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Optical Half-Band Filters

Kaname Jinguji and Manabu Oguma

Abstract—This paper proposes two kinds of novel 2< 2 circuit ~ and a synthesis algorithm for realizing arbitrary IIR filters [14].
configuration for finite-impulse response (FIR) half-band filters.  The circuit configuration consists of some cascaded unit ele-
These configurations can be transformed into each other by ments composed of a2 2 MZI with a path length difference

a symmetric transformation and their power transmittance is f dari ide with it path | i
identical. The configurations have only about half the elements of zero and a ring waveguide with a unit path lengti\dt.

of conventional FIR lattice-form filters. We derive a design Recently, Madsen [15] proposed some novel and simpler 2
algorithm for achieving desired power transmittance spectra. We x 2 circuit configurations optimized for specific IR optical fil-
also describe 2x 2 circuit configurations for infinite-impulse  ters such as elliptic filters. They are composed of an MZI with
response (IIR) half-band filters. These configurations are designed gy /arg| ring waveguides. The path length difference of the Mz
to realize arbitrary-order IIR half-band filter characteristics by . Lo . . . .
extending the conventional half-band circuit configuration used IS zero.l_-|erqrcmt configurations can belachlev_ed k,)y rem_ovmg
in millimeter-wave devices. We discuss their filter characteristics SOme directional couplers from our basic IIR circuit configura-
and confirm that they have a power half-band property. We tion. They correspond to robust structures with two allpass cir-
demonstrate design examples including FIR maximally flat cuits [16] which are well known in the field of digital filters [17].
half-band filters, an FIR Chebyshev half-band filter, and an IIR Optical half-band filters are important components of wave-
elliptic half-band filter. length division multiplexing (WDM) systems. AR 2 IR cir-
Index Terms—Chebyshev, design, elliptic, finite-impulse cuit configuration with one or two feedback loops optimized
lr\(/le:gﬁE;Zhrsgleie)hqar;?g-;?nﬁét 'cr)‘f'{i‘(':tael"?F;]‘:Lsssisrevigsgsﬁi dé”R)' for IR half-band filters is already known, and this configura-
‘ y fial, optical, sy ' guide. tion has been used to realize a millimeter-wave waveguide cir-
cuit [18] and a millimeter-wave bulk filter with resonators [19].
I. INTRODUCTION An optical multi/demultiplexer with this configuration has also

PTICAL delay-line circuits [1]-[3] are widely used in thebeen fabricated [20] using silica-based planar lightwave circuits

field of optical signal processing. They are composed &?LC’S) [21]. However, no optimized & 2 circuit configura-

optical waveguides operating as optical delay lines, directiorl§"S have yet been reported for FIR optical half-band filters.

couplers, and phase shifters. A wide variety of functions can beThiS paper proposes two kinds of novek2 circuit configu-

realized with these circuits by adjusting their directional cogationfor FIR optical halt-band filters. They can be transformed

plers and phase shifters since their transmission characteris%g each other by a symmelric transformation which reverses

are the same as those of electric digital filters. Several use fir Input and output ports. We confirm that these FIR circuit

devices have been reported including add/drop multiplexing fﬁ_onfigurations have a power half-band property. We also dis-

ters [4]-[6], an EDFA gain equalization filter [7], a polarizatiorc">> genera_lijzedfz 2”III?R citr_cuilt ﬁo:;f:;]urgt:cﬁps Wi;[/t/M T)tN d
mode dispersion equalizer [8], and a variable group-delay g[¢r9 waveguides for optical hait-band TIters. We obtaine

persion equalizer [9]-[11]. Since most of these devices haw%1 se circu?t co_nfigur_ations by gxtending the gonventiona_l IR
x 2 circuit configurations, this paper focuses ox 2 optical alf-band circuit configuration with one or two ring waveguides

half-band filters to realize arbitrary-order half-band filter characteristics. This

Optical delay-line circuits are roughly classified intd?aPer provides r_nethods_ for designing FIR gnd IR halfjband
finite-impulse response (FIR) filters and infinite-impuls ilters, and des_crlbes design examples including FIR maximally
response (IIR) filters [12]. FIR filters consist simply of feeg at half-band filters, an FIR Chebyshev half-band filter, and an

forward waveguides, and their impulse responses are Iimitgﬁ elliptic half-band filter.
in finite time. IIR filters include feedback loops such as ring
waveguides, and their impulse responses continue for infinite Il. CIRCUIT CONFIGURATIOS AND HALF-BAND FILTER
time. A typical 2 x 2 circuit configuration of FIR optical CHARACTERISTICS
filters is the lattice form which is composed of cascaded 2 . -

: i ) . Half-Band Filter Characteristics
Mach—Zehnder interferometers (MZI's) with a unit path Iengtﬁ . _
algorithm based on scattering matrix factorization for realizinfgfter- This spectrum has a power half-band property defined as
arbitrary FIR filters including linear-phase Chebyshev filters

; FI ] ; 2

[13]. We have also proposed a basis 2 circuit configuration IG(w)[? + ‘G (w + %)‘ -1 1)
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Symmetric half-band filters are especially significant for prac- 0o
tical applications, since their passband and stopband widths are 054
the same. This symmetry can be described as goy—
_S 0.6+
1G(w)]? = |G(—w) . ) Eoo Gl
& 0.4+
Many useful filters such as maximally flat, Chebyshev, and el- .'_‘5 03 o
liptic half-band filters have this symmetric property. Although Zf ‘G(w+ 7“) —)
the term “half-band filter” is frequently used to mean symmetric 'G’ I ‘Q -
half-band filters with the symmetry described by (2) and also ¢ ot o2 03 04 05 06 07 08 08 1

. . . . Relative Frequenc
used to mean amplitude half-band filters with the following quency. wfo,

propertyG(w)+G(w+(wo/2)) = 1 [17], this paper deals with Fig.1. Power half-band property defined 6w)|?+|Glw-+(wo/2)]|? = 1,
generalized power half-band filters defined only by the poweerew, is the frequency period.

half-band property (1) and includes asymmetric filters. phase  directional

The power half-band property described as (1) can be shifter  coupler 3dB coupler

rewritten as la i / ® /
AN
G(2)G.(2) + G(—2)G.(—2) = 1. (3) 1b o AN

The variablez indicatese’~~7, where unit delay time\r cor- 3dB coupler waveguide
responding to unit path length  is defined a®~ /wo and an-
gular frequency is extended to a complex number. _la

The subscript indicates a para-Hermitian conjugation de- 1b N o 6 6m

fined as

1 Fig. 2. Two kinds of 2x 2 circuit configuration for FIR half-band filters are
G, (z) =G* <_> . (4) shown in (a) and (b). They are transformed into each other with a symmetric
z* transformation which reverses their input and output ports, and have identical
power transmittance characteristics.
This analysis based on thevariable is widely used in the field

of digital filters [12], [17]. This paper deals solely with22 op- la
tical half-band filters, and assumes that the optical waveguides I’ 1 S@®@
are lossless. Their transfer functions have the following lossless
property 3 dB coupler
G(2)G.(z) + H(z)H.(2) =1 (5) Fig.3. Schematic circuit configuration of Fig. 2(&), indicates the transfer

matrix of N — 1 MZI's with a path length difference ofA L.
whereG(z) andH (=) are their bar and cross transfer functions.

Therefore, the power half-band property (3) is also describediasig. 2(a), the filter order i€V — 1 and its transfer matrix can
be written as

G(2)Ga(2) = H(=2)H.(—2) (6)
Gy [ G GH(2)2~ YD @
for 2 x 2 lossless half-band filters. Here, the relation (6) is (2) = JH(2)  Gu(2)z~CN-D

adopted as a definition of the power half-band property ef 2

2 optical half-band filters. whereG(z) and H(z) are its bar and crog2N — 1)th-order
transfer functions, respectively. It is known that the transfer ma-
B. FIR Half-Band Filters trices of reciprocal devices are transposed by the symmetric

transformation which reverses their input and output ports [22].

i Fig. _2(a) an(_j (b) shows two kinds of noyeb<22 cireutt con- Therefore, the transfer matrix of the transformed circuit config-
figurations which we propose for FIR optical half-band filters.

They are composed &f — 1 MZI's with a path length difference uration shown in Fig. 2(b) can be written as

of 2A L and one MZI with a path length difference AfL.. The 3(x) — G(z JH(= 8

MZI with a path length difference oA L is on the output-port (2) = JH(2)z= N1 G, (2)z~ N1 |~ (8)

side in Fig. 2(a), while it is on the input-port side in Fig. 2(b). . Lo o ) ) )
The directional coupler near the output ports provides 3 dB-colliS result indicates that the two circuit configurations in
pling in Fig. 2(a), while the directional coupler near input portg'g' 2(a) and (b_) have the same power transmittance spectra.
provides 3 dB-coupling in Fig. 2(b). Optical phase shifters afgonseduently, it is only necessary to consider the circuit
formed on the MZI's to control the phase difference of the twgonfiguration in Fig. 2(a) when designing FIR half-band filters.
arms of each MZI. Fig. 3 is a diagram of the circuit configuration in Fig. 2(a).

The circuit configurations shown in Fig. 2(a) and (b) cah,et the transfer matrix of thé/ — 1 MZI's with a path length
be transformed into each other by a symmetric transformatigffference of2AL be
which reverses their input and output ports. Since the maximum Gi(z)  jHy-(2)z72N-D )

path difference between input and output port@y — 1)AL S1(7) = <jH1(z) Gr(z)z 2(N-D ©)
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directional Rl Punn .
coupler R waveguide
la 2a
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3 dB coupler Sl oz 3 dB coupler
phase ey Ony
shifter

Fig. 4. Two kinds of extended & 2 circuit configuration for IIR half-band

filters are shown in (a) and (b).

3 dB coupler

Fig. 5. Schematic circuit configuration of Fig. 4(a) and (b).

where( () andH;(z) are its bar and cross transfer functions

In the above equationiy; (z) andH,(z) are given as

N-1
Gi(z) = Z a2 (10)
k=0

N-1
Hi(z) = Z b2k,175_2k (11)
k=0

since each path length difference of tNe— 1 MZI's is 2AL.
The bar and cross transfer functiadsz) and H(z) of the total
circuit can be obtained with’, (z) and H1(z) as

6(2) = Z(GU) T+ ) (12)
H(z) = %(—Gl(z)z_le_”” FH(2).  (13)

From (12) and (13)H(—z) can be calculated as follows:
(=Gi(=2)(=2) "1 + Hi(—2))

= —=(Gi(2)z eV + Hi(2)) = G(z).  (14)
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TABLE |
POWER EXPANSION COEFFICIENTS
AMPLITUDE EXPANSION COEFFICIENTS AND CIRCUIT PARAMETERS FORFIR
MAXIMALLY -FLAT HALF-BAND FILTERS (N = 2, 3, AND 4)

bar power bar cross circuit
k expansion | expansion | expansion parameters
coefficients| coefficients | coefficients (xm)
AK ak bk
N=2 0 0.5 0.09151 0.09151 8, 0.0833
1 0.28125 | -0.15850 0.15850 0, 0.3333
2 0.0 -0.59151 | -0.59151 9, 0.25
3 -0.03125 | -0.34150 0.34150 [ 1.0
P, 0.0
bar power bar Cross circuit
k expansion | expansion | expansion parameters
coefficients| coefficients | coefficients (xm)
Ak ak bk
0 0.5 0.23526 | 0.23526 6, 0.4664
N=3 1 -0.29297 | 0.57057 | -0.57057 0, 0.1591
2 0.0 0.32514 | 0.32514 0, 0.3755
3 0.04883 | -0.09548 0.09548 0, 0.25
4 0.0 -0.06040 0.06040 ‘O 0.0
5 -0.00586 0.02491 | -0.02491 0, 1.0
(08 0.0
bar power bar cross circuit
k expansion | expansion | expansion parameters
coefficients| coefficients | coefficients (xm)
A, a, b,
o] 0.5 0.05358 | 0.05358 6, 0.3720
1 -0.29907 0.02095 | -0.02095 0, 0.2860
N=4 2 0.0 -0.35188 | -0.35188 6, 0.4547
3 0.05981 | -0.56833 0.56833 0, 0.1187
4 0.0 -0.21061 | -0.21061 0, 0.25
5 -0.01196 0.07016 | -0.07016 o, 1.0
6 0.0 0.00891 0.00891 o, 0.0
7 0.00122 | -0.02278 0.02278 0N 1.0
@, 0.0

In the above equation, we use the relatichg—=z) = G1(z),
H,(—z) = Hi(z), which can be derived from (10), (11). ltis
confirmed from (14) that the circuit configurations satisfy the
power half-band requirement defined by (6).

It can be understood from (12), (13) that a circuit configu-
ration with N MZI's realizes(2N — 1)th-order filter charac-
teristics. This means our circuit configurations require about
half the optical elements of conventional FIR lattice-form fil-
ters which realize$2N — 1)th-order filter characteristics with
2N — 1 MZI's. It should be noted that our circuit configura-
tions can realize only odd-order half-band characteristics. The
half-band circuit condition defined as (14) is necessary for real-
izing FIR half-band filters with our circuit configurations. This
is mentioned in detail in Section IlI-A.

C. IR Half-Band Filters

Fig. 4(a) and (b) shows & 2 circuit configurations for IIR
half-band filters. The circuit configurations consist of an MZI
whose two arms are connected with a number of ring waveg-
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uides with a path length AAL. The path length difference =2
between the two arms IAL. The two directional couplers on | Z W v
each side of the MZI provide 3 dB-coupling. The conventional 2
x 2 half-band circuit configuration used in the millimeter-wave
system field corresponds to the case incorporating one or two
ring waveguides [18], [19]. Here, the conventional configura-
tion is extended to circuit configurations witl¥ upper rings ol
andN lower rings to realize arbitrary-order IR filter character- 400 80 60 40 20 O 20 40 60 80 100
istics. Though the ring waveguides are connected in a different Relative Frequency (GHz)

way in Fig. 3(a) and (b), the circuit configurations can realizﬁg. 6. Bar power transmittance spectra of FIR maximally flat half-band filters
identical transmission characteristics by providing each circyit = 2,3, and4).

configuration with appropriate circuit parameters. These circuit

configurations correspond to special cases of Madsen'’s circuits TABLE I

[15], whose transmission characteristics have already been diBswer ExpaNsION COEFFICIENTS AMPLITUDE EXPANSION COEFFICIENTS
cussed [15], [16]. AND CIRCUIT PARAMETERS FORFIR CHEBYSHEV HALF-BAND

Fig. 5 shows the schematic circuit configuration of Fig. 4(a) FILTER (N = 4)

Transmittance
e o o
E Lo [+

o
[

and (b). The transfer functiorts ( =) andS»(») are allpass func- —
tions which consist of multiring waveguides in Fig. 4(a) and (b) bar power | bar cross cireut
g . 9 g. : expansion | expansion | expansion parameters
The bar and cross transfer functigfisz) and H(z) of the total coefficients | coefficients | coefficients (xm)
circuit are calculated as A a, b,
, 0 0.5 0.11091 | 0.11091 8 0.3498
=1 —1l,—iv _ 0
G(z) = 3(S1(2)z e S2(2)) (19) 1 0.30717 | 0.02835 | -0.02835 8, | o0.2448
2 0.0 -0.35699 | -0.35699 0, 0.4186
3 | -0.07797 | -0.54316 | 0.54316 8, 0.0797
H(Z) — _%(Sl (z)z—le—jg@ + SQ(Z)) (16) 4 0.0 -0.24255 -0.24255 6, 0.25
5 0.02581 | 0.04683 | -0.04683 0, 1.0
The allpass functions;(z) andS»(z) are generally described 6 | 0.0 0.01447 | 0.01447 | @, |00
as 7 | -0.00628 |-0.05659 | 0.05659 0, 1.0
, o, |00
C_J‘DIZ_QMDN (z)
Si(z) = 17)
D1 (Z)
1 N=4
i\ 2N ( ) Sos N
e IY2 272N Do (2 I
S2(z) = (18) g
DQ(Z) E 0.6
. . 204
where thez polynomialsD; (z) and D (z) are written as g
0.2
10
M . A
— —2k -100 -8‘0 -éO -AO -2‘0 (I) 2‘0 4b 6‘0 8‘0 100
Di(z) =1+ Z dan,1% (9) Relative Frequency (GHz)
k=1

Fig. 7. Bar power transmittance spectrum of FIR Chebyshev half-band filter
(N =4).

N

Da(z) =1+ Z day, 2272 (20)
kel In the above equation, we use the relatidh$—=z) = S1(z),

) , ) Sa(—z) = Sa(z), which are derived from (17)—(20). It is con-

since the path length of each ring waveguid@4sL. In (17)  firmeq'from (21) that the transfer functioni z) and H () sat-

and (18), it is assumed that; and¥, have the relationy; + isfy the power half-band requirement (6).

Vo + ¢ :_0._Th|s relation has no influence on the transmission Since the circuit configurations of Fig. 4(a) and (b) corre-

characteristics. It can be understood from (15) and (16) thai g, to the special cases of Madsen's circuit configurations

circuit configuration withd/ upper rings andv lower rings re- [15], the numerator polynomial®(z) and Q(z) of G(z) and
alizes(2M +2N +1)th-order filter characteristics. ForexampIeH(7) must have the same symmetry as Madsen’s. The sym-
whenM = 1 andN = 2, seventh-order filter characteristics ar‘:f‘netry relations are expressed as

realized. Thus, only odd-order IIR half-band characteristics are
realized with our circuit configurations. The following relation- P(z) = _P*(Z)Z—(QJ\4+2N+1) (22)
ship betweeid7(») andH (z) can be obtained from (15) and (16)

H(—z) = —5(51(=2)(=2)"'e™% + S2(—2))
= 3(81(x)27 ¢TI = 5i(2)) = G(2).  (21) Q(z) = Qu(z)z~ GMFINFL, (23)
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These relations indicate that whet(>) and Q(z) have real {(—o1,—1/a%), (—ca,—1/03), (—a3, —1/c%)}. When
coefficients, P(z) is antisymmetric and(z) is symmetric. zeros{ay,1/a%,1/a%} are chosen foiG(z), the cor-
These conditions are necessary for synthesizing Madsen’s responding zeros{—ay, —1/c3, —1/c} have to be
circuit configurations. Therefore, we require both the half-band  chosen forH(z).

circuit condition (21) and the symmetry conditions (22), (23) 3) CalculateG(z) and H(z) as

to realize IR half-band filters with the circuit configurations

of Fig. 4(a) and (b). 2N-1

G(z) =ag H (1—oapz™h) (26)
[ll. DESIGN ALGORITHM AND DESIGN EXAMPLES OF FIR 2’;\7,11
HALF-BAND FILTERS H(z) = ao H 1+ opz™) 27)
A. Algorithm for Designing FIR Half-Band Filters k=1

Power transmission characteristics of FIR half-band filters  whereag is given by
can be written as

1
G(2)Gy(2) 0= |an=1 aN 1
[I@-an-ap+ [T @+an@+ai)
=1+ <Z Agp127 P70 4 ZA—(%—l)ZQk_l) (24) k=1 k=1
k=1 k=1 (28)
so that the lossless property (5) may be satisfied.
H(z)H.(z) Thus, whenGF(2)G,.(z) and H(z) H, (=) that satisfy the power

N N half-band requirement (6) are givei{z) and H(z) that sat-
=3[ Y Ano1zm @V 43" A1) ) (25) isfy the half-band circuit conditio(z) = H(—z) are always
k=1 k=1 found by using the above steps.
The second procedure is based on the synthesis algorithm for

where Ay has the relationdo,—y = A%y, ), SINCE ot o flters [13]. From (12) and (13), the transfer
(G(2)G.(2))s = G(2)G.(z). Here, it is assumed that thef tionse: dH £ S inFia 3 be obtained
power expansion coefficients,_; (K = 1,..., N) are given unctionsG (z) andH (z) of 51 in Fig. 3 can be obtained as
for a desired power transmittance spectrum. It can be confirmed 1
in (24) and (25) thatG(z)G.(z) and H(z)H,(z) satisfy Gi(z) = 5(G) - H(z)z (29)
both the lossless requirement (5) and the power half-band
requirement (6).

Ol_Jr design algorlthm _c0n3|sts of two parts. '_I'he purpose_of Hi(z) = L(G(z) + H(2)), (30)
the first procedure is to find bar and cross amplitude expansion V2

coefficientsay andby, that satisfy the half-band circuit Cond't'onwhere<pN is taken as 0G(z) and H(>) that satisfyG(z) =

G(z) = H(—~z) described in Section 1I-B, from the given poweng_Z) can be written as

expansion coefficients. The purpose of the second procedurei

to calculate the circuit parametéts andy;, shown in Fig. 2(a) N-1 N-1
and (b) from the obtained amplitude expansion coefficients G(z) = Z a4+ Z agpyrz CRHD (31)
andby. k=0 k=0
The steps in the first procedure are summarized as follows. N1 ok N-1 _2he)
1) Calculate the zeros of(2)G.(z) and H(z)H.(z). H(z) = kz G2k — kE G2k+1% - (32
=0 =0

The power half-band property (6) means that
when G(z)G.(») has a set of zero pairsBy substituting thes€(z) and H(z) in (29) and (30).(;(z)

{(e1,1/ad), (a2,1/a3), - (an—1,1/aby_1)}, H(2) andH,(z) can be obtained as
H.(z) has a corresponding set of zero pafis-cy,

~1/a), (—az, —1/ad), -+, (—azn_1, ~1/agy_1)}. Gl = VB S 23
2) Obtain a zero sefay} of G(z) and a zero sef—oy } 1(2) = v2 Z A2k+12 (33)

of H(z) by choosing one zero from each zero pair ]’;:01

(or, 1/af) of G(z)G«(z) and one zero from each zero _ —~ —ok

pair (—ay, —1/at) of H(z)H,(z), respectively. They Hy(2) = V2 kz_o G2kz (34)

have to be carefully chosen, so that they satisfy the

half-band circuit conditioni7(z) = H(—z), thatis, when Itis confirmed from the above equations tlat(z) and Hy (z)

ay of a zero pair(ay, 1/af) is chosen forG(z), —«y,  are polynomials ot ~2. Thus, the conditioii(z) = H(—=z) is

of the corresponding zero pdiras, —1/a}) has to be necessary for guaranteeing th@t(z) and H:(z) are polyno-
chosen forH (). For example, conside¥ ()G, (z) with  mials of z=2. This means that the relatigi(z) = H(—=2) is

a set of zero pairg(oy, 1/a7), (a2, 1/03), (as, 1/a%)}  the condition necessary for realizing FIR half-band filters with
and H(z)H.(z) with a corresponding set of zero pairur circuit configurations. The circuit parameters included in
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S1(#) can be calculated by adopting the synthesis algorithm of IV. DESIGN ALGORITHM AND DESIGN EXAMPLES OF IIR
FIR lattice-form filters for the obtaine®, (») andH, (). This HALF-BAND FILTERS

algorithm provides a unique set of circuit parameters for giv% Algorithm for Designing IIR Half-Band Filters

bar and cross amplitude expansion coefficientandby,. )
Let the bar and cross transfer functigiié:) andH(z) of an

) ) ) [IR half-band filter be expressed as
B. Design Examples of FIR Symmetric Half-Band Filters

2M+42N+1
1) Maximally Flat Half-Band Filters: The power transmis- Z przk
sion characteristics of FIR symmetric half-band filters can be G(z) = P(z) k=0 (38)
written as “ D(z 2M+2N+1
1+ Z dszk
k=1
2M+42N+1
o B
N < k=0
G(2)G(2) = % + Z Agk_l(z_@k_l) + sz_l) (35) H(z) = D(») 2M+2N+1 ’ (39)
k=1

1+ Z dszk
k=1

As mentioned in Section 1I-G7(z) and H (») must satisfy both
the half-band circuit condition (21) and the symmetry condi-
where Ay is real, since(G(2)G.(2)). = G(2)G.(2). tions of Madsen'’s circuits (22) and (23). The half-band circuit
It can be confirmed thatG(z)G.(z) and H(z)H,(z) condition (21) can be rewritten as

have the lossless property (5), the power half-band prop-

y
H(z)H,(2) = 5 =Y Agpo1 (27D 422571 (36)
k=1

erty (6), and the symmetry (2) which is also rewritten as P(z) = Q(=2) (40)
G(2)G.(2) = G(z~1)G.(2~1). For maximally flat half-band D(z) = D(—=). (41)
filters, it is known that the power expansion coefficients are o i
given by Here, it is assumed thdt(z), Q(z), andD(z) are given, and
are described as
M+N M+N
P()= 3 puz ™+ 3 puas D (42)
k=0 k=0
2N
(1) H (N + % - L) M+N M+N
Agp—1 = =t i (37) Qz) = Z pawz 2 — Z Pargrz” R (43)
2(N_k)!(N_1+k)!(§_k) k=0 k=0
wherek = 1,2,---, N [23].
The results forV = 2, 3,4 are summarized in Table I. They .
correspond to third-order, fifth-order, and seventh-order maxi- D(z) =1+ Z dar % (44)
k=1

mally flat half-band filters, respectively. Her&, is an angular
representation of the coupling coefficient of the directional cowherep;, andg;, satisfy
pler, that issin 8y, indicates the amplitude coupling ratio. For
example, whe#;, = 7 /4, the anglé;, corresponds to 3 dB-cou- Pk = —Dapr42N+1—k (45)
pling. Fig. 6 shows the bar power transmission spectréfes
2,3,4. The frequency period is taken as 100 GHz. It can be con-
firmed that maximally flat half-band is realized in each powewhich correspond to the symmetry conditions (22), (23).
transmittance spectrum. For some IR symmetric filters with real expansion coeffi-
2) Chebyshev Half-Band FilterNext, we provide a design cients including Chebyshev filters and elliptic filters, the algo-
example of a seventh-order FIR Chebyshev half-band filter. Thighms for obtaining their amplitude expansion coefficients have
correspondingV = 4. The power expansion coefficients weralready been developed [12], [17]. Since it is known through
calculated by using the McClellan—Parks—Rabiner (MPR) ahese algorithms that these filters satisfy the symmetry condi-
gorithm [24]. The power expansion coefficients, the obtaingtns of Madsen’s circuits [15], [16], only the half-band cir-
amplitude expansion coefficients, and the circuit parameters atét condition (21) has to be considered when designing IIR
summarized in Table Il. Fig. 7 shows the bar power transmttalf-band filters. It is easy to obtain amplitude expansion coeffi-
tance spectrum of the seventh-order Chebyshev half-band filbgents that satisfy the half-band circuit condition by optimizing
calculated based on the circuit parameters. The frequency pergedtain filter parameters. For instance, we calculated the am-
is taken as 100 GHz. The ripple deviation of the power transmjilitude expansion coefficients that satisfy the half-band circuit
tance at the passbands and the stopbarisdsx 10~3. condition by optimizing both the passband edge frequency and

Tk = Gr4+2N+1—k (46)
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TABLE Il
AMPLITUDE EXPANSION COEFFICIENTS ANDCIRCUIT PARAMETERS FORIIR ELLIPTIC HALF-BAND FILTER (M =1, N = 1)
bar cross denominator circuit
expansion expansion expansion parameters
k coefficients coefficients coefficients (x7)
P« A dy
0 0.08500 0.08500 1.0000 6, 0.25
1 -0.31631 0.31631 0.0 6, 0.25
2 0.55378 0.55378 0.80261 0, 0.2820
3 -0.55378 0.55378 0.0 0, 0.4456
4 0.31631 0.31631 0.10754 () 0.0
5 -0.08500 0.08500 0.0 (O 1.0
o 1.0

the ripple deviation of the power transmittance in our example 1 M=1
design of an elliptic filter described in Section IV-B. 8 o] N=1 Mo
From (15) and (16), the transfer functiofis(z) and Sz (z) §
corresponding to the upper and lower allpass circuits in Fig. 5 -g“'
can be obtained as € 041
_ = 0.2+
51(2) = (G(2) — H(z)z = LEZCEDE ) \ W
D(z) IR (éHe; A
P(2)+ Oz elative Frequency z
5a(2) = (60 + 1) = T I g

Fig. 8. Bar power transmittance spectrum of lIR elliptic half-band filfefr =
. 1,N =1).
wherey is taken as 05 (») andS» (=) have to be all-pass func- )

tions, that is,51(2)51-(2) = 1 andS2(2)S2-(2) = 1. These

are easily derived from the symmetry conditions of MadsenB Design Example of IIR Elliptic Half-Band Filter

circuits (22), (23) and the lossless condition (5). By substituting |n this section, we describe a fifth-order IR elliptic half-band
P(z),Q(z) andD(z) of (42)—(44) in the above equatiortt,(z) filter. Its amplitude expansion coefficients are real. The cor-

andS>(z) can be obtained as respondingM and N are 1 and 1, respectively. In this case,
MAN the circuit configurations o_f Fig. 4(a) anq (b) are.ir? agreement._
5 Z oy Here, the necessary amplitude expansion coefficients were di-
rectly calculated by using the Gray—Markel (GM) algorithm
S1(z) = k:J&JrN (49) [25] so that they may satisfy the half-band circuit condition
1+ Z dopz—2¥ G(z) = H(—z?. N o
= The expansion coefficients and circuit parameters are sum-
M+N marized in Table IIl. Fig. 8 shows the bar power transmittance
2 Z por 22k spectrum of the fifth-order elliptic half-band filter calculated
Sy(z) = — k=0 (50) _based on the obtained cirpuit parameters. The frequency per_iod
: M4N ) is taken as 10 GHz. The ripple deviation of the power transmit-
1+ Z dopz— 2k tance at the passbands and the stopbanti&isx 10—°.
k=1

It can be seen thaf; (z) and S2(z) are rational functions of V. CONCLUSION

z~2. The half-band circuit condition (21) is necessary for guar- This paper described two kinds of novek22 circuit config-
anteeing thatS; () and S»(z) are rational functions of~2. uration for finite-impulse response (FIR) half-band filters. They
In the above equations; (z) and Sz(z) have to be written as consist of ¥V — 1 MZI's with a path length difference AL

(17) and (18). This is guaranteed by the symmetry conditioaad one MZI with a path length difference &f.. One con-

of Madsen’s circuits (22), (23), because the symmetry condiguration has the MZI with a path length differenceAf. on
tions guarantee that the circuit configuration shown in Fig. the output-port side, while the other has it on the input-port
is a Madsen’s circuit. These facts mean that both the half-baside. The two circuit configurations can be transformed into
circuit condition (21) and the symmetry conditions (22), (23ach other with a symmetric transformation which reverses their
are necessary for realizing IIR half-band filters with the circuihput and output ports, and their power transmittance charac-
configurations shown in Fig. 4(a) and (b). It is easy to calculateristics are identical. The FIR circuit configurations with

the circuit parameters included in allpass functiéh$z) and MZI's can realize(2N — 1)th-order FIR half-band filter char-
S2(z) by analyzing the poles of; (z) andS»(z). acteristics. Therefore, they need only about half the elements of
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conventional FIR lattice-form filters. We confirmed that our cir- [12]
cuit configurations provide the required power half-band prop-
erty. The condition necessary for realizing FIR half-band fiItersm]
with our circuit configurations was obtained@sz) = H(—=z),
whereG(z) and H(z) are bar and cross transfer functions, re-[14]
spectively. We derived an algorithm for determining the circuit
parameters for our circuit configurations. We showed that we15]
can always realize desired FIR half-band filters with our cir-
cuit configurations whether the filters are symmetric or not. We g
demonstrated a maximally flat half-band filters and a Cheby-
shev half-band filter as design examples of FIR half-band filters.
We also discussed:2 2 circuit configurations for infinite-im- ;7
pulse response (lIR) half-band filters. We obtained the circuit
configurations by extending the conventional IIR half-band cir-[18]
cuit configuration used in millimeter-wave devices to realize ar-
bitrary-order half-band filter characteristics. They consist of ong19]
MZI with a path length difference oA L and two allpass cir-
cuits with a path length A L formed on each arm of the MZI.
When the two all-pass circuits are composedbfings andV
rings, respectively2A/ + 2N + 1)th-order lIR half-band filter
characteristics can be realized. We confirmed that these IIR ci521]
cuit configurations have the required power half-band property.
We showed that the half-band circuit conditi6itz) = H(—=z)
and the symmetry conditions of Madsen’s circuits are necessa;
for realizing IIR half-band filters with the 1IR half-band circuit
configurations. We demonstrated an elliptic half-band filter as 6[123]
design example of IIR half-band filters.
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