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General IIR Optical Filter Design for WDM
Applications Using All-Pass Filters

C. K. Madsen

Abstract—A general design algorithm is presented for infinite of the architecture where one arm is a delay line is discussed in
impulse response (IIR) bandpass and arbitrary magnitude re- Section V. Examples are presented for a notch filter and a mul-
sponse filters that use optical all-pass filters as building blocks. tilevel filter response.

Examples are given for an IIR multichannel frequency selector,
an amplifier gain equalizer, a linear square-magnitude response,

and a multi-level response. Major advantages are the efficiency

of the IIR filter compared to finite impulse response (FIR) filters, Il. GENERAL DESIGN ALGORITHM
the simplicity of the optical architecture, and its tolerance for

loss. A reduced set of unique operating states is discussed for \\e are interested in IIR filters with power complementary
implementing a reconfigurable multichannel selection filter. frequency responsei;, (w) andH(w) that can be decomposed
Index Terms—All-pass filters, bandpass filters, optical wave- into the sum or difference of two all-pass filterd; (w) and
guide filters. As(w), as shown in Fig. 1(a) for a discrete time filter [3]. These
filters have a very simple optical implementation as shown in
|. INTRODUCTION Fig. 1(b)—(d) [2]. The conditions oH ;(w) and H,(w) for such
) . a decomposition to exist are derived as part of the synthesis algo-
PTICAL filters are an enabling technology for dens‘?ithminthis section. To establish the mathematical relationships

wavelength-division-multiplexed -~ (DWDM) SYSteMSy e veen the various frequency responses and filter parameters,

for perf_orming_channe! (dg)multiplexjng, an—drop, spect_r@de begin by discussing discrete time and optical all-pass filters
monitoring, gain equalization, and dispersion compensatiol}, 4 theirz transforms

AS_ the cha_mnel spacing decrgases, the bitrates increase, ar}£|I—pass filters consist of a single input and output with one
point-to-point systems evolve into networks, more filters angl

X . i - . ) .0r more feedback paths. Basic single-stage optical all-pass fil-
filters with more ideal characteristics will be required. In th|§ P g ge op P

di infinite i | IIR) filters th eirs are shown in Fig. 2 [4]. Traveling wave (ring resonators)
paper, we discuss Infinite Impuise response ( ..) ners tha standing wave (Gires-Tournois interferometer [5]) feedback
can be made quite compact and require significantly fewer

L .~ paths are used to implement the optical all-pass filters. Power
stages than comparable finite impulse response (FIR) filte b P P

. . ; ) ~splitters such as directional couplers, multimode interference
The IIR architecture is based on decomposing the desired fl|§ b

r : .
) : . ouplers [6], or reflectors determine the degree of coupling to
response into a sum (or difference) of two all-pass filters. Thg] P (6] 9 ping

. o S e feedback path. Tunable all-pass filters, requiring two phase
filter responses are periodic, which is advantageous for WD ifters per stage, were demonstrated using a MZI to replace

systems with many channels since the same filter can be uﬁ“lfl single coupler of the basic ring design [7]. Reflection-based

in different bands [1]. The period is called the free spectr i : : . .
range (FSR). Previous work showed that single-passband (E;enable all-pass filters using microelectromechanical (MEMS)

¢ /
FSR) elliptic, Chebyshev and Butterworth designs can t?chnology have also been demonstrated [8], whereby the partial

implemented using optical all-nass filters in a Mach—zehnd &flectance is voltage controlled and the cavity phase is temper-
Imp using opti P : : B &fure controlled. More general all-pass filter architectures are

:nterfr?r?n?it;tedr (MtZk:) t[2]r.1 Inmth|sni5[)adperr, the :es'gnnaggomhrr%g(slcussed in [9]. For wideband applications, the wavelength de-
S generatized so that any magnitude response can be apprgils ence of the coupling ratios must be considered. Since there
mated with such an architecture. In particular, the need to hdve

2 symmetric maanitude response is overcome re many ways to reduce the wavelength dependence in prac-
Symmetric mag € response IS overt - tice, we shall assume wavelength-independent coupling for sim-
In Section Il, the general design algorithm is presented. icity

IR multichannel frequency selector is developed in Section Iff, To describe an all-pass filter mathematically, it is convenient

and the impact of loss and variations on the filter parameterst(i)sdefine a nominal feedback path delay, called the unit delay

investigated. Then, we shift the focus from designing bandpajs.swhich is related to the nominal feedback path lengtand
filters to approximating an arbitrary magnitude response. Ex-’Oup indexn, by T = n,L/c. The unit delay has a frequency

a”".'p'es are givenin Section IV for a gain _equallzanon filter an?érsponse*j“T wherew is the optical radian frequency. By sub-
a filter with a linear power response, which may be useful for.

frequency discrimination or modulation. Finally, a special ca Stitutingz— = 7, we obtain aZ transform description of
q Y ' Y. asp 3he optical filter. TheZ transform notation allows us to describe

a linear, time-invariant filter's transfer function as a ratio of two

Manuscript received August 11, 1999; revised February 16, 2000. 0|yn0mia|s inz. The roots of the numerat()f ) are called the
The author is with the Bell Laboratories, Lucent Technologies, Murray HilrJ . "

NJ 07974 USA. zeros, and the roots of the denominaioy) are the poles. The
Publisher Item Identifier S 0733-8724(00)05076-3. frequency response is found by evaluating the transfer function
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Fig. 1. Ageneral bandpass filter architecture using all-pass filter decomposition in the (a) discrete time and (b) optical domain. A spemiflersitihitecture
implemented with (c) a cascade of single-stage ring resonators in each MZI arm and (d) three coupled cavities is depicted. Only half the phed®ysaaciuir
phase shifter in (d) compared to (c) since the light makes a double pass through each one.

<+ L2 A reverse polynomial is obtained by reversing and conjugating
L the coefficients of the “forward” polynomial. The magnitudes
0 L=2nR -1 are the same, i.g.D(c’*)| = | DE(e?*)], butthe phases are dif-
= | ferent. Note thatA(¢’~)| = 1, so the filter passes all frequen-
X » > Y : cies. An optical all-pass filter has the following transfer function
|p1| <1 |Pol =1 for a single stage [4], [10]:
Fig. 2. Basic single-stage optical all-pass filters. Alz) = Y(2) _r- @-H%Z_l — o tid DR(Z)
X(z) 11— petivz—1 D(z)
atz = ¢“T. The frequency response is periodic with a pe- @
riod given by FSR = 1/T. A discrete time all-pass filter has a
single-stage transfer function given by Note the extra phase term not associated with discrete time
o . " all-pass filters. There are two degrees of freedom for each
A(z) = Y(z) _ pe?¥ —x _D (Z)' stage,p and ¢. They are related to the splitting ratio or
X(z) 1—petiez-L D(z) partial reflectancep = +/1—x and feedback path phase

1) ¢ = (2n/AN)A(nL) where A(nL) is the deviation of the
optical feedback path length from, L. To model the impact
The superscripR denotes the reverse polynomial, defined bgf loss on the response, one simply substitutes! for »—!
DE(z) = =N D*(2*~1) for an Nth-order polynomialD(z). where the loss for one pass around the feedback path is given
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by —101log,, 72 in dB. The phase and group delay response of
a single-stage all-pass filter are given by

Desired

l A w)r Magnitude

R
8() = tan—t { (L= P)sine = ¢) @) ssponse
= tan
TR 2= (1t ) cos(wT — )
Choose N & FSR
d® 1-p2 initial guess of zeros |«
(W) = — (W) _ (1-p7) T @ 9
dw 1+ p?2 —2pcos(wT — ¢) i
On-resonance,T = ¢ + 2rm wherem is an integer, and the N(2) %Eﬁgzehzfsr:)s
group delay is a maximum with a valug,.x. = (1 + p)/(1 — Ni(2) P

p)T. Off-resonaneyT = ¢ + n(2m + 1), and the group delay
has a minimum value of,,;, = (1 — p)/(1 + p)T.

We now describe the discrete time transfer function for
Fig. 1(a). The output transfer functions are defined by

Acceptable
Approximation

D(z)
Hy(z) = N (2) and Hy(z) = Na(2) (5) Allpass Decomposition| A (z), 4,(z)
D(z) D(z) 0 Aa
where the subscripts andd refer to the sum and difference, p. (k,) [ Calc. Optical Filter
respectively. The discrete time all-pass functions are defined by 4 Parameters
_ DI _ Df() v
Ai(z) = Dy(z) and Ap(z) = Dy (2) ©) Filter Design

where the denominator polynomial in (5) is given by

D(z) = Di(2)Ds(z). The numerator polynomial®V,(z) Fig. 3. General optical IIR filter synthesis algorithm using all-pass filter

and Ny(z) were previously assumed [2] to have either eveffcomposition.

or odd symmetry and real coefficients. We now allow the

coefficients to be complex so that multiple passbands can |#&_(w)|?, so that the phase difference between (8) and (10), or

obtained and arbitrary magnitude responses approximated. (Byand (11), is inconsequential.

introducing the new phase terwhich is discussed below, the  The general synthesis algorithm is outlined in Fig. 3. The

decomposition into all-pass functions is generalized as followisput is the desired magnitude respoh&éw)|? specified over
some optical bandwidth. The outputs are the paramétgrs

Hy(z) = 1[A1(2) + Ax(2)] (7) and¢,’s) that define a specific optical implementation. The
FSR is set equal to or slightly larger than the bandwidth, and
o3t the number of filter stages is specified. The optical frequeficy
Hy(z) = 5 [A1(z) — Aa(2)]. (8) is normalized to the FSR, so the desired response is specified

as a function of the normalized frequeney= f/FSR where
Given a lossless filter with two outputs and a desiggw) 0 < v < 1, and the design algorithm proceeds in the digital
response, théd;(w) magnitude response can be found frodomain. Depending on the desired “goodness” of the approxi-

power conservation mation, more stages may be required. The intervening steps start
with an initial digital design guess, refine that guess until an
|Hs(w)|* + [Ha(w)|* = 1. (9) acceptable approximation is obtained, decompose the transfer

functions into all-pass filters, and then translate the discrete time
For an optical filter, any lossless2 2 splitter (and combiner, al-pass filter designs into optical ones.
by reciprocity) has ar/2 relative phase between the output Several approaches can be used to obtain an initial guess at a
ports [10] that must be included. For a directional coupler, Igiscrete time filter design. Examples are given in later sections
the cross-port field transmission be denoted-bi/x and the dealing with specific designs. A simple way to determiig z)
bar-port byy/1 — r. Ideally, the couplers forming the MZI haveand H,(z), especially for bandpass filters, is by finding suitable
~ = 0.5. The optical transfer functions, designated by the baeros. For now, we assume that the zera¥ dfz) andNy(z) are
and cross-ports of the interferometer, are defined. If we multiply (9) by|D(w)|? and divide by| N, (w)|2,

we obtain [11]
H_(z) = %[Al(z) — Ax(2)] (10)
INa(@)® _ [D@)? _
[N:(@)? INs(@)? [Ha (W)

1+ (12)

Ho(2) = SHAL(E) + Ax(2) (11)

In the Z-domain, K (2) = Ny(z)/N.(z) is called the char-
Note that the magnitude responses of the discrete time and agteristic function. By evaluating (z) on the unit circle, the
tical filters are related by, (w)|> = |H,.(w)|> and|Hy(w)|*> = magnitude respongél, (w)|? is defined. Similarly, dividing by
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| V4(w)|? instead of NV, (w)]?, the magnitude responi 4 (w) |2

is obtained. The characteristic function g (w) is 1/K(z). 100110

Thus, the characteristic function, which is defined solely by the ; g Out ﬁm

zeros of the numerator polynomials, defines the magnitude re- 5 Multichannel [~

sponses for bottf(w) and Hy(w). ii ﬁ | Selector |y II I
The next step is to find (=), and then4, () andA»(2). Itis Add Broo| 0 1100 1

important to note that only the magnitudedf(w) andH 4(w) B

are determined by (12), leaving a constant phase for each re-

sponse undetermined. Since only the relative phase is import%ﬂ}m. Schematic of a multichannel frequency selector for add and drop, and

let & represent the phase difference so that the all-pass functi@eScorresponding binary representation of the drop and through states.

are now defined as follows:

Ay (2) = Hy(2) + 7 Hy(2) by r, = 1 — |ps|? and¢,, = arg(p,). The total phase from

the extra phase term in (2) for an optical all-pass filter must be

and compensated by adding.; = —X)_; ¢, to each arm.
p The conditions o (») and H () required for all-pass de-
_ _ 8 d
Az(2) = Hy(2) = ¢ Haz). (13) composition can be understood by expressing the numerator
From [5], we know that ifV3(z) has odd order and symmetry,polynomials as follows:
6 = 0. If it has even order and symmetry, thén= = /2. 1R R
For the general case, we must deterninSetting| A; (w)| = No(z) = [Pr () D2(2) + Da(2) Do (2))/2 (19)
|A2(w)| = 1 at an arbitrary frequency, say = 1, results in Ny(z) = ¢ [Df(2)Dy(2) — D1(2)DE(2)]/2. (20)

|N(1) + 7 Ny(1)| = |Ns(1)| — e?® Ny(1). Let the phase of
N, (1) and V4(1) be represented by, andr,, theng is given
by

By defining the reverse polynomials, it is easily shown that
Ny(z) = NE(z) andNy(z) = —e~ 2 NF(2); thus, the numer-
ator polynomials are linear-phase [10]. Linear-phase polyno-
mials have their roots on the unit cirdle:,,| = 1) or have pairs

of roots located reciprocally about the unit cirgle,,1/z}).

. . ) ) . The denominator polynomial must be minimimum-phase (all
wherem is an integer. Equation (14) is equivalent to the cor]-p | < 1) for a stable, causal filter
n y .

dition for the phases of any 2 2, lossless device whose trans-
mission can be described by a unitary matrix [10]. The roots of
the denominator polynomials can now be determined by multi-
plying the relationships in (7), (8) hip(z) to obtain A multichannel frequency selector drops (or adds) any of
I R N incoming channels while passing the remaining channels
Ns(2) + ¢"Na(z) = Dy'(2)Da(2) (15) through the device as illustrated in Fig. 4. For a given output
port, each channel is either on or off, which can be represented
N,(2) — ¢ Ny(2) = D1 (2)DE(2). (16) by a “1” or “0.” The other output has the complementary re-
sponse by power conservation. Add/drop filters must satisfy
For (15), the minimum-phase roots of the left-hand siclrict requirements_ on the passbanq flatness S0 that many filters
(Ipn] < 1) are used to defin®s(z) and the maximum-phase ¢@n be cascaded in the system without reducing the passband
roots(|p,| > 1) to defineD(z). A scale factor is then deter- Width. In addition, the filters must meet tight requirements on
mined for N, () and Ny(z) to satisfy (9). The denominator Ofcrosstz_;llk. The crosstal_k may result from Ieakage of adjacent or
Ay (z) and Ay(z) are fully defined as well as the roots of thdhonadjacent cha_nnels into the output for a partlcglar channel. A
numerators. There is, however, a constant phasssociated greater concernis Ieakage of a dropped channel into the through
with each all-pass filter that must be determined. The phaseP®th that may interfere with an added channel at the same wave-

found by evaluating (13) at a particular frequency, for examp\%”gth later in the system. A periodic filter capable of selecting
multiple channels within one FSR that are not necessarily adja-

9=ns—nd+g(2m+1) (14)

I1l. M ULTICHANNEL FREQUENCY SELECTOR

z 1' DR N1 S Na(1) cent is discussed. The multichannel frequency selector concept

A (1) = L =20 e (17) was first proposed and demonstrated for an eight channel se-
Di(1) D(1) D(1) lector using a transversal FIR filter structure [12]. The major

DR NJ(1) Na(D) drawback was the achievable crosstalk for a given number of

792 Ay(1) = o2 22 — e\ jeltdi) (18) filter stages and channels. More recently, single-passband lat-

Dy(1)  D(1) D(1) tice FIR filters have been demonstrated [13], [14], capable of
The design parameters for an optical ring (or cavity) implemenperating on four channels per FSR.
tation are obtained from the discrete time all-pass responsesThe synthesis algorithm is now used to design a multiple pass-
The relative phase between the MZI armsN& = «; — 2. band filter so that several wavelengths, not necessarily adjacent,
The coupling (or reflection strengths for the cavity design) ar@an be selected per FSR for adding or dropping in a similar
phases for each all-pass filter are then determined as discudastiion to the FIR frequency selector of [12]. As an example,
in [2]. For a simple cascade of rings, as shown in Fig. 1(c), teel2th-order filter was designed to drop channels 1 and 4 out
roots of D (z) and Dy(z) are related to the optical parametersf eight channels equally spaced across the FSR. Since 100%
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TABLE I
UNIQUE STATES DEPENDING ON THENUMBER OF CHANNELS (V') PER FSR
WHERE CHANNEL ON = 1 AND OFF = 0. THE NULL STATE (ALL CHANNELS ON
OR OFF WAS EXCLUDED

N=2 (1 state)
1 0

N=3 (1 state)
i 0 0

N=4 (3 states)

magnitude (dB)

1) L G N ) FIR filters. Separate multistage filters may be required to obtain
0.0 0.2 0.4 0.6 0.8 1.0 both, as demonstrated in [13] where a seven-stage filter with
good passband flatness on the drop channels was cascaded with

a five-stage filter to improve the add-to-drop channel isolation.
We note that other design approaches have been investigated for
fcrete time multiband filters [15].

normalized frequency (FSR)

Fig. 5. Power complementary responses for a 12th-order, eight-channel
(solid) and FIR (dashed) frequency selector for the (top) [110000 0 0] and

(bottom) [0 11 0111 1] states. A versatile multichannel selection filter can be configured to
drop any channel or number of channels. The number of dif-
TABLE | ferent filter states that must be generated and satisfy the design
DESIGN PARAMETERS FOR A 12TH-ORDER requirements (passband width, stopband rejection, etc.) depends
IIR MULTICHANNEL FREQUENCY SELECTOR FORSTATE [L1 001000 0]. on the number of channels per FSR. Porchannels, there are
THE RELATIVE PHASES ARE# = 3.585, al = —2.962, AND N . . L. .
02 — —2.964 RADIANS 2% possible states; however, it is only necessary to consider a

subset. The remaining states can be obtained by the following
transformations: 1) the power complementary response is ob-

n Kol O Ko O

1 0136 0926 0.100 -2.976 tained by changing the phase between the arms of the MZI by
2 0164 2213 0123 -0.174 ) : ; ;

3 0300 2999 0421 0997 7; 2) the response is translated in frequency by changlng all of
4 0388 -0227 0500 2125 the phases by a fixed amount; or 3) the response is reversed by
5 0805 1332 0628 -2.842 conjugating the filter parameters. Table Il lists the unique states
6 0980 -2927 0734 -0.317

as a function of the number of channels. The null state, con-
sisting of all channels on or off, was not included. The null state
transmission is desired for the passband frequencies of oneaan be achieved by changing the MZI coupling ratios to “0” or
sponse, the zeros of the opposite response were located orf'ifieso that the input goes into one arm of the interferometer.
unit circle across the respective stopbands for an initial guebsr N = &, there are 18 unique states (including the null state)
Locating the zeros on the unit circle produces linear-phase mompared to 256 total states, thus the design space that must be
merator polynomials as required for the all-pass decompositiaptimized and the complexity of the control algorithm are sub-
The solution was refined by numerical optimization in a leastantially reduced. All states for thé = 4 case can be obtained
squares sense to yield the spectral responses shown in Figrdn three, symmetric responses. For higher channel counts per
For comparison, the response for a 12th-order FIR filter was dpSR, nonsymmetric cases must be realized for a completely ver-
timized in a similar fashion. The target was to achieve a 30-dftile selector. The advantage of symmetric states is that the
stopband rejection over a channel width equal to 40% of tkgmmetry is also present in the all-pass decomposition, so fewer
channel spacing. The stopband was extended between adjagaigque coupling ratios and phases have to be realized. For ex-
off-channels. A slightly better stopband rejection and passbaahple, the design parameters for the three states aVtee4

width can be obtained by localizing the stopband around eacdise are given in Table Il for an eighth-order response. Each
channel. The stopbands used in the optimization are indicattdte decomposes into fourth-order all-pass filters in each arm.
by the shaded regions. The IIR selector meets the design Tae coupling ratios are identical fot; (») and As(z), while
quirements for both responses. The IIR response decompdbesphases are opposite in sign. The corresponding spectra are
into two, sixth-order all-pass filters. The coupling ratios anshown in Fig. 6. The design requirements are met with margin
phases for each all-pass filter are listed in Table I. All of thfor all states. For a reconfigurable multichannel selector, it is
coupling ratios are distinct and fall within a reasonable fabricanportant that all of the states decompose into all-pass filters
tionrangef.1 < x < 0.98. The FIR filter offers good rejection of the same order in each arm. We note that a sixth-order filter
over a localized frequency region but fails to meet the speaieets the above design requirements on stopband rejection and
fied design requirements for either response. Tradeoffs cangassband width; however, the [1 0 1 0] state decomposes into a
made between the passband flatness and stopband rejectiodiarth-order and second-order all-pass filter. Thus, a filter with
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TABLE 11l 0 : : T |
DESIGN PARAMETERS FOR AN EIGHTH-ORDER IR M ULTICHANNEL
FREQUENCY SELECTOR FORSTATES s1 =[1000],s3 =[1 10 0], ands5 = [1 — nominal design
01 0]. NOTE THAT ¢n1 = —@nz AND Ky = Kz -0 ~--- worst case (1000 runs) -
@‘ $+0.002n radians
Coupling Ratios (k) Phase (6o, radians) _ Y or 1e£0.002
s1 s3 s5 s1 s3 s5 g 20~ T

0.786 0.934 0.726 -0.483 -1.698 -0.800 =
0.454 0.568 0.726 0.787 1.637 2.341 =
0.187 0245 0.238 | 0825 -1.633 0.793 80 o - nh T
0.048 0.065 0.238 0.829 1.632 -2.348 A TSRWAl

==

//-\\ /
yrs N N AL
MZI Phase N ANTAVYAY I
Aal Aa3 Aos %0 0.2 04 0.6 08 1.0
-1.154 -0.755 -0.778

normalized frequency

Fig. 7. Worst case spectra of 1000 runs for uniformly varying random phase

and coupling ratio on an eighth-order, four-channel IR frequency selector
response.
0 -
-10 |~
)
E —
3 g 20+
= o
' k-]
g 2
= 5
©
=
1 I
0.0 0.2 0.4 0.6
frequency (FSR)
0.6
normalized frequency (FSR) Fig. 8. Impact of loss on an eighth-order, four-channel IIR frequency selector

response.

Fig. 6. Output spectra for three states of an eighth-order, four-channel IIR
frequency selector. for the all-pass filters. Feedback path losses of 1 dB have been
achieved in practice [17], and lower losses are anticipated. For
a three-stage all-pass filter in each arm would not be able to e230-dB stopband rejection, the coupling ratios of the MZI must
alize this response. be tightly controlled,x = 0.500 + 0.016. In practice, each
Next, we explore the design sensitivity to variations in theoupler may be realized with a symmetric MZI having a phase
coupling ratios, loss and phases using the nominal all-pass filgiifter in one arm to tune the effective coupling ratio.
designs for state3 from Table IIl in (10), (11) as the starting As a specific example, consider a filter with a 100-GHz FSR
point. To maintain a stopband rejection of 30 dB on an eightlesigned to separate channels spaced on a 25 GHz grid. For
stage filter with a nominal 35 dB rejection, the coupling ratioa waveguide effective index of, = 1.5, the nominal feed-
must be within+0.002 and the phases within0.002r. The back path length i = 2 mm. Next, we consider the toler-
worst case stopband rejection over 1000 runs, assuming a w@amees on the coupling ratios and phases for operation over a
form distribution on the coupling ratios and phases, is showvavelength range oA A. An added benefit byproduct of using
in Fig. 7. For a four-stage filter with a minimum 30 dB rejecMZI’s to implement tunable couplers is that the effective cou-
tion, the coupling tolerance #50.003 and the phase tolerance ipling wavelength dependence can be made negligible, for ex-
40.0057 The lower-order filter is substantially more tolerant t@amplex = 0.200 + 0.005 over 100 nm [18]. The nominal
phase errors. Waveguide heaters have demonstrated phase tplases are set using heaters, so we need only consider the wave-
ances better tha#0.0%r [16]. The impact of a 0.5- and 1.0-dBlength dependent phase error. Vsp = |dp/dA|AX < 0.0017,
loss per feedback path is shown in Fig. 8. The passband tratieen the tolerance on the feedback path lengtih(eL) <
mission decreases proportional to the feedback path loss, Hut 10=#(A\2/A\). For A = 1550 nm andAX = 30 nm,
the stopband response is maintained. The tolerance to loss&érL) = 0.04 pm which is commensurate with tolerances for
sults because the passband and stopband occur off-resonaraeeguide grating routers [19].
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IV. FILTERS WITH ARBITRARY MAGNITUDE RESPONSES

. . . . . . 1-0Il,ll'!']::glllllllI]IIIIIIIlI|Illl'lIII]IIIII’II/I}-[*I“III 0.05
The all-pass filter decomposition architecture is not limited tc P V| 004
bandpass designs. A simple modification of the bandpass desii __ sl 'l,_ 0.03
is to replace the 3-dB couplers in the MZI with other values. The £ [} v
square magnitude response depends on the coupling ratios & ; ! 1§ 0.02
all-pass filter phase responses as follows: 2 o 001 m
Py (w) — Pa(w) < o000 3
|H,(w)]? = 4k(1 — &) cos® <f (21) é 0.4%_ 4 001 =
. E :
whereA; »(w) = ¢/*+2(~). For example, let the coupling ratios £ i 002
be given byx = 0.3 (5.2 dB) and assume that each arm ha: = o02p 1~ -0.03
a four-stage all-pass filter designed for an eighth-order elliptic i ] :'- 004
filter response. The spectral response shape can be made 0.0 Wkt Wi ot g s
same as shown in Fig. 6, except thét, (w)|? has a maximum 0.0 0.2 0.4 0.6 0.8 1.0
equal to—0.8 dB while its power complementary response ha normalized frequency

a minimum of —8 dB. Thus, each spectral response has twc

levels that can be varied by choosing the splitting and combining , . herwith a.sinl i il
coupling ratios of the MZI. Fig.9. Linear power response for an IIR filter with a single-stage all-pass filter

. . . . . in each arm of a MZI.
Now, we consider the design of a filter with an arbitrary IIR

spectral response using all-pass decomposition. The probler
to determined; (z) andA; () so that one of the filter responses 1.0 o T T T T T e I e
closely approximates the desired square magnitude respol -
|H(w)|?. The filter order is equal to the sum of the number ¢ 0.8
stages ind;(z) and Az(z). If the desired response fluctuates
between two levels, a bandpass filter design approach can
used with the MZI coupling ratios chosen using (21) and pow
conservation for the other response. For more general filter fur
tions, the characteristic function approach is used to set the ze
for the numerator polynomialsy;(z) and N4(z). The numer-
ator polynomials must be linear-phase so that (17) and (18)
satisfied for the same value 6f In general, setting the zeros 0.2~
for any two of the three polynomialgV,, N, or D) defines [ ’ e
the zeros for the remaining polynomial as a result of the pow oY) [TETRUNRTTY FURY FUUTY FRATU RRUT) INANLIRURE ENERARUETY
conservation relationship extended analytically toZhdomain 0.0 0.2 0.4 0.6 0.8 1.0
[10], the linear-phase condition aW,(z) and N,(z), and the
stability requirement o( z).

06 — Desired Response 1

2
a4V
» 4th-order ARMA
0. 4 | e IH I _

= e,

Transmission (linear units)

normalized frequency

A. Linear Power Response Fig. 10. Gain equalization filter response.

As an example, a filter with a linear square magnitude re- TABLE IV
sponse oved.15 < v < 0.85 was designed. Only frequencieSDesicn PARAMETERS FOR AFOURTH-ORDER GAIN EQUALIZATION IR FILTER
within this range were used in the numerical optimization. The

square magnitude response for a second-order filter is shown in A2) Ax(2)
Fig. 9. The response is linear to withir0.005 over a frequency n Kat b Koz On2
range of 0.64x FSR. By comparison, an asymmetric MZI re- 1 0028 -2.408 | 0779 -0.333
sponse has an approximately linear response over a much nar- 2 0791 0003 | 0970 -2.471
rower range of the FSR. The IIR filter contains a single-stage o - “
all-pass filter in each arm of the MZI. The pole magnitudes

1.172 -0.246 -0.798

and phases (rad) for the all-pass filters are 0.2926.0088
and 0.7865/ —0.0099. The remaining design parameters are
r =0.5,0 = —0.7121, andAa = —1.5896 radians. Potential taken from a 20-nm portion of an erbium-doped fiber amplifier
applications for such a response include frequency discrimingpectrum. For a starting point, the output of an all-pole (or au-
tors for laser wavelength tracking and stabilization and modtsregressive filter) model [10] is used for the pole locations, and
lators that respond linearly to the input signal for analog tranghe zeros are set a; = 0. An optimization routine is then used
mission. to find the best fit in a least squares sense for a given order IIR
) o ) response. The shortest IIR filter amenable to all-pass decom-
B. Gain Equalization Filter position to meet the above criterion is fourth-order. The magni-
Next, we design an IIR filter to approximate a desired gaitude response is shown in Fig. 10, and the filter design values are
equalization function to within 0.1 dB. The desired responsegiven in Table IV. To avoid large coupling ratioe > 0.99), the
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Off ] T
ARMA
o o § > R S
A\ 4 - - =
o 0.5 dB loss :
20 7 a
(]
ko]
N = 2 N
I T A 7]
" | ) )
a0l O i
Y A > (Wanhg
J'\___I'L-.Sum —(2M+1)
L VY AP R PUTTY TS PETTE AN FEVSE SUNTY RERET) G —r\-\z/—n—-P
0.0 0.2 04 06 08 1.0. b. v
normalized frequency (FSR)
1.0 URAARNRARAN RAREE ) E T LY RN RERAN RRERND
& i {
Fig. 11. Notch filter response compared to a single-ring filter response.
_. 08| —
peak filter transmission was reduced from 100%to 89% (0.5¢ £
loss). The combination of poles and zeros in one filter allows ; f e sum
lower order filter (thus a simpler and potentially more compa: 2 06 L Diff % N
implementation) to be used to meet the same requirements o ‘é T Sum (2-r|ngs), .
all-zero or all-pole filter. For a lossy filter, the loss changes tr 2 | i i
spectral shape, so it is necessary to include the loss as par  § ]
the design optimization. Similar design parameters and fit we '_E
obtained for the above IIR filter by optimizing for a 0.5 dB los: 02| -
per feedback path round-trip.
. 0,04-"+-c"i':l.llnLu:|I||||‘] } "|||l||||||||||;.‘|"1»-¢v-o-
V. SPECIAL CASE: A DELAY LINE IN ONE ARM 0.0 0.2 0.4 0.6 0.8
We now consider IIR filters using all-pass decompositio normalized frequency

where one arm is a simple delay line. Two examples wit..
potential applications for WDM systems are given: a notch

. . . Fig. 12. Multistep architecture and response for (a) a single-stage and (b)
filter and a multistep response filter. double-stage all-pass filter witN = 4 andM = N — 1.

A. A Notch Filter . .
A notch filter removes a single frequency in the FSR. SuchBa A Multistep Filter

response can be achieved by using a single-stage all-pass filtek multistep response is easily obtained using all-pass filters
in one arm of a MZI and a delay in the other arm as indicatéd one arm and a delay in the other arm. Let the all-pass filter
in the inset of Fig. 11. Both arms have the same delay# 0 delay bez~" and the delay line be=*. Over one FSR, the

for the all-pass filter. Multiple notches per FSR can also be usall-pass filter goes througlv periods and has a total phase
by adding more all-pass stages [20]. By varying the ring couhange of-27 ¥, while the delay line phase changes linearly
pling ratio, the finesse of the response changes. The respondw®yis-27 M. By choosing the phase slope (i.e., group delay) of
very similar to a single-pole, or autoregressive (AR), responge all-pass filter equal to that of the delay line over some portion
obtained from a ring with two couplers; however, it has a zero of its period, the magnitude response of the MZI stays constant
the transfer function that improves the stopband rejection. Theer that region. Furthermore, choosidg = N — 1 means
notch filter is compared to a ring resonator response in Fig. fliat the phase difference between the arms after one FSR is 2
assuming the coupling to the ringds= 0.05 in both cases and and that the delay line is shorter than the all-pass filter feedback
that the loss per round-trip for the feedback path is 0.5 dB. Thath. The off-resonance group delay.;,,) of the all-pass filter
through-path response for the ring has a single pole and zasthen set equal to the group delay of the delay line by choosing
making it an IIR or moving-average autoregressive (ARMAy) according to (4). For a single ring withh = 3 andN =4, a
response. If there were no loss, then the power complemdhree-level response results as shown in Fig. 12. The ring cou-
tary responses would have a notch with zero transmission. Witlng is p = 0.1429. By adding another all-pass filter stage, the
loss, however, the notch depth is substantially reduced in betidth of each step can be increased while decreasing the transi-
cases. As the finesse increases, the peak transmission decrdaseband. The response using a two-stage all-pass filter in one
for both filters in the presence of loss. The peak transmission&I| arm and lengthening the delay line so thdt = 2NV — 1

—6.8 and—10.6 dB for the AR and notch filter responses, reis also shown in Fig. 12. The two-stage all-pass filter was op-
spectively. timized for constant delay over 06 FSR and has the design
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parameterg; = 0.1493 / 3.1102 anth, = 0.3721 / 6.2517.

The architecture is advantageous for ring implementations since

a larger ring diameter, proportional to N/FSR instead of 1/FSR,[6]
is required. This same design approach can be used to extend
the passband width of a multiport filter incorporating all-pass

filters [21]. Larger values olV (with M = N — 1) increase the

number of levels in the response. Discrete time arbitrary-level

filters are discussed in [22], [23].

In summary, an all-pass filter decomposition algorithm was
defined for the design of multiple-passband filters. The preil0]
vious single-passband algorithm was modified by introducinqn]

VI. DISCUSSION

two phase term#, andA«, and the characteristic function. The

resulting IIR multichannel frequency selector has substantiall
better passband flatness and stopband rejection than is possi
with an FIR filter having the same number of stages. Architec-
tures using all-pass filters can also be used to realize arbitrafy3]
functions such as those required for gain equalization, linear,
and multistep responses. While these structures are quite tol-
erant to loss, good control over the coupling and phases is ré4l
quired just as for FIR filters like the waveguide grating router.
Reconfigurable IR filters can be realized using tunable all-pass

filters as building blocks.

The filter theory presented is general and can be imple[
mented in many different technology platforms. While ring
implementations in planar waveguides are attractive from
a compact device and integration viewpoint, they requir%1
high core-to-caldding index contrasts to obtain the ring radii
required for some applications. Demonstrations of microcavity
rings [24], [25] show that FSR’s suitable for multichannel filter , o
applications in WDM systems are achievable. Coupling from a
low to high index contrast waveguide must be addressed as well
as minimizing polarization dependence. These challenges mu?
also be addressed for photonic bandgap (PBG) structures. PBG
structures provide an opportunity for integrated, standing-wav&0]
cavity all-pass filters using partially reflecting Bragg gratingsm]
instead of couplers. The challenge for standing-wave cavity
filters is to fabricate the desired partial reflectance with a small
wavelength dependence, to separate the incoming and reflect&d
signal, and to realize cascaded or coupled cavities. Besidgss)
planar integration, the architectures discussed in this paper can

be implemented using optical MEM’s devices [8] and thin film
filters [26].

(1]

(2]

(3]

(4]
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