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Abstract—A systematic synthesis and design procedure for second-order) networks cascaded with circulators or 3-dB
coupled-resonators cavity group-delay equalizers is presented. hybrids. Graphical methods have been used to determine
The procedure consists of solving the approximation problem he gyjitable locations of zeros of an equalizer followed by

by optimization and performing cascade synthesis. The error _. \ . .
function for the optimization is computed from the given filter's Richards’ synthesis procedure to complete the design [3], [6].

group delay and the zeros and poles of the input impedance of the This approach works well when the amount of equalization
equalizer. Convergence of the optimization is fast and insensitive required is small. When a larger amount of equalization is
to the initial guess even when the number of resonators is large. needed, several C- or D-section equalizers may be required in
Two examples, together with experimental results, are presented; -4qcade, which makes the design of such equalizers difficult.
comparisons between the externally equalized and self-equalized A design method for equalizers with multiple coupled cavities
filters are made. The effect of the isolation of the cascading devices ) 9 . a g P .p oo
(circulator or 3-dB hybrid) on the ripple of the final group-delay ~ Was first presented in 1982 [7]. Direct network optimization has
response is also extensively investigated. The good agreemenbeen used in [7], where the coupling matrix elements are the op-
between the theoretical simulation and the experimental results timization variables and the difference between the group-delay
demonstrates the powerful nature and effectiveness of the pro- response of the equalizer and frequency specification mask is

posed design procedure. the basis for the objective error function. Optimization routines

Index Terms—Delay equalizer, optimization, resonators. or available commercial software packages may be used to solve
for all the optimization variables by minimizing the objective
I. INTRODUCTION error function over the frequency band of interest. The design

method proposed in [7] showed the two major advantages over
M ICROWAVE bandpass networks, together with equatne conventional approach, i.e., a single equalizer with multiple
ization circuitry, are essential components in modefsyjes is able to perform a larger degree of equalization that pro-
communication systems such as satellite communication Sygies a considerable hardware weight reduction over the con-
tems. The concept of external group-delay equalization has b&@Rtional approach of using several cascaded C- or D-sections
applied extensively [1]-{4] and comparisons are made on thaq equalizer parameters are directly generated through the op-
overall responses with the self-equalized filters. In general, seffnization process, which eliminates the synthesis step, making
equalized linear phase filters are smaller structures, requirepg design procedure easy and straightforward.
cascading devices (circulator or 3-dB hybrids), but are relatively However, the approach proposed in [7] is usually inefficient
complex and difficult to design and tune. Also, the maximugng often results in nonoptimum (local minimum) solutions.
number of equalization poles is often limited by the filter struqvioreover, the convergence of numerically minimizing the ob-
tures (for example, an eight-pole quasi-elliptic function filtefoctive error function will depend strongly on the initial guess of
with two transmission zeros can only afford one equalizatiqe equalizer parameters (coupling matrix elements), especially
pole). On the other hand, externally equalized structures gjgen the number of cavities is large. In this paper, a systematic
nearly independent of the associated filter, which simplifies ﬂi‘.)%sign procedure is presented. This new and powerful design
design and tuning process and demonstrates much more flgxscedure basically consists of two separate steps, i.e., solving
ibility. Neverthele;s, the self-equalized structures show.bet.g% approximation problem through numerical optimization and
performance consistency over temperature variation, which iggying the synthesis problem. The objective error function used
key advantage over the externally equalized one for satellite g solving the approximation problem is based on evaluating
plications. the group-delay response using the zeros and poles of the input
Conventional realizations of group-delay equalizers fgmpedance function of the structure. Convergence of the opti-
externally equalized structures are mostly limited to all-pagsization of the proposed design method is fast and nearly in-
C-sections (all-pass first-order) and all-pass D-section (all-pagspendent of the initial guess of zeros and poles locations even
when the number of the cavities is large. Once the locations of
. . zeros and poles are determined, a synthesis procedure is then
Manuscript received August 8, 2001.
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Fig. 1. Schematic drawings of: (a) circulator-coupled and (b) 3-dB hybrid branch coupler coupled filter—equalizer network.
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Fig. 2. Equivalent-circuit representation of arcavity narrow-band equalizer.

addressed in Section Ill. Two numerical examples with expeimpedance of the first resonator. The input reflection coefficient
mental results of an eight-pole elliptic function filter equalizedf the equalizer can be readily expressed as
by a three-pole equalizer are included in Section IV. Compar-

isons between a 12-pole self-equalized filter and an eight-pole pin(w) = Zi(i)(w) - R _ Ipin(w)lem(“) 2)
externally equalized (by a three-pole equalizer) one are made Zi(i)(w) +R

and summarized. The effect of the isolation of the cascading 7 P2

devices (circulator or 3-dB hybrid) on the ripple of the final P(w) =—2tan~* {L(w)} (3)
group-delay response is also investigated. Good agreement ob- wwo1 ROy (w?)

served between the theoretical simulation and the experimentathe group delay of the equalizer, by definition, is the negative

results shows the powerful nature and effectiveness of the pgerivative of ¢(w) with respect tau. Noting the fact that the

posed design method. input impedance (1) is purely reactive for lossless networks, the
group delay of the equalizer can then be easily derived as [11]

Il. APPROXIMATION PROBLEM L [ <£{ B Q_ﬁ) B 1}
ol W
) . . ) o dp(w) Zo1 P
Consider a circulator coupled filter—equalizer network, age(w) = — = 3 (4)
e ! : dw P wwor I 1
shown in Fig. 1(a), or hybrid coupled network, as shown in Q_ + ~ -
1 ol 1

Fig. 1(b). Since the total group delay of the network is the
sum of the group delay of the filter and the reflection delay &fhereP] and@’, denote the first derivatives @%, andQ; with
the equalizer, ideally, the delay characteristics of the equaliz@gpect tav, respectively. When the network shown in Fig. 2
should be the inverse of the filter's to compensate for the stegmear the optimum approximation to the requireméht.?)
change at the edges of the band. The delay of the equaligagi, (w?) can be expressed as [8], [10]
is the delay characteristic of the reflection coefficient of a .
short-circuited coupled-resonators filter [8]-[10]. 2\ 2 2

Fig. 2 shows the equivalent lumped-circuit representation for A (w ) N H (w B w“) (5a)
a short-circuited coupled-resonators narrow-band equalizer. Al-

though this equivalent circuit is accurate only over a narrow 2 s 2 2

bandwidth £20%), it is usually sufficient in most applications Q1 (w ) = H (w B ww’)' (50)
where a large amount of equalization is only required over a =t

narrow bandwidth. The input impedance of the equalizer can beln the above expressions,; (i =1, 2, ..., n)andw,; (j =
obtained as [11] 1,2, ..., n—1)are zeros of’; and@,, corresponding to the

zeros and poles of the input impedance function, respectively.
The approximation problem can be stated as follows. Given a
certain requirement on the group delay (frequency specification
mask) to be met by the proposed network, determine the loca-
tions of the zeros and poles of the input impedance function of
P (w?) and@, (w?) are monic polynomials of orderand(n —  the equalizer that realize the desired group-delay characteristic.
1), respectivelyw,; = 1/4/L1C} is the resonant frequency of The approximation problem is solved numerically through op-
the first resonator, and,; = +/L1/C; is the characteristic timization. The optimization procedure starts by an initial guess

Zoi Pi(wQ)

o
i = Qi(w?)’

t=1,...,n. 1)
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for the locations of zeros and poles. A simple initial guess will ) ni @)/ 2\ i ) e

be taking the initial placement of the zeros and poles to be alter- Qi(w?) = Z dy” (W)t = (w ~ Ypq ) ’

nating and equally distributed over the desired bandwidth. The = =1

objective error function is defined as 1i=1,2 ... n 9)
Errf(%) Since the circuit model of Fig. 2 is an accurate representation

_ ‘ ‘ o 2 over a narrow bandwidth, as discussed previously, the coupling
= Z I7r(wi) + 7(wi) = Timin — Tnask(wi)] coefficients between two adjacent resonakgrs, ; can be mod-
! eled as frequency-independent reactance and can be defined as

T = (wzlv Wz2; - vy Wan, Wpl, Wp2, - ., Wp n—1, R/Zol)

M?.
. 2 2, t4+1 P
i € {7r(w;) + TE(wi) = Tmin— Tmask(wi) > 0} (6) ki i1 = ZoiZoiit! 1=1,2,...,n—1 (10)

with 77 andrg being the group delay of the filter and equalizerThe coupling bandwidthn; ;.: is then defined as
Tmin 1S the minimum of the total group delay (constant), and

Thask is the required frequency specification mask for group B Mziﬂ i1 92 1
delay. In the above expression; andr.,;, are evaluated from "%, i+1 = “Woi%oit1 ZoiZoirr t=bha e n =
the current placement of the zeros and poles. A standard con- (11)

strained gradient search algorithm is used to minimize the ob-

jective error function since the locations of the zeros and polesanid is the coupling coefficient in frequency unit. The following

the reactance function are known to be interlaced in the vicinitgcursive relations can be derived from basic circuit theory:

of the passband of the filter network, i.e,; < wp1 < w.2 <

Wp2 AORRR <wz,n—l <wp,n—l <wz,n- -Pi-l-l(WQ)IQi(wQ)? L:]-? 27 ...,7’L—1 (12)
Convergence of the minimization is fast due to the con-

strained r?ature among the optimization variables (the zergg:iHWQQ”l(wQ) = (@” = W) P (w°) = Fi(w?),

and poles of the input impedance of the equalizer). On the i=1,2,...,n-1 (13)
contrary, however, the difficulty of the proposed approach n—itl .o
) . ’ Lt (#) ‘
in [7] (where the coupling matrix elements are primarily the 1:[1 Wt RO,
optimization variables) mainly comes form the lack of anywéi = :L‘_Z— =—%, 1=1,2,...,n (14)
known relationship among them, especially when the number II wfjf dy
of cavities is large. In most cases, the required frequency q=1
specification mask for group deld{ a5k ) Will be symmetric n—it+l o on-l
with respect to center frequency. In such cases, the speed of m? g = Z wgt) — ngl)z — Wl
convergence can be dramatically improved since only half the =1 a=1
number of optimization variables is necessary for optimization. @) @
= d v . — C v . —_ w24
n—i—1 n—i 077
ll. SYNTHESIS PRODEDURE i=12...,n—-L (15)

After solving the approximation problem, the exact locations Equations (14) and (15) give explicit relations between the
of the zeros and poles that realize the required group-delay chajualizer parameters and the locations of zeros and poles. In
acteristic of the network are known. To Complete the deSignmst cases, the equa"zer parameters can be eﬁective|y Synthe-
synthesis procedure is adopted to extract the equalizer paragjged from known locations of the zeros and poles using the
ters from the knowledge of the locations of zeros and poles @cursive relations given in (12)—(15). However, in some cases

the network. when the bandwidth of the equalizer is small or the number of
Using the same notations as defined in Fig. 2, the inptHe cavities is large, the numerical accuracy may become quite
impedance at loop can be obtained as anissue. The cancellation of the coefficients of the highest order
terms in (13) is not guaranteed in the above cases. To further
A (W) = j Zoi Pi(w?) i=1.9 improve the numerical accuracy, the following transformation
. =7 s t=1,4,...,1 (7 . P
m Wwe; Qi(w?) of variable is introduced:
wherew,; = 1/+/L;C; is the resonant frequency of resonator A= <i _ &) . fo (16)
i and Z,; = +/L;/C; is the characteristic impedance of the fo [/ BW

ith resonator. The monic polynomial3(w?) and Q;(w?) are

expressed as [10] where f, andBW are the center frequency and bandwidth of

the equalizer, respectively.
The input impedance at loapof the circuit can then be de-

n—i+1 n—i+1 . . .
Pi(w?) = Z (W)t = H W — WY, rived in the transformed domain as
= - ( ) 290 = jz,; B 17
. i =j oty 7yy0 I‘:1727"'7
i=1,2...,n (8) w (V)= Qi(N) L ro 0D
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with the monic polynomialg’; (1) and@;(\) expressed as 0 800
) -0.1 700
n—i+1 ) n—i -
P =Y 0= ] (A-29), go2f 500 g
~ =3
t=0 t=1 18 @ 03 | { 500 £
=1.2 (]
t ) Ay , T ( ) _=| 04 | 400 E
n—t n—i ] 0
£ -05 4 300 <
Qi =Y dP =TT (A -22). 5 3
; ! q_Hl e 2 -06 200&
t1=1,2,...,n. (29) 07 } ——Insertion Loss|| 100
—— Group Delay
Finally, the following recursive relations can be obtained: 08 0
1.9904 1.9952 2.0000 2.0048 2.0096
Pi1(N) =Q:(N), i=1,2,...,n—1 (20) Frequency (GHz)
i i (@
A+cD, —a, )B A) = Pi(A
(A ei = a2 ) Pa () = POV 000 050
:kiQ,i—I—lQi-I-l()‘)? L:]-v 27 "'771_1 (21)
‘ ‘ -0.50 | 900
gD ) | e
2 n—1t n—i—1 . -
Woi = Wo l-——F ’ IL:]-v 2,...,71 ~ -1.00 8
2 3 850 5
(22) = -1.50 &
; ; ; ; ; S 800 <
ki1 = (CELZZ - dgi)fifl) dgi)fzel + dgl/)fi72 - cg{zz‘flv § -2.00 E}
i=1,2 ...,n—1. 23 £ 750
‘ " ( ) -2.50 —=— Insertion Loss
Note thatd"") = 0 in both (22) and (23). 3.00 ‘ (= GrowDely 1 o
1.9904 1.9952 2.0000 2.0048 2.0096
IV. DESIGN EXAMPLES Frequency (GHz)
A computer program has been developed to solve the approxi- (b)

mation prOb_Iem through (_)ptlmlzatlon a”‘?' perform the Synthe% . 3. (a) Typical in-band responses (insertion loss and group delay) of the
of the equalizer as described. Many design examples have beg&pole elliptic function filter used in Design A. (b) Simulated final response of
run to verify and test the program. Convergence of the optimizhe in-band insertion loss and group delay of the filter and equalizer cascaded
. . . : : rough an ideal circulator. The specified group-delay variation is 65 ns over
tlon is fast and, in all cases, tested is nearly mdependgnt of 2% of filter's bandwidth. In both (a) and (b), the unloadgds set to be
initial placement of the zeros and poles. In contrast, direct n@t-000 (superconductor).

work optimization using an error function based on the differ-

ence between the mask and response was slow, often did not TABLE |

converge to any acceptable solution, and in all cases, required DETAIL PARAMETERS FOR THEEQUALIZER IN DESIGN A

an initial guess as to whose response was close to the desired

f ; ; Locations of Zeros and Poles . .
one in order to converge, especially when the number of cavi g% Solving the Approximation Synthesized Equalizer Parameters
ties was large. Problem

As an application, two equalizers are designed according tr jyr_o;ggz) ﬁ,{;;;llllz) ;"" lized C rl'zzrszg"“‘"’)

the method described in the previous sections. In the first de —790 19032 M',"_; 0.8827
sign (Design A), the filter to be equalized is a 16-pole elliptic __1.9941 1.9950 Ms 0.5734

A : ; 1.9958 1.9967 M, 0.5218
fL!nCtIOﬂ filter with a banQW|d'th of 20 MHz gentered at2 GHz. — 5575 19983 Moo 0.4685
Fig. 3(a) shows the typical in-band insertion loss and group- 19992 2.0000 Mse 0.4447
delay response of the filter. The required group-delay variatior 20008 2.0017 Mo, 0.4242

T % of filter’ band. Ap—22025 2.0033 M s 0.3796

after gquah;atmn is 65 ns over 96.2% of fi er's passband. An—3 0041 5.0051 Mo 0.3492
equalizer with 12 poles is designed to equalize the filter. The__2.0059 2.0068 Moo 0.3194

: ; C e 2.0078 2.0089 M 011 0.2602
locations of the zeros and poles after solving the approximatiol—5 o7 Mois 0.1829

problem together with the synthesized equalizer parameters are
listed in Table I. Since we have many poles= 12) over a very
narrow bandwidth (1.04%) in this case, working in the transhe ranges defined in Table Il by an equalizer with three poles.
formed domain X domain) is necessary to achieve the requirethe filter has a bandwidth of 40 MHz and center frequency of
accuracy. Fig. 3(b) shows the simulated final response (in-bathdsHz. The requirement for overall equalized group delay is
insertion loss and group delay) of both the filter and equalizgiven through a frequency specification mask shown in Fig. 4.
cascaded through an ideal circulator. The same design method as in Design A is applied. In both de-
The second design (Design B) involves an eight-pole elliptggns (i.e., Designs A and B), the initial placement of the zeros
function filer to be equalized so that its group delay lies withiand poles is taken to be equally distributed in the vicinity of the
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TABLE 1l 60
GROUP-DELAY SPECIFICATION MASK FOR DESIGN B

——12p + 0 equalization pole

N
£ 50 —s— 12p + 1 equalization pole
Shift from Center Freq. (MHz) Group Delay (nsec) Q —e— 12p + 3 equalization pole

+4 0.8 3 40 —— 8p + 3p external equalizer
+8 1.8 g-
+12 4.5 2 30
16 9.0 2
+18 19.5 82

T

£

=

)

4

0
. 3.98 3.99 4 4.01 4.02
g Frequency (GHz)
>
2]
g (@)
a -1.00
]
6 -1.20 | —+—12p + 0 equalization pole
-1.40 | —e—12p + 1 equalization pole
: —e—12p + 3 equalization pole
: : @ -1.60 } ——8p + 3p external equalizer
20 : : @ -1.80
o
3.98 3.99 4 4.01 4.02 _=, 200
F
requency (GHz) '1% 220
Fig. 4. Group-delay responses after optimization for Design B. The four g 2.40
curves shown in the plot are, from the top to the bottom, the frequency=
specification mask, final group delay of the filter and equalizer cascaded by  -2.60
an ideal circulator, group delay of the equalizer itself, and group delay of the
. -2.80
filter only.
-3.00 -
TABLE Il 3.98 3.99 4 4.01 4.02
DETAIL PARAMETERS FOR THEEQUALIZER IN DESIGN B
Frequency (GHz)
Locations of Zeros and Poles . . b
After Solving the Approximation Synthesized Equalizer Parameters (b)
Problem Fig. 5. Comparisons of: (a) normalized group delay and (b) insertion loss of
Jrero (GHZ) Syote (GHZ) (Normalized Coupling Matrix) the self-equalized and externally equalized filters. All the curves are generated
3.98029 3.99180 Rin 1.3738 using the same equal-ripple bandwidth.
4.00024 4.00868 M, 0.8402
4.02028 M; 0.3911

have flatter in-band transmission response, which is also im-
bandwidth of the network. Only half the number of optimizaportant for many communication systems applications. The re-
tion variables is used to speed up the convergence of optimizg@ired bandwidth of equalization can only be achieved by an ex-
tion since the frequency specification masks for the group delegrnally equalized structure in this case, as is evidenced by the
are symmetric in both cases. Table Ill summarizes the detailedarged plot shown in Fig. 7. Increasing the number of poles
parameters of the equalizer for Design B and Fig. 4 shows tfog the self-equalized structure does not significantly improve
simulated results. the performance, but results in tremendous increase in the com-

For comparison, 12-pole self-equalized filters with differentlexity of design and tuning (point of diminishing return).
number of equalization poles are designed according to the paTo verify the accuracy of the design procedure, the equal-
rameters specified in Design B. The maximum number of equéter for Design B together with the eight-pole elliptic function
ization poles can be afforded by the structure is three sinfiker are built and tested. Both filter and equalizer are realized
two transmission zeros are necessary for the selectivity pas combline resonators. Fig. 8(a) shows the measured transmis-
pose. Fig. 5(a) and (b) shows the comparisons for the normalizedn and reflection responses, while Fig. 8(b) shows the mea-
group delay and in-band insertion loss. All the curves are genetred in-band responses (insertion loss and group delay) of the
ated using the same equal-ripple bandwidth (40 MHz). Fig. 6(#jer itself. A commercially available circulator with 28-dB iso-
and (b) shows the same comparisons with curves generatedlaiion (measured) is used as the cascading device to cascade the
cording to the same “transmission mask” as the eight-pole ditter and the equalizer. Fig. 9 shows the measured and simu-
ternally equalized one. In this case, the bandwidth of the 12-pdd¢ed group delay of the overall network including the eight-pole
self-equalized filters is larger (44 MHz) than the eight-pole exfiter, three-pole equalizer, and 28-dB isolation circulator. The
ternally equalized one (40 MHz). simulated response of using an ideal circulator with infinite iso-

In all the figures, the externally equalized structure clearlgtion as the cascading device is also included in the plot for
shows larger bandwidth of equalization with comparable insezemparison. It can be easily concluded from the figure that the
tion loss. Moreover, the externally equalized structure tendsismlation of the cascading device will have a pronounced effect
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@ 50 ——12p + 0 equalization pole
£ —=—12p + 1 equalization pole
el —e—12p + 3 equalization pole
g 40 H —— 8p + 3p external equalizer
a
=
e3¢t
o
3
N 20
©
E
o
2 10 ¢
0
3.98 3.99 4 4.01 4.02
Frequency (GHz)
(@)
0
05 ——12p + 0 equalization pole
’ —e—12p + 1 equalization pole
—— 12p + 3 equalization pole
-1 F — 8p + 3p external equalizer

Insertion Loss (dB)

-3 L
3.98 3.99 4 4.01 4.02

Frequency (GHz)
(b)

using the same transmission mask.

20 Y

16 = Group Delay Spec. Mask
—e—12p + 3 equalization poles

12 | ——8p + 3p external equalizer

Normalized Group Delay (ns)

8

4 L

0 L -
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Frequency (GHz)

Insertion Loss (dB)
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Fig. 8. Measured filter response of the eight-pole elliptic function filter in

Fig. 6. Comparisons of: (a) normalized group delay and (b) insertion loss8¢sign B realized in a combline structure. (a) Transmission and reflection.
the self-equalized and externally equalized filters. All the curves are generatByin-band insertion loss and group delay. The unloagext the filter is 3500.

Group Delay (ns)

150

140

130
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100

90

80

3.98

------ Simulated Response (with 28 dB isolation)
—e— Measured Response (with 28 dB isolation)
—— Simulated Response (with infinite isolation)

3.99 4 4.01 4.02
Frequency (GHz)

Fig. 7. Enlarged plot from Fig. 6(a) comparing the normalized group delay Eig- 9. Measured 'and simulated group-delay response of the circulator
the self-equalized and externally equalized filters. The self-equalized structGRYP!ed filter—equalizer network for Design B. The circulator used has a
misses the group-delay specification, while the externally equalized one hd@g@sured isolation of 28 dB. The simulated response of the same network using
larger margin at the band edge. Only the left-hand-side halfis plotted here sif@gdeal circulator (with infinite isolation) is also included for comparison.

the response is symmetric.

It is not feasible to take the finite isolation of the circulator
on the ripple of the final group-delay response. Good agreema@értb account in the optimization process. For the structure shown
between the simulated result and measurement is observedin Fig. 10(a), where a circulator with finite isolatiga, ¢ <« 1)



1966 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 50, NO. 8, AUGUST 2002

EQUALIZER

~N NN

(©

Fig. 10. (a) lllustration of the signal paths for circulator—equalizer network with finite isolation on the circulator. (b) Vector diagram taefweseh(a).
(c) Typical phase response as functions of frequency for a three-pole equalizer and the circulator.

20

is used to cascade the filter and the equalizer, the output at pc 30
2 can be represented as
by = V1 -2,/ yea, @ =V + Ve (24) 2 ® \
(-]
where¢, (w) is the phase response of the input reflection coef & 30
ficient of the equalizer anfl(w) is the phase response between's > \
the isolated and input ports of the circulator. 3
The phasor diagram representation for (24) is shown i \
Fig. 10(b). The overall phase resporse(w) between ports \
2 and 1 will be added to the filter’s phase response. Since tr 10 N~
change rates of.(w) andf(w) with respect to frequency are
quite different (usuallyp.(w) varies faster thafi(w), as shown 0
in Fig. 10(c) for the case of a three-pole equalizer), synchro 10 20 30 40 50
nization of the two phases at port 2 is impossible. Namely, it i Isolation (dB)
not possible for the same equalizer to “frequency-selectively”
produce different component that cancels out the effect intneg. 11. Upper bound of the ripple of the group delay of the
duced by To further investigate the effect of the finitegfey et e0tater nebiork erus e solton of fhe creultr T groe
isolation, (24) can be rewritten as [refer to Fig. 10(a)]
b2 _ V1—e2 %) L geif(@) = |G, (w)|ei® ), Noting thatfi(w) is a slow varying function of and g (w) =
a1 (25) —d¢.(w)/dw (the group delay of the equalizer), (26) can then
BF expressed as

521 (UJ) =

The group delay of the corresponding network (the circulat
and the equalizer), by definition, is
1+ k-cos [pe(w) — 6(w)]

= . (27
(w) = _dﬁg(w) T(w) = (W) 142 k- cos [po(w) — 6(w)] + k2 (27)
W
-1 d[ln 521( )] .. .
=Ty The extremes (minimum or maximum) of the above expres-
sion will occur whenp.(w) = 6(w) &, 27, 37, ... and the
_ _df(w)  14cosga(w) -k dpa(w) values of the extremes can be derived as
 dw 142 -k-cospo(w) +k2  dw
2 1
with ( 6) Tmax(w) :TE(W) m
€ 1
k= ——— and¢,(w) = |¢(w) — O(w)]. . = .
T Ad0(w) = [$(w) ~ B(w)] Tminw) = T6() T (28)
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155 of the cascading device on the ripple of the final group-delay
- -+ --Measured i 145 response has been investigated. It is not feasible to compensate
——— Simulated 135 the effect of finite isolation of the cascading device (circulator
) A or 3-dB hybrid) using the coupled-resonators structure. The
@ 125 5  effectiveness and powerful nature of the method have been
S 115 8 roven e good agreement between the simulation an
3 3 by the good t between th lat d
- e measurement results.
B 105 3
2 )
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