + <_> <_> L (45) sume that the deformation of the phase and amplitude distribu-
2nc ) \ do 2rc/ \do tions occurs only, as in typical cases, at the arrayed-waveguides,
D(c) = D™ (5) + D9 (o) the error distributions arejndependent_of channel. In this case,
) , ) , the values ofr™ () [or D) (1)] for different channels are
_ <1> <B> I <1) <d_/3> L (46) @amostthe same. Thus, the fractional difference@f) (o) [or
2rc ) \ do? 2rc ) \ do? D) (o)] between two channels is given by

where the superscrifin) indicates its relation to the multipath 7 (g,1) — 70 (50)
interference andy) to the GVD.

When there are no phase or amplitude erref§) (o) = - o
D) () = 0 regardless oB(o). The reason is that the transfer DV (oe1) — DU (04)
function can be written as D) (50) = (282/P)(oer = oc2) - (55)

~(Ba/B)0e1 — 0e2)  (54)

T(nl) (00)

gy M-1 whereo,.; ando. are the center wavenumbers for two chan-

T(o) =D ay cos {/3(0) <p T 5 ) AL} (47) nels. Even ife(0.1 — o) = 10 THz, the dispersion difference

p=0 (282/51)(0e1 — 0e2) IS 2.1% for3, /31 = 0.32 pm. Therefore,
and then has a real value. However, in a practical AWG, there can consider that™ (¢) and D" () are independent of
are phase and amplitude errors, which lead to nonzero valueshaf channel or wavenumber at which the AWG is measured.
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Fig. 16. Group delay for (a) 50 GHz AWG and (b) 200 GHz AW&: [r(o);

— " #) (g); - - 70 (o) assuming (L = 0 and (b), = 0] Fig. 17. Dispersion for (a) 50 GHz AWG and (b) 200 GHz ANG: [D(0);

—:D(0);---: D" (o) assuming (apt? = 0 and (b)¢, = 0]

Using the above knowledge, we discussed the dispersion . -
in InP-based AWGs. Fig. 16 shows the calculated gro d are also shown as the broken lines in Figs. 16(b) and 17(b).

delay for 50 and 200 GHz AWGs. The open circles shofy® with the 50 GHz AWG, the group delay for the 200 GHz

7(o) obtained from an FFT of the interferogram [25]—[27]f6‘WG was caused by phase error.

The phase¥(s) was calculated and approximated by a
power series expansion about the point= o, to order
(¢ — o.)% Then, we used the expansion coefficients to We accurately measured the phase and amplitude distribu-
calculate the first and second derivatives ¥i{s). The tions in InP-based AWGs through the use of Fourier transform
solid line shows7(™)(v) calculated using the distributionsspectroscopy with a low-coherence interferometer in combi-
of a,(o.) and ¢,(co.) and (52)—(53). The agreement ofnation with an interferogram restoration technique (balance
7(o) and 7™ (v) shows that the effect of GVD on themethod or wavenumber scale transformation). We estimated
estimation ofr (o) is negligible. This result agrees well withthe worst-case measurement error caused by fringe overlap
that mentioned above. Since the calculate@d) contains and truncation to clarify the measurable limit in the presence
7@ (s), the results also show that®)(c) is negligibly of second order dispersion. The results showed that: 1) the
smaller thanr("™)(o). This result is reasonable because thgorst-case measurement error in phase expressed in units
estimated value of(9)(0) is —6.1 x 10~2 ps/nm for the of radians and that in fractional amplitude within the same
50 GHz AWG and—4.3 x 102 ps/nm for the 200 GHz measurement range were almost the same and 2) the product of
AWG. As Fig. 17 shows, we were also able to evaluate tecond order dispersidi,| and path length., in the AWG
dispersionD(o) both from an FFT of the interferogram andmust be less than 0.68, when we require that the worst-case
from the phase and amplitude distributions. measurement errors in phase and amplitude are less than 0.02.
Finally, we examined the effect of phase error on the groie showed that one or both of the interferogram restoration
delay and dispersion [12]. For this purpose, we calculategethods can reduce the measurement error to within a given
7 (o) and D™ (o) assuminggy’ = 0 for the 50 GHz tolerance, regardless of the,|L, value. This is because,
AWG. The results are shown as the broken lines in Figs. 16¢ae balance method can reduce the effective valué,pto
and 17(a). This shows that the slowly-varying phase error is thel,(A/ — 1)/2 and wavenumber scale transformation can
main origin of the dispersion. This feature is the same as thatluce the effective value dfi>| to 0 when the|3:| value
found with SiG-based AWGs [12]. For the 200 GHz AWG, theis known. We obtained a criterion to allow us to choose a
group delay and dispersion were calculated assumjng= 0 suitable interferogram restoration method. This criterion is

VI. CONCLUSION
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the maximum measurable FSR of the AWG with the balancgis]
method, shown as a function of channel spacing|gad

Using this knowledge, we selected one of the interferogram
restoration methods for the measurement of 50 and 200 GHzs]
InP-based AWGs. After employing the selected technique, we
successfully obtained the phase and amplitude distribution§17
The measured distributions in phase and amplitude revealed
that the main origin of the crosstalk and dispersion in InP-base
AWGs is phase error. This feature of phase error in InP-base
AWGs was the same as that found with Sibased AWGs
[11], [12]. We believe that Fourier transform spectroscopy with
a low-coherence interferometer and interferogram restoratioHQ]
techniques will play an important role in the improvement
of the crosstalk and dispersion in AWGs based on dispersiv:
waveguides.
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