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ABSTRACT

The purpose of this study is to investigate the transient behavior

of nonreciprocal ferrite devices and coupled networks which are used in

wideband radar and communications systems to process signals having wideband

spectral content. This investigation should lead to a better understanding

of the limitations imposed by the use of these components.

This final report is divided into three maj,)r component study

areas. They are:

(a) nonreciprocal ferrite devices (e.g., isolators, circulFtors)

(b) coupled TEM-mode networks (e.g., the quarLer-wavelength or
parallel-line couoler)

(c) coupled waveguide networks (e.g., the sidewall coupler).

In addition, a major subsection is devoted to deternining the utility of

describing the transient behavior of a microwave network by a single

parameter in the frequency domain, namely, "the bandwidth."

New methods are introduced to evaluate transients in wicrowave

networks in both the study of f-rrite and waveguide networks; in the former

area & microstrip circulater is suggested for wideband application. A new

definition of effective bandwidth for microwave networks is offered elhich

considers energy stored in the natural modes of the device. Finally, a

novel class of parallel-line couplers whose impulse response is time

limited is introduced: the impulse response consists of two delayqd

impulses.

Both the theoratical and experimental portions of this study am-

ploy a time domain analysis as opposed to the conventional frequency domain

approach. It is shown that a tirae domain analysis yields cons.derable in-

sight and suggests new network riodels. The measurement and analysis tech-

Piques presented in this study are outgrowths of efforts on two previous

Air Force sponsored programs, namely, "The Transient Behavior of Large

Arrays" (AF30(60?)-3348) and "The Transient Behavior of Radiating Elements"

(AF30(602)-4050).

i=V
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EVALUATION

The objective of this contract is to establish optimum approache,

for evaluatJig the performan',e of certain nonreciprocal and coupled

b'roadband rcrowave network i. The contractor made extenblve use o.C the

tim demia acd the transi,mt re~orue in condcting •these iiMat'liatidbd.
It is shown that such appioaches give rise to effective method3 of ana-

y:-'._ z-A e -•-1wtion where conventional appioaahes tend to be laborious

and unvieldy. The techniques established here will provide & tiw dgiui"

appiveab to microwave and systemG engineers so that the design and eval-

! uation of broadtaud components can be accomplished thilough an optimized

procedure.
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SECTION 1

INThROIDCT ION

3 (G. F. Foss, Sperry Rasnd Researcti Center)

1.1 GENERAL

Ulm This final technical documentary report covers work pearfnrmed

during the period 28 May thru 2 June 1967, under Contract No. AF30(602)-4180

for the Rome Air Development, Center, Research and Technology Division, Air
0 Force Systems Command, Griffiss Air Force Base. New York by the Sperry Rand

Research Center, Sudbury, Massachusetts in tcoperation with the Sperry Micro-

wave Eiectronics Company, Clearwater, Florida ani the Sperry Gyroscope Com-

pany, Great Neck, New York.

5 1.2 THE PURPOSE OF THIS PROGRAM

The purpose of this program Is to study the transient behavior of

certain nonreciprocal &nd coupled microwave networks In an attem~pt to under-

stand their properties when excited by signals having wideband spectral con-

tent. Previous Air Force eponsared programs have ai;l-yvd the transient be-

havior of reciprocal and connected T'A-mede and wavequice junctions used

in the feed networks of array systemst and the properties of aifferent ra-

diating elements*.

* • In particular, this program contains an anialysis of nor-recip-

rocal ferrite networks (e.g., isolators, circulators, phase shifters etc.),

t G. Ross, L. Stisman, G. Hanley, "The Troasient Behevior of Large Arrays".
RAC-9645!,One 196.5). iinBealrf

G. Ross, Hi Batez, La Sbsfan, G. 1lanley, S.•AL, 2-ravien Behavior Of
ot Radiating Ejeoe~pts", AF30(602)4O (November 1966).

, h1-



and an analysis of TEM-mode coupled networks, and the (waveguide) sidewall

coupler. In addition, this study Includes an investigation to de~termine the

utility of describing the transient behavior of a network or a system of
S~networks by a single parameter in the frequency domain, namely, the "band-

width".

The results of this p-•gram, together with the results from pre-

trious programs provide addi.tional insighti, new' aq•alytical tools, and design

data for the systems engineer. The content~s ef' this• report are described

in the next subsection.

1.3 CONTENTS OF THIS REPORT

This report is divided into four major s~bsections. They are:

* Ferrite devices (See. II)

* Defining R 'anwdh petrame-ter (See. III)
STER *'wideb.s:nd" cope etworks (Sec. IV)

I • $ideimall wayeguide ocupler (See. V)

Section 17 contains a •ilerature survey of -'elated work (Sec.

2.2.1) and a quailtative discussion of the intrinsic limitations on tran-

sient behavior In ferrite oeviees (See. 2.2.2). The theoretical problem of

wave propagation ir, ferrite media a•nd ift ferrite-loaded transmission lines

is analyzed In Section 2.2.3. This analysis starts with Maxwell's equations

an develops an expression frthe system functio.i using Laplacetrnfm

,echniques- an analytical and a computer solution for finding the inverse

t transform of thk, system function is presented in Appendix A. The results

of the experimental studies are presented In Section 2.3. H.ere, t;1e isolator,

the circulator, the helical-line digital phase shifter: and the gyromagnetic

i coupler Lre experimentally evaluated.

I oaA 1e,11•-"i Ihe rility of- da~crirjing -cre tran5,ienit beiiavior

of a microwave isetwork by Ifts "bandwidth" Is distusedo In Section 3.2

some of the conventional lumped--zircuit definltion!s of baudwidth are re-
Sviewed.- New. definf •ionsi whfrphýmay bp applied to, distribmted, miorowrve not-

works are discussed In See. •.°In Ozftl*6:ý erie defl-Altion Involving, a
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Inew quaty factor Iis appeeliijg: the ordinary definition of Q proves

to be a narrow-band concept and must be extended for microwave network appli-

cation. The concept of Q is reviewed in Appendix B and it is sliown in

Appendix C that the transfer function of a network is an implicit function

of tht quality factor. Also, in Section 3.3 several examples that show the

deficipucies of conventional bandwidth definitions are offered. A time-fre-

quency domain technique for analytically and experimentally evaluating the
"wideband" Q factor is d%scribed in Section 3.4. The technique is applied
to the analysis of commensurate-line TEM-mode networks in Section 3.5: appli-
cations to certain networks are offered in Section 3.6, while experimental

results are given in Section 3.7. Conclusions are presented in Section 3.8.I In Section IV the transient behavior of coupled lines is investigated.

In Sections 4.2 and 4.3 the impulse response constraints necessary for the

conventional coupled-line directional coupler are derived and the transient

response is carefully studied. In Section 4.4 a new directional coupler that

has a time-limited impulse response is developed. Section 4.5 is a discus-

sion of the experimental results for three different 1.35 Glz co.ventional

coupled-line directional couplers; the results are then compared to theo-

reticel -:edictiors.

The transient response of sidewall couplers is considered in Sec-

tion V. This particular waveguide component was chosen for detailed inves-

tigation beeiase (1) it is commonly used in modern radar systems and (2) the

mathematical techniques appropriate to its analysis are applicable to a very

*large class of microwave structures. In Section 5.2 the previous work on

the transient response of straight sections of waveguiue is briefly reviewed.
In Section 5.3 the results for straight sections of waveguide are used to

provide the basis for the analysis of the sidewall coupler. The sidewall

coupler is considered as a cascade connection of straight sections of wave-

guide coupled together by a straight section of uniform guide capable of sup-

porting higher order modes. Section 5.4 presents the experimental resultsii for the impulse and step-modulated response of an L-band sidewall coupler.

iA-
I of____ -- an sidewall_

- 1*."--
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1.4 PROGRAM ORGANIZATION

This prograr is d!rected by Dr. Gerail F. Ross, Department Head

for Microwave Netwo:k and A;.tenna Research at the Sperry Rand Research Center,

where Mr. Robert S. Smith, Research Staff Member, is a co-investigator. ThisI center's investigative activities consisted of defining bandwidth for wide-

band , iu- owave SyStems and evziuating the performance of TEM-mode coupled

networks.

At the Sperry Microwave Electronics Company, Clearwater, Florida,

Dr. Lamar Allen, Research Staff Member, was responsible fer the study of

ferrite devices. This program included both a theoretical and an elaborate

experimental effort.

At the Sperry Gyroscope Company, Mr. Leoo, Susman, Senior Engineer,

was responsible for the theoretical ard experimental studies relating to

waveguide networks.

Since this study was a three-center effort involving several Scien-

tists, it was decided to identify the contributions of the investigators by

placing their names (in parenthesis) next to each major section.

-I
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I SECTION I!

FERRITE DEVICES

(L. Allen, zperry Microwave Electronics Company)

2.1 INTRODUCTION

The objective of this phase of the study is to advance the under-

standing of the transient behavior of ferrite devices through a closely

coordinated theoretical ard experimental effort. Both the intrinsic limi-

tations of the transient response of the fetrite itself and the transient

behavior of several typicahi operational ferrite devices are examined.

* 2.2 THEORETICAL STUDIES

2.2.1 General

The theoretical effort is concentrated on the related areas of:

(1) intrinsic transient phenomena in ferrites, and (2) transient behavior

of typical ferrite devices. A literature curvey carried out early in the
program revealed few papers that were directly related to the rf transient

behavior of ferrite devices. The most pertinent papers are those by Suhl,

Schloemann, and Shaw et al. SuhI and Schloemann are both principally in-

terested in high-power or nonlinear effects. Shaw and his colleagues are

attempting to develop a short-pulse microwave generator based on transient

phenomena in ferrites. (See references 1-8 in the bibliography.) During

this prcgram an effort was made to formulate the theoretical study of

transients in ferrite devices directly in the time domain.

2.2.2 Some Comments on Intrinsic Transient Behavior

There are various intrinsic relaxation and excitation times as-

i sociated with a ferrite. For example, there is a spin-lattice relaxation

time (which is a measure of the length of time required to transfer energy

from the uniform precession mode to the lattice) and there is a spin-spin

relaxation time (which is a measure of the time required to transfer energy

from the uniform precession mode to higier.-order spin waves), The spin-

spin relaxation time for a typical material might be of the order of a few

-5-
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Dmoseconds, whilo the spir-lattice relaxation time for the same material

would be of the order of a hundred nanoseconds. An important parameter in

the study of transient behavior of ferrite dev.ces is the excitation time

for the uniform pr~cession. Excitation times for the uniform precession

mode appear to be oY the order of 100 picoseconds. From the time that

the unifur•r precession is established until that time when loss of energy

to spin waves occurs at a significant rate, the uniform precession is

essentially an undamped mode of oscillation for the magnetic moments of

material.

2.2.3 Transient Wave Propagation in an Infinite Ferrite

Before investigating the transient behavior of particular ferrite

devices, consider the case of wave propagation in an infinite ferrite

medium. An electromagnetic wave in a ferrite can be represented mathc-

matically by thie following three coupled equationst

Vxe + (2.1)

Vx (F e f (2.2)

SY~ + ý) x (E +~) -f- QM (M+ )x ) (2.3)

where i = time-varying electric field

5 = time-varying magnetic field

Sfi= time-varying me(&atizatioa

= static magnetk' f.ý_.:

9 = dielectric constarot

= permeability of free space

Y =gyromagnetic ratio
= damping parameter.

ý = static magnetizatioh

-6-



Assume that

where Uz is the unit vector in the z direction,

Then, !n the small signal cate Eq. 2.3 can be written in expanded form as

a-t- Y my - M. fy Ct a

(2.4)
aim Y am

at Y °.m mýh 1a

If it is further assumed that the time varying magnetization and magnetic
Hleld are zero at the initial instant, then t = 0 . Then taking the
Laplace transform with respect to time of Eq. 2.4 yields

rn_2 and m_ in terms of h and S yI,•,1

iv

y +(.)2.6a)

S- 0

xxz- _ _ _ _ _ _



-m Xyx Xy(26b
y yx x yy

-• ! whe re

x
* *

m s~ h +~(2.6b)

Xxx=yy s + Y)

S~Thus,

where

x r "xy

x x Xyy 0

C 0 0

vle B s +T )t1 h aspThuells eqain nt.nb ttn ntefr

I rn=-ii (2.9)
._•VA see

AI heve I + x = I is the identity gatrix.

Ella fIaetin~g e ro Eq'. 2.9 m obtain

yx yyh

or(2.9)



The plane-wave solution has the for"i*

A • *o-'( (2.11)

h h

where C is a function of s and material parameters but not of the

coordinates x, Y, and z, and

n = unit vector in the direcLion of propagation

r = displacement vector

Thus, for h as giveit in Eq. 2.11

(2.12)

Substituting Eq. 2.12 into Eq. 2.10 yields

n%+(n -s'C r (2.13)

Assume that -he appliel dc magnetlc field IF ii the z direction and the

propagation vector I1 in the xz plane, so that ny 0, n = sin 0 nd

nz = cos 0 , wbere 0 is ttc ang1e betwee t" direction of propagation
end th6 dc magnetic field. Exp~iding Eq. 2.13 into its three rectanga-

lar component equations yields three hcmogfne(us linear equations in h

hy , and h . The determinant of the coefficients must vanish for c

nontriviai solution, thusI f ~sncs (2.14)-•Cos• 0 + S :•j S#AOo gSin 0 Cos

sin 0 cos 0 0 onr + zi,.

-I See Reference 10 for a slmil&r analysis in the frequency dowtin.
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wltere p = I +XXX and K=- Jx

Expanding the determinant and solving for € yields

2 (cos 0+ P sinO0)

(2.15)

The Lield is uran

h = he- e (2.16)

where %± is given by Eq. 2.15 . The transient response can be deter-

mined by taking the inverse Laplace transform of Eq. 2.16 . However,

§ is, in (jeneral, such a complicated function of - that inversion cannot

be carried out analytically.

2.2.3.1 Transverse Field

A special case of particular interest is that in which the

direction of the applied dc magnetic field is perpendicular to the direc-
tion of propagation. Then the value of 0 in Eq. 2.15 is 1/2 and

becomes

= (2.17a)

Suppose propagation is in the y direction and the de magnetic

field is applied in the z direction. The solution g- then represents

a wave with the rf magnetic vector in the z direction and the rf elect.ric

vector in the x direction. In this case the rf magnetic field r.oes not
interact with the spin dipoles of the ferrite and the material resembles
a simple- dielectric'.

"-' -



Consider a plane wav" watch is zero for t z 0 propagating

in the +y direction. At y = 0 Ist the form of the wave be specified by

h(O,t) = z h z(0,t) = z f(t), so that

zz z
L { h z(O't'; =-

If the ferrite has a conductivity a , Ea. 2.17b becomes

+ y

;%(Y's) = 1(s) el I (2.18)

9Stratton has provided the necessary transform pairs for inverting this

function. The result is

h- z(yt) f(t - y

(2.19)

a
* ~t - rT, yO(t

S- e 2e f(O)exp- •• Jo z - (t-p dO

whtch represents a demped ze traveling in the +y direction in a dis-

sipative dielectric. For y = 0, h1(0,t) = f(t) for all t > 0. The

first term results in a delayed, mighted replica of !he input signal f(t);

the second term introduces the distortion.

If propagation is in the y direction Rnd the rf magnetic field

liers in the xy plane transverce to the applied dc magnetic field, inter-

Pction bet.en the rf magnetic field !nd the spin dipoles does take place

ani C+ is the appropriate solution. In this case the wave is transverse

electric and the x and z Com~oplents of the rf fields can be expressed in

te r"z of the y component of the rf magnetic field. The system function for

s-Al

-. 1

i



th is wave rorresponding to the ratio of hy ¢eopeeents at y and y =0

L S is Vii~n by

ti --

x.y-zS- - -s L-.-- y

h y(X,O,Z,s)
Iwhere p = X I K JX , and X and Xy are given by Eq. 2.7.

4xx YX x yx
The inverse Laplace transform of the right hiand side of Eq. 2.20 is

then the impulse response of the ferrite under the specified conditions.

Unfortunately, this is a very complicated function of s and direct in-

- version has not been possible. It Is, however, apporent that the impulse

response will consist of a delayed replica of the "nput plus a series of

* Bessel function termc ,hich represent distortion.

2.2.3.2 Longitudinal .,zld

Another special case of considerable interest is tnat in which

the direction of prop~agation is parallel to tkN applied magnetic field.

For this case n n = 0 , n = 1 , and t e z Eq,. 2.15Fo•thi cae x y

then becomes

=s Po C (A K) (2.21)

For this case the ty)es of functions that must be inverted to obtain the

impulse response a-- of xbe form

k e (2.22)a e.

t� ahere

a 12



This function is also quitf complicated and a direct analytir.al inversion

has not been possible. However, if HO is set equal to zero then Eq. 2.22
reduces to the form of 3q. 2.18 and can be inverted to yield a delayed
and attenuated replica of the input signal plus distortion terms similar

to the result shown in Eq. 2.19 . In the general case the response is

more complicated but similar in form. An approacn L, the inversion of

functions like Eq. 2.22 in terms of a series expansion is given in,
Appendix A. A computer program for inverting complicated unilateral Laplace

tr Xfo-rms like Eq. 2.22 has just been completed under this cortract. The
details ere nct reported here because of time limitations. To check the

technique, the inversion of Eq. 2°22 was accomplished and compared to the

series solution (see Appendix A). It, appears tnat this program should

have considerable utility in future transient analyses.

2.2.4 Transient Behavior of Bounded Media

The exact analysis of the transient performance of microwave
devices presents such formidable mathematical difficulties that one of
necessity attempts variovs approximate calculations. Variational and

perturbutional techniques appear particularly interesting. Frequency-
domain formulations of surh tech,•ques can be found in many books and

a-ticles. Similar formaiations in the s domain are also possible.
Let s e = (x,y,z,s) , etc. Kaxwell's

equations for linear, isqtropic homogeneous media, after Laplace trans-

formation with respect to time (with P = 0, J = 0), become

Ix

V =(2.23)

Suppose that the fields in a waveguide are of the forms'

e =e (x,y) e- (2.24)I -T-h1sistsa crucial steo fer the work that- felý nn-t -16 Ln
In symmetric Junctions the field can be expressed as the product of two
terms: one a function of the coordinate system and one a function of timn.

Ii@ ..
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where 1 = function of s but not of coordinates.

e = fanction of x, y but not of the complex variable s.

• =-rzv -r e

Perz-VX riz x e

Substituting Eq. 2.25 into Eq. 2.23 and scalar multiplying the first
X Iof equations 2.23 by h , the secona by e , and then finding the dif-

ference between the two resulting equations, we obtain

ve x h s (ýph-h + ee-e) = 21 e x h- u

Integrating over the cross section of the waveguide,we obtain

ria *'-- +See S_•ce-e÷V-e x: h) da (2.26)
2 Ire h-u da

From the identity

J'J V • x 4 da = e x h n nd

tne third term In the numerator of Eq. 2.26 vanishes if I x e = 0
an c . Hence,

h h +ee a.e da
. . -- . (2.27)

eJ exh-u da

z[



This formula for r is stationary if the trial fields are

selected so that n x a = 0 on c. Equations similar to Eq. 2.27V

involving e or h fields only can be obtained by eliminating h or
eres.Pjctively, from Eqs° 2.23 and proe~eding as above. The e -field

• I result Is

i~~ • •-(Vxye) " CVxe•)-s ce" e~d

I i * Vx %- (2.28)
G zx e -G 17 e)]da

(a (V x h) •(V x ) -s k h - i da

F = (2.29)
-je'i x tV)-(.x1)]di! V

which is stationary with no boundary conditions required on h . Similar

results can be obtained for anlsotropic media as illustrated by the fre-
.12

quency domain results of Berk.

AS a ex.5 PeO -(; V L :SUV91656 StatonaryO fomULWUiU ICarl '- i4it to)

compute the transient response of microwave devices, consider a dielectric-

thloaded aveuide consisting of a single full-aeignt dielectric slab in

Ithe center of a rectangular waI.guide, as shown in Fig. 2.1.

FI. "221" _ai lelectric slab In the center
~c4¶ang War a.4e~ ~



As a trial field, take

Ve

a = ty in aMe
y a

corresponding to the dominant !E--mode propagation and use Eq. 2.28
The result Is

= ¶ 00 [I + + 1sin + (fl)a

(2.30)

C, /*t- C1ý2 "
ci

where
I2 ~~~2 °4i=Ioe 1 - ca d

eoae + 'I T sn

ea a(T)=

;a

The transverse iieid can Wx obtained from the longitudinal magnetic field

through Maxwell's equations, The "transfer function" for the lQngitudinal
magnetic field is

,,-cl ýa )z. (2.31)

h (Xtyeo~s)

If d 0 then Eq. 2.31 reduces; to.

S. -, (2.32)i.• .... - = e _. .... _

h•CX~y,oSY -

which Is the exact eqiation for the v evtde Cal

The ipulse" IiiitEi e td Eq. 2.31 Is
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*. 

. .. ... .••• • • •. • •, • ,o. - -• v --- • • . •

hz(x fyzt) c a z cO-2
hz(x,y,o,t) = ) --- - -J z)j u(t6-'cz) (2.33)

z a-(c IZ) 2

The transfer functiors and Impulse responses for the transverse componepts
I can be determined in the manner indicated in Sec. 5.2.1. The frequency

domain formula corresponding to Eq. 2.30 was found by Berk to yield 0.5%
accurac when the dielectric constant of the loading slab was relatively

small. 'he dielectric-loaded waveguide example given bbcve illustrates
th n . the vari.ational tc..nlque when applied to the transient
analysis " icrowave devices.

Perturbation techniques such as tho3e discussed by Lax and
Button12 for the frequency domain can also be applied in the s domain.
As an example, consider the change in transient response due to the in-
troduction of a transversely magnetized ferrite rod into a rectangular

"waveguide, as in Fig. 2-2.

z
4 dc

0 L

FIG. 2-2 A transversely magnetized ferrite rod in
a rectangular waveguide.
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I
The fields of the unperturbed waveguide are assumed to oe those

of the Tr!0 mide. The pro.,gation factor of the 'perturbed guide as a

function of s is found to be

r + ro +  sa AA sin a kX-ro A ,

-- ro0 sinokX -Xk cos kX k Xx k ro sin kX) (2.34)

where ro = Foe s s Tk

k =

AA = cross-sectional ares of ferrite rod

A = cross-sectional area of waveguide

xxx = Xyy and Xxx and X ryx er given by Eq. 2.7

the longitudinal h-field transfer function for the ferrite-

loaded guide is

y (X,y,z,s)

= e -• Y (2.35)

where r• is given by Eq. 2.34 and r> is for a dc bias field in the

+z direction. while 1"_ Is for a dc bias field in the -z direction.

Since x and X are compli.ated -function3 of s , Eq. 2.35 will

be quite difficult to invert. If inversion can be achieved, the inverse

transform will be the imoulse response for the longitudinal h field of

the ferrite-loaded wa.eguide. Note that in the case where AA is zero,

Eq. 2.34 reduces to [o , the propag-tion factor for the unperturbed or

er4pty vmveguide.

t K
- - -
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It certainly appears that variational and perturbational methods
will be very useful in transient analysis. However, the general validity
of the methods in the s domain needs to be carefully examined. In a brief

literature survey no publications were found in which transient analysis

was carried out by such techniques.

2.3 EXPERIMENTAL STUDIES

2.3.1 General

A number of ferrite devices were studied experimentally.

Device types were selected such that the effect of tne ferrite on transient

response could be examined with the ferrite operating in a variety of

Smagnetization states (i.e., below resonance, at resonance, in the remanent

state, etc.).

The transient response of each ferrite device selected for

study was determined utilizing the pulse generator furnished by SRRC and

* a time-domain reflectoueter. The e:Terimental apparatus configuration is

shown in Fig. 2-3. The devices examined were coaxial resonance isolators,

stripline and microstrip circulators, a helical-line ferrite digital phase

shifter, a dielectric-loaded heIcal line, and s gyromagnetic coupler

filter.
K

2.3.2 Isolators

by The transient behavior of resonance i~olators has been probed

by determining the response of two coaxial resonance isolators to 8 cycles

I i of a 1500 MHz pulse-modulated signal and to a very short spike or impulse

of energy. The measured frequenzy response of each of the two isolators

is as follows:*

I * Also see Fig. 2-8.
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PORT 3 (TERMINATED IN 5O.Q)
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- - 4000B

FIG. 2-3 Block diagram of experimental apý,Aratus.
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D44L15 4:Broadland" Coaxial Resonano riolatiorii ~~Fretnermy (GHz) Isolit-o-n1 oz37I Iwti1L~oss (dB)__
S• 1.0 11.3 $3.35 ' i0

1.2 16.6 0,50 * 02
- 1.4 12.4 0.'50 1.05

S!1.6 12.2 0.18" Li,2

LB 12.b 0.62 1.04

20.2 0.90 1.08

D44L17 "Narrow Band" Coaxial Resonance Isolator
Freuepnoy (GHz) Isolation (dB) j .nsertion Loss (dB) VSWR

1.25 24.3 0.57 1.17

1.40 16.6 0.60 1.02

1.55 15.9 0.75 1.05

Oi scilloscopo pictureb of the reference pulse and the forward and

reverse response of the broadband (W44.15) isolator are shown in Fig. 2-4.

The forward response indicates tnhat the pulse is transmitted in tne for?1drd"Ii directton essentially unchanged in form and attenuated by an amount. cor-

reso2ading to the st~ady-statb atLtenuation (i.e., about 0.6 dB at, 1.5 MHO).

"That first half-cycle 6f the forward output is attenuated more titan the

-iteady-=state vb1u•e,1s' probablY 4ute to tU1 tonth of a nanosecond or s8 ke-,
5 . quired to establish'the uniform precession mode in the ferrite.

The reverse direction response of the iolator exhibits an isola-. tion loir than the stcady-staze value fok the initial few tenths of a

nanosecond because of the time required to excite the uniform precession

mode For somewhat more than a nanosecond after the uni form precession

mode is established, there is essentially no damping by energy transfer

to spin waves, and the uniform precession apparently builds up to a large

val e, making. the isolation greater than its steadv-state value. Aftlr

lI mfhU U fU hIS UI hhII mS.i.. -.._ _ __ _ _ _ 12 .
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(a) Reference Pulse (Vert x20. (b) Response of Adapters Used in Test
hor I nsec/cm) (Vert x20, Hor I nsec/cm)

(c) Forward Pulsed Sinusoid Response, (d) Reverse Pulsed Sinusoid Response,
D44LI5 (Vert x20, Hor I nsec/cm) D44L15 (Vert x20, Njor 1 nsec/cm)

-22-



two or three nanoseconds the isolation settles down to its steady-state

value. Theqe conments are consistent with the plot of measured isolation

vs. time depicted graphically in Fig. 2-5. The bc:,avior )f the isolalton

is Atrikingly similar to the behavior of tne prec.ession a.gle 0 , 9s

illustrated in Fig. 2 of reference 10 In th, bibliography.

The response ul the broadbind isolator to n, very short spike

of energy is shown in Fig. 2-6. iq the forward direction the spike is

transmitted with little attenuat'on but with some trailing edge distortion

in the form of ringing. In the reverse direction, the pulse is attenuated

by about 6 dB. This correspon& to the attenuation of the first half-

cycle of the pulsed sinusoid, as rhown in Fig. 2-5.

Figure 2-7 shows the impulse and pulse-modulated response of a commerc'ally

availablfj narrow-band coaxial resonance isolator (D44L17). Both the for-

ward and reverse responses are similar to those of the commercially avail-

able b:oadband unit. The bandwidths of these camponeuts are crmmonly

specified with respect to tolerance levels on ".he isolation and the in-

sertion losses. However, as can be seen from Fir. 2-8, although the

characteristics of the D44L17 isolator do not meet the specifications neces-

sary for classification as broadband, the frequency-domain cha_'acteristics

are not significantly different from those of the broadband D44L15 unit.

This leads one to question the utility of the con,,entionally accepted

definition of bandwidth. This tcpic is discussed in detail in Set. I1i.

2.3.3 Circulators

The transient behaviur of Y-junction circulators has been probed

by determining the respoi.se of four stripline circulators and a microstrip

Scirculator to an impulse and to a pulse-moaulated signal of 8 cycle-0 of rf

energy at 1500 Miz.

The measured frequency response of three of the stripline

ckrcu.,ators is as follows:

2a -.
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(a) Forward Impulse Response, D44L17 (b) Reverse Impulse Response, D44L17
(Vert x40, Hor I nsec/cme) (Vert x40, Hor 1 nsec/cm)

I _ .__ .____ -__ ,-•

(c) Forward Pulsed Sinusoid Response, (d) Reverse Puisd Sinusoid Response,
D44L17 (Vert x40, Hor 1 nsec/cm) D44LI7 (Vert x40, Hor I nsec/cm)

- 26 -
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~ FIG. 2-8- Isolator chsrecteglstics.
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D52L21 S/N 103 Circuiator

I FreqUency (GHz) T-A(dB) T-R(dB) A-R(dB) A-T(dB)

1.0 0.40 18ý2 0.40 18.6

1.2 0.35 23.8 0.30 25.211.4 0.26 21.8 0.25 22.8

1.5 0.28 20.0 0.28 i9.0

1.6 0.20 27.0 0.15 24.5

1.8 0.15 26.0 0.20 26,0

2.0 0.10 19.5 0.35 22.9

D52LI1 S/N 1 Circulator

Frequency (Gfrz) T-A(dB) T-R(dB) A-R(dB) A-T(dB)

1.40 0.23 22.8 0.18 23.7

1.45 0.12 24.2 0.16 24.8

1.50 0,14 24.4 0.14 25.5

1.55 0.13 23.0 0.18 2A."

1.60 0.13 20.0 0.18 21.1

D52L11 SIN 2.0 Circulator

Freqvency (Gfz) T-A• dB) T-R(dB) A-R(dB) A-T(dB)

1.40 0.28 25.4 0.23 24.8

1.45 0.26 27.0 0.20 27.2

1.50 0.23 32.2 0.18 30.0

1.55 0.20 35.5 0.18 30.0

i.60 0.20 26.1 0.18 24.7

The frequoncy response of the fourth stripline circulator is shown in

Figure 2-9.

:1
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FIG. 2-9 Insertion loss ant: Isolation for a standard-Size
narrow-band st•ipline circulator.
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Photographs of the two stripline circulator types are shown in

Fig. 2-10. Figures 2-11a, 2-11b, and 2-1ic are oscilloscoDe pictures of

the input-pulse, the transmitter-to-antenna-port, and the antenna-to-

trb.ismitter-part response, respectively, with the receiver port termin-

ated in 50) ohms for the D52L21 S/N 103 circulator with a pulse-modulated

input. Figure 2-11d is an overlay of Figs. 2-11a and 2-11b. The trans-

witted pulse in the low-loss direction (T-A) exhibits substantiaily more

attenuation than the steady-state value for the initial cycle, but for the

remaining 7 cycles the attenuation is approximately that for steady-state

operation. On the trailing edge of the pulse an "extra" half cycle of

energh can be seen; this probably arises from the release of stored

energy from the precessing magnetic moments. In the reverse direction

(A-T) the pulse is heavily attenuated. Again, initially the attenuation

is somew.aU greater than the steaay-statc value, but after a cycle or tro

(i.e., 1-2 nanoseconds) the attenuation set*les down to Its str.ady-state

value. As expected, the responses for various port combin-ticvis exhibit

three-fold symmetry. Thus, the response in the direction of circulation

between any two ports is indistinguishable from the response in the di-

rection of circulation between any other pair of ports. Similar comments

apply to the response between any pair of ports in the direction opposite

to that of circulation.

The pulse-modulated responses for all three circulators were

very similar except for the initial cycle or so, as can be seen Dy COM-

paring Figs. 2-11 and 2-12. There are noticeable differences in the

Imnule rasfnfnfla fn tha tta... oiAli)--- n-- - - --. m = . ý h

Fig. 2-13. Two circulators of the same model have nearly identical im-

pulse responses (Figs. 2-13o and 2-13c). Comparing the initial cycles of

the pulsed-sinusoid responses aiven in Figs. 2-11 and 2-12 with the impulse

regponses of Fig. 2-13, reveals that the initial response of each circu-

lator to the pulse-modulatod signal seems in every feature to be very

similar to the impulse respoese for that circulator. The differences in

impulao ragponsc bmatieii the t" Cirrui.uar models (D52L21 and D52LU) which

have similar steady-state characteristics arise from the mechanically dif-

ferent schemes utilized in matching the devices over the band of interest.

Note that an "impulse" theoretically contains all frequencies witn equal
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(a) Reference Pulse (Vert x
20, (b) T -. A Pulsed Sinusoid Response.

Hor 1 nsec/cln) 1J52L21 5/N.'C-3 (Vert x20,
Hor 1 nscc'-//cal)

(c) A T Pulsed Sinusoid .Aesponse (d) Superposition of Reference and

D52L21 S/N103 (Vekt x20, T -# A Response, D522L21 S/N103

Hor I nseclcrn) (lieft x20, Hllo 1 nsec/crn)
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(a) Reference Pulse (Vert. x20, (b) T -A Pulsed Sinusoid Response,
Hor 1 nsec/cm) D52L21 S/N20 (Vert x2 0,

Hor I nsec//rm)

(c) A -- T Pulsed Sinusoid Response, (d) Superposillun -'f Reference and
D52Ll S/N 20 (Vert x20, T - A Reesponvt, D52L.11 S/N 20
Hor 1 nsec/cm). ;Vert x20, Hor I nsecicrn)
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(a) From Bottom to Top Cu~rves are
Reference and T -A, A -T
Impulse Responses, Respectively,
D52L21! S/N 103 (Vert x20,
lior 1 !Isec!cz)

(b) From Bottom to Top Cu~rves are (c) Frori Bottouw to Top curves 8re
Reference and T -A, A -T Reference and T -A, A -4 T
Impulse Responses, Respectively, Impulse Responses, Respectively,
0521.1 SIN 1 (Vert x 20, Hor D52L11 S/N 20 (Vert x20, Her

1 nsec,'cm) I nsec/cm;
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vmighting: the pulse-modulated signal heavily 'eights the frequencies il

the band of interest..

Figure 2-14 shows the impulse and pulsed-sinusoid response of the

narrowband stripline circulator ,hose frequency rqspoase Is shown in

Fig. 2-9. The response shows the expected dif'erences when comparnd to

tf.c behavior of .he broader~-bEnd units. The primary difference is in

the sln-,ter rise time,, the pulsed sinusoid respeonse requ-ring about 3 rf

cycles to reach full amplitude.

The frequency characteristics of a microstrip circulator are

shown in Fig. 2-15. The frequency response is seen to be quite narrow

band. To provide a convenient basis for comparison,the frequency re-

sponse ch-racteristics of the narrow-band stripline circulator discussed

earlier were adjusted to be nearly identical to those oi the microstrip

unit. 'The characteristics of the narrow-band stripiine unit are given

in Fig. 2-9. The same type of ferrimagnetic material was used in both

circulators.

A comparison of the time-domain response of the microstzip

circulator (Fig. 2-16) with that of the stripline unit (Fig. 2-14) re-

veals striking similarities. Indeod, the only real difference is in

transmission time delay, which is much less for tie microstrip circulator.

Thus, it appears that circulators with radically different structures

but the same frequency characteristics will have very similar transient

characteristics.

The pulsed-sinusoid response of these units shows a "pcul.arity"

in the response of the isolated port In the fourt•h rf cycle. The same

peculiartty is found in broadband structures, This behavior appears to be

relatively independent of both material and structural parameters. The

cause of this interesting effect is not yet understood.

2.3.4 Helical-Line Ferrite Digital Phase Shifter

A helical-line phase 3hifter is shown in a cutaway view in

Fig, 2-FT. The transient response of this device to a 1500 MHz puilse-

moaulated signal anC a Shert spike of energy has been experiment..'-

determined,

-35-
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I (a) Impulse Response (b) Step-Modulated Response
(Vert, x 2; Hor x 1 tsec/cm) (Vert x 20; Hor x I nsec/cm)

FIG. 2-14 The transie-t response of the standard-size narrow-band circulator.
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wf, zokI 111 1 4c' % Ys

(a) Tmpulse P.arponse (b) Expanded Impulse Response

(Vert x 2; Hot x 1 nsoc/cm) (Vert x 2; bor x 0.25 nsec/cm)

1

(c) Step-ModulIt•d Response (d) Expanded Step-Modulated Response

(Vqrt x 20' Hor X I nsec/cS) (Vert x 20; Hot x 1 nsec/cm)
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The pulse-moduiated responses are given in Fig. 2-18. Tke, ro-
sponse of the helical line with all the ferrite replaced by a dielectrto
having the same dielectric tonstant as the ferrite and the response of

the ferrite-loaddd line with the fGrrite toroid latched in the forward and

re',rse directions are also shown. The time delay is different lor the

ird and reverse directions. When the ferrite is in the line, tue

difference in inseztion loss between the first half-cycle and followinj

cycles increases compared to the difference in insertion loss observed

with dielectric only in the line. This is due to-the ferrite magnetic

losses that are in effect after a nanoseconJ or so.

Figure 2-19 shows the respcnses of the dielectric-loaded helix

and of the ferrite-loaded he'ix to' a shr--t spike of energy. These impulse

responses closely resemble the first cycle of the pulse-modulrted re-

sponses, It is aain apparent that essentially stoady-state .... *i-s '

achieved within roughly three cycl%ýs.

2.3.5 Gyromagnetic Coupler Filter

The transient response of a gyromagnetic coupler filter to a

pulse-modulated signal and a short spike of energy has been experimentally

determined. The steady-state characteristics of the filter are:

3 JB bandwidth at center frequency of 1.5 GHz 2 20 M•z

Inestrtion loss at 1.5 GHz P 2 dB

Coupling element 0.030-inch diameter GaVBiFe

garnet sphere, AH = 1.92 Oe, 4nr = 520 G

Figure 2-20a shows an oscilloscope trace of the filter bandpaqs.

The 3 dB bandwidth is about 20 Hiiz, Figures 2-20b and 2-20c are the input

impulse and the impulsG response of the ftter, respectively. After the

first eouple of nanoseconds the impulse iesponso is simply a slightly damped

s~nusoid, as would be expected for this hiV'.1-Q circuit. The po.-ion of the[ respopse to tte right of the conter line of the oscilloscope face appears

to be due to reflection in the measurement set-up.

SFigures 2-20d anu 2-21s-c show the input end the 9p;1se-modulated

respozeo of the filter, respectimely. Eight to top nanoseconds after the

initial response the oscilloscope trace is most likely a superposition of

I1 -- 39-
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(a) Iteference Pulse (Vert x20, (b) Pulsed Sinusoid Response Helical
Hor 1 nsec/cn.) Lin'j with Ferrite Replaced by

Dielectric (Vert x23, Hor 1 nsec/cm)

~~i oae Hlca in f FerieAOaddHlclLn
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(a) Reference Pulse (Vert x20, (b) Impulse Response of Helical Linefor I nsec/cm) with Ferrite Replaced by Dielec-
tric (Vert x20, Hor 1 nsec/cm)

(c) Reference Pulse (Vert x20, (d) Impulse Responpe of Ferrite

Hor 1 nsec/cm) Loaded Helical Line (Vert x20,I

-41
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(a) Filte,- Qandpass 4 dB BW (b) Reference Pu.lse 'Vert x20,
S20 KH Z, f 0 r1.5 G~z. Hor 1 3dcm)

(c) Impulte Response of Filter (d) Reference Pulse (Vert xlO,
(Vert x20, Hor 1 nsec,/c.-- Hor 11 nsec/cm).
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(a) Pulsed Sinusoid Response of (b) Shifted Pulsed Sinusoid Response
Filter (Vert xlO, Hor 1 nsec/cm) of Filter (Vert x40, Hor 2 nsec/cm) I

(c) Expanded ShifteO Pulsed
Sinusoid Response of Filtir
(Vert, x40, Hor 5 nseclcm)
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V
the dr.,sired response, reflections, and resporse to spurious signals fol-,

loIw1tg tM main test pnlse. In tte approximaLey .ten nanosecond "viewing

mlr.dovl, the envelope of the pulse-modulated response is an intagratd

rV.potse that reaches v pena of on!y abo4ut 0.4 of the height of the ex-

rciting pulse. Ths r6sponse la in Line with that expected for a clr,•uit
having e bandwidth of 20 Ma when excited by a 5.33 nsec pulse; i.e.,

d * ,where T is the width of the pulsed slnusoid.

The rosults of the experlim-ntal investigation of ferrite device
excitatioL Lifes are sunarized below to facilitate comparison.

TABLE 2-1

SLA.mary of rerrite Device Response Characteristics

DEVICE EXCITATION TI1E•*

4 Broadband Resos...ice Isolator Forwad Oirection - P 0.5 rf cycle
Reverse Direction - - 0.5 rf cycle

Broadband Circulator Trenozitter Port to. Antenna Port
-1 f cycle

Antenna Port to Tran3altter Port
<0._5 rf c~ycie

Narrnw-Band Circulator Transmitter Fort to Antenna Part
-J 3 if cycles

Antenne Port to Transmitter Port
.- 05 rf cycle

Helical-Line Digital Princlpsk delay characteristics re-
"Phase Shifter lized '•insantaneouslyP, but disper-

sive natpre of line produces consider-
able pulse distortion.

Gyromagnetic Coupler > 10 rf-cycles

Filt! %,X On*A 3dB EW)
*All components tested at 1500 Wz.

9*This differs from the conventional "settling time" since tre back loss,
for example, is greater than the specification valtze for t < t settling.
Hence, for this class of components the "excitation ti.&•" may be a more
significant quantity.
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2.4 SUMMARY

The transient behavior of ferrite devices has been investigated

throuqn a closely eoord!nated theoretical and exper aental effort. The

influefice of the vsrious intrinsic "relaxation" an! '.xcitation" times

of the ferrite on device performance has been probe%. Li an effort to

clarify the principles of transient wave propagation in ftrrites the case

of propagation in an infinite ferrite medium hus been attacld analytically.

This probiem, w•ich appears at firnt to be rather simple, gives rise to

a very complicated function whose inverse Laplace transform must be

evaluated.,

iariational and perturbational techniques have been i;ivestigated

and applied to the solution of some dielectric- and ferrite-loaded waveguide

problems. Those techniques appear to ;.ave considerable promise in pro-

t viding solutio,,s to otherwise unmanageable problems, A brief literature

search failed to re-eal publications dealing with, variational or per-

turbational techniques in the Laplace transform domain. The justification

of the validity of the techniques as applied in this report has thus far

been largely intuitive. Additional work ahould be devoted both to provid-

ing a rigorous justification )f the validity 91 the methods In the Z domain

and to the application of the techniques to the solutian of specific

problems.

A number of typical operational ferrite devices have been iln-
vestigated experimentally. Device types were selected sucih that the ef-

feet of the ferrite on transient response could be examined with the fer-

rite operating in a variety of magnetization states (i.e., below resonance,

at resonance, and in the remanent state). The approximate excitation times

are sum-ariaed in Table 2-1,,

One of the most inteoesting devices studied was the ferrite

circulator. The circulator is an extremely versatile device and finds

a mult.tude of applications in radar and communications systems. 4itn

one port terminated In a matched lopd, a 3-port dirculator becomes an Iso-

lator; with a filter on one port ano the conjugate filter on another port,

a 3-port circulator becomes a diplexer; provided with a controlled means

of changing the direction of circulation, a 3-port circals'or becomes a

of



dnale-pole doublo-row switoh, etr;,, etc. Because of its great versa-

Lility, the ferrite circulator hag Maly PO Able applications in wideband

Systefi, and it seems that sow ;f. should be di:ected towards optimiz-

Ing it •f•" widebaud oteration.

To be satisfactory foe m6 iy wideband applications, circulator

trtn.ient responge should be such that steady-state isolation and insertion-

loss vluas at achieved within one-half rf cycle., None of the designs

testsd Nas fully capable of meeting this requirement. From the data cur-

rently available on the transient behavior of ferrlte circulators, it

appears that circulator transient response is influenced by the intrinsic

properties of the ferrite material, the volume of ferrite, the type of

matching struzcture, etc. Precisely how to adjust the various parameters

to optimize the transient response requires further study. The available

data on circulator transient behavior snows many interesting features

which are not at thij time clearly understood. A more thorough investigation

of circulator transient response should lead to a more complete Iirterpre-

tation of these effects and should provide the necessary design informa-

tion to optimize the transient response of ferrite circulators.
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THE CONCEPT OF Ba4NWID'[1 IN MICROWAVE SYSTFAS

1 I(G. F. Ross, Sperry Rand Research Center)

3, INTRODIJCTION

With the present day emphasis on the use of wideband signals for

high-resolution radar, considerations imposed by distributed microwave

structures have become increasingly important. It i. the purpose of this

section to investigate the value of using a single number, for example

the "bandwidth", to describe the transient properties of a microwave net-

work, especiel!y when such a network is used to process signals having

%ide spectral oontont. Since phase information is lacking, it is .'elt,

intuitivciy, that &ny definition of bandwidth derived from the amplitude

or power spectrum alone must be lacking, at least when transient bohavior

is important.

It is shown in this section tit a "s.ýngle number" criterion has

merit if one considere the energy storage of the network (involving the

"natural modes") as the basic starting point and carefully examines a

related quantity defined as th,.3 transmission quality factor i "t is

found that this number is a good measure c' the "rise time" of a network

when excited by a step-medulated signal at resonance. To determine the
"setting time" TS , or the time required for the step-modulated response

to settle to within :h5% of its steady-state value, one must also specify

the phase function of the network.

This section starts with a discussion of bandwidth defi. ioas

* as employed in lumped network tIeory (Sec. 3.2). These definitions are

then extendcd to a particular class of important microwave networks in Sec.

3.3. None of the conventional definitions, however, proves to be very satis-

fying.

In Sec. 3.4.1 a definition of the new transmission quality fac-

tor, IT , (which is later qsed to define an "effective" bandwidth) is
presented. An interpretation of the conventional- Q factor and appli-

cztions of this factor via the scattering matrix notation for netrorks

j4
- - - - - - - - ----



I

is presented in Appendices B and C, respectively. The conventional Q fac-

tor is defined as being proportional to the time average of the stored

energy, (W) , and inver~ely proportional to the time average of the power

dissipated, (Pd in the network at resonance: The new quality factor

QT involves a new quantity (W) which is a measure of the time average of

the stored energy of the system, and is therefore ,elated to the natural

modes of the network. A discussion of hw one obtains (W) in the labora-

tory is presented in Section 3.4.2, and a mathematical derivation of (W)

for TEM-mode line networks follows in Section 3.4,3.

The theory is applied to evaluating Qr, for rEMI-mode line net-

works using Z-transform techniques in Section 3.5. Applica~ions to a line

and a short-circuited stub aria a parallel-line or quarter-wavelength

coupler are presented in 3.6.1 and 3.6.2, respectively. Experimental results

are reported In Section 3.7, and conclusions follow in Section 3.8.

3.2 THE DEFINITION OF BAIWIDTH

It is constructive to review some of the definitions of bandwidth

that are used in conventional lumped network theory. The first and perhaps

mos: familiar definition is shown in Fig. 3-la 13 . The system function

H(w• of a transmission network is given by

H(w) = A(w)e-j(U) (3.1)

where A(W) is the amplitude spectrum

and 0(w) is the phase function

The magnitrie of A(w) is plotted as a function of frt.ency. The band-

width of a low-pass filter (LPF) is defined as the frequency bwI at wbich

A(W) is reduced to 0.707 of its value at zero frequency: In tei'ms of the
S power sctrum or A (wv), bwI is the so-called half-power frequency. This

definidin ignores any "ripple" in the passband.

The stecond deifinition is that of the equivalent reciangular band-
14

width and is 'show in Fig. 3-lb . It is obtfined as follows: we• •nte-

grate the fundti6n A(w) oVer the frequency band, i.e.,
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J A(wi)dw = N ($3.2)

0

and obtain a numeric answer N . We now define the bandwidth bw2  as the

equivalent rectangle having an amplitude tk,)II.P. at zero frequency and

a bandwidth bw2  such that the relationship

I A(w)dw

bw 2  A(O) = N or bw2 = oA(O

is satisfied.

Still another definition (and one popular ir. 3tatistic9l detec-

tion problems) is the "equivalent noise bandwidth," defined in a fashion

similar to Eq. (3.2) but with respect to the power spectrum iH(w)12 or

A2(w) .15 Here, the height of the equivalent rectangle is A2 (0) and

the area under the power spectrum is given by

r 2'
0r A2 w)dw = M (3.4)

J

J A 2(wdw

oo

bw3 * A2(O) = M or bw3 =0 A(0) (3.5)

and is shown in Fig. 3-Ic.

There ore still other definitions of bandwidth that are .•nployed.

For example, a measurewent of the spread sround the mean @r crntrcrid of

the power apettrua, v , can be defined ae

- -- .- --- j ,
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w( --W) A (w)dw

bw4 0 o A(2(w)dw

0

as shown in Fig. 3-1d. 16

Note that, in general, each definition yields a different number

describing thE bandwidth of the system. The measure of signal bandwidth

in terms of a single number is an appealing concept, but intuitively we

feel that it may not be a sufficient measure, since ýhe phase function

of the network has been neglected--especially in nonminimum phase net-

works where the phase function is not uniquely related to the amplitude

spectrum. This is explicitly illustrated by the examples presented in the

next section.

3,3 11E BANDWIDTH CONCEPT AS APPLIED TO MICROWAVE NETWORKS

3.3.1 Example 1

When lUngths of waveguide or TEN-mode lines are interconnected

to form couplers or hybrid junctions, the system functions of these net-
17

works become quiz complicated. In one particularly useful class of

TE-mode networks where the impulse response between any two ports I and

j is given by

h t) =) U) 6(t M T 3?

k=l

the system ftnction

i H•~~~i(• •- ji~t 38

is periodic; thar Is,

-51-
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Hj (W) = Hj(w + 2r) (3.9)

Networks of this type are the branch-line coupler, the ring hybrid, the

quartez-yvavtlength coupler, etc. A plot of !H(w)I =A(w) is shown in

Fig. 3-2a. The network exhibits its hybrid properties around w (the

design center frequency) and (2k-l)w because, theoretically, the char-

"acteristics of the network "around" these frequencies are identical, neglect-

ing los'.

The bandwidth of this network is conventionally defined by micro-

wave engineers as "the spread" between the half-power points arourd WO

When the spectrum of the signal applied to the coupler is very narrow (with

respect to the half-power bandwidth), negligible distortion is introduced.

This definition certainly has utility in "frequency diversity systems" where

one is required to process a narrow-band signal over a large band of fre-

quencies, but we zuspect that it is not as useful when wideband signals are

employed. For example, the equivalent rectangular bandwidth or the noise

bandwidth nf this class of networks is infinite; that is, the area under

A(w) or A2(w) is infinite by inspection of Fig. 3-2a.

It is instructive to investigate the area under the power spec-

trum in a more physical sense. Assume that we excite this class of net-

works with a rectangular pulse of width A and amplitude V such that

(I) the pulse width a is less than T
the spacing between impulses

(2) the energy in the incident pulse
eqaals unity: i.e.,

M2(V)2 . = 1

Then the output pulse train is given by

r(t) = j • ak p(t - kT) (3.10)

k=1
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whe:e pdt) = 1 , 0 t A

p(t) =0 , >
i p(t) = 0 t < 0

We can now use Eq. 3.10 to find the energy in the response. irom P&rseval's

theorem,

2= V S IR(w) 2dw f j 2 aV2  p(t - kT)dt

-= 0 k=l
(3.11)

v2AZ a 2
k--

k= I

22

Since g2 A equa-ls unity, we have

fnj IR(w)'12dw Z a~ (3.12)
-~~ k=

It is interesting to note that for excitation by a unit enerpr

•p.j the number given by the right-hand side of Eq. 3.12 aiso corresponds

to the total energy within any period 1.f of the energy opr•trum of the

system functJon (or the response to a unit impulse). This carn be shown iii

the following manner. From Eq. 3.7.

+W +

h(t) MtH(w) = a oke a k-a (3.13)

0 .,

Ovrqr tbo IntervalWa+

we have

46

'4-



Ii

+00

2 [ei d k-4)T j(-T

=k, aa (k -a•) A £)Tj--- (k T -~ )

aTsinrC)(k - A)IT)

The coupling in Eq. 3.14 vanishes for all k A only wher = , where

n is an integer other than zero. Hence,

T

,fIH(w)1 2 dw= 2n~r Z lak 12  (3.1)
nTn'

T

and it follows that the spectral energy within any period 2L is given byT

2r ~T -+-m

e.= . l-I12® laki2
2 0

0OO

(3.16)

kII
kr=lI

for .he case of ?eal coefficients and a causal impulse response.
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I
The results presented above suggest a different definition of

bandwidth for this class of microwave networks-a definition similar to

that given for the noise bandwidth in Eq. 3.5. Here the bandwidth is

defined as the equivalent rect'nge in a given period 2 ; th Beak

value occurs at odd multiples of w T Thus,

0w T

2a2 (3.17)iH(w0) I * bw5 k

k=l

or

:~ ak

bw5 = k=l

IH(wo)12

It follows from Eq. 3.7 that IH(wo)1 2  -s given by 1 7

C 2

iH(wo)12 1Z (=)k+l (3.18)

k=1

while the null frequency anO periodic repetitions of the null frequency

occur at

IH(O)1 2  a (3.19)

Then, from Eux. 3.17 and 3,18, we have

-4
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a k

bw5  k l 1 (3.20)

ak

This definition is illustrated in Fig. 3-2b.

One might also define the bandwidth in a manner similar to Eq.

3.20, but in terms of the normalized second centrzl moment of IH(w)12  in

a given period, as discussed in Section 3.2 where it was applied to the

entire w domain. Both this definition and the one given in Eq. 3.20 result

in different equivalent system bandwidths. Neither definition appears very

satisfying. The vari',us definitions described in the earlier sections also

either fail when applied to certain microwave networks or at best seem arti-

ficial.

3.3.2 Example 2

A length of rectangular waveguide has a system function which

resembles a high-pass filter for each possible mode and depends upon the

manner of launching and retrieving the signal. The impuise response of

a rectangulai waveguide network is given by the sum of a delayed impulse

and a second term, imvolving Bessel functions, which results in signal dis-

tortion. By any of the definitions bw1  through bw 4 discussed in Sec-

tion 3.2, however, the bandwidth is infinite.

3,3.3 Example 3

A section of lossless coaxial line whose characteristic impedance

is invariant with length has an all-pass, linear-phase system function; the

impulse response is simply a delayed impulse and hence introduces no dis-

tortion. It too has an infinite bandwidth. How do we distinguish between

Examples 2 and 3e

Examples I throzgh 3 illustrate that either the definitions of

brndwidth as described earlier are inadequate and a new definition is

required, or .. ie characteristics of wideband networks should be defined
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in a different domain; for example the time domain-the domain of eventual
Interest. Here, specifications such as rise time, build-up time, settling

time, time residues, etc., have more significance.

We fee! that a more fundamental (and satisfying) description of

bandwidth might be obtained through the definition of the familiar Q orI 18
quality factor. A detailed derivation of the Q factor via scattering

matrix notation is presetted in Appendices B and C. This factor depends on

the time rate of change of the stored energy and the power dissipated in a

network, and must be finite and, indeed, on the order of unity for wide-

band networks. Unfortunately, the conventional definition of Q involves
certain inherent narrow-band approximations. In Appendix C these approxi-

mations are investigated to see how they apply first to narrow-band systems

and later to wideband transmission networks. It will be shown in the next

section that for certain classes of wideband networks the description of an
effective zandwidth defirod by a modified Q factor is meaningful.

3.4 A PROPOSED DEFINITION FOR THE TRANSMISSION QUALITY FACTOR

It is proposed to define a new transmission quality factor for

wideband networks-one which is closely related to that used in narrow-

band systems (see Appendix C). As indicated in Appendix B, it is clear

that an. y sii... defji-- t--o, i'ust . i,.vov1vo u n•d-nl t"'itieg of energy

stored and power dissipated in the network. The effective bandwidth of
t•ie network will then be defined as the resonant frequency divided by the

transmission Q

3.4.1 ?efinition

The transmission Q of a transmission network, from a fixed

input port to any other port i , is defined as

Id"od, port>

Qs =(Pd, excluding source termination)i o (3.21)

where (W, it port) is defined as the time aferege of the total stored

energy in the-network (as obserVbed at port I I) *hen excited by a si6us-

oidal source at, (v' ahid intludes the efeits of the i'nitural modes of the
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netuork. This quantity is5 "we:. thte6'* mainly by the oojtritbution to ritored

en.argy at w but alsc- tnsludrf tasieit co rtrbut~ion (Aet Sec. 3.4).

defnedasThe e~ff~et~ve zlransi-,sioi banwi-ith of a two-port network is

defined e

3.4.2 Findin~ ~

In the previous BecUtion a defl~nitier. of QT " pretanted thtat

involved a qua,-!VzY described as (W, the time average of the ýenergy

stored in tieefwork dve to the na'Wral modes o' the rircuit. It Is the
purpose otf tM section to de.,cribe tli meaning of this term and how it

can be meousured.

Ca;:.'sider the linear, pasLive, time-~invariant two-port network

shown in Fig., 3-3. This configuration might. be a multi-port lossy networkI as described in-Appendix B or C, where one Is interested in evalusting the

transfer function between-a given input and output port. Two cr signal

noaranmttirs what& EMF's are a- - and a are connected in series at the

input port. Here

wi~r i teegi e. 0 2 =-2 sin(2yrf Ot) (3.23)

wbee I 0 s te rsonntfrequency of. the network. The scarme Impedancci'
of he enratrsare combined-into on't resistor, as Ahm~n in- the figure.

Geeao t~ro isormally not connected so that the total EIW in the cir-

cuit issupplied by e gl and is equal to -2 sin(2nlf0t0. Its;- the mnci- -

* dent voltage at the network terminals is simply

'Ei '- ~sn(2-nfo 0 (switch c~losed)-

Einc o Ichjp

'A0
A:ich~pe~

_Vi~;-

~ At
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ind de'2enjz on t.%e time, t. when the switch is opened. Alternately, the
r.ncrd,: voltage -an be. expressed as

EInc ([sin wotju(ti - t) (3.25)

v,•her, L•) is a unit step function. A picture of E , the equivalent

,en e.oto voita•oe for several different switching times, is shown in Fig.

.--4, N'r,&te that after the switch is opened the network is passive. 'The

voacl a appearing across the load and terminations after t=t1  ,s due.

Sin!,,,t the ener y stored ii the network at the natural modes of the system.

Once the driving vo'tage sin wo is removed, the network is giv-in "initial

conditions"; -the poles and 2eros of the system in the complex p plane deter-

10irv the response for t > ;I * the magnitude and the rate of 'iecay of the

vowl*a(4- depend , of' course, upon when the switch is opened. The energy

absc(:'.bd by the source termination is determined by squaring the voltage

ucross the resistanCe gnd fnteqrdtlfiq the result from 2#r6 to Inflhity,'

Wben this crmputation is douie for all pbiiiblt6timt¢ ti I ithe interVa!

0 ý: ti T = ,the re-uft 'Is aisries of nbers- WO0 1 9,W,:2, W er.

responding to Ck measureof the st'res energy for •iAh' t1m'"t•e I wttek

opened; i.e., tor"t-, tlt, t=t 2o..,tti". It i2 "tear, fr .

Par,,eval's theorem that the operation of squaring and integrating•ti " '

response after t > ti corresponds to integrating the stored energy over

the enrtire w domair and not l lýt A Proih the de.ription of the

!nethod used to turn off the input signal, we suspect that the contribution

to the s ~•gr"nervry -it, grnstest., zt -0: tbis ia,,algo later verlfied: in -

Ithe per iod' iT -,i .dieffhtdlaW. (W~i , kthie wmra~I. ove kg Qie o ,p4,qry

bor b ed 6yi :ho t eriaftin. at I dt. 4 ~ T.ILIJ .iI'

2.4.3 Stored Eneroy in TEM-Mode Networks

Assume that th64wpd ' e hetw~ee,1)pnsfrts Jn a plass of
0 ort £

r.nic.•iWiV networks is given by a train of unequally weighted but uni-

.'o•.•y spaced i.pulses. " 0- 'fI

For examaple, the branch-line coupler, the ring hybriC, the quarter wave-
1iýn.th coupler, etc.
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FIG. 3-3 The network configuration of the input circuit.
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V'IG. 3-4 Tl.,e generator voltage for the circuit In Fig. 3-3.
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Ww"1, it dey tI 2Ali 
TIME

out steady state (i.e., switchi never opens)
FIG. 3-5 The stored energy given by the sum of sinusoids.
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ik
0

where k is an integer

T is the reciprocal of the resonant fre-
quency of the network

ti is a constant corresponding to the time
1 the switch in Fig. 3-4 is opened

Then the response of the network to an incident voltage

inc = (sin Wot] u(tt - t) (3.27)

is given by the superposition of sinusoidal signals shown in Fig. 3-5. In

any half period the incident voltage has the form of a simple sinusoidal

signal whose amplitude depends on k and ak : the portion of the sine

wave to be considered depends upon ti . Mathematically, if the switch

opens at t=• , then after a suitable delay the total stored energy W(g)

is given by

TTW(•) f J as - ao] 2 sl 2 (IUt~dt + • as- a0- a))]2 st 2 (t)odt

TT

+ f ass - 0 - 'I + a2 ) 2sin2 (wot)dt + ... (3.28)

where ass is the peak steady-state voltage across the load due to gea--

arstor 1.

-3-7
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3T

,, ý (W J"si2o t (sin w-)twot)dt= (3.29)S i?(wot)d t = (si tdtdt 3=9
0

T T

o.ne cbtztins

a(~ ss L (-l fk aIk z; ~In 2 (t)dt (3.30)

Now. the !ime average of W(ý) can be found by averaglng Eq, 3.30 over a

half periad T This follows, since it is not difficult to, deduce (from
2T

physical reasoning) that W(g) must be periodic with a period i.e.,
2'

T
2

S= 0.31)
0

where • is given in Eq. 3.30. Indeed, for the class of networks

desc'ribed by Fq. 3.26 the integial given on the rig't side of Eq. 3.30

is & cinstant for all ý and can be shown by a direct integration t) beT
equal to - I i particular, a convenient value of • , namely %=0,

4
cor:,.: :onds to a sinusoidal input signal origir.ating at t =-i and stop-

pir.r abruptly at t-=O . This waveform can be approximated using, for

exa.:•p! , the generator being develope' for the Floyd Site Radar System. 2 1

The .1.- answer, therefore, is givei. by

g=fa -zLW•) (-I) ak (332)
F:wo0
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. n be fount.' graphiclly by viewing an oscilloscope trace or exactly

' t systcm function of a component is known. Finally, it is interest-

Lo" nOLe (,ind riot difficult to prove) that Eq. 3.32 is equal to the same

' ::3ta. it ail the (2k-l)f odd harmonics of f at which the network0 0

J ., uA;ITY FACOR -

, ThE QUALITY7 FACTOR, I FOR TEM- ODE NEDORKS

in this section we will derive the transmission quality factor,

"for TEM-ruode transmission line networks and use the results to find

(•! th- efiective bandwidth. We will use the results given in the pre-

v•.;-s seiction and introduce Z-transforn techniques in order to obtain a

c oscd-form expreEsion for QI and BWeff The procedure is as follows.

t!,-in. (3.21) and (3.32) we have

T Pd load)
0

rý k
T• • ss- (-I)k ( kj

-_=0 k=O

(82

S£mpl ifying,

_.C. • 2 (3.34')

2a2
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Assume that th6 Z transform of c is defined as

ZECc ) = c1 Z1 )  CMZ (3.36)

n=O

where

Z e+p

p =o +JW

In effect, we are artificially representing cn (Eq. 3.35) as a sequence of

impulses of area c n volt-seconds starting a t =0 and spaced one second

apart for mathematical convenience. Then it is not difficult to show that

Ul

Cn = i C(Z)'c(-l)Z U (3.37)

unit -0

where we evaluate the contour integral by summing the residues of the inte-

grand at the poles located within the unit circle.

The next task is to find C(Z) c . Let us define the system

function of a network whose impulse response is a train of weighted and

delayed impulses such as the Z transform of h(t) givon in Eq. 3.26; that

iz, H(Z) -h(t) . For convenience we ;hall oUce again assume the impulses
n-k

are spaced one second apart and begin at t=O . Then the term E (-1) a
k-0 k

represents the peak jalue of the response in any half-periv k wben excited

by e step-modulated signal whose carrier frequency is eq,;l.l to the res.Onant

frequency of the device; numely. f ~hertz. The term [ %_ )k 2

0~-v

~** -~--ý



Is proportion~t to the energy dissipated in the load resistance in any half

period k after the switch is opened (and after a time equal to the signal-
44iront delay of the network has elapsed). Note that the peak value of the

steady-state solution a $ alternates in sign each half period; the sigh of

the peak value of the transient contribution, A (_)kak also alternates,
algebraically. Usaing this information ono can find the Z transform of the

c n coefficient defined in Eq. 3.35 as follows:

In

tn) =zsssgn-.rep -(.6

Here,

1 +sZ 0 039)

represents an equel-amplitude alternating series.

Mh term ZL, -1~) kek~g..~ can be found in two steps. First,
LEM( k~so-rep23

we find the peak value in any half-period k as

In

z (-I k a.= P(Z) = z -j H(-Z) (.0

j k=o _J
Alternation in s ign can be accomplished bya3ubstituting -Z for Z in Eq.

1 3.40. 'Hence,

IZ Z1Wj.l HU" (3.41)
k--O k~sg-rep

Substituting E~q&. 3.39 and 3.41 Into Eq. 3.38 yields

-. I cI,-



C(Z) + 3 --- (42)

'U.... >• ing Eq. 3. into Eq. 3.37 we obtain

-- with~n ( [a -1()( S)C dZ

(3.43)

" 'irully, sutstitutlag Eq. 3.43 into Eq. 3.34 re• obtain

a - + rH(ifli- H 111

2a 2 (z + 1)2 ( a z Ss (Z )

55s within)

(3.44)

'The effective !bandwidth is given by

f
B _eff = 0 (3.45)

:.6 APPLICATION'.S

3.6.1 T3-P?,:..I Lossless Network

Consider the single short-circuited stub showa in Fig. 3-6a: the

;tL• t)as a characteristic impedance of d ohms wbile the main line is nor-

. ed to ' ohm. The flow graph for the network is shown in Fig. 3-6b.

. tr an.• issioa througb the network, neglecting the signal-front delay,

:an be found fixn the graph by Inspection and is given by

--68-
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b, (1 + r )(1 + "2 )(-z 2)
H2 1(z) = o (1 + r 1) +

(I r1 )(1 - z2 )
: = ----- (3.40)

- •2S1+-
l2

where

'1

2 4PT rc

g e-• .-e e

( •B )z 1

2+2

Letting

1 (3.47)
z

wo have

(1, + ')(Z + 1) (3.48)

77- • -- 4 ) Z ,z
rince f-t as fwk Similarly

N_________ 1" -- o '

I j[



I c~)= [r1 + zai+ r1 + q
Su-itt+ (3.5)r2z

Substituting Eqs. 3.49 and 3.50 into Eq. 3037 direc;ly yields

(1 + r 1 z l + r 2

n=O within(D

1 _____ t~lr 1 +~-£z]~- 1+z'±1.1+r)]~(3.51)
(z+l (1 + r2Z) z-r2

and from Eq. 3.34

IT 2 (z + -', [l + r Z-r2 -r 2

Assume the characteristic impedance of the stub is 1 ohm. Then from Eq.

3.46

r 2 = -13 (3.53)

Substituting Eq. 3.53 into Eq. 3.52 " find

0.O197 54

01 Q

It is instructive to plot the amplitude spe.trum of the function

2(z 2 =-2pr) : this is shown in Fig. 3-7 for a stub with d=1 ohm. The

conventional quality factor defined as

g-
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f
QCONV - N or I ,• .)

31B PW3d -Qcmy

yields

QCONV 0.707

Comparing the result of Eq. 3.54 witF the c-nventional figure given by Eq.

3.55, we find that the new definition yields a smaller Q ; this yields a

larger "effective" bandwidth if we employ the relationship given in Eq. 3.55

and substitute Q for Q Intuitively this appears reasonable, since

we are now including the contributions from ali the periodic (and infinitely

denumerable) passbands oý the transfer function of the network.

We can plot the step-modulated response a(t) of this network

for d =I ohm using Eq. 3.4bt. The results are shown in Fig. 3-8. The peak

envelope of the mag•itude of this response, Ia(t)I , is plotted in Fig.

3-9 where it is shown that it exhibits a settling time T., equal to
i ~approximately 1.25T , where T is the time. for 1 rf period.

It is interesting to investigate also the case for the particular

value of d for which the impulse response is time limited. The impl•l

response for this case is given byt
h 2(t) 6(t) - i1t! (3.56)

S12h21(t) "421(z) = 1-z)

and corresponds (in the network) to setting r 2 =0 . It can be seen by

examining the amplitude spectrum (shown dotted in Fig. 3-7) that the con-

ventional 3 dS bandwidth for this case has decreased by about a factor

of 1.3. Using Eq. 3.52,that is, by set-ing F2 -0 and rl-½wA

______ (3.57)

- --
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A comparison with Eq. 3.54 indicates that the effective QT has

increased by a factor of two. Ani increise '... QT is qccompanAed by a

decrease in the rise time of the positiie envelope of the step-modulated

response as showu in Fig. 3-9. The settling time, however, has improved

from 1.25 T to 0.62 T., We cQnclude, that although the zise time" of the
response varies as a function of the effective bandwidth, the settling

time does notl Indeed, the settling time is a measure of the overshoot

and ringing behavior of the network and mi.st depend on both the amplitude

spectrum and the phase function. Thus, specifying the bandwidth by either

Eq. 3.46 or Eq. 3.55 is not sufficient; one must also specify the settling

tih.e. Note that the effective bhndwidth defined using OT is a more sen-

sitive function than the conventional 3 dB bandwidth.

[2-

I I
Ws- I/ I

I Steody state is reached T/2 scouds

I. t ! \ d 1 / o!n -I TiI /I

0.4-

I9- ICi62T

"0 T/2 T 3T12 2T ( rfi•ft ."

"I.G, 3-9 Invelop* of ja(t)l for i .,obs stiub across a l-An line.
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¶ 3.6.2 1rwo-?ort Lossy Network

As a second example we will consider the familiar four-port loss-

less parallel-line (quarter-wavelength) coupler described in Section IV.

We are interested in evalue~ting the transmission between th.e direct colinear

path P2 ý(z) and the coupled path H4 1 (z) . In either case the overall two-

port network formed by considering either H21.(z) or H4 1 (z) is lossy.
Tis it shown in Fig. 3-10.

The system functions for these couplers were derived in a classic
.. 26

paper by Oliver. He also plotted the impulse resr-nse (i.e., the inverse

Laplace transform of H2 1(z) and/or H•4 1 .z)) and thr; a-plitude spec~rum of

H4 1(z) as a function of the coupling coefficisnt k . The resonant fre-

quencKocff the device corresponds to the frequency for which the line lengths

are - meters, where xo f o=L . Since tne impulse response of this class

Gf networks iE a train of uniformly suaced impulses, we know that resonance

may be interpreted as the frequency corresponding to

fo (3.58)

where T is the spacing between impulses. Also, we note that the awplitude

spectrum is periodic in the frequency domain, .ith resonance occurring at

each frequency

f = (2k - l)fo

where k is an integer.

The system function to the coupled part is given by

II r(l - l'2)z 2  FI- z2)___

H., = rF 1 1-2 z 2 EL _- (3.59)
1 -rz" I r'z-

where

It
l~k,++

-76 b
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If

r
k it the coefficient a' coupling

22 _,)-p2=r -nT

I4 (3.60 cont.)

The normalized amplitude spectrum can be found by latting p jw and plot-

ting H4 1 (eJwt)I . ihis is given in Fig. lla for various values of the

parameter k . In Fig. llb Oliver also plotted the inverse transform of

Eq. 3.59. Note that for small k the impulse response is essentially
time limited: for large k (i.e., k>I) the impulse response Js a train

2
of impulses whose areas are weighted exponentiaily, and the trLnsmission

is dispersive.

I
We next find QT by substituting Z for -_ , forming C(Z)nea ivnn,4 z2 foin

and evaluating the contour ntegral given in Eq. 3.37. Thus,

H41 (Z) = - 1) (3.61)

z - r2

and

C(Z) = +-- (3.62)
1+ Z

where

a =H(z), 21 (3.63)
as Iz=-i 1 +

I Hence

i I r2,1
( 1+ ' )( I - (3.64a)0 € + Au z- r2

-..2.

-2

-I + U -.2-
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b. Impulse response.

FIG. 3-I1 Amplitude spectrum and impulse response of
Oliver's contra-directional coupler with
constant coupling.
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I

and

T41 2 4-12  (l + 2 )2 ( -r 4 )

n(I - r2) (3.65)

In a similar fashion, after the s~inai-front delay has beei factored,

H21(Z)= I

H ~21 (g + 1)2(Q - r 2z2 )

H 2 1 (Z) - )z 
(3.66)

since

_r (:3.67)

-+ 1)2

as can be verified at zero frequency. We then find C(Z) as before, and

obtain

+~)=-1( s) z4 (3.(68a)
r1 12) (z -i

(112) (I- F22Z)

and

T21 2 1 r421.-i' (3.6o:

- - .- 7

- ½ 4-2



The results using Eqs. 3.66 and 1.69 for different values of k are given

in Table 3-4.

TABLE 3-1

QT vs k

k i Q4 QT2

____ 41 T211
0.99 0.0545 ý'08

1/-? 0.278 0.049

I 1//0O 0.374 0.017
1• /10 0.392 << 0.1I

Referring to the ampltitude spectrum shown in Fig. llb it can be seen that

i as k -. 1 the bandwidth in any given period approachds r and the qffec-

tive bandwidth approaches . This result agrees with the computed value

of QT . In a similar fashion it can be seen by examining Fig. lla tha:

for very small k the direct transmission is virtually an impulse and

hence, it's effective bandwidth is very large (e.g., as k-DO.QT 2O and B1e1ln).

The settring times of the direct and cuupled arms are both excel-

lent for small k . There is virtually no distortion in thii direct branch

since the impulse response is essentially an Impulse. Due to the .ncreased

effective bandwidth in the coupled arm the rise time is superior when the

coupling coefficient k approaches unity; the set~li'rg time, however, is

poorer because of the increased distortion in the phase function.

S3.7 EXPERIMENTAL RESULTS

In Section 3.6 we theoretically evaluated QT ioz a .. ne anW a

stub, and for a quarter-wavelcrgth coupler. It is the purpose of this sec-

tion to investlgate the response of these networks experimentally. A more

detailed experimental analysis of 3 dB, 10 dB, and 20 dB quirter-wavelength

couplersA is presented in Section IV.

-81-
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3.7.)~ A

A pulse modulated Input sb~wn in Fig. 3-.12 zt f~ =1.35 GHz is

fed into a 50-ohe length of RG9/U eable connected It series with atee con-~

nector. A 50-ohm stub, electrically equal to kameters and short-t'ircuited,

Is connsctzd to one end et t"ie tee, wbile the otizr end'is "uted to the

RP 12 GHz oscilloscope. The pulsemauddlated source is generated by the

pulse-forming ne~twork 'iescrib~ed in previous reports.

Tb- leading edge of the response is identical to the results pro-

dicted in 1 3-3 (d-i oAm). It is difficult to examine the trailivig

edge. however, hocause the signal level is covviderably reduced and, efter

the second period. becomes eromparabie to tbe times residues afto'r the inci-

dent pulse.

Note that to obtair the e coerffkient desceibfld in Eq. 3.35

one can examine the leacling edge of the response. The constant a can

bc determined by inspection of the response: the lecdIng edge reveals the

term k given in Eq. 3.35.

3.7.2 The Onarter Wgetghp 3e

The experimental results for the quarter wavelength coupler are

presented in Fig. 3-13. The particular case here shows the leading and
trailing edges for both the colinear and coupled arms for k =t- The
pulse-modulated !%sponses are also evaluated at the resonan*. frequency -1

the device; namely f =1.35 G~z. The time-domain results are in close
0f agreement with the results predicted by Eqs. 3.59 and 3.61 aind 0hwn in Fig.

3-11.O-w------------shotild be nioted1 tu~at the preferred method for evaula-

thng the e oefficient~ woiald be to use Jeading-edge rather than trail-

ing-edge data for the reasons gkicnou !i~ Section 3.7.1.

3.8 CONCLUI1ONS

We conclude tha'. specifying the transient behavior of a stero-

wave .network rby a -single number. for e-A41e its'"effective bandwidth or

its transmission iataility tector flt ,is not sufficient. This nMvber. hose-

ever, Is a good sessu'ne of how quichiy the Aietwox' (after the sigial fioit defay

has been factcred) rasponds to a step-m~diilated input at resonanee. If



inpui? signal

Leading edge Trailing edge
Cornpiete response 135 G~z signal

1-131



Coupled output Leuding edge Direct output Leading edge

Coupled output Complete signc'l
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one plots tne envelope of the magnitude of this response, then the rise time

(defined in the conventional meanrer) is directly proportianal to 0. The

"z *t ln tl-e, T5  , .... bc . .... u- lnd.p. nd. . tl, . Indeel. for very wide-

bond distributed systems, it seems more apprcpriate to specify three quan-
tities; namely,

(1) the signal-front delay

(2) the rise time

(3) the settling time

in contrast to specifying bounds on the amplitude spectrum and phase func-

~l.L LbU . raeticaliy, spacificatiois wU uwfnua AU

the frequency domain (especially for small deviations from linearity) are

difficult to measure and their verification is time consuming. In addi-

tion they must be related, mathematically, to the eventual domain of in-

terest, namely, tde time domain. Instead, a set of three measurements in
the time domain is sufficient to specify the response of the systft,*to a

step-modulated input. For a pulse-modulated input, a bound on the time-

residue level may also be desirable.

iJ
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SECTION IV

COUPLED TEN-MODE NETWORKS

J (R. Smith, Sperry Rand Research Center)

4.1 INTRODUCTION

The analysis of the transient response of coupled TEM-mode net-

works is presented in this section. Starting from the well known matrix

approach as it applies to malticonductor lines, we derive the impulse

response of several comonly used coupled strdctures. In general, it is

found that the impulse response is a periodic train of impulses. When cer-

tain constraints on the coupler are removed (namely the need for a perfect

match at all frequeacies at the I.nput), it is found that the transient

response can be made to be time limited. This result is significant in

that it leads to a new type of directional coupler which has near optimum

properties in the time domain.

4.2 CONVENTIONAL COUPLED TEM-MODE NETWORKS

The mathematical tools needed to analyze any TEN-mode device are

available in the literature. 25  We shall illustrate the use of these tools

in the analysis of a pair of coupled lines ter:minated at both ends by un-

coupled transmission lines (Fig. 4-1). This particular conigurtion has

been analyzed in the past from the frequency domain point of view and has

led to coupled-line directional couplers. 2 6 ,27,23 It is interesting to

note, however, that the original pcper26 on the transmission..line direc-

tional coupler found the frequency response from the time-domain impulse

response, but since that paper no gnalysis of the transient behavior has

beew made.

Consider the coupled transmission lines in region 2 (Fig. 4-1)

having the admittance matrix:

C3 rY0 I~ : :=~ [I 1  .(4.1)
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COUPLING REGION

Z!+• _ Ya -V Y1' ,•c Y c, Y

y At IYd

YbiYd

yy

REG3ION I REGION 2 REGION 3

FIG. 4-1 A parallel-itne coupler.
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Mhore the mutual capacitance C is

Cm = kiC11 C2

O<k<l

Let the uncoupled. transmission lines in regi • 1 ead 3 be terminate* in

their cearactaristic ad"ittances. The adgiti.dnce matrices of regirmi I and

3 are then

Ia 0F,
YJ1 = (region 1) (4.2)

L -J

(Y] 3 - ! (region 3) (4.3)

0 -

From these admittance matrices we can find the reflection matrix

of a wave incident on the Junction between any ,two reV...,s. These are

21 12

ri ~~~~~-1 IY1-Y2 45

23 Er3 = [CY~33+ EY311 r -E2]45

where Erltj =reflection matrix for a wave incident

from region j onto region i

Upon substitution of Eqs. 4.1, 4.2 and 4.3 into Eqsz 4.4 and 4.5, owe

obtains the expressions for the reflection watrix in torms of the line

parameters; i.e.

r.', == Pa: L aj (4.6)

11 2 b . .12 1



cc M
dc 'cd

(Y I YoL)(Y22 Yb) -Y(2

Ca (Y +Y)(Y +2y ) -y 2

11 22 g b Y 12

-~ (Y1l +y•)(y• 2'>-I

2

rb, = 2(. 1 + Ya)(Y22 Y b Y12

fu A. 22d
11i a'"22 b 12

rY1 l - ¥c)(Y2 2  d 12 12

r'

dd (Y +Y )(Y2+)Yl

11 ( 22 +6d) 12"

2 2Y Y1 2

a €12

rb,-" (Y + *')(" + .- i.2



I

The coupled line configurution in Fig. 4-1 is then equivalent to

the simple cascade of transmission lines in Fig. 4-2, where

= cmplex voltage matrix of wave near Junction of region I

and region 2 traveling away from Junction in region 1

[V] 3  complex voltage matrix of wave near junction of region 2

and region 3 traveling away from Junction in region 3

(VII = complex voltage matrix of wave near Junction of region i

and region j traveling to the right in region 2

EVIij = complex voltage matrix of wave near Junction of region i

and region J traveling to the left in region 2

VIrs = complex voltage matrix of Saource weve near Junction of

region 1 and region 2 traveling toward the Junction in

region 1

The transieut solution of the system in Fig. 4-2 can be solved in the same

way as the corresponding case for simple transmission lines, where all of

the operations performed must be matrix operations.

One way tc solve the prolemi is to use signal flow graphs. The

"S-gnl f1 o .a..• for ;"a 3y..e. AU- Ag. 4-2 is easily constructed and is

shown in Fig. 4-3. Since the gains on the paths of the graph are matrice;
it is not possible to use Mason's formula for the transmission between
source and sink nodes directly. Instead, ope must transform the graph by

absorbing Kodas and eliminating loops. Thtv leads to the follow-

ing source-to-sink transmissions;

(4.8)

-[F2 +Diin] [l**]r

(4.9)
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r,) =the identity matrix

First of all, note that Eqs. 4.0 cad 4.9 are perfectly general and

o -any xiirber of coupled lines. Scondly, since the evraluation of
S*I .-nG 4.9 would bo somoibe, tedious, At would be jidlelous to choose

•t -e tra-smIsslona by converting the matrix graph lntoe equiv-.-
I• ,% volvlng only nclor terms. When one cmoiders the meA ngi of

, of 1the mat•rx graph, t'ds can be done by inspection, yielding the

~n Fig, 4-4 , where

Cv] = 01 rv3 [1
IvrT

[ ,: rvJN =

;o Ira a po Itlow to apply the Mason flog frsph formula directly to

'A. This res ult-s in

cc ab E bde bra r cdý ~rdd (r arj,, Vasbb)] 1A

+ rp r .i r 1-4~t (4.10)

a -r aP (rard+ rc - r)d+ r~ (i- r'a.) ( +rbb~l

ba dd ed dod
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-rr r- r r_.i a (4.17)

""bb-CG- c -W40 co- (-7

I&uation 4.17 has t%; posttble solut.rons; N O wiAllua ugly the solution

S=bb o (4.18)

since the alternau solution correspoads to z. active t.orination which

will not be treete' here. Substitu'Zing th~e expressions fc; r andS, aso
r bb into EqsQ 4.15 aRd 4.18 yields

Y - Ya(22 + - 2= 0 (4.19)
! •'11 - "a •22 "b) - 12-"

11 a %-22zbj &12~ -A v2

I Equatios 4.19 and 4.20 lead to the following values for the input line

I adaittances

I Y = Y1 1  I/-k9 (4.21)

I A #10 '1

and IA t ka. ONsam 60 $6 ralb
stituted into the nmasiunig em•Jitien (Eq. 4.16) togetlor with Eqs. 4.21

21 (Y -"Y)
-d.. +Y" =0 (4.23)

Sa b +Yc 22 +¥d¥22 + d

Equation 4.23 has two possible rjolutioa.s

¥ y a1 (4.24)

Tb Y-Y4  
(4.25)

t•, .j,•*

:.4



!

woe _ths_!l met ,;.•A•v the solution reoresented by Ea. 4.25 here.

since -gain !t !e.- •o ae _ in.- . e _te- thu&, a peSS!'.a 4fevice=I I , this analysis we have thus found that the-most general ondl-

. .-.. ich the roupler lires (Fig. 4-1) are perfectlr matched are

- =
_- A a AiI Y b = Y 2241-klr

Significantly, we note that these conditions are completely i'nde-

pendent of the characteristic admittance Yd of line d. This should smV-

gest that the voltage excited at port d is sero, since otherwise the

admittance at port d would be exiected to have an effect on the matching

condition. When, in fAci, the expressions for the reflection er4fficients

are substituted together with Eqs 4.21, 4.22 and 4,23 in Eq. 4.13, we find

that

V d
• = O (4.200

Thus, not only is this device perfectly matched at all frequencies, it also

has perfect directivity at amirtl;unligu. " WCan u615 GOr.l&UOe Luat al.

voltages and currents on the lines must be independr.nt of the admittance of

port ,Si---no olage 1: -. 0-L-. - .a2 A ..... he aftI then can have no effect on the rest of tke lines. Therefore, lot ut& ass=h,

without toss in generality. tkat Y. = Y. iv order to simplify the algebra,

since thrc tas no effect on the resulting expressions in terms of admit-

tances. Then

ran €€bb dG "M

r b = r d (4.28)

r = r (4.29)

The reainiag voltage expresslios beome



vb -r. 1e•• 4•

V- = (4.30)

'.: tX~uti•:j for the ref•-ectic.• coelfflcewts, we get expressions *ihcharo
i a:;poI~e¢t of Yd £ ie.

S= - r4.3 )V j'2'l 1ssLe

f teor1tt that c e ,ien ws wan rege'Ite Eqs. 4.32 nnd 4.33 as

V Y(

-b . . . . -. (4$34nVI .2 ,(lh -') Cos0 9+j OgN1

V

2- -- J (4.33)

V

1 -1 Cko') Wos + ialaa

c T - , the oe-=ay time delay le the eoupling 7•gion.

We can recoqnizo the above equations as the system functions of

tkt 4rtwarks evaluated along the jo axis. The maguitude and l•tee of the

>uve functions are .plotted in Fig. 4-5 ior thrn velihul w o .of-,

rou rice to those faed by Oliver when tke - ,pliag Is sy,. e,

Y =y
" v' 22 '

In 'Ampw wee the t iNevly
-fro f ha F nvri~ I 0 itfxaMf.aht 4.35. ?his dpy be dew
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s 22 1-p
c )q-J (4.3T)

where

Expaudiiig the demominstor as an infinite series, one obtains

Vb /11 [I-I- 2) P*-2e-J6WI(4.38)

p ( p) 2n *-J(2na1).r (.9

The inmulse rgstons is then 2l~tw)(.1

57
11 ,(t -I - )ie n2U-.r](.0



--~ ------- z~ &auill fled thii atit".modulated

response to an~ input of the form

V E W = (iWn V 0 tW (4.42)

Ii b.?. wo w/21r and u(t) denotes a nuit step. That is

V'W 1 ýu-* t - [2a + 130soa mt (4.44)

Equations 4.43 and 4.44 are the response tb a widiband signal

_rain beavo of the network.

Lotuscouidr to ;ra :1ex fo r th thre widleba9f k

u ed in Fig. 4-5. These three valzzz af kc , awaly l/rd . L/1-0. and 1/10 ,

correapnd to a 3 dB, a 10 dB, and a 20 dB coupler, respectively. Ther itrautlent responses for the gyw-.iý&tric coupie: are as foilows:
IFor kc (3 dB coupler)

0 (t) = .41486(t) - .343 (t-20)- .0569 (t-4v)- .Q0ko4(t-61) (4.45)

kv(t) = M828(t-'r) + .142 (t-3 +.0244 W - ST) +.'048 t-7¶ (4.46)

yo~) [.414 a(t0)+ .343 *(t-2 06B - W i-t4r) + .0101 u(t46,)



L) .828 t,( ..,) 142 c( t..3,) + .0244v.u(!-5r) -,00418 u(t.,T-r)

+ ..... ]cosw0 t (4.48)

Vor k (10 dE coupler)

16 1(0... ,- ,, ,.0047b U(V-4 r - 1.09 Xit-10

(4,49)

-4r"• ' ' ::'97"4 ( t -- O" + .0256 g -• 6.77 X 10- S(t - &0)

+ 1.78 X 10-5 61t-7,r) W .. ( 50)

',,•2= '•162 u(t) + .150 u( t-2T) -M0016 u(t-40) f 1.09X 10 " ut-6r)

- .. m.] ot (4.51)

- 1.7 X 0-5 u(t-7?) . ..... •eoumt (4.52)

For k (20 (md cepler)10

W .• '050 6(t) - .0508(t-2,) - 1,.26x 10-4 8(t.-4r) -3.5x 10-7 6( t-6-T)

'- 53)

S997•• • + 0025 1(t-3, +6, X 10--6 (t-5'1)

. 2 .58 X,-o" -6 64-r) + ... (4 .54)

,j4

.e~(4.55)



9V -V ~ -.--.--- ," - 6 ~

Vct) M L ., 00-9-51 u(t-3r) + 6.3Ox 10 6 u(t-5'r)

A- .59x lo-0 u(t-7T) . ..... - coswot (4.56)

The imp-lse s.-. the envelopes of the step-modulated

responses are plotted in Fips. 4-6 and 4-7, respectively. If one defines

the settling time as the time it takes the step-modulated response to reach

and remain within 5X of the stcady-state value, then by comparing Fig. 4-5a

and FJ)!, 4-7, we note that as the apparent steady-state bandwidth increases,

the setiling time ir:creases. Thus, in a real sense tha transient response

01 the network actually is made worse by increasing the network bandwidth.
We also note that the phase function beGomes more nonlirear as the bandwidth

is increased, which indicates that th3 transient response is quite sensitive

to phase variations. Thus, it appears that descrit'ing the wideband proper-

ties of a device by its bandwidth is not sufficient: one must also include

the effects of phase dittortion. (This -_eatte_• is more fully discussed in

t III of this repo-t.) In this coupl'er the transient tleoretically

lasts indefinitely, !lthopugh practically speaking only a few terms uf the
iafinite series in Eqs. 4.38-4.44 are impcrtant.

4.4 TIM-LIVITED TRANSIENT RESPONSE

We wish to consider the possibilty of eliminating the '_nfinite

series in Eos. 4.CU through 4.44 as a mans of imptoving the transient

response. In this particular coupler, the infinite series will vaniih only

if the coefficient of e-j2 in the denominator of Eqs. 4.36 and 4.37

vanishes. For the constraints already imposed this will only occur for zerc

coupling between the lines. Thus, to examine the case of time-limited

responses one has to remove the above constraints sad start again with Eqs.

4.10 through 4.13.

We recail that we developed the directionrl coupler by assuming

that the input was matched at all frequencies, abd we found, as an additional

bonus, that the network had infinite directivity at all frequonctas as well,

We kuxz sow that the condition of * perfect match at the input at all fre-

qaencies is too strong a restriction and resucts In a transieat m"b4c lasts

- 102 -
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'j• 1Y. hemovirn thi.' restriction, requiring only that the coupler

"innite directivity, gives us an madditional degree of freedom which

ý ,13 usto eliminate the Indefinitely continuing transient.

We require t",

0 (4.57)
V

tý-x Jfor,: the coefficients uf e-jnBf in the numerator of Eq. 4.13 must

:-ish i-'.entically; i.e.

(1 -r G )r r pba +Idd) 0 (4.58)

rba (cc+r +F -b1 cddc + a )rdcrbb = o (4.59)

Ordinarily the solutlon of the two equations above aould be very

,'ff"cult. Fortunately, we can make use of symmetry and reciprocity to

.;;"Kplify the above equations. Fizst, note that all excitations at port a

wi--aluce ur voltage at port d by Eq. 4.57. Therefore, no change in the

• at pcrt d can ha',e an effect on thi voltage elsewhere in the

:.:ýwr-k v-men excited from port a . This allows us to conclude that the

i.t :I: -for infinite direc.ivity i independent of the admittance Y

v-(rt j . Now If we consider an excitation from port d, we will find

the• voltage at port a must be zero by the reciprocity theorem. By

Ssa argument we use'i above, we cat conclude that the condition for

ý-ri.,ite directivity is independent of ' Therefore, the condition for

>•~Ate directivity dependz only on Y ard Y

Since the conditi. for infinite directivity dGes not depend on

.,d Yd ,for mathematical convoeienneriie can choose

a c A
Y= Yb (4.61)

- .(4.61)



Ira
* P88 ~r(4.~i •e. ras cc

rbb rd.(4.63)

r r ,%4.64)

Equations 4.58 and 4.59 now simplify to

*rbflr +r) (4.66)-- ba~aa+ rbb) =0 (.6•

rba Sa + rbb) = 0 (4.67)

Substituting for the reflection coefficients in Eq. 4.61 yields

Y I Y Y Y
Yb c Yl22 - 12

(4.66)

= Y1 Q2 2 ( -k 2)

We note that this covdition is satisfied for the directional coupler we have

previously discusbed. However, in this case Ya and Yd are arbitrary,

thus giving us an additional degree of freedom.

Since the voltaqes in the network are independent cl Yd let us

choose Yd svch that

aYd =bYc 11Y2 2(1 k2 ) (4.69)

Tbhiswill simplify the calculation of tho transfer functions without affect-

ing the results. The resulting reflection coefficients now satisfy the

relations

1-•06 -
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ra• + rdd= (4.70)

+bb r 0 (4.71)

ib= (rd (4.72)

Sr =r(4.73)

I The trastfer tunttions now become

- (r,= +rhbe) 
IA 

2A)
vs i rabrb a-r,,rbb)e-l

1j o

• • v [11 ~ vr..)(1 -e• r•]"¢
Vb 

(4.75____

-__-A

,_( r b rb, r (4.76)

* sl~(abrb, rFsFbb

k As in the case for th,. prqvious diiectionai coupler, we can seie
that in generai the impulse resporse will contain an infinite sequence of

im.ulses. Thus, in general, the transient vill lest indefinitely. Vie -,an
i impruve the transient response by eliniubting the itafinite series that re-

0 aults from the exponential term in the d•palinator of Eqs. 4.74-4.76.

This my :) Jone by setting

r a -r +bb s' •) ( 77)

Th,'n t140 ro~ponsaz lapplify tý)

- (r + rb'F jO (4,78)v Jb

1Q7 -
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V b O+ 20I- = - r€ I -j2 ) (4.70)

c (1-r -r i (4.80)
an rbb)

Ik'hg i•mpulse responses corresponding to Eqs. 4.7M and 4.79 have AL mout two

iapols~i. Thus we have obtained improved transient response. It now re-
mains to be shown that we can, in fact, meet the conditior impoied by Eq.

::4.i77..4.7~ e

When the expressions for t¶he rtilection coefficient are sub~- Sstituted into Eq. 4.77 ;a got

Y k2 (4.81)
11l 22

This is indeet realimble. As a matter of fazt, we still have some freedom

is choosing Va and Y Letuas choose

Y l Y *1

Th" from Eqs. 4.69 and 4.81 we obtain

;YLI:I ý = I :k

!C I T( k) (4.84)

Upol. titi o se conditions into the exprassiokns fo the rwtcý-
tion ooefficieuts It Eqs. 4.78 through 4.80 w fiI4

N"" 411
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v - (I +e-j 2 BL) (4.b5)

Vb - 0*26A) (4.86)
V "IYS v 22

Vc _vs
A -W ILI"/V

Lettiag w• = as before, we find that system functions aro

I Vja •k~oswo e- Jw T (4.88)

-~ /k~a~jw~J"'(4.89)
V V Y22

- = (1*k)ejm (4.90)

The impulse response ean be easily foiund from Eqs. 4...5 trOuIg4 4,87 to be

h (t) - F 8(t) +Wt-2-0 (4.91)

hIVb(t) 1[(t -8t20 (4--92-
b 2

h(t) U(i*k)6(t-,r) (4,93)

Th e tep-oodulte*d response to the ;ignsl givas by Eq.-4. 4 9

v, (t) 2 l • (t)' - ut-2T)j 11a 6t iý w.br,- 4.94)



Yb(t) =()+ut20 sinwt(.5
b Y 22 2 1Ut ut2rjsu

f t - (1 + k) u(t-) cosow.t (4.9)

The transient responses are plotted in Figs. 4-8 and 4-9 for a
symmetric coupler and for the + case ii• Eqs. 4.91 t 4% We see

Sthat the transient is time limited and fully completed within half of a
cycle of the tarrier. Thus this device always has a better settling time

than the standard directional coupler discussed in the beginning of this

section.

i n a real sonse we can argue that this new coupler has the
optimum transient response at the outpvt. The coupler response ar be made
i. faster .4 nte At experiences pure delay with no reflections. Now consider

the response at the input to the coupler; this contains two reflections. If
its response were 'o be 4aproved, it would contain one or no reflections.

If it contains no reflections, then it would behave like the standard direc-
tiona, coupler, whose transient response we know ii not better, discussed at
the beginning of this section. The only alternative is one reflection at

the input. Howevir, this case mast reflect energy in the steady state, tind

5ence could not be metohed in the steady state. Therefore, we can conciude

that our new coupler is "optimum."

Wi have stated that this new coupler is optimum Gnly for systems

in the form of Fig. 4-1. Ihe question arises: "Can the respouse be improved

by cascading several sections of coupled linesV We know that :his technique
is used to Vive a broadband equal ripple amplitude chdracteristic.32 ,33  One

can show that this technique cannot improve the translent response over the
"optimia" coupler.

The amplitude and phase characteristics of the coupled arm coin-

cide with the graph plottee Is Fig,. 4.- for k r 1/10 within the accuracy

of the graph. It is interesting to note that optimum coupler ha% ,he narrow-
cox bairlwidth and the 4est attiug time; this fact is diecussed in Section 3.

-ii -
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Practically speaking, the transient response of the standard 3 dP
coupler is very good. gince its settlina time is on the order of I cyclesSof the carrier, as opposed to 1/2 cycle for the optimum coupler. This indi-

cates that for many applications the conventional quarter-wavelength coupler
is sufficient. In other applications, however, where a cascade of such

devices is required and time residue levels must be very low, the new time-

AA ...... UI JAU A *U'JULU . UV F- riu L . "&t "tw ptiwumu" coupler re-
quires changes in the impedance level, sine* it is not possible to have the

zame impedance temtanating all four ports.

4.5 EXPSRIMENTAL RESULTS

The •,•lc response for three different experimental couplers is

shown in Figs. 4-10 through 4-13. We can see that the agremeznt with

experimental results and the corresponding impulse re'spouses given in Fig.

4-6 is quite good for all three couplers. De improvemeni of settling

time with decreasing coupling coefficients (k) Is clearly evident. The
step-modulattd response of a 1.35 GHz carrier for the different tojil-rs

is shlown in Figs. 3-12, 3-13, 4-14, and 4-15. We see, again, that t',e

experimental data agree quite well with the corresponding theoretical

results given in Fig. 4-7.

In the theory for the directional coupler, we predicted that there

would be no reflection at the input and no output at point d (uncoupled

output). In actual practice we find that thez-i ire outputs at these ports.
These outputs are depicted in Fig. 4-16 foi the 3 dB coupler. The outputs

are superimposed on the corresponding input pulse with an increase in gain

of 5 to 1. We note that in both figuves thbze is a large component which

is apparently proportional to the derivativo of the irput pulse. This dif-
ferontietion of the input pulse is characteristic of radiating antennas.

t' This subject Is discussed in related antenna papers to be presented by
G, Ross and J. De!orenzc at the 1967 NEREM CorZerence.
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0.4 nsec/sec
0. 05p /div

p is proportiona~l to volts
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0 4 nse, /div
0.05 p"*/div

(c PorteB, Coupled Output

0 4 nsec/Idi v
C 05 p* 'dIv

(b) IPort C, Direct Output

p is proportional to volts
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0 4 nsec/ciiv
0. 02 0pt/div

(a) POi-18. Coupled Ouipu*,

o 4 nsec/div
0.-05 p. div

(b) Port C, Direct Output

p is proportional to volts
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o 4 nsec / div
0005 p*/div

(o Port B, Coupled Output

0. 4 nsec /div

0. 05 p*/div

(b) Pori' C, Direct Output

p is proportionol to volfs
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0 4 nsec / d•v
0 005 p-/ Ov

(a) Port B, Coupled Output

0 4 nsec / div
0 C2p*/div

(b) Port C,•Direct Output

*p is proportional tovoilS
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0.4 nsec/div
0.005 p*/ div

(a) Port B, Coupled Output

0.4 nsec /div
0.02 pU/div

(Ib) Port C, Direct Output

*p is proportional to volts
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0.4 nsec/div

(a) Input Pulse And Input Reflection

0. 4 nsec / div
(b) Input Pulse And Uncoupled Output
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,:.h radiation within the coupler involves the excitation of non-TEM modes

,,j- should be excited by a transition qithin th-. coupler. This leads us to

conclude that the deviations from the theory are due mainly to the excita-

ion of non-TEM modes.

SUMMARY AND CONCLUSIONS

In this section we first derived the general expressions for the

v-otages occurring at the ports of a pair of coupled transmission lines

ierminated by uncoupled transmission lines. The conditiors necessary for a

perfect match at the input, independent of frequency, were derived and found

to be the same as the conditions for the conventional coupled-transmission-

line directional coupler.

The transient response of the conventional coupler was studied in

detail. It was found that the sett~ing tOme improved and the bapdwidth de-

creased as the coupling of the linis was decreased. We considered the

possibility of improving the transtent response by relaxing the restrictive

condition that the device be perfectly matched at the input. When this re-

quirement was removed, it was found possible to develop a directional.

1,oupler whose impulse response was time-limited and whose transient response

was optimum.

When values of coupling less than 3 dB were considered, we found

that the conventional quarter-wavelength directional coupler has a transient

response that approaches the "optimum" coupler as k-O ; this is supported

by the experimental results. The real importance of the new coupler lies in

the fact that it suggests the investigation of a new class of elements which

have a time-limited impulse response. Such a class of networks would, for

example, be Important in problems of time-domain equalization.
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SECTION V

SIDEWALL COUPLERS

(L. Susman, Sperry Gyroscope ,

5.1 INTRODUCrION

The wideband properties of a microwave network can be deduced

by examining the behavior of the device over all frequency or by its time

response to particularly simple inputs such as an impulse or step function.

Until recently, the frequency-domain description has been entirely adequate

for almost all engineering applications for which these devices are commonly

used. This is because the input signals most often used have been, to a

very good approximation, narrow band. Thus, a complete representation,

valid for all frequencies, was unnecessary; only 9 good representation

valid over the range of operating frequencies was required. With the present

emphasis on the use of wideband signals in modern radar systems and the

recognition of the potential high-resolution capability that can be realized,

the problem of signal distortion becomes very pertinent as one of the limi-

tatiuns to the resolution that can be obtained. To analyze the behavior of

microwave networks in a way which makes clear the wideband behavior, one

can revert from the frequency domain to a real-time description of the net-

work's behavior. This point of view has been adopted in previous contracts34

where the investigation of the transý #nt behavior of microwave structures

commonly used in arrays was initiated. The work performed under this con-

tract can be viewed as a logical extension of the previous studies of the

transient response of wavegaides, magic tee's, branch-wall couplers, etc.

In particular, this section discusses t"' real-time response of

sidewall couplers. Although the analysis presented is applied here to one

particular device, the mathema4ical techniques presented, and certainly the

point of view adopted, are appl'cable to many more commonly used microwave

structures. Section 5.2 briefly reviews the work done on the transient re-

sponse of straight waveguides. Section 5.3 considers, to some detail, the

analysis of the sidewall coupler; 1,e., the real-time behavior of two uni-

form waveguides coupled through a ltLrje aperture i3 a common sidewall , The

-122
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fact that the aperture is iarge is quite pertinent, since the complementary

problem of rectangular waveguides coupled by small apertures involves quite

olfferent methematical representations. Section 5.4 presents the results

of experimental work on the step, impulse and step-modulated response of an

L-a•,nd sidewall coupler.

5.2 REVIEW OF STRAIG;{T SECTIONS OF WAVEGUIDES

In previous reports34 the transient solution for a section of

w.aveguide was examined from a number of points of view. The general discus-

s;ion and results are reviewed here, since they form an integral part of the

analysis of sidewall couplers contained in Sec. 5.3.

As explained in previous reports, the analysis of waveguide com-

ponents differs conceptually from nondispersive microwave structures in that

the input-output quantities are in general vector field components rather

than scalar voltages. To interrelate these various output field quantities

to input variables requires a dyadic system function. From a formal point

of view, the impulse response contains all the information about the transient

and steady-state response to any arbitrary input. Knowing the impulse re-

sponse allows one (in principle at least) to compute the complete response

to arty other input exr'tation. Finally, esymptotic estimates of the set-

tling time cai, ' ob'iined by examining either the impulse response or the

step response.

5.2.1 Transient Restonse

Consider the case of mort practical importance, a rectangular

waveguide overating in the dominant mode TEIO One can show that the sys-

tem function corresponding to the ratio of the Hz components at z = °

and z = 0 is given by

H ~ ~ j*Y. ) 4 2 Y) - c C - yz0

Hz(x,y,O,p)
z 123
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.h,!:re Uc is the cutoff radian frequency of the guide, O(xy) gives the

.an-verse spatial dis',.ibution of H c is the velocity of light,

"p . + W2c/c , and p is the complex frequency variable; p = cy + jw
'Th-. tran•.verse components of the field can be shown to be

E (x,y,z,p) = pHz(x,y, z,p)
(5.2)

Hx(X,y.z.p) = yHz(x.YzP)

To find the impulse response corres-.*oi:dlWig ti Fq. 5.1, the in-

verc Laplace transform vf Eq. 5.1 is required. This is found to be

e c z 6(t - T) - Ji(Wc t 2 - T2) u(t - T)

e 6/t2 _ T2

(5.3)

z'i;er- u(t) is the unit step functhin T --

The general character of this impulse response follows the

cc:'puted impulse response of an ideal high-pass filter. First, there is

an impulsc term minus some oscillatory function. It should also be noted

that the output for t < T is *ero. For t >> T, Eq. 5.3 reduces to

J (W t)
h(t) - T - t. (5.4)

This form of the equation resembles the output of the high-pass filter,

since as t (W ,J(ct) approaches sin wct

Returning to the system function of the transverse components.

!t er.-n be seen from Eq. 5.2 that the impulse response for Ey(z,t) can

be tfund by differentiating Eq. 5.3 with respect to t . (These expres-

sions have been given in previous reports.) The various Impulse responses

consli,t of imipulses and their derivatives (i.e., doublets), as well as

osc•latory Bess'-l functions. Figure 5-1 shows the response H(z.t) to

124 -
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an impulsive Hz field applied at z = 0. The transient response of a

straight length of rectangular waveguide was computed by treating thc

structure as a two-port network.

The explicit assumption that the Impulsive response corresponds

to an impulsive excitation of one of the field components, say Hz# Ey,

or H is not realistic in most practical cases. For example, if a

laboratory setup designed to test kvaveguides is arranged with coaxial-to-

waveguide transitions, it is unreasonable to expect that an impulsive

voltage applied t~o the coaxial line will result in Impulsive field com-

ponents.

A more reasonable model results by assuming that an impulsive

voltage produces (approximately) an impulsive current across the guide.

This problem is important because It closely simulates the experimentol

setup used in evaluating the theoretical results. If the impulsive exci-

tation of a coaxial system produces an impulsive current density across

the wavegulde, the transverse electric field E that propagates down

the guide is then given by Collin35 as Y

OW t
E (Z t)= 6(t - T) t 2 JiIw ItL- )U u(t -e)

T (5.5)

The step response can also be found in this case and is given by

a(t) = o.2 - u(t - T) (5.6)

The impulse and step responses are shown in Fig. 5-2. These solutiens

have been the basis for Saxton and Schmitt's experimental verification

of the transient response of waveguldes. 3

5;2;2 Steu-Modulat,-d,.2esnonse

The prr1k.! section reviewed the results already obtained for

the transient response of a uniform waveguide. There is iuch more literature

W-
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FIG. 5-2 The normalized impulse and step resp'-,ses for a
rectangular waveguide excited by a line source.
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available on the step-modulated response of uniform waveguides. It is

rather unfortunate that so basic and seemingly straightforward a problem

should turn out to be extremely unwieldly from a mathematical point of

view. The original work on this problem (and still the mo;st conipl;!te) is

contained in Cerrillo's dissertation. 37  He shows (among other things) that

the step-modulated response of a uniformi wavegulde can be expressed in

terms of Lornmel functions. For the range of values of usual interest no

tables of these functions are available. Recently, several investigators

have reopened this complex problem and have added to it considerably by

applying the mathematical results to cases of particular practical im-

portance. In principle, the response of an ideal wavegulde to a step-

modulated Input of the form

e(t) = sin w t u(t) (5.7)

is given by the well knewti inversion formula

r(t) fW0 t2 e + pt(5.

f 0

*One notices that the Intigrand has a branch cut at + jw~ and a pole

at p * . arbomiak :8 obtained asymptotiz exprtssioz~s fo1r the step-

aodulited response in 'essentially thret regions of 4ilie: a) a~region of

* ~antecedents, b)% a.ai~n signal regqibs, ana c) the posterior traiisient region.

His approach inak-es use of branch-point' integrat Ion In tbte complex plane,
39

More tecently, Wait~ an pe ratdte#b of ,ropgatIon between th

guide by starting from. the impulsive response In thle tine domis and derlying

am upper bound on the buildvp tine whfick agrees well *10~ experiment, 4 0

_42e



Since the major emphasis in this.report is on the transienc per-

formance of microwave structures, several remarks that indicate how this

work can be related to broadband, behavior seem in order. When the exci-

tation to a waveguide is relatively narrow band and not too close to cutoff,

it seems expedient to rely on frequency-domain concepts in analyzing the

distortions introduced by the waveguide. However, when very broadband

signals are user" (or signals extending close to cutoff). accurate results

can be obtained only by using exact results, and one is forced to use either

Cerrillo's exact expressions or the time-doinfiin approach via 0 convolution

with the impulsive response of the waveguide. Either of these approaches

requires the use of a high-speed digital computer.

The following section treats the transient response of sidewall

couplers. The emphasis here is placed on obtaining a clear picture of the

mode coupling in the transient case. The step-modulated response of a

real coupler is discussed in Sec. 5.4 but, as might be 3xpected, only

qualitative agreement can be claimed for these results.

5.3 ANALYSIS OF SIDEWALL COUPLERS

Consider the ideal sidewall coupler shown in Fig. 5-3. It con-

sists of two rectangular, uniform waveguides coupled by an aperture across

the narrow face of the adjacent wallg. For analysis it is convenient to

divide this four-port structure into three regions. Region I is the input

section, region II is the coupling section, and region III is the output

section. The device Is designed to operate over a band of frequencies
such that only the dominant TE o mode can propagate in each of the wave-

guides !n the input and output regions (I and III). In region II it is

assumed that the dominant mode and the next higher-order mode (TE 2 0 )

are the only propagating modes.

In coasidering the interaction of the electromagnetic fields in

the three regions of interest, it Is best tu start with the field configu-

rations fvr the propagating modes. In regions I and III the field com-

ponents are

- 129 -
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E -E sinrUx E =H =C 0
y o a x y z

E f (5-9)

7- E Hz f f

All the other field components are zero, Z, is the characteristic

impedance vof the guide and is given by

ZrEjZTE = (5.10)
1 fc )2

wheie f is the cottoff frequency of the guide and is given by

f = TE- for the TE mode.
C 2a 10 (.1

In the coupling region (region II) the expression for the field

-omponents are the same as Eqs. 5.9. with a replaced by 2a. That is

E E sin AN
y 0 2a

E
H =---y- (5.12)x zTE

= 1 f 28

where f is given byC2



I

The field components -)rresponding to the TE20 mode in region II are

given by the same expressions as Eqs. 5.9. In the normal mode of operation
all higher-order modes are cut off. The resulting range of operation for

the c~upler Is showt schematically in Fig. 5-4, which shows the rela,.ive

cutoff frequencies f,•r the higher-order modes (where it has been assumed

that a/b = 2). Ir the actual sidewall coupler the "a" dimension of the

coupling region is oomewhat reduced. ThiF is done to move the cutoff of

the TE0 mode up, thereby extending the usefui operating range of the
device. A tuning post is also provided in the form of a bubble in the

coupling region; this is needed t) insure good isolation at the decoupled

port.41

Tv understand the transient behavior of this rather complicated

structure, it seuf~ces to know the responses of the device to an impulsive
excitation at one of its inputs. It is also convenient to take advantage

of the inherent symmetry of the structure and consider the input at a tingle

port, say port 1, as due to the sum of an "even-mode" and an "odd-mode"

excitation at ports 1 and 2. The even-mode excitation consists of a TE10

Mfiid distribution at ports 1 and 2; the odd-mode excitation consists of

a TE1 o field distribution at port 1 and its negative at port 2. The

tdesired response is seen to b,. due to the sum of the even-and odd-mode

excitations and will simply' be called the sum mode.

The convenience of this approach lies in the fact that one can

assume that the odd mode propagates through the entire structura with
virtually no distortion due to the discontinuities at the interfaces of

the various r.tgions. This is true as long as the dimensions of the Inner

wall are kept small. The effects of these discontinuities on the various

modes are dis.assed in the following slction.

5.3.1 Effet-s of Discontinuities

To quantitatively analyze the effects of the- abrupt change im.

going from regions I to II and II to III generally requires the solution

of an integral equation for the admittance of the Junction. The particular

model needed for the aidewa]l couplr? cikresponds to what is commonly called

an H-plane bifurcation. Narcuwitz 4 2 treats this type of junction and derives

t~32-
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FIG. 5-4 The mode cutoffs for the ideal sidewall couiler.
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an equivalent circuit which indicates that the junction is essentially

equi,,alent to a hybrid coil arrangement. However, his range of values

of the equivalent circuit is limited in the frequency domain to the usual

operating ra-ge of the waveguide, An exact soluticn, using the Weiner-Hopf43
integral equation approach, can be found in Jones, but here, too, Jones

treats the case where the smaller waveguides are cut off at the operating

frequency. In order to apply the results of this cl3ssical boundary-value

problem to the distortion of transient signals we need an approach which

gives the correct junction behavior at high frequencies (since it iz this

pertion of the frequency band which determines the behavior of the iicident

field). For this purpose we have chosen to use the Schwinger-Lewin vari-

ational method.44

Consider first the case where the even-mode excitation in region I

is incident on region II. It can be shown that the junction adwdttance is

given by4 1  r a 02 a 12
y [ Cos UKdx + Cos -d[ ry 2a 1 + 2 Ym f f y 2
Y m=3.5.7-....

a

k, J Ey sin M- dx

o (5413)

where

2~ -kk(a n a c

Because cf the stationarity of this expression for the admittance, one can

approximate E (the field distribution at the Junetion) by sin I[
y a

With this approximation the real and imaginary partsof the junction admit-

tance become

k t T2 k (m 2 4) 2

nF3,5,7,...

(5.14)
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MnowinV y w can find the reflet't!oe and transm!ssion coefficients; they are

T=-_:. u 32 (5.15)
l+y 3j l+Y

The meaning of R is clear, the meaning of T requires a note of explanation.
T gives the transmission coefficient relating the incident even mode to the

TE10 mode in region II.

In a completely analoyou• way, one can derive the equivalent admit-
tance for the TE:,,, mode in region II incident on region III; the resulting
admittance is

E (4-m2)2

m3. 5, 7

(5.16)
I -y 3ff

S1 + y• 8(I + y 1)

We could also derive the equivalent admittance for the odd mode,
but, as we indicated before, one can verify that the odd mode does not
encounter any distortion due to the discontinuities at the interface of
the various sections.

5.3.2 Matrix Analysjs of Sidewall CoupRler

To make affective use of the calculations in the previous section
the following mathematicel artifice is u;sd, A scattering matrix S'
describing the junction effects is first formulated.* •he S' ratrix is
then modified to take into account one-half the length of waveguide ir

* A detailed discussion of the use of scattering matrix techniques to
determine the transient response of microwave networks is presented
in 4ppendix D.



regio'n .11, The retitiing structure is then cascaded wIth Its 'irror Imtage

by us!nq the well known formulas for cascade connections, 1 The use of
>scalter~ng zrsatrlces for a descrtpLýota of disconthwvitieis Is well knowu, but

the deveiopmkent here Is e~nconventional in the sense that it has been found
advantageoun% to use, not the Incident and reflected voltages at the various
ports, ouet andependean 11inear combintitions of these so that the elements of
the resulting zcattering matd'x are exactly the quantities computed in
Sec, 5.3,1,

Colnsideýr Athen the rnathem6zical model shown in Fig, 5-5. The In-
put port quLntities correspond to even- and odd-mode excitations at ports
1 and 2 of' the sidewall coupler. The ritput quantities are the wave ampli-
tudes of the Th 10  and TE 2 mode signals In the coupling regioh of the
coupler. For our purposes we have taken the network representation to be
a 4-port network. To be completely rigorous would require a doubly infinite

4 nuinber of input and output ports to handle not only the mode which propa-
gates but also those that are cut off.,4 5 This additional complication has
been avoided, since it c,%n be shown that it will have only a minor effect
on the results, (Notice that the presence of cutoff modes was considered
in the calculation of R, R $T and T ,)Denoting a 1  'a2b1 ~21a 53 b, and
a 4 b as the incident and reflected scattering variables at the even mode
input port*, odd mode input port, TIE10  output port, and TTE20  output port,
respectively, the scattering matrix for the junction is then seen to be

(5.17)
j 3T 0 R 0a3

For conven~ence, we Shall write this matrix relation lIn the partitioned

form

F' Kb St JR 5,



r

k It is well known that adding lengths of waveguide to various

ports results in a new scattering matrix givon by

S= Os'S (5.19)

1 -jyit

where 8 is a diagonal matrix with entries e ; here t is the length

of the waveguid2 and -y is the propagation constant. If the length of the

coupling region is £ , then the resulting scattering matrix is

,L - f I 1 1 Q 1 2  .2.
S es'e -- I-. . - -- I---

1I i

2 C-2 1 1 -22 j L i

(5.20)

where 1 is the 2 ' 2 identity matrix, 0 is the 2 x 2 zero matrix, and
4e-.1l1/ .-JY2/2k

e-jyA/2 is a diagonal matrix feJ e . When Eq. 5.20 is

combired with Eq. 5.17 the resulting overall scattering matrix is

Fbl R 0 A T ' 0 a

2 2
-- -- i (5.21)

;* X AT 0 1 2R' 0 a
3 1 I 1 3

b 4 0 A 2  0 0 a4 j

where

1 I e and X 2 = e

This overall network is then cascaded with its mirror image.

The derivation for the re'sltlng scattering ia well known and is reviewed

in Appendix D. The final result corresponding to Fig. 5-6 is

I1 ?7_ -
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FIG. 5-6 The sidewall coupler as i cascade connection.
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b S2 2

=-- (5.22)

L4~ ~,1:21 'ZQ22 a

where the starred quantities denote the scatterifig variables and

1

--12 -'21(53

o x2J

R 'TA R'
I 0 (5.24)

0 0J

To use the above development for a case of practical interest.

assume that the outpnt of the coupler is watched (that is.8, --- .2 =0)
and that port I Is excited with an input of unit amplitude. Then a~ + +

and a~ = + 16becabse this kum of the even'and odd modes yields 8 single
22

unit Input at port 1, The refleflted variables can then easily be foundi

to be
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<-1

SR + T•,R-41
bl =~ 2 1 TRizi 1 R

; - A1

i b2 ~O

bT 'T X2  (5.25)

1 2 4SAX

* 1 2
2? 2

These are the outputs, but expressed in terms of an even and odd

modal decompositior. In terms of actual output variables we need b1 ± b2 and

; b2 thus

R + TT4 2 R'
b b 2 =1 1

11 R1 24
A1  (5.26)

1 2 2 R,24 2

It should be recognized that R, R,' T atid T are all functions of

frequency. For -,ny o~ne frequency, "'qs. 5.26 contain al! the information

needed. For e~ample. the condition that the sidewall coupler be a 3 dB

coupler is

Ib + b b 12(.721 2'1 *25.7

For our purposes it lb convenient to fermally expand the denominator term

in Eqs. 5,26. T1. leads to

1 2 2'" 9, 2+ 1"

(5.28)
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2-2

"Since is othe fo:m e in the p dbmadh, the output is

seen to be a tiain of distorted waveforms similar to the transient solution

9 for a straighZ section of wav-euide (see Sec. 5.2). Additional distortion

is introdaced sinue the refleotion and transmission factor! are algo functions

of p. Some quantitative data can be obtained by applyng a modified initial-

value theorem (see Appendix D) but since *be solution is known to be highly

oscillatory the first few terins of the power series that results give very
little information. It Is clear from Eq, 5.28 that successive refl ctions

are separated in time by 24) seconds, wherv A is the length of the coupling

region.

5.4 EXPERIMENTAL RESULTS - SIDEWALL COUPLER

To experimentally verify the suitability of some of the approxi-

mations made in Sec. 5.3 and to obtain meaningful results for rea. sidewall

couplers, an L-band sidewall coupler was tested. The experiments coinsisted

of displaying both the impulse and step-modulated respbnses for even- and

odd-mode excitation between various ports. 1he means for generating these

test slgpals. have• bena discussed in previous reports. To summarize, the

test sionals used for the waveguide sidewall coupler were: 01) a 0.2 nsec

video pulse, en? (2) 16 cycles of a 1350Mz satep-modulated signal. These

signals mwre. synthesized from the output of the Hewlett-Packard time-6omain

reflectometer and werei-"lied to the waveguide through an L-band coax-to-

wavegulde adapter. fhe sidewall coupler is 21. inches long, coupled over a

region of 8 inches by a large aperture in the sldewall.

The impulse response of the sido*al'l uplowas examifd experi-

mentallyv�y applying the 0.2 nsec pulce Mt j • ofthe coupler~ see Fig.

5-3) and measuring the response at the other three ports. This was dvile

for three types of modal excitatinn, the even, odd, anui sue aodes; the

results are shown in Figs. 5-7, 5-8 and 5-9, respectively. During the

tests all unused ports were terminated in a matched load. in Fig. 5-7 one

notes that the responses at ports 3 and 4 for the even-mode excitation are

identical. The presence of distortion due to multiple reflections is

evident after approximately 1.6 nsec, while the overall transient is basi-

cally zero after 20 nsec. From this one can conclude that an upper bound

4_



(b)

Time scale: I nscc/maj.div.

4 nsec/maj.div.

Time scale: I nsec/maj. div.
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4 nsec m. rajdiv,

,;re sc-ýe i nsec/ majcfrv.

4 nsec /moj. div.

Time scco-P: I nsec /mcj.div.
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Output at port 3 Output at port 4

Output at port 2

Time scale: I nsec/maj.div.
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I"
on the buildup time for the step-moo-niited response is 20 nsec (as previous

experience has shown, this Is a rather gross upper Ibund, and one expects

buildup timer which are corsiderably shorter),

P'igure 5-8 shovs the Impulce respouise of the L-band sidewall

coupler for the oddr-rode exccitetlou, i.e., where the excitations at ports I

and 4 are the negative of each other. From theory on• would expeot this

type of excitation to create a minimum of ditwerion, since the tronspofl

mechanism from input to output Involves only one medal configuration, Ffom

Fig. 5-8 It is e*>4ent that distortion due to internae re-reflections 4oes

not take place bef,re 2.5 nsec of time delay, The compressed vieN in Fig. 5-8

shows that the transient respouoe Is sovewhat longer for the odd mode, lasting

approximately 24 mzec.

Ligurie 5-9 shows the transient respouse to the sum excitation (the

even plus Oid excitation). First tof all, it should be no.ed that at ports

3 and 4 the inItial ouvpwit is positive, The outputs at ports 3 and 4 are not

identical, b•t ha"e the same general character. The oatput at port 2, the

normally deoupled port, is quite differeut, First, the output 1s not zero,

as might be predicted from the steady-state sharaecteristi•es of the device.

The otttput at the decoupled port bdilda up gradually, with distortions due to

re-reflections eccurriag 2,5 asec after the init"Isl excitation,

figure 5-10 shows the stop-modulated rosnse of the sidewall

coupler to a 1350 MHz signal eaplied as an even and odd excitation, We see

that at vvn 3 the evten and odd modes have spposite polarity, The odd mode
ihas slightlylonger rise Sim as nnjectur" frm the results of the

transiePit excitation. The rise tim is seen to be on the order of 2 osec

in all cesesi t.-zildup time is uch longor,

Figure 5-li shows the. response of the sidewall coupler ý.o the

1350 Wjz step-modulated dignap; applfad In the sum mdee. The outputs at

ports 3 and 4 have almost identical rise times, but the buildup time at port

3 Is slightly less than that at port 4. The outtput at port 2 is quite low,

with no spurious level.
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5.5 CONCLUSIONS

The transient response of the sidewall coupler is similar in

several respect6 to the transient response of Interconnections to TEl-mode

lines. The response con3ists of delayed, but now modified, versions of a

basic form. The deiays are governed by the electrical dimensions between

discontinuities and depend on the reflection and transmission ccefffeients

at the junction. The response is complicated by two inherent propertieg

of the structure's geometry. First of all, 1he propagation through the

straight sections of waveguide is affected by the disperzive nature of the

propagating characteristics. The degree of dispersion depends on the cutoff

frequency of the mode considered and, unfortunately, on the length of the

waveguide. The second complexity arises from the fact that the junction

effects, the reflection and transmission coefficients, depend on frequency

in a complicated way. These two factors alone are sufficient to make any

attempt at obtaining exact agreement between theury and experiment extremely

difficult.
To add to the difficulty, the basic waveguide acts as a high-pass

filter: since the d2splay equipment has a high-frequency cutoff, there is

an inevitable degree of rounding caused by the display equipment. For the

case of TEN-mode structures, this distortion is not critical because the

impulsive train is time separated; for waveguides, however, the transient

responsE is not a train of impulses but a highly oscillatory waveform, and

the distortion introduced by the display equipment effectively masks the

details of the waveform.

The best that can be obtained from an investigation of the transient

response of highly dispersive devices is a better and clearer understanding

of the mechanism of transient behhvior. This, we feel, has been accomplished.

It is Interesting to note that the analysis given in Sec. 5.3 re!Aes heavily

on the symmetry of the structure invo)ved; this geometric property is inde-

pendant of frequency and so is equally valuable in a frequency- or time-

domain approach.
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APPENDIX A

A NUXEBICAL APPROACH FOR EVALUATING WAVE PROPAGATION 7WOU;R

A SEMI-ANF'NII! FEMIT MEDIUM

The discussion below provides a method for inverting the Laplace

transform (LT) of Eq. 2.2 numerically. Briefly swmmarized, the procedure

•~o~veg the application of tho initial value theorem (LT theory) to Invert

n-ovicuilIy the system function of a propagating medium. The significant

f:.ature .of this method is the fact that because the signal is traveling

thl.'ouih a distributed modium, it is delayed and no longer exists at t=O0

hence th•e response must be advanced by the signal front delay Tfr (ie,,

retLred to the origin) before the initial value theorem can be applied.

This technique is described in detail in a recent IBM Journal. 4 Thus,

if the response of a network to a step oxcitation is given by

£
g(t)4---*G(p) =F(p).H(p)

F(p) = LT fu(t)] = I/p

H(p) = LT (h(t)] = IfI(p) + 2e(p) (A.1)

HI(p) = exp(- pz ,/-0j0 (, +'K)J

H2(p) = *xpf- pzv /10 -4(0 - K)j

t.h e n

S) (�(t) (O+)(t - jfr+ O(2)(O+)(t T )29(T f•( - r) 4 (0• + + u't l-rfr): -

The Fourier transform of h(t) caw be found from H(p) by sbswsti-
tctig jw for p in -q. A:l. *ius " ,

A-1



H( w) 11(p) =A(w) exp(-Je(w))

p=j w

- efzinition

T A

fr w

This a be ,ihown to be

Aim w 
0

Usino the procedure outlined In ref. 34. the first four teri of the

Maclaurtn stries exprnsion of i(t) are given by

i• 01-) = exp -ký] + expe L
SL2 ý2

=(12)(0+) = k b + b2 expI +3. exp JL3'e p

) 2 2 2(0t+) = 218b 2421 + 4a• + aIexq4 exp

)k [..a3 2b 24ab2  32b](2 4-5 --

[ (0-- + + + 6 + R' xp

k 2~ 3+42]+ 3] (zi5]++ 5

In order to adeiquately represent the function it, is necessary to evaluate
thec n term of the expansion which is of the form

Ai-2



( 0 = Aim n+ G(p)eP _ pn g(O*) ... 02(n_2 (O9) _ ( 0

The Inversion intergral was approached directly by R. Church, Research
Staff Member, SRRk,, and has been programmed for the 7094 using a method to be
described in a forthcoming Research Report.

Principal features of the method are:

(1) Choice of path of integration sufficiently to
the right of the origin that zingularities at
the integrand are not troublesome.

(2) Use of the efficient high order Gaussian
qpRdrature formulas for the near region.

(3) Use of the Euler transformation for a slowly
converging alternating series for the tails.

Thoý results of these methods are shown in Fig. A-1.
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.I NTRODUCTION

In the ndrrow-b&'•d sense, ' is defined a

(N

0" Total'j.

Shere vo is the res-nant frequeiicy of the systen, (Xotd)° is the
0 0

time average of the tLail stored ýnergy at w. f snd (Pd)I¢ is t1 time

average of the power dissipated in the network. The definition "s applied
Sto drivinq-point (dp) impedance measurements and "loosely" to transfer-

function measurements. A more general definition of :dn be obtained by

using the relstionshir

I =v <Pd + ( N /We

I It is not difficult to show that this relaviai-rhip is given by

w.dfl(n - o~e u-w(B.2)

(PC.)

,nd the method used to Obtain thIs solutior ýiil -p demonstrated here.

This definition is still a aarrowband appro.ation, a' will soon bec

evident.



In the very ,4arrowband case, the impedance or trpnsfer fp,'etion
S•In que,.tior msr, be :ceprasented b,, ar epa valnt circuit consisting of a

siogie resistor Rv an inductor L, and a cpaseltar C, all co•nected in series.
:i• •T".e, for a given current. magnitude III it is• clear Oaf. the time average

i,• of t power• dissipated Ir the resistor is glver, by

(Pd) IIR

Wh i it, (I L 1, 12 (B-3)S 4I and (1a)

Substttiutin the values VIvei, in 9q. JS,3 into Eq. B.2, we obtain

-iQ -. • ' - -

which redules to

3 w• 4

(Pd) [00

This is identical to Eq. B..I.



nI. STORED ENERGY AM TUR TRJAW-L" •UTIt F A LOSSLr5 TI&T

For the special case where a network is lossless and reciproca:,

the unitary condition on the scatt-ring matrix* cap be applied. resulting

in

,~ l l2--12 ISl1[2 (3.6)

We can evaluate Is sirce

11P 11

I z I ( (jwe) <NM )N

SLet tI ng Pand V= ( We ( )we have from Eq. B.6

__• S ill - i2l ' , e,

!, js! j2= ( .) •- 1)2 +
Ae-

1 S 2  = - (2.1O1

C + Wj12~l " "I!2=' 4(b. + 2 + V2(s9

2111 (B.9)
Next we definte t te resonant frequency of the network, as that frequency

where the tie average of the stored •le•tric and magnetic energies are

Thus in Eq. BA h ue. -at =3=ml e,-jS so 1 the ifoentitymarx

& ~I 8-



2 4- (P)

Nomaltizng Eq. B.9 with respect tcý Eq. B.10, we obtain

IS1  <(P) + I I'

IS2112 l=w, = 2I S (B. 11)

Expanding _f in a Taylor series about the resonant frequency ,o , we have

r j 1ij 2 [(e•--Iio L

4(W )J+ [W ~ (We > (I >1

+ (We>) (Wv2 LW WO) + (.2

hibecaise et reson'ance (e) = f , Substituting Eq. B.12 into E1.

L. B.11, we obtain

+ i) + 11

d (LI3
B-4t



Ncow again letting P

1112

s211z .... ci
2(Pd) + 1 L o -Wwo) IVw(

2)=wo+ J e> - <d "

(B-14)

At the "half-power" frequencies, Is1 2

21 Norm 1/2. This occurs at the
freqtjencf6s for which

(Pd) + 0 2 -(w * (e) - ( +

(B. 15)

or (approximately) when

(Pd) + _U.4
2

Banewidth = 2(w w•.) - .

% - ( >)~w1(8. 16)

Using the narrow-band definition of ' , we have

, . B, 1"I

_______~~~~I~ -~ (Pd>~r 4 41L7
•L2



or, alternately,

W ~*w(We > n (,-)Q w e (WM) z =

tw

F(Pd +

4 which is almost Ident to the form given in Eq. B.2 and reduces (with

interpretation) to ti. .11 known definition given in Eq. B.1 for the

series RLC circuit resonant at wo It is Instructive to Interpret the

result given in Eq. B.16.- the term (Pd) is clearly the power dissipated
2in the ji and is equal to 1Va12 This followsz since the network was

assumed lorsless except for the termination; therefore.,

2 it112Re UdP Is 2 12 =(L} 2  7~ (Pd) (B'9)

911ý

Where I is the V._q value of the total sinusoidal current enteting the

port. The term also in the denominator of Eq. B. 18 is the

power dissipated•di the s-r impedance of the generator. If the network

is "transparent" at resonance, we have

Ij4{.lj - (Pd)
2 (B2O)

One can consider the "loaded Q" (or the Q including the los% introduced

by bitQ the load and source impedances) as given by

2QB-2

'Adf~



where it t&i11 bt. MUebem4rW that thc. term dw e)

closely sp~roxiUmates the total energy storea in the network at w * The

not surpr'slag in broadband lossless networks, since the magnitude squared

of the transfer function (equal to (Pd)) Is by definition G I*10atwf function of fraquency; the phase functiont however, c, be a nonlinear
fun~ction of frepuency.

PVV



APPENDIX C

THE TRAAgSHISSION COFFICIENT AS A iLINMON W TIE STORE]) ENERGY IN A KETWOSK

(G. F. Ross, Sperry Rand Research Center)

I. THE ONE-PMT NETWOA

Consider the "black ',ox" shown in Fig. C-i enclosed by surface

j S it is essentially a one-port network. It can be shown that for a one-

191port network1

SINVIN*- (Pd) + j2 (W - (We)) (C.i)

and, since V IIp, we have

10 Zd p= Pd) + j2w (W ( -W.2)

If the one-port network is lossless, (Pd) - 0 and the driving-point (dp) irpedance
is a strict function of the etored energy within the network. Th!F relation-
ship will be applied in the next section to sLudy the transmi-sion pripereies

of the lossless tworport network.

~;y. II. THE TWO-PORT NEIVORK

The network shown in Fig. C-I and enclosed by the surface S! is
defined as a two-port nstwork. The network embedded in surface S may be

3lossless, but the 1-ohm loads terisnating ports 2, %9 4, ... ,i Make the
overall os-"ort a Iossy network. This type of network has applications in
many engineering proolems where a system ib excited at an input pOrt 4nd the
response is observed a- a spý,cified output port; the other ports aee "output"
ports only with respect to surface S3 . The normalized scattering matrix

of the two-PorL A oet£wok is aeseribed by



fX, q6

2g3

V2 
4

,i.v
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-17

i ( U 12 (L

S = (C. 3)
S ) $ 1-o $j)S22(W)

where

~S a
tb is the column matrix representing the

*• reflected waves

q is the column matrix representing the

incident waves

K Both S 1 1 (w) and S,(e) are defined by the relat'onships

ZAdpI + I 22()=Z-p2 v(

If we now short-circuit the Dutt)Ut port, ,ve have b2 = - a2  and#

using Eq. C.3, we abtain
LI

b l 11 aI + S1 2 a2  (C.5a)

a2  S2 1 aI + S2 2 a 2  (C.Sb)

~2~Soltving k~q. C.5b for a 2  and substitutinji Cie rztalt iuto Eq
%.05 x.- obtain

S •11 S

"71 44S

IS 22 1-2



for the special cast~ where the network Is reciprac'..

Defining S es) and solving for S -W, we vbtain

S ru W - 0 r (SW)21 11-1' 22

(Zdp + UdP) Zdpq
2 (C.7)

+dp)(1 + ZUtP 2) (1 +

with the aid of Eg. C-4 note that Eq. C,~7 expresses the transfer function

of interest (i.e., the ratio of the reflec~ted voltage at the output port -0

the incident voltage at the input port) In termns of only the dp impedanices

of the network under matched e±nd short-circuited conditions. It is therefore

evident, using the results prese~itad lir Eq. C.2 that the dp imipedance can

be expressed in tcrms of the tim~e average of -he power dissipated and the
energy stored in the netwo-k. Assuming that the time average of the power

badnetworks thiE is a reasonable assumptioi)O then S 21Wis in):.poi
matly)asa function of the energy stored In th-, retwork. If we multiply

S U ,giveiin Eq C., by iscoyjugate, we obzain the rnoaqitude squered

motion) of tho energy storejt in the network~.

In certain cases of practical TImportance (e.g., a lossless four-port

coupler) It Is possiple to express tho genr~eal tr-nnsfer Aftnction S (W

.ýetween tý,o ports as an exact finction of th~e sts.red energy In the neLi-rk.

The proeeduie Is ic measuie the dp Imiedance Z. With ý a uti otpc
either open- or shtort-circuited1 ando r~late the results to SC 'h

w~atteeing paramueter obtainftI under matched coniditions. Since -.he we,)rk is
lossleass call only kave an imagiipary part and is the'refore a strict

functkow oV the ztore4itftergy. ,~a Evv "tt~e t~ik -p eclprocal oevr

TReciproci y is efied yth elton akip 5



wemust obtain trio solutlog to ten "utaeos louifinear 81"Alredrc 'qaa'
Xions ha.ing ten unhkowns, making the sontior. of the prob1le- Swpractica] Ur

general (bee the next spction).

111. SPFIAL CASE - MI LO X,_ESS S-C'PROCA.L TUX-POTr Zr4ORXK

Assua•e the scattering matrix of a passive. linear, reciprocal

tw&o-port networtc is to be determined only from open- and short-cirfuLt tsstss

In particular, we are interested ir evaluating the trantsfer coefficient

S, iwu) in -e.ms of only -he open- and short-circvi' parameters; the dp

j impedance of a lossl-ss netw.rk uw-•r open- or short-circui . conditions

trust be only rcactlve, and frcw 2q. C.2 we know ti t the reactive com"'I-ent

L i is a funct'cn of the stored energy in the network.

I If the output enrminals of the two-polrt network are short-dircu-lted-

1) then

1(0.8)aI = -I $ia

Laa

a2

*a1 =21 22ea

SSolving E. M79) and substitating the result Into Eq. C , we

obtain

-~ s ~=;'-A (0.10)

a 115 US, S11 2



Simirlavy. lt outrit terraIs open-riircuited ve hae

s S (C.l
81 cc S22 -

Th(11I 11S

Adding, 9-p. C.1 and C.11 A obtair -

= S =E (C.13)

Kti.rcting 6q. C.11 fr Eq. C. 10 w., "obtai

B - A..L. I= ( C .1 4 )

Substituting Eq. LC.14 Into Eq. C.13 an so-17ing forQW we obtain

R4 =- P(C15)



Solving for and suibstitutirm the reau,t together with Eq. C.15
21

into Eq. C.12 , we obtain

C S5 DO (C. 16)

22 E-S 2 2 D +l

Solving fo. S22 w e find that

S CE + C +÷D (C.17)
22 1 + CD + E

and, finally, usinig Eq. C.14

5 2 D(6 + c)

The interpretation of Eq. C.18 is of interest. The result holds

for any los0y reciprocal two-port network and should be identical to Eqs.

C.7 and C.6 after mathematical msanipulation. However, if we allow the

network to be 1, then A, B, and C must have a magnitude of unity: the

quentities A. B, and C are in reality the dp reflection coefficients,

which can be related to a purely reactive dp input icredance o Ei.

CA.4 . Fr= Eq. C.1 it is clear ttlat the reactive component of te d;

ipedence is a fun .ion of the energy stored in the network. gon e, we

have showm that 5 21 20) of a lossless two-port network P-m be destinbed

by the stortd energy at thu fr~queacy. Note also that S 2 (M) ot $212)

Is, in Vmzeril, a cam~$ex avoor- A, B. and C hu% unity ma¶pItude but in

Vzoerel are c,-=pga nnmbor4n. Mence, as me wild expect,, the =ii=retor and

denemiumtorof Zq. C. 10 an couiplex qruanitiea.

MI



APPEUMIX D

MATRIX ANALYSIS OF MICROWAVE NM01WK

(L. Susman, Sperry Gyroscope Co.)

I. INTRODUCT1OJ

The use of matrix techniques allows one to formulate and solve

the transient response in a strictly mathemiatical but straightforward way

and has the advantage of bei-ý, d ifas_1 •.echolque to microwave engineers.

"Tit; formulation presented below is based or the use of a sratterin9 mat-ix

description of the microwave netwoAk, and follows closely the developmant

of Laemmel. 47

The scattering matrix formulat'ov is uoed to compute the overall

scattering representatlon of a cascade e:onnection of .n n-port and k-port

microwave network (where in q-neral n and k need not be identical). It

should be noted from the outset that the scattering matrix used here is a

representation of the microwavc izetwork that is valid over all of a0. This

differs gubstantiallv fror the scetter.r-, - .trix tec-lquies aost often er-

countered by microwave engineers-where a aincle frequency representationK Af the device is usually used.

ii. 1T1TERC0N.ECTION OF NETWORKS

Given an N-port network and an "por& network, ezcn aescribed

by scattering matrices S and S , respectively, we are interested in find-

ing the scattering matrix S of the network for-ed when k ýf the n ports

?re connected to K of the m ports (as shown in Fig. D-li) to form anN N N N H M U Md
(n + m - 2k)-port network Let bN, y bN 2 '2f bI, N11 b2, a2 be the

n.-k, k, k, and m-k column vectors denoting the variables of networks N

and H.



Then

1 ll 12i-

1j4 is 1

- (~D.lb)

bLi L2'I a a
are the scatterIng matricses of the retwtrks N abd Pý IMM the networks

are intercounected as chown in Figure D-lb,

N~ a and bD. 2)I2a ad82 1l

Matrix 5 for tae averat1 cai'W ýau-e a 10 tý* form

LU L~



From equations D.1 and 0.2 it followe t

or (D, 4)

; NN (N, N + •2 M1

Cl S Su 2.18
i:~ ~ ~ 8 []= 1-$22 11 1al+ •

In'a sic.ir way, a2  can be found to be

= " ~s~ 2] 1  a I + S 2  (0.

From Eqs. D.4 and D.5 we arrive at the fla•i result for the overall

scattering matrix S4 i.e.,

-1l

•11 +12 -11 '221 5•11 •21 12 11 221 12

S K-[IN N1N
•22 21 •I S22211] 22 1

D1.6

KV-i



III. ANYSIS (. SPEIAL CASES

A. ~ecia1 Case 1,- scde of Ti jprt

Consider the cascade of two ports shown in Fig. D-2. Then from

Eq. 0.6 the o'aerall scattering matrix is simply

S.•(I £(2)R(!) (1) q(2)

sQ1) + 12 12 - IKIL
€(2) .(!). s()()

S S S

I 1 22

S.(2) Q() •(2) .(2) .(1) •(2)

2), Q)(2) (1)

1s(2 - .,(1 Sc Sl, S221 I 22 11 2

B. Sm sfuj-,Cgsý 2 - n of. Ideit,_,cal Structures with Mirror Sv• t£try

Consider the cascade connection 3hown in Fig. D:-3. Here the two

networks are identical and are interconnected to form 9 synmetric structure.

It is easy to see that the scattering matrix for the individual networks can

be written for network I as

11 1 12 1'
1 I I 1 S

L221 22J 2

and for network II

S a I22- I 21 I

22 -.2l [
-= 7V~12 5 11a



I1, then foiltis from Eq. D.6' that the iverall tcattering matrh is given

[I -1 2 -+ 12Sl S12 [ 22 21 121 121 223 22 S21
-1

s£1, s•a) S21  ! ~ l 2]"

ThIs particular matrix was shown to be oi zonsiderable value in the analysis

of the sidevwal coupler (see-Sec. 5.3).

4

- 4



It N- cK0
b( b NJ [bNN] [beM

N-K SNPI-K

FIG. D-1 Interconnection of networks.

Natwc~k(IiNdwvork (2)

FIG. D-2 Cascade of two ports.

0-8

I 20

rFIG. D-3 Cascade of i4entical aetworks wi th mirror sj,;&vtry.
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