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FOREWORD

This technical report describes the rescarch performed at the University of Leeds,
Leeds, England by J. O, Scanlan and J. D. Rhodes under contract AF61{052)-9235,
project 4506, The work was made possible by the cooperative efforts of the University
of Leeds, the European office of the Aty Force Office of Aero Space Research and the
Rome Air Development Center. The Air Force Office of Acro Space Research Monllor
was L/C Donald €. Kipfor and the project engincer was Haywood E. Webb, Rome Alr
Development Center, EMIA, Criffiss Air Force Base, N.Y. 1.3440.

This {5 one of a series of two reports treating the synthesis of microwave wide
band networks from a transfer point of view. It is agsumed that what one deaires to
achicve 17 a transfer characteristic T(W) = A(W) Exp [ic(W)] . One approach in the real~
ization is 1o synthesize by cascading an airpass network with a constant delay nctwork.
The first case is treated here, and the second case is treated in RADC TR-67~3R4 -
"Microwave Networks with Constanl Delay", by J. O, Scanlan and J. D, Rhodes. Since
the work is closely rclated to other RADC sponsored research, the reader may also be
interested in RADC TDR-63-369, '""Network 8y “hesis with Multiwire Lines", by

A. Matsumoto and RADC TDR-64-505, "Network Synthesis with Transmission Line
Elements', by H. J. Carlin.

This technical report has been reviewed by the Foreign Disclosure Policy Office

(EMLI) and the Office of Information (EMLS; and !s releasable to the Clearinghouse for
Federal Scientific and Technical Irformation.

This technical report has been reviewed and is approved.
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ABSTRACT

In this paper it is shown that any arbitrary delay characteristic of a commensurate
mictowave network which supports a T, E. M, mode of propagation, may be reuslised
by means of a transformerlesa, coupled-line network within an arbitrary additve
constant. The realisation procedure presenied is based upon the synthesis of micro-
wave C-type and D-type all-pass sections, Synthesis proccdures are algo developed
for the direct realisation of a complete all-pass network which include interdigitial
line structures,

The application of microwave all-pass networks to the pliasc correction of con-
ventional micrewave [ilicre and to the eonatruction of delay networks with linear

delay characteristics is also presented,
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INTRODUCTION

In the design of mjerowsave filters and malching networks, spectfications frequently
demand constraints upon both the amplitude and phage responses over the operating
basd, It has boun shown, by using s geners) cascade synthesis procedure for dis-
tributed networksl, that any amplitude characteristic may be approsimated by o het-
work whose delay is conslant ot abd frequencies?,  The purpose of this paper is to
demonstrate how an arbltrary frequency/group deluy characteristic may be realised

by means of a transformerless, coupled-Une notwork supporting o T, £, M. mode of
propuzation which exhibits zero insertion loss at all frequencies,

Such a network s
termed o microwave allpass notwork,

The combination of the constant delay network
and the microwave all-pass network obviously enables arbitrary pl se and amplitude
speeifications to be met simulianeously,

Initfally, it is shown that a commensurate microwave all-pass network may be
reprosented as a cascade of microwave all-pass C-type and D-type sectlons within an
arbitrary nunmber of unit clementsd, This enables complete delay characteristics to
be gpproximated by the addition of the delay characteristics of single C-type and D-type
all=-puss sections; a detailed discussion of this procedure is presented in the text,
Furthermore, since any delay characte stic may be realised by a caseade of C-type
and D-1ype all-pass sections, by proving that any all-pass C-type or D-type section
may be realised direetly, or in cascade with a unit clument by means of a transformer-

less, coupled-line notwork, the realisation of any arbitrary delay characteristic is
ensured within an additive constant,

Yor physical convenionce, occasfonally it is desirable to be able to realise micro-
wave all-pass networks directly without reducing them to the cascade of C-type and
D-type all-pass gections, Two realisations in this form are prescated. The first
realisation is in the form of a cascade of two~-wire coupled lines, a problem originally
considered by Steenaartd and a simple synthesis procedure s formulated. This par-
ticular class of network 1s useful when {t {8 required to realise a delay characteristic
whare the difference between maximum and minimum delays in relatively small, other-
wige unrcalisable element values may result. The second realisation which is present-
cd enables 'resonant' type of delay charucteristics to be realised in a simple manner.
This class of networks takes the form of an interdigital line structure where the lines
are terminated in opan or short circuited stubs, the input and output ports being at
either end of one of the linus. A general synthesis procedury is developed based upon
the even-mode fmpedance of the network thus reducing the synthesis problem to the
realisation of a single reactance function {n a particular form,

Finally, attention is given to the application of microwave all-puss networks to the
phase correction of conventional microwave filters and the construction of delay net-
works with lincar delay characteristics, A numerical example is presented where a
C-type and a D-type all-pass section are used to correct the phase response of a five
element stepped impedance transformecd, a realigation in the forn: of a cascade of




three, two-wire, coupled lines being presented. Limitations on this form of
realisation are demonstrated by considering the phase correction of the complementary
five element low-pass prototype filter®, In this case, a realisation in the form of a
cascade of two-wire lnes is not possible due to resulting negative coupling admittances
and a general form of realisation as a physical cascade of a C-type and a D-iype all-
pass section must be sought,

A first order approximation Is given for the deeign of a delay network with a linear
dolay characteristic over a narrow band of frequencies where the change in delay over
the band is relatively large. This network may normally be realised in the form of
the interdigital line network with open and short circuited terminating stubs.




N - ME—————

e

~maey

_ - e et

IL. DELAY CHARACTERISTICS OF MICROWAVE ALL- PASS NETWORKS

Consider the scattering matrix of 2 two-port, passive, lossless, reciprocal netwerk
defined as:-

511 812
5] = [ )
Si2 Spg

vhore, from the unitary condition, at real fiequencies

(51 81=(1]

L N S o

2)
[S] being the adjoint matrix of [S].
The network is defined as arn all-pass netwark if,
811=832=0 @)
which, from equation (2), results in
[812] =1 )

evaluated at real frequencies,

1f the network is a commensurate microwave network then, conventionally S;, may
be expressed as a rational ..'~ction in t = tanh p (p normalised), within multipliers

(1 - t2)1/2 and is analytic i o domain Re t> 0l. Thus, from equation {4) for a com-
mensurate microwave all-pas: network S;s may be written as

n

. (l-t) 2(H(-t)) i
12 0= 15 H(t) ©)

where H(t) may be identified as a strict Hurwitz polynomial in t, and n is the eff:ctive
number of unit elements in the network,

From equation (5), at real frequency, the phase angle ¢12 of 81, (t) i8 given by

{6)

by = s+ 2 tanel [ BB HEY
. i
JTHE® + HED)




with
p=jwandt=jtanw

The normalised group delay Tg of the network is then given by

_ 452
g dw

2 [H’Uhnw) H (-} tanw)]
=n+ (l+tan“w)

H (j tan w) * H{-} tan w)

where prime denotes differentation with respect to t, or, within an arbitrary additive
constant,

H’ (t) H' (-t) ]

- (-2
Tgt = (1 ”[ HEH © HEY

(7)

where t is expressed as t = tanh p, and H ! (-t) indicates the differentiation of H(t) with
respect to t and then the replacement of t by -t.

Since H(t) is a strict Hurwitz polynomial, then,

i=k i=m 2
Hty= 7 (t+x) ™  (2+20,+ [t ]%) (8)
j=1 i=1
where
Ay 7} >0
h=o, e

k is the number of real zeros,
and m is the number of pairs of complex zeros,

From equation (7) Tg(t) may now be expanded in p.rtial fraction form to vield,
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Tg() = (1-%)

At

+ 7%
tL+t‘.

+ ------1 +
t -t

1
t -

v

t

)

8

which is evideatly the delay of a cascade of k C-type and m D=type mierowave all-pass
gsections, Hence, the gverall frequency/group delay characteristics of this clags of
networks may be determined by addition of the delays of single C-type and D type all-
pass sections,

For the all-pass C-type section,

g~ t
812 {t) = (10)
o, 4t
where g o 18 the real axis transmission zero of the section,
From equation (8), the group delay at real frequencies is,
2
Oo
Tg = - 5 {11)
sinfw) (1 - 0%) +0q
At
0, T 2
w =Y, £ = 0o
and at (12)

”
w-'—'2'1 Tg"zao

Thus, the delay either increases or decreases with increasing frequency (up to a quarter
wavelength frequency) depending upor vhetherg, > 1 org, < 1 respectively. A set of
curves showing the delay charactericucs as a function of sin ) is shown ir Fig. 1.

The curves are only shown for tt case 9, <1 since, from cquation (11), ifol '—*61- , then,
(4]
209

T = (t3)
# (cos® w) (1 - 0p2) + 002
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Figure 1, Delay Characteristics of the Microwave C-Type Scction
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which is of the same form as equation (11) with sin o replaced by cos w. Thus, to
determine the delay corresponding to the casegy > 1, it is only necessary to use the

curve corresponding to o, =;1- and to considor the horizontal axis to represent cos w.
1

In the case of the microwave sll~pass D-type soection with a transmission zero at
to = 0 *+ g, from equation (8),

40, [Q1- Ilolz sind @+ ]:012 )
T, =

sind(1+2 Itorz + hoj“ -4%% - 2 8102 o (|t 12 + Jtold-20,2) + [gol“ (14)
The d. ¢, delay is doo, |tol2 while the delay at a quarter wave length frequency is
40o. The latter is the greater if |to]> 1 while if |t } < 1 the d.c. delay is the larger,

In crder to determine the conditions for the existence of a peak in the delay curve,
equation (14) is differentiated and equated to zero to give

ltol [t,)(tol® - 1)
fws—————y 2 s 2 2 )2
1430t -4y~ | 4 (lt‘,l2 (Itol” + 48]t ]% ~40,°) (4o %+ 3lto] +|t°|4>
(15)

and a peak delay exists ouly if a positive solution to equation (15) 18 possible, This
can oocur if

4
, el +ail?
Ity s 1 05° = Be—
or (126)
1+ 3]t %
1430
2
It! 210" s i

Otherwise a rising or falling characterigtic similar to that of the C-type section
results.

A set of delay curves for the microwave D-type section is shown in Fig. 2.

Curves are only drawn for ]tol < 1 gince if the delay corresponding to a singularity
oy + j wy where |t; | >1 s required then,
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Figure 2a. Delay Characteristics of the Microwave D-Type Section

so, La- 1|2 sin? w + 14|27

8 sm4w(1+z]t1[2+it1]4-4012)-2sm2w(|t1|2+ |11|4-2a12)+ ]t1|4
s0y [1-cos? it~ |t |92
) cosdwirez [ty 2+ |4, -401%) -2 cos? w {1+ |4y]? 2012 + 1 an
and if
1
Oo*jw0301+jwl
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Figure 2b. Delay Characteristics of the Microwave D~ Type Section
so that
1
[ty ] =
Itol
4q,0(1 ~ ]tolz) cos? g + ]t°]2]
T = (18)

cos? w(i+2 [tolz + lt,l,l4 -4002)-2 cosw( |t, ]2 + ltol4 -2002) + ltol‘l

which 18 in exactly the same form as equation (14) with sin w replaced by cos w .
Thus, in order to find the delay appropriate to & case where [t; | > 1 it is only

1 o
necessary to use the curves in Fig. 2 for |t,| =Wando° .-m.-Tif'.?.
1
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Il QOUPLED-)INE REALISATIONS O' THE MICROWAVE C-TYPE AND D-TYPE
ALl~PASS SECTIONS

C-Type Section

A C-tyire section may be reslised rectly by the symmetrical two-wire line
notwork’ shoan in Fig. 3. This particular realisstion is the first ordered case of a

gencral synthosis proccduch which is described in gection 3 and therefore here it is
sufficiont to say that

ZoeT0y Lgg=s — 19
o

where Z,, ard Z  are the even aud odd mode impedances of the symmetrical two-
wire line,

For positive coupling between the lines,

ol
Zoe - ZOD

and thus the realisability condition is

0o > 1 (20)

In order to realise a C~type section wheregg < 1, it is necessary to consider a
realisation of the section in cascade with a unit elementl,

°—_..____.

Figure 3. A Symmetrical "wo-Wire, Coupled-Line Network
Realising the Microwave C-Type Section

15
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C-Type Section and Unit Element

Numeroys methods exist for the realisation of a C-type section in cascade with a
unit eiement? but most suffer from the realisability conditiong, = 1. Here, only one
realisation is presented which may realise any C-type all-pass section in cascade with
& unit element of unity characteristic impedance.

The transfer matrix of the overall section is,

; 0o+ 2o+ 1) tlog @+0) + 2]
: _
i
: /i 2 2 (1)
i 1 tz(qo t) t[OQ (2+00)‘.'t2] U°2+t2(2004 1)
% which yields the impedance matrix
’ 0>+ 12 (2gp + 1) V112 (o2 - t2)
1
2 (22)
t [0 (2+0g) +t° ] /l_tz (002 _ t2) 002 + 2 @a,+ 1)
A unit element of characteristic impedance
aO
° @40y
with an impedance matrix,
1 1-t2
Z, (23)
t 1 i-é 1
is extracted in series from the all-pass section to leave a network defined by the
impedance matrix,
1 +o,) - v 1-t2
2(1+og)t °
@+ay) (0, (2+0y) +t2) (24)
o) (05 o JiE (1 +0g)

16
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The corresponding transfer matrix is:-

phiom.

-
l+g, 2(1+g )t
-1 e e —
y—— 2 +gg
y1-1% 24
@+tog) g, 240,
t+ l+g o
2(1+g,) t (26)
L .
and remains to be realised by a transformerless coupled-line network.
In order to achieve this, consider the transfer matrix of a symmetrical two-
wire line defined as:-
~ o ™ Ty M
vy ! 0 £1,t Eqat vi!
Vo 1 0 1 §12t €11t Vzg
i (26)
L 1=t N3y ¢ Mgt 1 0 Ilj
1 - t t 0 1
=y gt 11 Ik
where the directions of the voltages and currents are shown in Fig. 4,
T M2
(n]= (27)
Mz "1
is the characteristic admitttance matrix of the two-wire line and,
(n1legl =11] (28)

17
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If the terminal conditions V= V,{ = 0 are imposed on this network then, the
transfer matrix of the remaining two-port i8:-

N1 t
-1 M2 n12
1-¢ 1 @9}
ﬂlz ts __1..}_..
§12¢ n12
Comparing this matrix with the matrix (25) results in,
@+a,)
n =
11 9
(30)
2+ay)
12
2(1+g,)
or
21+gy)
Ze =81t ——
o 0, & +00)
(31)
2(1 +0,)
Zoo=£y) -1~ — 5
@2 +oy)

which is realisable with positive values of admittance for all values of ¢ o

b¢ I
Vi } TR v
+ | 12 + 73

v I2 122 v
O——>—— NI R — —— )
2+ 2 24 rh

L
Figure 4, A General, Symmetrical, Two-Wire Coupled Line
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‘The final network is illustrated in Fig. 5. Thus it has been shown that all micro-
wave C-type sections is cascade with a unit element of unity characteristic impedance
may always be realised by a transformerless coupled-line network,

re g LSRR e s i Wi

D-Tvpe Section

B LAt St oaate

The D-type all-pass section may be realised by means of a cascade of two, symmet-
rical, two-wire lines ags shown in Fig, 6. Again, since & general synthesis proceduro
for a realisation in this form is presented in the following section, only the pertinent
clement vatues il be given hero.

I Zoe1s 201 8nd Zge2, Zgo2 are the even and odd mode impedances of the first
and second two-wire lines then,

2
1+t
zoel ico 32)
2
2002 © ltoI oel
and
Zoelzool = zoezzoozz =1 (@3)
Realisability requires that
@) Z z1
oel
or
1-2 + |t 12 20
L4 £ 0
which is always true, and,
)]
oe2 z1
or ‘
2 2
It | ':1 + |tg ] zzao (34)

which is the realisability condition.

19
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Figure 6, A Cascade of Two, Two-Wire Lines Realising the Microwave
D-Type Section
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Figure 5. A Realisation of the Microwave C-Type Section in Cascade With A
Unit Element
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The reglon in which transmission zerog may not be realised by this technique 18
shown in Fig. 7,

0
3 054
yi
0 0% To
-4

Figure 7. Realieability Contour for the Realigation of the
Microwavo D-type Section

D-Type Section aud Urit Element

The transfer matrix of an all-pass D-type section i cascade with a unit element
of unity characteristic impedancs is

_ 1 A B
2 4 2 2.2 4 (35)

d1-t e "+ 20w - g 0 'ltoi) B A

where
4 27 2 2 2 4
A = ]tol +2t ‘.wo +3o° +2oo |tol ] + t (1+4ao)
2 2 2 2 2 4

B = t[ltol o + ]tol )+ 2t (W 430 +2q) + t]

and

+
PR N

In the synthesis prooedure which follows an admittance split is employed which
necessitates the use of the admittance matrixl. For the section under consideration,
the admittance matrix is of the form,

21




[
% Y12
Yiz Y11
whers
4 .2, 2 2 2 4
. 17+ 2t" (" 30, f‘{“o“o’ y 4t (1 + da)
Y11 Z 2 g 2 2 4
t[[tol “a, + hul )+ 2 (W ¢ Bg) 4 20) 4 }
(36)
2 1/2 4 2_ 2 2 4}
. -(1-t%) [ltol 2w =g )t 4t B
12 2 2 .32, 2 p) 1
[l o, + Ity + 26 (" 430"+ 209 + ¢ ]
Expanding Y11 and Yy0 in partial fraction form results in:-
k Av kLB
_ e . 1 L1
i t 2
%+ w2 t°+ wl
(37)
A B
k
e a2 |le, a2t Mt
Y12 t Z 3 2
t + w2 t +w1
where
2 2 2 2
w, = 20,0 +a)+t["+ 20, Ja CAREE N
2 2 2 2
w,” = 2g(t+g) |t | -zao~/(1+oo> + It | (8)
2
k|
kg =
0, It
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E
;
&

B s 3 e

B Dt

4 2 2 4
ol - 2 (w2 =0, hwy * wy
k A& > 0
12 2, 2., 2
4 2 2, 2 4
B I"ol “z(wo iao ,wx Wy
B N
kyg T 0
W (wy™ = wy ") (38)
and
1/2
A A 2
B 1/2

. B 2
kjp =k 2w

The network may now be decomposed into the parallel connectlon of two networks
Nj and Ng defined by,

B
i Y1z it yigh v ® Y12
= + (39)
B B
Yi2  Yn yigh J"11“__| Y12 Y11
Assuming that x is real and 0 £x 5 1, then,
A kot kg Ay
i t 2 + w2
40)
- A
A 5 1/2 ko {1-x) . klz t
Y12 = = (1-t%) 2 >
t t *wz"
and
B
B Kox kj ot
io oo M
t 2 + 0y 2
(41)
B
koot
g B o2 _’_‘g"__ | M2
12 ) 2 + g2

The synthesis of the networks Na and NB will now be considered,
23
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Network NA

The transfer matrix of the notwork N A defined by equutions {(10) is,
' A B

2. 1/2 2 A, cC A
Gy g o+ 0 R kg on)

(12)

where
B - {(tz + .LQA_'"‘
o 2 A
A= w2~ kl) (1~x) -« !¢ (kll + LO (- uh )
P2 L ¢
Cxt [ko (A-%) {wg k, (1=x)+2 (kg™ = kyp™) T4 £ Tkyph ek (1-x) ]‘}
The impedance puromoters z;, and 235 may now be constructed and are given by

wplko (-x) + 82 (ky A + kg (%) )

o o e —— o =

z A . & o u
t Er‘.o(l-x) {“’2 k,, (1-x)+2 (k“ - k,_2 ) )+ tz (kwA + ko (l-x)}}

5 /2 [ 2 ‘
(-1 [wz kg (1=} + ¥ (kP + kg (1-x) )J
z = —-—- i —

12 p A
t g (1m0 [z (2 0y, ™ =y 10 68 g 1P

A unit element of characteristic impedance

1
21 ™ ry (“4)
kw + ky (1-%)

iz now extracted in series from the network to leave,

' Z
0 "fn T T

ko (1-x) [““22 kyp A <20, A -k A’] 1 gy N kg ey A ok
[kw Aok, (l'x)] ' [k" (1% [wg? kg (1-x) + 2y A kg ™))

o Thyy ™k (1-x) Jz]

{45)
24
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§ Ay

R,

and
]
(-2 /2 Z,
{

bl

"mﬁ’}

A . A A
[y ky 1=x)] ¢ [k 120 Cughe g =m0z 6y " =k,

/2 2, A A
(1-t3) 4k, (1ox) [wz Ky =2y,

E 3

)]
.- . (46)
ot Ty kg (o) )‘]

The corresponding admittance parameters of this symmetrical network are :-
A A, A A
[kxz ko “‘“’] [ko (1-%) [wp gy =2 Goyy Fokyy ™)

: 2
e 1™ e kg R Ry A—kle)]

3 =

2
PRl PR Sy
and

[km Aikg (1‘-“)] kg (1-x) [‘322 kigh-2 ey -kyg A’]
yiz =

2
&ky1 A"‘xz SR

Twu open circuited shunt stibs are extractod, one from each end of the network,
of charucter{stic impedance

A A
UTRIRE S
Z, =

p (48)
(kmA + ko (1-%)) 2

to leave admittance parameters which are realisable by s unit element of characteristic
impedance,

A 2
k11" -kyo Ay

(49)
E‘le* k “""’] kg (1-x) [022 kg 2 Gy Aok A’]

25

&an

ahoan A

e X




At |

Using the relationships given in equations (38), the elemem values in the network

reduce to,
1
zl = >0
kpgA + kg (1-x)
“_“‘2’
klz ( \/7"’ wz "
7. =
4 A
{klz + kg (]-x)t\
kyg?
Z3 = >0

k_ (1-x) [kle +ky (1-x)]

(50)

The realisation of the network N &:ﬂ described is shown in Fig. 8, A mc o~

vanient practical realisation will be
neiwork Nj in parallel with the network Np,

cussed during the process of connecting the

/Zl

0/¢C STUBS

4 22

23

Figure 8, The Physical Realisation of the Network N A
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Network NB

The transfer matrix of the network Np defined by equations (41) is

1 A B
ﬁjz“[w12kox o (e x - “123)] c A (61)

where

A= wlzkcx + t2 (kox + knB)

B = t(t? + w,?)

c=t [kox [“’12 kox + 20‘118”‘12 B+ £ (kox - kyp B) 2]
The corresponding impedance parameters are:-

w1 Zkox + ¥ kox + kpy B)

T t[kox[wlzkox +2 011 Bk B ) e tf kox - Kpp B, 2] c2)

and
a-2) M2 [wlz kox + £ (k x - klzB)]
212 =

' 2
t[kox[wlzkox +2 OcllB+k12 B) ]+ t2 (kox - ko B)—]

Two synthesis procedures are presented cerresponding to tus cases of Kox - ko B
being positive or negative. In both cases a unii element of characteristic impedance

2
Z, = Wi

1
wy Zkox + 20, B+ kp B

(53)

is extracted in series with the network to leave a network with the impedance parameters,

20, B B B2 B,, B 1
' t[“’l [ty 2+ 2kyy Dkox-kyp © J+2lkyy Pk, O legxeky B
z = .
1
B,, B
[w12k°"*2“‘118* “12%] [ko"[“12ko"*2(“11 + k2]
2 2
£ G-k, ) ] 54)
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1
2\2, B 2 B B B
2 = - (‘" ):G(ox-klzl) [“’1 K12 *26‘11 kg ) |
11 5 7 B._ B z B 2 2
{wl"komzecn 4ku )] [kox[wl kox+2(kn +k12 B)]+t (kox—kma) ]

Converting to the admittance parameters yields

2 B B 2 B B B2
[“’1 kox-&z(kn +k12 )][“’1 [(ku +2k12 )kox—k12 ]+

2k, Dok, D)k x+k, . B)]
) = 11 12 o 11 (55)
yu t 2}( B4»2(];( B+k 3)7.
Wy %12 11 12
1
22 B 2 B B
. . ~-(1-t") kox - "12 ][wl kox+ 2(1«11 + k12 )]
12 2 B . B B
tlwy kg * 26, vk )]
If (kox - klZB) 2 0 then, two short circuit shunt stubs of characteristic impedance,

2. B B B, .2
lw; kyp “+ 26, " +k ]

Z = 9
2 B B[ 2 B B |4
[kn * kg ][“’1 kx * 2lyy )]

are extracted one from each end of the network, to leave a unit element of character-
istic impedance

(56)

2 B B B
[w k., +2k,, "4k, )]
7 = - 1 12 11 12 Y 57)

3 B 3 B B
[ko" “kp, ][“’1 kgx+ 20k, “+kp, T_l

thus forming the network N
values of the network N}31

a8 shown in Fig. 9. Using the eqguations (38) the element

B1 reduce to,

2

1
B 2
kox +2 klz (‘\/1 +w1 + 1)

W

-/ = >0

1

28
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kl2 B(J. + */; + wli;a
e >0
2, B 3] 2
[“’1 k0x+2!.12 (1*V1+w1}]

k ZB(1+ 1+w12}2

‘ _ BH 2 B =3
kox-klz wy k0x+2k12 (l+‘v!l1 +w1 )}

(68)

Figure 9. The Parallel Connection of the Networks N A and NB2
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For the case where (kox -3 B) <0, the two-wire line network deseribed by the
matrix (29) is employed. In

case, bv comparing equations (55) with the matrix
9),

B x B, 2
A [km - kox] w12k°x+2k12 1+41 * W,y )}

B 22
Ky (1+«/1+w1)

2 (69)
[wlzkox 2k, Buavie “’12’1

M1 = B 23
Ky, @ +~f1+w1 )
leading to,
Ky, Brevis wlz)a
zoo = 2 B ) 2
[‘,,1 kx+ 2k, (414w )]
and (60)
k. 21 +N1+w 2)
z - 12 1
08

2 B
kox [@1 k°+2k12 1+ 1+¢.;1 )]
regulting in a network NBZ of the same form as that shown in Fig, 5.

This two-wire line network is realisable under the condition (kox - ka)< 0, since

B B 22
2k12 0(12 —kox)(1+1,[1+w1)

5 ©1)

2 o B 2
kox[wl ko+4k12 1+ 1+w1 )]

It has been shown that networks N A and NB may always be realised, the network NB
being either in the form of NBI or NBZ' and therefore any D-type all pass sectior in

30
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cascade with a unit element of unity characteristic impedance may always be
realised using the parallel decomposition technique described by means of trans-
formerless coupled line natworks.

The parallol connection of the networks Ny and No, produces the network shown
in Fig. 9 and 18 a five-wire coupled line strecture with iwo-stubs, ‘The paratlel con-
nection of the networks NA and Ny, however degenerates into a three~wire inter-
digital line section with four stubs as shown in Fig, 10,

e
e

.- -. — .- —o "
—— o

Figure 10. The Parallel Connection of the Networks N N and NBl




e

The charsoteristic admittance matrix of this three-wire line, from equations (§0)
and (58) is : -

()

(2

A -
[kl 2 +k0(1-x)

{1)

K A

12

' A A .
'[“12 ”‘o“'"’] kg kot

@)

{ zzA*k (1""}

B

1

@

1

— | ox+2k12B 1
/14-“12-1 Jivw, -

)

2
@) 0 [k 2k B (= 12 Wy kgre2ky, (“*’““’1]
1+m1 J—
N “’1 12 Ot ““’1 )

(62)

where line (1) is terminated in two open circuited shunt stubs of characteristic ad-
mittance,

(klz +k (l—x) )

—Aizzz——] (€3

Line (3) is terminated two short circuited shunt stubs of charactoristic admittance,

2
2 B
E’l k°x+2k12 Q-+ 1+w1)]

Y3 = (64)
B 2.3
1+w1 )

k12 {1+

and the ends of line (2) provide the termingls for the input and output ports,
This network configuration is realisable with non-negative admittance values if

the networks N, and Ng, are realisable, Since the network N A is realisable for
all permissible values of x, and the network N is realisable if,
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vamcarars -t

B
kx -k, = 20 (65)

then by choousing x = 1 the realisability condition for the combination becomes,

o] 12 CLY

In order to produce some flexibility in the design of this section, the impedancoe
level of line (1) and (3) w, ¥. . {2) may be modificd without aliering the characteristics
of the network between the input and output poris on line (2). This is accomplished
by multdplying the first row and column of the admittance matrix of the three-wire
line by a constant and by multiplying the terminating admittance on line (1) by the
square of the constant®, A similar procedure may also be applied to line (3).

For convenience, the factors
%1 and % (67)

[k A,k (l-x)] kx+2 Kk, B( —Iz 5-
12 [§] /1+w1 -1

are used to increase the impedance levels of lines (1) and (3) respectively, result-
ing in the characteristic admittance matrix of the three-wire line being reduced to,

(1) ) (3)
{1 1 5 -xl 0
k
12
@ | -x K, Avx ook, Bl 1 -x,, (68)
1 12 o < 12
1 +w1 -1
2 2
ol o W X
-X,
2 B 2
k12 (1 +/1 * W, )

b o

where line (1) is terminated in two open circuited shunt stubs of characteristic ad-
mittance,

x 2
Y = 1
kle[./l * Wy -l]

@ ©9
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and line (3) is terminated in twe short circuited shunt stubs of characteristic ad-
mittance,

4 2
wy X
Y.

3 = ] = TR | {70}
SN e

The end view of the resulting interdigital section with the relevant characteristic
admittance values are shown in g, 11, OCbviausly, the values of x_ and x, must be

chosoen such that the element values are non-negative and this has béen aho%m to be
always possible if

B
k, ~kjo 20 @)

Using the equations (38), this condition may bo expanded in terms of the trans-
mission zero t, = g, * §w, resulting In,

2 2 -& 2 2 o 2
+o,) "+ |t w,~e | 220, (1 vo) (72)
Thus, the condition %2 >g, I8 at least necessary for realisation and, assuming
this condition to be satisfted, condition (72) may be rewritien as

2 2 2 2 2.2
(1 +ay) " (wy, =30,7) +(w, 0,7 ) 20 (713)

which, for w02 23q, 2 , is alwaya satisfled, Hence, the contour defining realigability

lies between two radial lines from the origin at 45° and 60° to the real axis in the t
plane,
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IV, GENERAL SYNTHESIS PROCEDURES

This seciion is voncerned with the direct synthesis of microwave ail-pass networks

without reducing the network to a cascade of C-type and D-type sections, The first
realisation to be conaidered 4 a cascade of two-wire tinos and the second {5 a resli-
sation in the form of an interdigital line structure.

Bynthesis Using a Cascade of Two-Wire Lines

Let the soattering (ransfer function S__ (t) of n resistively terminated, lossless,
reciprocal, two-nort network be of the form,

o e T (74)
12 Hn(t)

L2, 0] = l' (75)
212 *n

where
2 2
+ -
Hn {t) Hn (=t}

Z = -
1 an ) - Hn!(-t)

and (76)

2Hn(t) Hn(-t)

z -
12 2 2
H ") - H (0

is the impedance matrix of the corresponding lossless two-port,
Two-wire lines may now be extricted from this impedance matrix using Saito's

extension of Richard's Theorem8, f (Z_ (t)]is the impedance matrix after the
extruction of (n-r) two~wire lines then,

-1
1 Ly
[zz(r_n (t)] = [[zzr(t)]-z[zzr(x))][m[zzru)]' [LZr(t)]] (77)
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where

211 r zlzr

{7 1 = 78
. {t). . . (78)

i2r 1ir
{s the impedance matrix after the extraction (n - r + 1) lines.

Simplification of this recurrence formula results if [er(t)] is expressed as,

Loar )+ 250, M Zor O i Z or ©

r
2 2
(2, 0] = (79)
ZO(}I‘ (t) - ZODI‘ (‘) .ZOGI’ (t) * zUO!' (t,
sy 2 2 --l

ar

zoer (t)y = zut + 212 ¢ is the even mode impedance
and (80)

ZmJr t)y = zu e 212 " ia the odd mode {mpedance
and cquation (77) then reduces to,

] e 2, M -tZ, ()

oe (r-1}) - 1=t Yoer (1) zoer (t)

and (81)

7 )= Zoor M1-12,,,0)

vo(r-1) 1-t Yoor {1) Zoor(t)
Nowif 2 (t) 2 _(t)=1, then
oer oor
1+t2-t[2 W2 H+2Z _ (MZ (t)
. . oar cor oer oor
Zoe(r-1yY Loo(r-1)® = iz mY Wz Y W)
oer oer oor oor
=1 (82)
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but,

- _ 2 2
Zven(t) “oont® = Z13n = %1y = 1

Z 4 A Vo= T '3 i . C
Hence, by induction, oer( ) Zoor(t’ 1 and ¢yguationa (81) reduce to,

"y - ’
Zoe.r‘t' t doer(l)

ST L A
oe(r 1) 1-t Yoer(l) Zoerm
(83)
oo(r- )() = Yoe(r-l)(t)
From eqrations (76) and (80), the originul even~mode impedance is
Z () = —-—————H“(t) "y 84)
oen H (@ - H (-1 {

and the remaining even-mode impedances are obtained from successive applications

of Richard's Theorem defined by equation (83) and the final network configuration is
shown in Fig. 12,

Physical realisability of the structure requires that Z

(1) > 1 but no known
condition exists upon H (t) such that

(1) 21 foralli (85)

As an example of the procedure, consider the D-type section where H (t) = | t l
2t t2 i, e, from equation (84)

Figure 12, A Cascade of n, Two-Wire Lines
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2 2
o 1€+t

(86)
%ot

{t)

YA
oe2

whence, from iation (83}

z . ito IZ Zer_(}_)_
oel t
vielding
,. 1+t [2
£0e2(1) = _—‘_’;0—_
and (87)
Zoel(l) B lto |2 Zoe2(1)

as stated in section 2.

In general, this particular realisation procedure produces reasonable physical
dimensions if the rate of change of the delay through the network does not vary rapidly

with frequency, If this does occur then the following realisation procedure is more
appropriate.

Synthesis Procedure Using an Interdigital Line

The following synthesis procedure is a procedure which may be applied to any
symmetrical network which effectively contains one unit element. In the case of the
all-pass netwerk this means that Slz(t) is of the form

_HEty f1-t\1/2
S120 = W (F‘i) (88)

The general symmetrical network however, will possess a transfer matrix of the
form

A(t) B(t)
1

— (89)
1-t° F(t)

C(t) A(t)
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The even and odd mode impedance for this network are defined as

2t’ -t at’
A 5) T 7) F 73
z ¢y = 1+1 1+t 1+4
O

(90)
2tl
C 1+t 2)
and .
2 da ¥
A( 2t - )_ (I-t 2) F ( 2t 2)
+ 4 + 4 I
Z ") - 1+t 1+t \1 +t ©1)
Q0 ’
2t
¢ 2
1+t )
where
¢
t = 2t 5 fe. t' = tanh-g-
1+t 2
which vields the condition,
/ 1
zZ (=12 (..._> 92)
00 oe \ 47
which uniquely defines Zoo(t') in terms of Zoe(t').
In order to formulate the synthesis procedure, consider the impedance para-
meters corresponding to the transfer matrix (89) defined as,
2 - A
11 C(t)
2 (93)
z _;A[l-t (F(t)
12 C(t)

A unit element may be extracted in series from the network of characteristic impedance
Zo, to give,

oo A %
11~ C(t) t
F(t) Z
' _ 2 - 0
z12 = 1-t [_C(t) T (94)
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; AT,
- Foelt) = 2fy +a,
Pooe
g = Z (t') -9 en
:3 oe ¢!
[ and
! B yt ’ - ’ - ’
P 2! ') Z ) -2t (96)

Sirce
: oo 1
: | Zoo(t ) = zoe &7) then,
i APV ’ 1
Zoo(t y = ZOe = {97)

This step in the syuthesis procedure has extra
from the even-mide network, Physically,
; section has been extracted from the network w

cted a series capacitor of impedance
this implies that an interdigital line
ith a coupling admittance Y,

The complementary procedure to the on

e just described, is the extraction of a
shunt unit element, Here,

Y11 T By

it

'

v
w""N
L )

G-

Y12 (98)

-
»
&
S—
&

F(t) Yo (99)
vip = NMiéd [‘é‘m ) ":*]
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but,

}
gt
]
>
(%) ~
+ |82
Lad -
o
SN
'

y ’ +
Yot Y = 72 9
oe 2t
B
)
and
Yoo(tl) = 1 ' = 1
olt
hence,
Y;e(t') = Yoe(t') - Yot' (100)
VR “" oS
Yoo(t ) = Y ) ———t'
and
Yl I _ ? 1
ot = Yoo - (101

This extraction procedure has removed capacitance between the interdigital line
and ground or in terms of the even-mode network has removed a shunt capacitor,

Consider the admittance parameters defined in equations (98). If two identical
admittances Y(t), were to be extracted one from each of the network then the remain-
ing parameters would be

P Al
Y11 Bit) Y(t)

(102)
Yiz T Y12
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The corresponding even and odd mode parameters are,

Y N ’ 2t’
{oe(t ) = Yae(t ) - Y .
1+¢'2
(103}
oty Fl 2t’
Yoo(t } o= Yoa(t ) Y -
1+t

and

I

v’ (t') = v (_1_)
00 oe tl

The extraction of the admittance Y(t) from each end of the network is equivalent
to removing Y(t) from each end of one of the lines in the interdigital line. In terms
of the even mode network a 'resonant' admittauce Y/ (t) (l.e. Y (t) = ¥’ (1/t')) has
been extracted,

A gimilar approach may be made to extract series impedances but should
normally be avoided due to the difficulty in practical realisation,

It has been shown that series and shunt capacitors, and series and shunt
‘resonant' admittances may be extracted from the even-mode impedance and have
a direct physical representation in terms of a loaded interdigital line structure,
Obviously, if the network is to be synthesised in this form, the extraction of ele-
ments from the cven-mode impedance must be degree reducing procedures, In

order to present the various ways of extraction which may be used to achieve this,
an example is presented,

In general, for an all-pass network

2t’ , -2t '
H(_._l?) (1+t’y + H( ,‘) (1-t)

1+t 1+t
2t’ ; -2tf .
H{—-) (1+t) - H ey (1-t’)
(1 + t'2> (1 +t' )

and the example chosen {8 the D-type section where

(104)

2,

H(t) = lt012+ 20yt +t2
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resulting in,

Il + 2 ([t [° + 2 + 200 2+ (hgg + [to] ) 73
Zye, (1) = (105)
° ¢’ E4q° st Br e 2 (1412 v 20200 t12 + |2 t"*]

A series open-circuited stub is extracted from the even-mode impedance (this is
&uivalent to extracting & unit element in series with the network) to give,

Z
Zoe, (t') = Zoe, (') -—j—- (106)
™\, Zo i& chosen to be the residuc of Zgg,, (1) at the origin, i.e,
N
, l%!?
Co=t'Zye 0|, & e— (1o7)
Q t'= 0 2
400+ | %6 |
where,
). 12 ,2 2
oot [to| ™+ 2+ 209)+t' " Ry Qoo+ [t,|9)
Zoel ) =

oy + |l [(400 g By + 262 (8] % + 2 + 200) + Jto|? :'4]
(108)

A short circuited shunt stub Z,t is pow extracted from Z oey (t’) (this is equivalent
to extracting Z;t from each end of the network) to yleld,

1+t'2)
Ho_ 4
Yoo, (t') = Yog) ') - Yy 7 (109)
and
o oo + |t]%”
Y = tiYoe ) = - ' (110)
t’=0 4oy (Jt,|“+2+20,)
producing

2
40, (Jto]” +2 +20,) [lto|2+2+20‘o + 2oy | tolz)t'z]

oo+ lol 1 [h°|2 (3-20,)+4 (1+04-057) +1'2 (111

VA t?) =
062( )

Wtoq Il 4081
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Extracting a series open circuited stub -?pg- yiclds
, 2
2933 %) = zoe2 t’ - :7‘
whers
40,
Zy =

2
40, + |t
in order to provide a zero of zoe3 (t')att’= jl,
Now,

t/ [ltolz (3-20,) + 4 (140, 0,2 + t'2 [(1-2q,) ltol? 40,2 ﬂ

(112)

(113)

3 sy (It,)° +20,+1) @ +t'?)

from which an open-circuited stub Yy t may be extracted to give,

[
2Yqt

Y, () = Yoo, (t') -
oe ! oeg (+) 14t/2

where

(1+12)

¥g= Yoea3 (t’)

I
2t t’=jl

(to]? + 2 + 20,)

400 U to)®+ 200+ 1)

[(1-200) |t0|2-4a°2] t/

10, ([ to]® +204 + 1)

Yoe, (t') =

45

(114)

{315)

(116)
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(1-200) It,° - 4007

Y4 = (1 18)
2
4o, ‘l‘ol + 206+ 1)
is the characteristic sdmittance of the last lnterditltn.l line to ground,
The impedances Z1, Z, and Zj are always positive and 24 18 positive if,
@ - 2aghfigl? 2 40,° (119)

The final even-mode network is shown in Fig, 13 and the complete coupled line network
is shown in Fig, 14 where the charucteristic sdmittance matrix of the three-wire
interdigital line is:-

) (2 (3)
" ty]2+4a, “(lto]% + 40,) 0
2 2
!tol ltol
~(|t, 1% +400) ()2 +40,) “(|to]2+40,)
@) - 5 (120)
l t'o' 40, | to' 40,
2 2 2
~(|t,l“+ 4a,) (| t1%+2+200) (| to] “+ 20)
0
@ 4o 200 (| 1%+ 200+ 1
and line (2) is terminated in two short circuited shunt stubs of characteristic ad-
mittance,
(to]? + 400)?
Y, = (121)

2
40, (lto[ +2+ 20,
Line (3) is terminated in two open circulted shunt stubs of characteristic admittance,
2
(t,|“ + 2+20p)

Y, = 5 (122)
dog (It|“+ 200+ 1)

and the ends of line (1) provide the terminals for the input and output ports,
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Figure 13, The Even-Mode Network Resulting From the Interdigital Rea'isation
of a Microwave D-Type Section in Cascade With a Unit Elemeat

e,
e erem

Figure 14, The Interdigital Network Realising a Cascade Microwave D~Typ
Section and Unit Element

In general, the impedance levels of tie lines 2 to n may be changed with respect
to line (1) in & manner similar to that used in section 2, In this example, the second
row and column of the gdmittance matrix mpy be multiplied by the factor,

2
X, |t
20 {123)
ltol2"'4°0
and the third row and column by
Xn 40
3 ; (124)
[t |
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t0 yleld the admittance matrix of the three-wire line as,

[ W {2) (@) R
“0‘2 +d0,
1) | -) 0
(1) “012 2
%2 |to
@ X2 400 “XoXy
2 2 2
Xg" 404 (Ito] ™ +2+200) ([ 16! + 200)
(3) 0 ~XyXg
L Ito‘q“o‘z +205+ 1) -
(125)
where line (3) I8 terminated in two short ¢ircuited shunt stubs of characteristic
admittance
x,2 Jtolt
- {126)

Y

2

@ soo ol + 24200
and line (3) {8 terminated in two open circuited shunt stubs of characteristic ad-
mittance,

x5 404 (lto]? + 2+ 204)
5 (127)

Ya:
@ ltol* (It1% + 204 + 1)

The values for x; and x, are chosen 8o that the coupling and ground admittances are
non-negative and this may be achieved in this case if

Q- 200 |t,1% 2 20, (128)
From this condition, a necessary restriction is thatg , < ‘é‘ indicating that the
transmission zero must lie in the vicinity of the imaginary axis and therefore must
inherently produce a resonant delay charaoteristic,

In the remaining section of this paper some applications of microwave all-pnss
networks are considered,
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V. APPLICA TIONS

Initially it {8 demonstrated how miorowiave all-pass nctworks may be used to
pruvide phase correction W conventional microwsvo filters and then a metbod is
described by which & network with a linear delay-frequency characteristic may bo
constructed, the latter being of particular importance in the compression of linoarly
frequency swept pulses,
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Aw an caumple of e use of microwave all-pass networks ag phase correeting
networks consider g stepped impedaace transforimer. Here,

ty
1Sy, 1" = . 129
IEIPAUR: Y ST (129)
b i cos W
Q

ant tor illustration the particular numerical example to be considered is the case n - 5,
cos w, = 06 and a ripple level in the pass band of 0°2 db. Sy, (t) may be constructed
in the usual manner and the delay of §12 (1) calculated, Fig. 15 shows the narmalised
delay Tg plotted as a function of cog  and reveals that the difference between the

band centre and peak {Gand edge) delays is 5473, It is evident from the shape of the
curve that a single: C-tyve section will not provide any substantial correction. A D-
type section alone is also of littlic use since if it has a peak delay this must occur at
some value of cos g below 0 6 and thus by considering values about band centre little
improvement is likely to result. However, as will be seen, the combination of a C-
type and D-type section does improve the delay chararcteristic considerably., Fig. 16 (a)
shows the combiuation of the filter delay with D-type sections having [to|= 2 and

0o 1°2 and 14, These values are chosen to give a combinud characteristic as near as
possible to the inverse of the C-type section. A little experimentation with various
D-type sections at this stage shows that this network alone is of little use and also
reveals that it is advantageous to choose |to| greater than unity. Using Fig. 16 (a)

a C-type seclion ig then chosen to obtain the smallest variation over the passband and

this is shown in J1, 16 (). The best result is obtained with the D~type section having
10

ltol =2, 0g =12 and = C-type section withg, = 5 This combination results in a

delay variation of 1+ 8 as compared to the original value of 573, a considerable im-

provement. In the limit, of course, further C-type and D-type scctions may be added

to produce any desired improvement,

To complete the example the roquired network will be synthesised, For this
network

H(-t)
5120 = 1y
where
, 12 10
H) = (tz st 4) (l+ 3—) (130)
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Figure 15. The Delay Characteristic For the Five Element, Stepped, Impedance

Transformer Considered in the Numerical Example

This network may be synthesised as a cascade of two-wire iine, In this case, the

even-

mode impedance Z (t) is,

H(t) + H{=t)

Zy ) = ————
H ()~ H(~t)
2 (43t% + 100)
= (131)
15t (2 + 12)
Z, ) =5 (132)
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Figure 164, The Delay Characteristics of the Microwave C-Type
Considered in the Numerical Example

10

and D- Type Sections

and

2, 0-1Z, (1)
zz ) = Zl (1)

(133)
2y W)- 2, @

11 (11£2 + 100)
=—-—G-—~_——-

240t

i
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Figure 16b. The Delay Characteristics of the Microwave C~Type and D-Type Scctions
Considered in the Numerical Example

resulting in
407
Zo(l) = —
2 (1) 50
nwd
185
Z4() = e {134)

Hence, since all of the even-mode impedances are greater than undty, the network
is realisable with positive values of admittance.
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A similar phase correcting technique may be applied to most conventional micro-
wave filters but a realisation of the phase correcting network in the form of 2 cascade

of two-wire lnos {8 not always possible. To illustrate this point, consider n low-pass
fllter with,

1

8,12 - T (135)
1+ gz 'I'"2 ( \

sin W ),

In general, the delay characteristic of this network Iz of the same form as the
corresponding stepped impedance transformer with cos w and cos (y , replaced by
sin g and sin w,, respectively and subsequently, the corresponding phase correciion
network would be the same ag for the stopped impedance transformer with Hy, (t)

1
: . N
replaced by t"H, @.

Poerforming this operation on the numerical gxample considered,
the resulting even-mode impedances wuuld be,

16

4 %%
1665

A2 = 736 (1&6)
333

23" 1260

resulting in lines 1 and 3 belng unrealizable due to the negative value of coupling

admittance, In a case such as this a more general type of roalisation must be sought
as shown in section 2,
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VIL ALL PASS NETWORKS WITH LINEAR 0ELAY CHARACTERISTICS

The realisatons of the microwave all-puss networks in the interdigital form
presentod in section 3, and realisations in the form of the cascaded notworks Ny with
Ngy a6 describod in section 2, lnhurontly preduce resonant delay characleristics, A
delay characteristic of this form is not usually required for the phase correction of
conventional microwave fiiters but {8 {deal for applicaons where large rites of
chango ol duiay are required over relatively amall bandwidths (20% or less), (mu
particularly important application which lu o be discussed is the case whara the delay
varies in a linear manner with frequency over a band and where the ratio of the delays
at the band odges is considurably greaiter than unity, One application of s.ich a net-
work, as proviously monUoned, is for the compression of linearly swept pulses as
used in pulse compression radar,

Tho idoalised dolay characteristic which {8 to be approximated s shown in Fig. 17.
The constant additive delay, which increases with the addition of unit eclements into
the network, is an unimportant factor in this particular case, The Important factors
are the bandwidth B(c/s), the dispersion D= T, - T,,; (stcs) where ng and Ty arc
the delays at the band edges, and the comprcss‘{cn rnéo C defined as,

C=18D (137)

which is twice the arca under the delay curve over the band B, excluding the constant
delay.

It may readily be shown that the arca contained under the delay characteristic of
a single D-type section expressed as a plot of delay in sces, against frequency in o/ s,
is unity per quarter wovae langth frequency. ‘Thus, if nis the degree of 8§;y {t) then
neC {138)
For pulsc compression networks, C is normally of the uvrder of 50 and hence n = 50
or at least 25 D-type scections are required, Thus, due to the large number of D-type
sections which are roquired, a first ordered approximation to lincar delay may be
made in the following manner:
Consider a D-type scction with a transmission zoro t; = g, + jw, where
ltg | > o (139)
then the maximum delay of the soction occurs at fan @ = Itol and has a value,
. 2
2+ [t ™)
gmex (140}

%
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17. Healised Delay Characteristic

Since the arca under the delay curve of each D-type soction in the network ig
oqually divided aliove and below the point tan w = ||, the arca under the delay
curve will incrense in an approximately lincar manner over the band B if

/

[te] = tan 20k, (f1+ @ B

Yy=12, ..
where 4K (f1 +B) <1

Also, if condition {139) and
delay may be minimised if,

e

« N

6quation (140) are used, the deviation from linear

(141)
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. r‘.._.-

é' o Jy ¢ 1 K. B(1 v y-"y)

Y ) o .
: + = — (1'{3)
: L Lo It 2 172
E . Y l Y+l l
E and if m {5 the number of D-type secdons, _
1

f.; Cmm §143) 1
! For mont practical purpoaes, a close approximation to linear delay will be nec- 1
3t ]

vasary and this may be uchioved using numurical techniques with this first ordered
approximativn as the initial conditions,
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VI, CONCLUSIONS

A generaligad theory of commensurate miarowave all-pags netwurks hus bheen
presented,  The tepleal delay charactorisiios for this clas @ of networks has bean

pregented and procedures for the approximation of specified charscteristics have bieen

indicated, Using gonoral syntheyis procedutres for the realisution of C-type and D

typo all-pass microwave sections, with and withou! a casgidod unit elomont, it hau
been shown that any delay characteristic of the fousa,

r

. & H@W  H b
g ’[_n(u TTY

whure ¢ = tanh p, may always be realised within an additive constant,

" Finally, two synthesis procedures have been presented for tho direct realigation
of microwave ali-pass notworks without the reduction to 2 cascade oy C-type and D-
type scctions,  The first roaligalion, in the form of & cuscade of two-wire linos, is
useful for the phese coirroction of some conventional microwave filters, while tho
second realisatfon, in interdigital form, will produce delgy chardcteristics whore
the delay varios rapidly over & small band of iroquencivs,
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