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FOREWORD

This technical report describes the research performed at the University of Leeds,

Leeds, England by J. 0. Scanlan and J. D. Rhodes under contract AF61(052)-925,
project 4501;. The work was made possible by the cooperative efforts of the University

of Leeds. the European office of the Air Force Office of Acro Space Research and the

Rome Air Development Center. The Air Force Office of Aero Space Rcscarch Monitor

was L/C Donald C. Kipfer and the project engineer was Ia.ivood E. Webb, Rome Al'

Development Center, EMIA, Griffiss Air Force Base, N.Y. 13440.

This is one of a series of two reports treating the synthesis of microwave wide

band networks from a transfer point of view. It is assumed that what one &ares to
achieve i., a transfer characteristic T(W) = A(W) Exp [ic(V)] . One approach in the real-,
ization is to synthesize by cascading an airpass network with a constant delay network.
The first case Is treated here, and the second case is treated in RADC TR-67-3R4 -
"Microwave Networks with Constant Delay", by J. 0. Scanlan and J. D. Rhodes. Since

the work is closely related to other RADC sponsored research, the reader may also be
interested in RADC TDR-63-369, "Network S3 'iesis with Multiwire Lines", by
A. Matsumoto and RADC TDR-64-505, "Network Synthesis with Transmission Line
Elements", by II. J. Carlin.

This technical report has been reviewed by the Foreign Disclosure Policy Office
(EMLI) and the Office of Information (EMLS) and 3s releasable to the Clearinghouse for
Federal Scientific and Technical Irtormation.
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L

Approved- W30
Tab t lhlinr

Aproved: EDWARD X . M, MJ

Chief, Intel Appilcations Branch
Intel & InfVo Procesaing Div

II



|I
€I

ABSTRACT j
In this paper it is shown that any arbitrary delay characteristic of a commensurate

microwave network which supports a T. E. M. mode ol propagation, may be realised
by means of a transformerless, coupled-line network within an arbitrary additive
constant. The realisation procedure presented is based upon the synthesis of micro-
wave C-type and D-type all-pass sections. Synthesis procedures are also developed
for Ue direct realisation of a complete all-pass network whtch include interdigitial
iine structures.

The application of microwave all-pass networks to thv phase correction of con-
venLional nmicrf 'vc flltcrV and to the enn-truction of delay networks with lineardelay characteristics is also presented.
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INTRODUCNTION

In the design of nieruwave filters and matching networks, specifications frequently
demand constraints upo0n both the anPlitde and Phaac rv,,nses over the, opernting
band. It has been shuwsi, by using a gwwral cascade synthesis procedure for dis-
tributed nUtWolrksi, thut any amplitude characteristic may be %pproxinatcd by 4 iwt-
work whoee, delay is canslant at all frequencies. "le 13;irpose of this paper is to
demonstrate how an arbitrary frequency/group delay characteristic may be caualsed
by means of a transformsurlese, coupled-litw nctwork sLsotiri a T. f.:, 1. mode of
[rep ation which exhibits zero insertion loss at all frequencies. Such a network is
termed a microwave allpass network. Th combination of the constant delay network
anJ the microwave alI-pass network obviously enables arbitrary pi. ,se and amplitude
Spueifications to be roet .imultanously.

Lntially, it is shown that a commeinsurate microwave all-pass network may be
represented as a cascade of microwave all-pass C-type and 1)-ty)pe sections within an
arbitrary number of unit eloments3 . This enables complete delay characteribties to
be approximated by the addition of the delay characteristics of single C-type and 1)-type
all-pass sections: a detailed discussion of this procedure is presented in the text.
Furthermore, since any delay characte istic may be realised by a cascade of C-type
and 1-type all-pass sections, by proving that any all-pass C-typxe or D-t), section
may be realised directly, or in cascade with a unit element by means of a transformer-
less, coupled-line network, the rualisation of any arbitrary delay characteristic is
,nsured within an additive constant.

For physical convenience, occasionally It is desirable to be able to realise micro-
wave all-p.ss networks directly without reducing them to the cascade of C-type and
D-type all-pass sections. Two realisations in this form are presented. The first
reallsation is In the form of a cascade of two-wire coupled lines, a problem originally
considered by Steenaart 4 and a simple synthesis procedure is formulated. This par-
ticular class of network is useful when it is required to realise a delay characteristic
where the difference between maximum and minimum delays in relatively small, other-
wise unrealisable element values may result. The second reallsation which is present-
ed enables 'resonant' type of delay characteristics to be realised in a simple manner.
This class of networks Lakes the form of an int.rdligital line structure where the lines
are terminated in open or short circuited stubs, the input and output ports being at
either end of one of the lines. A general synthesis procedurv is develold based upon
the even-mode impedace of the network thus reducing the synthesis problem to the
realisation of a single reactance function in a particular form.

Finally, attention is given to the application of microwave all-pass networks to the
phase correction of conventional microwave filters and the construction of delay net-
works with linear 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 transformer 5 , a realisation in the forn of a cascade of
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three, two-wire, coupled lines being presented. Limitations on this form of
reallsatlon are demonstrated by considering the phase correction of the complmentary
five element low-pass prototype filter 6 . In this case, a realisation in the form of a
cascade of twoe-,.,ire lines is not possible due to result"n negative coupling admittances

and a general form of realisatlon as a physical cascade of a C-type and a D-typc all-
pass section must be sought.

A first order approximatlon is given for the design of a delay network with a linear
delay characteristic over a narrow band of frequencies where the change in delay over
the band is relatively large. This network may normally be relised in the form of
the Interdigital line network with open and short circuited terminating stubs.
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IL DELAY CHA1RACTERISTICS OF MICROWAVE ALI-PASS NETWOKS

Consider the scattering matrix of a two-port, passive, lossless, reciprocal netwcrk 1

defined as:-

S S11 r12
S12 $2 2

v'hore., from the unitary condition, at real fi equencies

Is] [ [l 1 (2)

[S] being the adjoint matrix of [S].

Ihe network is defined as an all-pass network if,

S1 1 = S2 2 =0 (3)

which, from equation (2), results in

18121 = 1 (4)

evaluated at real frequencies.

If the network is a commensurate microwave network then, conventionally S1 2 may
be expressed as a rational ,.-ction in t = tanh p (p normalised), within multipliers
(I - t2)l/2 and ij analytic ir ii domain Re t > 01. Thus, from equation (4) for a com-
mensurate microwave all-pas. network S12 may be written as

n

2
S1\ -. -t/ (5)

where H(tl may be Identified as a strict Hurwitz polynomial in t, and n is the effective
number of unit elements in the network.

From equation (5), at real frequency, the phase angle V' 12 of S12 (t) is given by

012= r + 2 tan 1  H(t)- H(-t) 1 (6)

LjH t) H(-t)]



i with

p=jw and t j tan w

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

=9 dTg dg

H' 0 tan w ) H (-J tan w)

n + j1atan2HW)3
I H 0 tan w) H(-j tan w)

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

t) = (I -t t2+(7)
Tgt (- 2  H(t---- H (-t)J 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
H t (t+) ) =T (t 42 -f2at + Iti ) (8)

1=1 i=1

where

)L L aL>0

tt  L a + j W L

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 prtial fraction form to yield,

4



t 1

ii=.
+ -+ +*

which is evideitly the delay of a cascade of k C-type and m D-type microwave all-pusa
sections. Hience, the overall frequency/group delay characteristics of this class of
networks may be dtermined by addition of the delays of single C-type and D type all-
pass sections.

For the all-pass C-type section,

S12 (t) 0 t (10)
a0t

where a. is the real axis transmission zero of the section.

From equation (9), the group delay at real frequencies is,

2oT-= 2 (11)
g (sin2 ) (1 -a )+ 2

At

2
0 g = (7o

and at (12)

fT

- Tg 2 Oo

Thus, the delay either increases or decreases with increasing frequency (up to a quarter

wavelength frequency) depending upor vhether 0o > 1 or o. < I respectively. A set of
curves showing the delay eharacteriucs as a function of sin W is shown ir Fig. 1.

The curves are only shown for tf casea <1 since, from equation (11). ifo1  then,
00

2 ao
Tg 2 2 2 (13)

(cos 2 W) (1-a 0)+o.02

5
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Figure 1. Delay Characte ris tics of the Microwave C- Type Section



which Is of the same form as equation (11) with sin w replaced by cos w. Thus, to
determine the delay corresponding to the caseal > 1, It Is only necessary to use the

curve corresponding to ao  and to consider the horizontal axis to represent cos w.01

In the case of the microwave all-pass D-type ieotion with a transmission zero at

to = 4 iWo, from equation (9),

29 2~4
0 --tJ 2cy.2 + Ito]4

sin4W1 +2+toI itoj 4a2) 2 In2 w(jto 1 + Ito1-24 o) II (14)

The d.c. delay is 4co/[ l while the delay at a quarter wave length frequency is
4a o . The latter is the greater if Itolj> 1 while if ItoJ < 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 aid equated to zero to give

2 [to Itot (f 2 -1)1ta 2 2/21
1+3tw -4 2  (t j12 (!tol2 + (1+31tol 4 oa) (402+ 31t0 12 + Itol4)'

Sand a peak delay exists only if a positive solution to equation (15) is possible. This
~can occur if

!.Ijthl
4  3 s toll

or (16)

!I tel Z 1 ao 2 S

Otherwise a rising or falling characteristic similar to that of 'he C-type section
results.

A set of delay curves for the microwave D-type section Is shown In ?7g. 2.
Curves are only drawn for to I < 1 since if the delay corresponding to a singularity
a, + J w where t1j > 1 is required then,

7
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Figure 2a. Delay Characteristica of the Microwave D-Type Section

4a,z [(1- It, I ) sin2 Itzl

• rg = ! 4 ( Rsi2  = +

rg sin4  (1+2 t t2 + It,] 4' 4aj ) -"2,qjn2 W( Itz2 + Itx 11 -2 2 l )  1 tj 14

'~~a 1 - COS 2 W (1 - t, 12)

2. (17)
co84W(1+2 Itl12 + I t 14 -4a 12 )-2 co8 2 W (1, 1 l 2 - 2a,2) + 1

and if

4

O"0  j + j

Cl * J 8

I, m m



FI

0t.o0 =0.6

0.0.

0.5 1.0

SIN

Figure 2b. Delay Characteristics of the Microwave )-Type Section

so that

1

Itol

4ao[(1 - I o12) cos2 + I t0 j2 )

Tg 0 4 W(1+2to02 + I 2)4cos2 W( Ito 12 +jtoj4 -2, 2 )

which is in exactly the same form as equation (14) with sin w replaced by cos W.
Thus, In order to find the delay appropriate to a case whore I t, I > 1 it is only

necessary to use the curves in Fig. 2 for Ito I aM a n d2
It1

9
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Figure 2c. Delay Characteristics of the Microwavo 1)-Type Section
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Figure 2d. Delay Characteristics of the Microwave 1)-Type Section
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Figure 2e. Delay Characteristics of the Microwave 1)-Type Section
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13/14



i Un-NE REALISATIONS 01' 7rhF MICBOWAVE C-TYPE AND D-TYPE
ALL-PASS BECTIONS

C-T1'l SecUon

A C-tNve secUon may b. realised lireetly by the symmetrical two-wire line
network' mu hAn in Fig. 3. This particular realisation is the first ordcred case of a
general synth(ols procedure8 which Is described in section 3 and therefore here it is
sufficient to that

I
Z¢ zoo =  (19)

where Zoe ard Zoo are the even aai odd mode impedances of the symmetrical two-

wire line.

For positive coupling between the lines,

Zoe zoo

and thus the realisability condition is

o  I (20)

In order to realise a C-type section where Uo < 1, it is necessary to consider a
rea.lisation of the section in cascade with a uait element1 .

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

i,5



C-Type Section and Unit Element

Numerous methods exist for the realisation of a C-type section in cascade with a
unit element but most suffer from the realisability condition C. z 1. Here, only one
realisation is presented which may realise any C-type all-pass section in cascade with

a unit element of unity characteristic impedance.

The transfer matrix of the overall section is,

0 r° 2 + t 2 (2 ° or +1) t [a0 (2 + a) + t,

c(h2 t2) yti[eo (2+ o) + t Jo
2 +  t2  (2a70 1) (

which yields the impedance matrix

2 +t2 (2 +1) 1--( 0°2"-t2)

t Cao (2+ ao ) + t2 ] LI''(o2 - t2) a 2 + t2 (2 a + 1)] (22)

A unit element of characteristic impedance

(2 + cro )

with an impedance matrix,

11 6

2L11 + 2 g) t

(2 So) (aO (2 + o+t2) ( 1 o_ 24)

16



r

The corresponding transfer matrix is:-

1'i I + OO  2(1 + ao) t

(2 +470)

(2 +o) F o (2ca

24 +%r ) t(2 G)
L

and rennins 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:-

V1  1 0 4 1 1 t 4 1 2 t

"2 1 1 4 1 2  t 1  t 1

12 -1712 t  711 t 0 1

where the directions of the voltages and currents are shown in Fig. 4,

[77'1 (27)

is the characteristic admitttance matrix of the two-wire line and,

= [1 (28)

17



If the terminal conditions V2 - V1  0 are imposed on this network then, the
transfer matrix of the remaining two-port is:-

flu1 t

-1 '?12 7) 12 (9
I~~ 1711 (9

712 t _

12 t 712

Comparing this matrix with the matrix (25) results In,

(2 + a o )
1711 = _

2
(30)

(2 + o )

?712 =
2(1+cro )

or

2(1 + go)

0o (2 + go)
(31)

2(4 + a. )

ZOO = 911 " C12- (2 + co)2

which is realisable with positive values of admittance for all values of(ao .

V1 Ilk
IA + V

12 121
V2 0 llIll II1' - V2' L

+2  Ut -+ 2.L

Figure 4. A General, Synmtrlc.'I, Two-Wire Coupled Line

18
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The final network is illustrated in Fig. 5. Thus it has been shown that all micro-

wave C-type section~s is cascade with a unit element of unity characteristic impedance
may always be realised by a transformorless coupled-line network.

D-T-pe Section

The D-type all-pass section may be realised by means of a cascade of two, symmet-
ritcal, two-wire lines as shown in Fig. 6. Again, since a general synthesis procedure
for a realization in this form is presented in the following section, only the pertinent

aflemnt values -,ill be given hero.

If Zoe1, Zo 1 and Ze 2, Zoo2 are the even and odd mode impedances of the first
and second two-wire lines then,

z 001 = . t (32)
U 0

Z oe2  It 0 o I= 1t ee1

and

ZeZoo, = oe 2 Zoo =1 (33)

Realisability requires that

(a) 1
Zoel

or
1- -2 It [t 12  0O

which is always true, and,

(b)
z ki

oe2

or

I t0 2 + It J 2 !2 (34)0 a.0

which is the reaisability condition.

19



Figure 5. A Realisation of the Microwave C-Type Section in Cascade With A
Unit Element

I 2

Figure 6. A Cascade of Two, Two-Wire Lines Realising the Microwave
D-Type Section

20
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The region in which transmission zeros may not be reallsed by this technique Is
shown in Fig. 7.

0

05

Figure 7. Realisnbllity Contour for the Realisation of the
Microwave D-type Section

D-Typc Section and Unit Element

The transfer matrix of an all-pass D-type secLon in cascade with a unit element
of unity characteristic Impedance Is

( I t L B ]4 ( 3 5 )

where

A t 14 +2e2 [ 2 + 30 2 +2, 1t2]

[I I' (4ao+ It + 2t2  +3 2a. )

and

In the synthesis procedure which follows an admittance split is employed which
necessitates the use of the admittance matrix1 . For the section under consideration,
the admittance matrix Is of the form,

21
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1v
1  Y12 1

12 YI!J

where

Ito1  2t2 (o"%2  " 2a1toI ) +t4 (1 + 4 ao)

- t- LIt 1'(4 a,, I It,'
(36)

12 t [It0 12 (4C o itt12) + 2t2  2 +3 12o+ 2a)+ 4]

Expanding y11 and y12 in partial fraction form results in:-

k k A t k B

(37)

At  B

[
o

kl 
k ll

t2) 1/2 + k12  k1 2  t

1 t t +Wtt2 2+ +22  7

where

2 o 2oo (1 a) 2 + t1 2  (
2 a (1 + ) +

2 + a

200 2(1 + o+ ItI -2a° +/( 0)2 Ito12 (38)

Ito~0

22



A. 0
12 2

W°2 (WJ" W012
12 o w4 2 2
IL0 14 -2 ( 2 2

B- ..... >1

2 2 >

A A 2

2) 1/2
k B B 2)+

The network may now be deconposed into the parallel connection of two networks
NA 4ind NB defined by,

Y11A 2F1211 Y12B

=+ (39)

A yiAl BB
Assuming that x isi~ realaM0 s; ~ 1, A then,(3

ko (1-x) kl At

t t2 W2
2

(40)
YA  =.(1-t2) 1/2 ott 2 + J

k[x k 11 Bt

B

Y11 = --
t t2 + 1 jt

(41)

yj22 1/l~2/ kox k2 __B t

The synthesis of the networks NA & NB will now be considered.

23



Network NA

The transfier matrix of Lhe network NA deftuod by equatiuns (40) Lq,

1 112

A] (42)(12 .1/2 2 2-A + k. (._
A (wt - it 2 (kiA

2

2 A )
k, , I- ) (k 1,A

CW2 " 42 ) .W,2 k A k. (,_X) 12C~~~~ ~ ko t o-x) + 22o1-)2 (kll A - k12' )  1 2lAk 10 x)]

The impedance pnrumoters z and z 12 may now be constructed and arc given by
22kol(-x) + t A + ko (1-x))

7)2 (43)
[k.. 2 k(1-x) (2 A 1) kAk A A ko (1-x)) J

- k 121t (k12 0

and

t2 1 ,1A 0ko . .

[k. %(1-x) [W ,' k, (1-x) 2 (k I k A) + t2  (k A k 2]

A unit element of characteristic impedance

Z1 A (44)
k12 A + ko (1-x)

is now extracted in series from the network to leave,

Z = Zl - z

t
A 2 A A) 1  t2 ~ A 0 (l.x))(kllA k1 2A)ko (l-x) )] 2 +1 t' (kl-l2 +012* o

==~k k(1 o 1 -2olx ) 2(kjA. 12)][k12 A -x(1 x)] t [k (1-x) W2  kA

't [k 12 A k (-x) (2]4)

24



aind

?z7," - (1-t2) 1/2 Z

i2 12~t

(1-t2 1/2 ko (1-x) 22 k12A 2(k I A k A2 ]

[kk I 9k(-)2(i k12 - t [ko (--x)2 [W2 A 12
(46)

i'. t2 A x, ' ,k o  (1,-X) ) 2] 4 ,2 A

The corresponding admittance parameters of this symmetrical network are:-

kA ,k 0 (1-X]J Eko (1-x.)W 2 
2 k1  A _2 (k, Ak A)

+t + (k,2 + ko (1-x)) (k A-k 12A)]

Yl:(k,, A .kl2 A) 2t (47)

and

12 AA A )]
- (1.2) [k12 +k. (l-x)] ko (I-x) w2k 1 2 A-2 (k

2 1 1 12

12 kl Ak1A 2 t

Two open circultod shunt stxi are extracted, one from each end of the network,
of cha.racterlstic impedance

{klj A_ k12 A)

Z,2 A (4)

(k1 2  + k. (l-x))

to leave admittance parameters which are realisable by a unit element of characteristic

impedance,

(kjjA k2A) 2

z 3 ~ A k[2 k A A A (49)

25



Using the rolatonships given in equatioris (38), the element, values in the network
reduce to,

t
Z1= > 0

k12 A + ko (1-x)

k 12  W2

Z2 1  A+ ko (I- x)

k1 2 A

k (1- x ) k 2 A + k 0  ( -x ) 0

The realisation of the network N as described is shown in Fig. 8. A mc
venient practical realisation will be dscussed during the process of connecting the
network NA in parallel with the network NB.

--- '---10/c sTuas

Z3

Figure 8. The Physical Realisation of the Network NA
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Network N

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

* (51)
A 

]

A-W 2 k X + t2 (kox k CB)
where

A =W1 2k x +t 2(kox + h B

B = t(t
2 + 12)

C=t kx 1 2kox+2(kllB+k 12 B)J+t2(kXk1 2B)

The corresponding impedance parameters are:-

W1
2 ko x + t2 (kox+ k1lB)

1= t[k2X 1 2kox+2 (k B ) k2B B t2 (kox. k12 B) 2] (52)

and
.1(_t2) 1/2 [ 2kX t2 (k x-

1 0j 0 ko-k12 B

12 t[kox[W2k ox + 2 (k B+k B + t2 (kox- k 12]

Two synthesis procedures are presented corresponding to Cie cases of kox - k12 B

being positive or negative. In both cases a unit element of characteristic impedance

z1  W B (53)
W1

2 kox+2(kllB +k 12 B)

is extracted in series with the network to leave a network with the impedance parameters,
[0 B 2  B+ 1 B)(o B i

t W12 C(kll B+ 2k,, B)kx- k B2  ] +2 (kj 1 Bk B )(P.x-kl ,

Z I W, 2 kox2(kllB+ k 12 B] [kox[,1 2 kox+2( 1  B k12 B
)3

+t 2 (kox- k12 B 2 (54)
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and
ZI -~tq)2k kB) jjl2k 12B+2 k 11 B +k 12B)}

2(I13+kl B)][ 0 2kx 0kx+2( k11 B+k 12 -Jt12(kxk 12]

Converting to the admittance parameters yields

[IW1 2k0X+k II B+k1 2 B)[ C (k1 B+2 k12 B)k x-k12  3 +

2(k 11 B+k B )(ko B]
t [ 1 B + 2(k 1 1 B k1 2 B)] z (5

1 4t) 2B 12k0x2(k11 + k 2!

Y12 t B 2k + 2Ik B +

If (k0x - k12 B) > 0 then, two short circuit shunt stbs of characteristic impedance,

,,12 B B B 2

z - 1 B + 12k1 B B) 2 (56)
2 k11  + k12 B][W12kx + 2(k11 + k12 B

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

istic impedance

2 B2 B B1

W 1 k12  +2ck11 B"k12  B) (57)
[k0x - k1 2 B][ kox + 2(k11 k12

thus forming the network NBi as shown in Fig. 9. Using the equations (38) the element
values of the network N reduce to,

2
Z1 Wf 1( I  > 0

kx+2k1  +i)ko0 2 k12 + +
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k (i +

2 x12 ( +2 B (2I2 (5+

xk(I + VI2 + 2)
k12  k 1 12

Figure 9. The Parallel Connection of the Networks N and N
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For the came where (k x - " B) <0, the two-wire line network described by the
mAtr x (29) is employ0I. In& case, b? comparing equations (55) with the matrix(29).

[k 12  " k0xl 0 + kl[ ( 1 + 41 + 2

7112 k12 B 1 +
2

2 2  k B(1 +vfj~1l ) (59)

1(4-1 k = + 12 1 )3+W
1711-"12 = k1 2 B( 1 +

leading to,

(1 + N, _J 12)
00 +(x2 Bi~i T]

and (60)

k2 B (I + i 12)

Z 2
e k x [ U'12k .+ 2 k1 2  B( 1  + , )

resulting in a network N32 of the same form as that shown in Fig. 5.
This two-wire ulne network is realisable under the condition (kx - k B)<0, since

Thi tw-wfe 'ox 12

Zoe, Z > 0
00 00

2k B kx) (1 f +12)2
12 l2 - + +Zo e " 00 ff  2 (6 1 )

S 0 kx 1W2ko + 2 k12 B(l + + 12

It has been shown that networks NA and NB may always be realised, the network NB

being either in the form of NBI or NW, and therefore any D-type all pass sector in
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I
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 networks.

Thu parallol cunnection of the networks NA and N produces the network shown
in Fig. 9 and Is a five-wire coupled 1Ine str.!etu~re %6p wo-stubs. The parallel con-
nection of the networks NA wO NB 1 however degenerates into a three-wire inter-
digital line section with four stubs as shown in Fig. 10.

Figure 10. The Parallel Connection of the Networks NA and NBi

A B
• 31



The characterist o admittance matrix of ti three-win line, from equations (60)and (S) 5 :-

(1) (2) (3)

I 2 AA (1-i 2
( 1) 0ec -[ A+k (l..Xi 0-f12  0A

k1 2

(2) - [k 12 A k 0(1-X) k12 AA+k 2 B 1.2~ Lox+2k 12 B l

2

(3) 0 [ +2kC 12 == 1 k0x.- 12 (1+/+AJ

2 k B (12

(62)

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

A )2
(k12 + k()-x)

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

x + 2k 1 1 + i'+ ]
Y3 B 2(64)

B(2

k1 2  ( * 1+32)

and the ends of line (2) provide the terminals for the input and output ports.

This network configuration is realisable with non-negative admittance values if
the networks NA and NBI are realisable. Since the network NA is realisable for
all permissible values of x, and the network N is realisable if,
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I Biik x- k B (65)

o 12

then by choosing x 1 the realieability condition for the combination becomes,

Bk ° _ kl(6 l

In order to produce some flexibility in the design of this section, the impedance
level of line (I) and (3) w, r. t. (2) may be modified without altering the characteristlcs
of the network between the input and output ports on line (2). This is accomplished
by multiplying 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
I and x2 (67)

[k1 2 A + k (1x] [kx+ 2 k1  B( I+ )

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,

(2) (3)

2

( 1) _" 0

k1 2

A B 1_____(8(A xk + k + -k7 : x,, (68)
(2) k 1 2  o 2k 1 2  [,

2 21 x2
t31 x2 1 2 .9k 12 01 1  + 2

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

2
Y x (69)

k1 2 [ 1
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and line (3) Is terminated in twc short circuited shunt stubs of characteristic ad-
mittance,

U1 4x22

k 12 ( [1 1 ) 

T1e end view of the resulting interdigital section with the relevant characteristic
admtance values are shovn in ig, I1. Obviously, the values of x and x must be
chosen suah that the element values are non-negative and this has baen shov to be
always possible if

k 0 _-k 0

Using the equations (38), this condition may be expanded in terms of the trans-
mission zero to = C0 + J wo resulting In,

t2 1+  [] 2 _2 2 1a 2(1 + ao ) (72)

2 2Thus, the condition Wo >To2 is at least necessary for reallsation and, rssuming
this condition to be satisfied, condition (72) may be rewritten as

( ae)2 + 2 ()o ) 2 a 0  (73)

which, for 2 k 2 is always satisfied. Hence, the contour defining realisability
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

Thia cwtion is concerned with the direct synthesis of microwave ail-pass networks
without rexucing the network to a cascade of C-type and D-type sections. The first
realisation to be considered is a cascade of two-wire lines and the second is a reali-
Ration In the form of an tnterdigital line structure.

Synthesis Using a Cascade of Two-Wire Lines
Let the scattering transfer function S (t) of a resistively terminated, lossloss,

reciprocal, two-iort network be of the form,

S.At) 11 n(t (74)
in(t)

where H (t) :s a strict Hurwitz polynomial of degrae n. then,
n

KL iZ2 (t)J 2[1 (75)
2a z12 z 11

where

Hn2 (t) + Hn2(-t)
n ni

z 11 H_ (1) -H -t)
11 n

and (76)

2H n(t) H n(-t)
1l2  '2 2

H t) - H (-t)n n

is the impedance matrix of the corresponding lossless two-port.

Two-wire lines may now be extrrcted from this impedance matrix using Saito's
extension of Richard's Theorem 8. Lf [Z2 (t)] is the impedance matrix after the
extraction of (n-r) two-wire lines then,

[Z2 (- t)]M [[Zr (t)I -t [Z2 (lr ][t (1) LZ 2 ()]-1 (77)
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I ~ Where

zIi r z12 r

Lr t) (78)
2r

[Z ~ r It) Iz~ rl

is the impedance matrix after tho extravtion (n - r + 1) lines.

Simplification of this recurrence formula results if Z is(t)J i expressed as,

Z (t)+z t) Z (t) -Z (t)or oor oer oor
2 2

CZr (t)J 7 )
Zr (79)

Zoo (t) - Zoo (t) Z, (e t) + Zvo Mt
oer oor oar oor__

22

or

Z (t) Z1r + z 12ris the even mode impedance

and (80)

Z (t) = Z r 12 r i the odd mode Impedance

and equation (77) then reduces to,

Z(t r (t) -tZ r (1)

oe (r-1) 1 - t Y (1) Z (t)oer ocr'

and (81)

Z (t) -tZ (1)
oar" oar

oo(r-)1) 1 - t Y (1) Zr(t)
oar oor

Now if Z (t) Z (t) 1, then
oar oar

2
1 4 - t £Z (t) z (1) + Z (1) Z r(1)

()()oar oar oer oar
2 (())+Z

141-1 o~r1 t tZ (t) Y ()+ (t) Y (1))oar oar oor oar

(82)
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but,

2 2Z oen (t) Z oon (t) Z11n" z 12vJ I

Hence, by induction, Z (t ) Z(t )  1 and uquationa (81) reduce to,

zertl - t zo(1)ZoOr'elt r =
z (t) --1 oer(1) oer (t) (83)

oo(r-) = oe(r-1)

From em.,ations (76) and (80), the originul even-mode impedance is

H (t) + H (-t)
Z (t) n- (84)oen H (t) - H n(-t)n n

and the remaining even-mode impedances are obtained from successive applications
of Richards Theorem defined by equation (83) and the final network configuration is
shown in Fig. 12.

Physical realisability of the structure requires that Z oer(1) > 1 but no known
condition exists upon H n(t) such that

Z oe(1) k 1 for all i (85)

As an example of the procedure, consider the D-type section where H2 (t) = I to 2

+ 2a 0t + t 2 i.e. from equation (84)

n n-I I
p . - -- - --

Figure 12. A Cascade of n, Two-Wire Lines
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12t1 + t
zoe2 () 2(6

wherce, from ation (83)

it 12 Z(1)

yielding

1. + Ito0 2

oc22 0ao

and (87)

Z ol(1) It 12 z (1)0 Zoe2(l

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 Interdigltal 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 S1 2 (t) is of the form

S 2 (tt ([-t) 1/2 (88)S12 () -H(t)(I+)

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

A(t) B(t)
1 (89)

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

Z o (t / - + t, 4

t I 2t- It \

+ + t '  2
t 22

which .,ields the condition,

Z00(t' ) = Z (92)

which uniquely defines Z o(t') in terms of Z oe(t').

In order to formulate the synthesis procedure, consider the impedance para-
meters corresponding to the transfer matrix (89) defined as,

A (t)11l C(t)

2(F (t) 193)zi2 = C(t)

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

AZo

1 (t) t

F(t) 
z 12 &04 (94)
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(t) z + Z
11 12

z
Z (t) (95

00

and

Z(t') 7 W) z

Since

z ooWt) z Zoo i then,

00
Z' (t') Z

O o(9 7 )
This step in the synthesis procedure has extracted a series capacitor of impedance-- from the even-mode network. Physically, this implies that an interdigital linesection has been extracted from the network with a coupling admittance Yo.The complementary procedure to the one just described, is the extraction of a

shunt unit element. Here,

- A(t)

' Yl2(t)

1 2 Y 1 2 = ( 9 8 )

and thL; extraction of a shunt unit element produces

, • \(t) Io

Yi i-t2 -Ft tYU
F -- Oi (99)
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but,

2t' \ -,-t' /2  At'/
-~ 1- _-_+_t!____2)__

Voe(t j  -Z1t) -

0OlB 2t \
+t2)

and

Y (t') = 1 _ 1
00 Zo(t) Zo)

hence,

Yo (t') Y t') - Yt (100)
oe oe 0

y
y' (t) = Y (t') .

00 00oo t'

and

Y0 0 (t ) = YoekI-) (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

_ A(t) Y(t)
Y'll B(t)

(102)
Y12 = Y12
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The correspondhig even and odd mode parameters are,

Y' (t') Y (t'1 - y(~t9 ) (13

Y (1o ) Y (t') - 2
00 00 (lt2)

and

Y' (t') = Y' (-

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 ever mode network a, resonant, admittauce Y' (t) (i e. Y'Mt) Y' (1/t') ) has
been extracted.

A similar 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 even-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

H (1t))
and the example chosen is the D-type section where

H(t) = Ito 2 + 2%oo t +t 2
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resulting in, 1to 2 + 2(1 to12 + 2 + 2 cyo) 2 + (4o + c toth)

Zoe, t 4 o  tt(105)

A series op-en-circuited stub is extracted from the even-mode impedance (this Is
equivalent to extracting a unit element in series with the network) to give,

Zoe, (to) - Zoe. (to) - (106
Z--

7-  (106)
Zo i chosen to be the residue of Zoeo (tj) at the origin. 

1 0.

Zo  t i z o e °0 (t 1) 1to=O 0 4yo + I to 12 (107)

where,

[8aot' Ito12+ 2 + 2C)+t 2 (2c0 (2ao + Ito12)]
oe (t') = (4co+1toi 2) [(40o+ItoI2)+2t2(ItO.1' +2+2 0o)+ ItO2 t4]

(108)

A short circuited shunt stub Zlt is now extracted from Zo (t') (this is equivalent
to extracting Zjt from each end of the network) to yield, e

(1 + t' 2 )
Yoe 2 (t) = Yoe I (t) - 2t' (109)

and

Y tY 0  (t) 1 (110)el0 40 (I t012 +2+ 2o0)

producing

4o0 (,te! 2 +2+2 0) [Ito12+2+2o+(2 ao+Ito 12 )t2]zo00 2 It') =(4ao ItoI 2 )t, [ItO12 (3-2(o) + 4 (l ao -ao2) +t,,2  1

[(1-2ao) to 12 -4 2
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t z[
I Extracting a series open circultd stub -- yiclds

ZZ

Zo, (t')Zoe (t (112)
32

where

4a'o
420 * 1to12

in order to provide a zero of Zoe (t' ) at t'= jl.
3

Now,

tV [I 2 (3-2ao) + 4 (I+C0o-o 2 ) (t2 [312o) Itol 2 4a 2 j]
Yoe (t') 4c ° ( to 2 +2a + 1) (1 +t. 12

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

2Y3 t/

Yoe 4 (t') = Yoe 3 (t') 1(115)

* where

* l (l+t'2 )

Y3 Yoe (t')
2t' t'= j

(1to 2 + 2 ) ',

(116)
an4oo t0 12 + 2ao+ 1)I

and

Yoe 3 t') 4 1 2 2 (117)
4* o (I to] 22 + 1)
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where

(1-2qo) It12 - 4ao2

Y4 c 0 (t1 2 + 2oyo + 1)

is the chazrateristic admittance of the last interdigltal line to ground.

The impedances Z1, Z 2 and Z3 are always positive and Z4 is positive if,

(I -Za%) 1 t1 2 k 4o02 (119)

The flual even-mode network Is shown in Fig. 13 and the complete coupled line network
is shown in Fig. 14 where the characteristic cdmittance matrix of the three-wire
interdigital line is:-

(1) (2) (3)

Ito1 2+4 -(Itol 2 + 4ao) 0
(1) 1I to, 2  1to12

-(It0 2 +4o) (ItoI! 24a) -(to12 +4a)
(120)I tolz 4ao 0 tol 2  4 cro

-(to12+4a0) (1 t0 12+2+2cbo)(Ito 2 +aoro)
(3) 0 4o (I t012 + 2ao + 1)

and line (2) is terminated in two short circuited shunt stubs of characteristic ad-
mittance,

(Ito 2 + 4a.) 2

ff2 (121)Y2 '-4ao (Ito 2 + 2 + 2a.0 )

Line (3) is terminated in two open circuited shunt stubs of characteristic admittance,

(Ito, 2 + 2+2ao)

Y3 2 (122)
4ao (ItoI + 2,o + 1)

and the ends of line (1) provide the terminals for the input and output ports.
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zo It _ _J .,z2
IZ

2ZI

Figure 13. The Even-Mode Network Resulting From the Litrdigta Rea jnatlon
of a Microwave D-Type Section in Cascade With a Unit Elemetit

3

Ii 2

Figure 14. The Interdigital Network Realising a Cascade Microwave D-Ty
Section and Unit Element

In general, the impedance levels of I.ie lines 2 to n may be changed with respect
to lbe (1) in a manner similar to that used In section 2. In this example, the second
row and column of the admittance matrix may be multiplied by the factor,

X2 to, 2
(123)

I to, 2 + 4o

2K the third row and column by

x3 4o(124)

to 2
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to yield the admittance matrix of the three-wire line as,

(1) ( (3)

X2t2ItO1

(3) 0 -x2 3

) 12 4- 2x 3 -

xa 4eio (1toI2+2+2uo)(It }2 - 42 )

K(3) 0"x 2x3  Itol 4 (ito 2 Zo+ 1) J
(125)

where line (3) is terminated in two short circuited shunt stubs of characteristlc
admittance

X2 ItO1 4

Y (2 ) ? trol +- (126)

and line (3) ia terminated in two open circuited shunt stubs of characteristic ad-
mittance,

x 2  o ( Ito, 2 + 2+2o)
Y(3)2 t 1 (127)

The values for x, and x2 are chosen so that the coupling and gi-ound admittances are
non-negative and this may be achieved in this case if

(1- 2,o) It0o12  ,o  (128)
1

From this condition, a necessary restriction is that c < - indicating that the
transmission zero must lie in the vicinity of the imaginary axis and therefore must
inherently produce a resonant delay characteristic.

In wae remaining section of this paper some applications of microwave all-pass
networks are considered.
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V. A PPLICA TiONS

Initially It is demonstrated how mivrowavu 41I-pas. notvorks aay Wi used to
prwvido phase correction to convontional ricrowavo fWlter.m and then a method is
describod by which a network with a linear delay-freQuoncy characteristic may be
constructod, tbu latter being of particular Importance in the compremmion of linoarly
frequency swept pulses,
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A; an c unaiplo if LliU use uf microwave all-pass networks as phase correcting

networks cn.ihl"i a steppced impedaace tLarlsornr. Here,

is. 1 2 M (129)

and Ior illustration the particular numerical example to be considered is the case n1 -
cos we = 0 .6 and a ripple level in the pass band of 0' 2 db. S1 2 (t) may be constructed
in the usual manner and the delay of S 1 2 (t) calculated. Fig. 15 shows the normalised
delay Tg plotted as a function of cos W and reveals that the difference between the
band centre and peak (baid edge) delays is 5 73. It is evident from the shape of the
curve that a single C-type section will not provide any substantial correction. A D-
type section alone is also of little use since if it has a peak delay this must occur at

some value of cos t, 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 characteristic considerably. Fig. 16 (a)

shows the combiation of the filter delay with D-type sections having [to[ = 2 and

001 * 2 and I. 4. These values are chosen to give a comblnud 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 Ite! greater than unity. Using Fig. 16 (a)

a C-type section iM then chosen to obtain the smallest variation over the passband and
this is shown in Yig. 16 (b). The best result is obtained with the D-type section havingJ.0

ItoI = 2, ao = 1.2 and = C-type section with ao = 10 . This combination results in a

delay variation of 1' 8 as compared to the original value of 5 - 73, a considerable im-
provement. In the limit, of course, further C-type and D-type sUecions may be added
to produce any desired improvement.

To complete the example the required network will be synthesised. For this
network

H (-t)
2 (t (t)

where

Ht) (t 2 t+ (130)
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2n

COS (61

10 4

0 05 1.0

COS

Figure 15. Th 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 line. In this case, the

even-mode impedance Z 1 (t) is,

Z1( t) =
H (t)- H (-t)

2 (43t 2 + 100)

1St (t2 + 12)

Thus,

z 1 (1) =5 (132)
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, Cr

SINw
Figure 16A. ihe Delay Characteristics of the Microwave C-Type and D-Type Sections

Consideredj in the Numnerical Example

and

Z2 Wt Z1 (1) ](133)
11 (U1t 2 + 10o)

240t
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Figure 16b. -Me Delay Characteristics of the Microwave C-Type and D-Type Sections
Considered in the Numerical Example

resulting in

407
Z 2 (1) -

80

185
Z3 (1) = -(134)

4

Hence, since all of the even-mode impedances are greater than unity, the network
is realisable with positive values of admittance.

54



t

A similar phase correcting technique may bv applied to most conventional micro-
wave filters but a rualisation of the phase correcting network in the form of a cascade
of two-wire lines is not always possible. To illustrate this point, consider a low-pass
filter with,

12 (t) 12  -& .in

In gencrAl, the dela charaoteriatic of this network Is uf the same form as the
currospoiiding stepped Impedance transformer with coo wand cos W. rephlced by
sin W and sin wo respectively and subsequently, the corresponding phabe correcLion
network would be the same as for the stepped impcdance transformer with Hn (t)

replaced by tnla n , Performing this operation on the numerical example considered,

the resulting evon-mode impedances w-.,uld be,

15
zZ 2f

z2 = 7--Y(1x6)

333
• ,. i

resulting In lines 1 and 3 being unreahlsable duo to the negative value of coupling
admittance. In a cause such as this a more general type of roalisation must be sought
as shown in section 2.
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SVIL ALL, PASS f'rWOHKS WITH IlNEAR i;.I.AY CIIAl(ACTEISTIC!

oTh reolisations of the microwave all-puizm nctworks in the, inturdigital form
jpre uentd In section 3, and roalisatlons in the form of the cacad d nutwork. NA 'i
NB1 sw dec*rilbeli sectivii 1, ihUrUntly produce renonwiLt delay charaeristic. A
delay characteristic of this form is not usually roquired for the phase correction of
covcntionaJ nicrowave filters but In Ideal for applications where large rates f
change of delay are required over relatively small badwidths (20% or loss). ()".j
particlaxly imprtant application which W to be discussed is the ca"e where tihe deIlay
varies in a linear manner writh frequency over a band and where the ratio of the delays
at the band edges is considurably gruaLcr than unity. One application of s4.ch a net-
work, as previously mentioned, Is for te compression of linearly swept pulses as
used in pulse compression radar,

The idealised delay characteristic whirh is to be approximated is shov, in Fig. 17.
The constant additive delay, which increases with the addition of unit elements into
the network, is an unimportant factor in this particular case. The important factors
are the bandwidth B(c/s), the dispersion D = T2 - T J (sees) where Tg2 and Tg arc
the delays at the band edges, and the compressicn rafio C definexl as,

C = 13D (137)

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

I may readily be shown that the area contained under the delay characteristic of
a single D-type section expressed as a plot of delay in sees, against frequency in c/s,
ip nidty pr pirtsr wa", lpn 'th fro-ilency. Thus, if n is the degree of S1 2 (t) then

n I C {128)

For pulse compression networks, C is normally of the order of 50 and hence n z 50
or t least 25 D-type sections are required. Thus, due to the large number of D-type
sections which are required, a first ordered approximation to linear delay may be
made in the following manner:

Consider a D-type section with a transmission zero to = o + j wo where

to I>> a (139)

then the maximum delay of the section occurs at f= w I Ito and has a value,

+ Ito1
2

T gm" (140)
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Figure 17. kdlalisod Delay Characteristic

Since the area under the delay curve of each D-type soction in the network isequally divided above and below the point tan W, tej , the area ueer the delaycurve will incrense in an approximately lincar manner over the band B U

Itri= tan 21rk° (f - B) (141)

y 1,2, ... n

where 4K. (f1 + B) < 1

Also, If condition (139) and equation (140) are used, the deviation from linear
delay may be miflrmi.ed if,
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and if m ii* the number of D-type seaiono,

Cftm ([13)

For most practical purposes, a close approximation to linear dulay will b nec-
0e580ry and this may be achieved using numerical teelhritques with this first ordered
approximation an the iniLti conditions.
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A ge.ouaIlsod theory of cocin niurate microwave all-)as networks lws .blun
ptresenitw. The (vp4._ delay c-hrLrw ttri-e& for thts ela., - of netWv)kkA has iw on
prosenud and procWduran for the ipoximation of spcified vharsctertsties hMove bL'en
Indicated. UWlng general syntbcsis proedures for the ru t"uLon of C-type and D-
type all-paas microwave sections, with &nd wltout a cascadod unit elemont, it hAi'
been shown that any delay characteristic of the fori,

r1

who~re t taih 1), Ymay always be roalsou within an additive constant

FinaLuy, two synthesis procedures have been presented for. the direct realisation
of n-crowave all-pass networks without the reduction to a. cascade oi C..typo £nd D-
typje oetions. Thu first roalls~tion, in the form of a cascade of two-.wiro lines, is
useful for the plhaae coirection of some eonvoritonal microwave filters, wlle the
second rellsatlon, In interdigltaI form, will produce delay charaoteristics where
the delay varies rapidly over ia amall band of irequeneles.
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