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The class of resonators which allows building medatelly tunable waveguide bandpass filters withrreemstant bandwidth
in overall a wide tuning frequency range has besestigated. The concept comprising in a successfubining inductive
and capacitive discontinuities to obtain near camsguality factor of resonators in wide frequeneyiation range is imple-
mented. It is proved that the most technologicatlyanced solution can be obtained by using the giagde connections con-
taining double ridged sections for compensatiopladse shifts in resonators appearing because qidney variation. Ade-
guate mathematical models of the resonators basegkeoeralized scattering matrix approach are obthimhe diffraction
problems for doubled discontinuities, such as dedibidged sections in rectangular waveguide, haemn Isolved by the inte-
gral equation method. The calculation of resondrezpuencies and quality factors of resonators arged out in wide dimen-
sion range variations. Due to near constant quiditiors over wide tuning frequency range, the tigper waveguide resona-
tors open new possibilities in realization of higfficient and cost effective frequency tunableefidt of transmit tropospheric
stations and various telecommunication systemgdpospheric communication.

Introduction moves along the frequency range under tuning.dn it

_ transmitting block, the waveguide filters, intended
The growth of the complexity of problems 10 D& ansfer of significant power levels, are appligdave-
solved by modern systems of information transmn;smbuide filters turning mechanically by metal rods-im

has stlmu_lated the development of tropos_phenmq:smt posed into resonators through the side wall of wave
for organization of ultra long communication opéargt guide are most widely used [3, 4]. Such a techrsoal

in c_entlrr_leter range £2]. Functional principle of S_UCh lution of filter tuning problem provides a gooddarity
stations is based on the phenomenon of electroniagngs resonator frequency dependencies as a function o
energy reradiation in electrically inhomogeneoupdr e depth of metal rod plunge into the cavity.

sphere. Because of the low intensity of tropospheri The main disadvantage of existing waveguide me-
iregularities, the average signal power at thedro chanically tunable filters, based on traditionacdinti-
spheric communication is very low and rapidly desre pyjties in the form of inductive and capacitivereémts

es with growth of distance. To medicate the infen designed in [4], is a significant change of theirs®

of signal fading on the quality of tropospheric €0t  and width, when resonant frequencies of cavities a
nication, several methods of improving the transiois  ,ned. Filters with inductive discontinuities afeacac-

are employed. For this purpose, the transmissiah agyized by severe narrowing of pass band width unde
reception for the same message on multiple camer 1ning in the range of lower operating frequenaigth
quencies are widely used. Furthermore, the tratsmit sjmyltaneous increase of insertion loss on ceriteal

of sufficiently high power are applied in orderdom-  gyency. Filters with capacitive elements have an in
pensate the signal losses due to fading phenomenggrse dependence of pass band width changes on fre
Despite the great advances in the implementation @fiency while its slope is less than for filtershiiduc-
high quality ultra long communication, the problef e discontinuities. The main disadvantage tha- pr
finding the ways for further improvement of tropoyents the use of capacitive discontinuities in vgaige
spheric station characteristics remains highlyva. mechanically tunable filters is a low level of tséerred
The necessity of ensuring the proper communicati%v\,erdue to small gaps between edges of diapheagm
between objects, located at large distances frooh egggs.

other, nominates creating the tropospheric statvitis To overcome the mentioned disadvantages of existing
frequency tuning in a number of urgent tasks. Téw C \yaveguide mechanically tunable filters, a new apgino
erage of steady ultra long communication is acldevgy yesonators design consisting in combinatiomdfic-

by employment of appropriate equipment also witlt tU tiye and capacitive discontinuities is proposed3h A

ing the frequency. The feature of such troposph&He gy ccessful combination of conductivity values csi
tion is the presence of bandpass filters, whicls pasid giscontinuities allows significantly improving diagon
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properties of waveguide mechanically tunable basslipa The required relations for the calculation of gaher
filter and achieving near constant pass band width ized scattering matrices were obtained by integala-
wide range of tuning without appreciable changenef tions method [5, 6] in assumption of ideal condtiti
sertion loss. The proposed approach is illustrbiethe of metal walls of waveguides and discontinuities. A
design example of narrow-band waveguide mechapicaflistinctive feature of this problem is tree-dimemsil
tunable bandpass filter with quarter-wave coupliey nature of discontinuities, which requires the utaw
tween resonators. This filter is performed on timtef merical methods for calculating of eigenmodes af-do
thickness plate symmetrically situated along reguiéar  ble ridged waveguide to be connected with rectargul
waveguide parallel to its narrow walls. waveguide. For this purpose, the method of paréal
The key building blocks of filter structure, inviest gions taking into account peculiarity of the elentag-
gated in [3], are waveguide mechanically tunabgo+e netic fields behavior on the rectangular edge [Av&s
nators formed by cascade connections of inductinde aemployed.
capacitive discontinuities. The inductive disconiin
is realized as a partition separating the standscthn- 2 7
gular waveguide on two identical bellow cutoff rexs. || @ ||

The capacitive discontinuity is formed by a sectain 1 4
double ridge waveguide of finite length. By combui —
these key building blocks in various combinatioifs d 3 8
fering only by dimensions as well as by addingttire
able element, one can obtain the separate var@nts (@
tunable filter constructions.

As a tunable element, a round rod inserting ins re
onator cavity through the side wall of the rectdagu
waveguide is entirely applied. Such technical sotut
decreases the incline of calibration response ®fréis-
onator and increases its linearity. The equivatepte-
sentation of mechanically tunable waveguide reswnat I:I I:I
with round rod as a tunable element is shown in Eig
The presence of tunable element inevitably brebks t
resonator symmetry with respect to vertical pldbee
to absence of resonator symmetry in vertical plame,
theoretical investigation of such combined strustur
becomes extremely complicated. Therefore, in [8] al (b)
elements of resonator were calculated separatety wi
out the tunable element which characteristics vaere Fi9- 1. Schematic representation of front view wiithside walll
termined by approximate analysis according to [4]. (8 and top view without upper walb) of waveguide mechani-

The mathematical model of mechanically tunabl%a"y tunable resonator: (1) the section of unifaeotangular
. . S waveguide; 2), (3) the upper and lower posts of double ridged
resonators in the form of generalized scatteringrima

- ) capacitive discontinuity4) the finite thickness plate divided the
of key building block waveguide structure was deve|itorm rectangular waveguide on two equal belowoftuec-

oped for designing the filter. The generalized tecatg tangular waveguides5) the round rod inserted into resonator
matrix of composite connection was determined hyavity through the side wall changing the resondiecpiency at
combining of generalized scattering matrices ofumid its moving; €) the plate with equivalent inductive conductivity
tive and capacitive discontinuities through thetisec the same asd); (7), (8) the upper and lower posts of double
of transmission line between them. An algorithnttef  ridged waveguide section the same2s(g)-

generalized scattering matrix calculation was biaik- A characteristic feature of the solution obtair{3h
ing into account longitudinal symmetry planes. As @as using the single mode approximation of fields i
result, the estimated models of inductive and déipac gap region between ridges. As a result, charatiteris
discontinuity structures were transformed to thenfo parameters of certain resonators and filter a wivelee
shown in Fig 1. Taking into account the longitudinafound approximately. Experimental investigations of
symmetry planes allowed simplifying a task on aw@al filters calculated on approximate technique show th
lation stage of coupling coefficients of connectedistortion of frequency responses under tunings Hais
waveguide eigenmodes. resulted in the necessity to adjust the resonaquin-




P. STEPANENKO: RESONATORS OF MECHANICALLY TUNABLE YWWEGUIDE FILTERS FOR TROPOSPHERIC COMMUNICATION 41

cies of resonators. For this purpose, a speciihique perpendicularly to its longitudinal axes. The adage
of the resonant frequencies adjustment of manufadtu of this approach is evident in the case when calmng
samples was developed. In such a way, if the approgeneralized scattering matrices of longitudinalbyme
mate technique of calculation is used, to obtajuired plicated waveguide structures with nearly placest di
characteristics of tunable filters, the experimentan- continuities.

pletion of their produced samples is needed. Tiperex
imental completion of produced mechanically tunable
waveguide filters considerably complicates thedus- [ |
trial production. Taking into account the importaraf 1 4 7
the task solution of such filters production thatisfy _ _
the modern requirements, considerable practicatest 3 6 9
is refinement of resonator calculation technique as
composite parts of tunable filter. @)

Statement of the problem

The purpose of this paper is the advance of existin
design technique of mechanically tunable waveguide
resonators, which allows simplifying the experinant
adjustments of produced samples as well as thelaalc
tion and theoretical research of adjustment chariset I:I I:I I:I
tics ensuring the near constant quality factonesbna-
tors in wide frequency range.

To obtain more correct solution of mechanically
tunable waveguide resonator problem then that i
in [3], it is necessary to take into consideratioa pres-
ence of tunable round rod. To simplify the numdrica
analysis of entire structure asymmetric with respgec (b)
E/ge]rtl_lciﬁlepelirslg,m\;vee Ol;ntraliesmaepnpt régiha r?:f;rrloséilgg é) ri(?é)::;d Fig. 2. Schematic_ repre;entation of front view withsi_de
ment of complicated structure comprising a dielectrWaII (8) and top view without upper walby of Wfavegu'd?
. . . C mechanically tunable resonator with virtual tunielgment:
insert by the simple one with purely metallic disto

. . -~~~ (1) the section of uniform rectangular waveguid®;3) the
nuities. When applying to the structure shown ig. Ei upper and lower posts of double ridged waveguiddicre

this original idea can be implemented in order €e I yith capacitive conductivity: 4) the finite thickness plate
place asymmetric tunable element by its symmeiric v ith equivalent inductive conductivityS(6) the upper and
tual analog. Such virtual structure can be perfa@& |ower posts of double ridged waveguide section wapaci-
finite length section of double ridged waveguideeil, tive conductivity equivalent to the round rod ireer into
the equivalent structure to be investigated takeson- resonator cavity through the side wall; 8, 9) the designa-
figuration shown in Fig. 2. A transition from asymmm tions corresponding to the configuration denotednigrks
ric tunable resonator structure to its symmetricual (6), (7) and @) of Fig. 1.

analog crucially simplifies the problem solutioeduc- o : .
es the computer resources and increases the agafrac Using integral equation method, we can utilize the

computations. The designing tunable resonatorsgin rfollowing system for calpulation of generalized tea
orous formulation assumes finding generalized ecatt N9 matrices of symmetrical resonator componerits [6

ing matrices of their waveguide components anchtaki v O Op 1) UIVP @ _p (23 =
into consideration the entire set of eigenmodedanf- ;Zk: vie vk ;Zk: VR~ Ri
ble ridged waveguide in gap region.

g 9 Japreg = 25,,YOw W ;

Scattering matrices of double ridged waveguide section of
finite length 1)
To create effective calculating algorithms of me- ZZU[\/R(I}Z)_R»EZ +Zzn(k3kyv(k2pvl£23):
chanically tunable waveguide resonator components, VoK VoK
we take into account their mirror symmetry withprest =20,,Y ¢,
to a plane going through the middle of the struetur
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P = I EOw0ds; U =YP¥2 /sinhy,,t; two symmetrical posts in E-plane of rectangular evav
5 guide placed symmetrically on top and bottom walls.
V =coshy,,t, | v

where m=12,.M; n=1,2,..N,; k=1,2,.K"; I
| =1,2,3; E" is unknown tangential electric field in ith

(i=1,2) coupling window; ¥{) is orthonormalized | @ -
vector eigenfunction ok th mode inl th partial region ! ® u# =
of transverse-electric (=1) or transverse-magnetic ' Y

(v=2) types; Y, is corresponding to its admittance; |
Y, IS propagation coefficient ok th mode of trans- ) -
verse-electric Y =1) or transverse-magneticv E2)
types in coupling waveguid®,,, 9,, are Kronecker
symbols;w=1, if the diffraction problem is considered
for the case of incidench! ; transverse-electricf{=1) 4

or transverse-magneticp(=2) electromagnetic waves =
from the left side;w=2, if N, electromagnetic waves
of transverse-electric =1) or transverse-magnetic
(q=2) types are incident from the right sid&" is
the number of modes of transverse-electnc=_) or

transverse-magnetio(=2) types which are taken into h q diff il E =
account inl th waveguide;s is the area ofith cou- Represent the summary, £1) and differential § =2)

pling window: t is the symmetric resonator componenﬁ‘]angemial electric fields for every mode incidentthe
length ' ouble ridged waveguide discontinuity by the expan-

In the considered case of the symmetrical struptureS'On into series of orthonormalized vector eigeofun

the tangential electric and magnetic fields on tsides E;)z;[isn ofﬁt;gsc]% lips“nrgrr\?;a':\r/iigluglj()eﬁlegfirgj’ Lhdes\;\?ajegiox
of doubled discontinuity are identical. As a restile 9 y 9

system of integral equations (1) takes the form dlscont!nmt'y of finite Iength In rectangular wawege
shown in Fig. 2 can be written as

Fig. 3. Double ridged waveguide cross-section aafdinate
system for the entire resonator configuration.

To solve (3) for the considered caseéatl,2, we
apply the Galerkin’s method as it has been dor{é]in

YOy OpAd) 4 ulvpdd-p (22 —oy Gip (1);
%:Zk: vk * vk’ vk %:Zk: [V vk vk ] pm * pm FE =ZZC&)(I’$), (4)
2 o
sz:U [VR(2) — p(22)] + Z;Yv(ks"Pv(ER&Z?’E . whereh=1,2,..H{Y; ®{) are orthonormalized vector
\Y \Y

coordinate functions of transverse-electiic(1) or

Taking into account the symmetry properties, thgansverse-ma_gnetiql(:_Z)%i))/pes in coupling double
expressions (2) can be reduced to two indepengsnt s1d9€ed _wavegu(ilgjg sectio, are unknown expansion
tems of integral equations relative to sums antewif CO€fficients;H " is the number of approximating func-

ences of tangential electric fields in coupling doms: ~ 1ONS Of transverse-electriu(=1) or transverse-
magnetic (1 = 2) types in coupling section.
ZZYV(IPT&)R}(I(H)JrZZQEYV (2 (2p (12)= 2ypr(r}i1tp%); Substituting (4) into (3), taking into account thie
v ok v ok thogonality of eigenfunctions in connected wavegsid
P = JFlT\Slk)dS; p(2 = IFz‘P\Ei)dSi ©) and. p,erformlng transformatlon in accordange with Ga
lerkin’s method, we obtain two systems of lineageal
S S . : :
E-E +E.- E. =E. -E.- braic equations corresponding to eveép=({) and odd
S (¢ =2) interpretations of doubled discontinuity excita-
Q =tanhy,t /2}; Q, =cothfy,,t /2); tion. In this way, the desired two systems of Inak
m=12,.M : k=12,.K,: p=12; v=12 gebraic equations for determination of generaligeat-
CoTRe T T T tering matrix of the symmetrical double ridged wave

Consider a segment of double ridge waveguidg,ide discontinuity of finite length in rectangulaave-

Fig. 3. The considered doubled discontinuity repnés
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ZZC(”[ZZ Yoona™ g+ W53 = XB, 01, oSO, X Sir, y +
+yB, B, sina, xcoP,y, (12)
+Y(2) zy(l) (111D), 5 vy u v
i QeOu O = ®) where the mode sequence numberis defined with
u=1,v=12 . H®: y=2 v=12. H®D: taking into account the indicasandv .

Solution of internal boundary problem

p=1, m=12,..My; p=2, m=12..M;; for uniform double ridged waveguide

rlﬁi]“v) = J‘I’;ﬁﬁ)‘l’\fi)ds- (6) To determine vector eigenfunctions of double ridged
waveguide, it is necessary to apply numerical nitho

The expression (6) represents the coupling coefff internal boundary problem solution. As has been
cients of double ridged waveguide window coordinat@hown in [7, 8], the suitable approach for solvafighis
functions and vector eigenfunctions of rectanguld&omplicated problem is the partial region methothwi
waveguide. It defines the accordance between matfi@king into account the edge field singularity. Simn-
matical formulation of internal boundary problemdanPlify the solution of this problem, it should bekés
real double ridged waveguide to rectangular wawdguiinto account the symmetry of double ridged waveguid
structure. cross section relative to vertical and horizontahps.

The key moment in solution of considered bounda this case, it is convenient to consider one tguarart
problem is the definition of vector eigenfunctions Of cross section as shown in Fig. 3. Based on a&txuit
joined waveguides. For the rectangular waveguioey t conditions of double ridged waveguide sections iad-
are known. According to coordinate system, shown Misable to suppose that there are a magnetic wai-
Fig. 3, the scalar eigenfunctions for transversetec tical symmetry plane of the waveguide and an etectr
and transverse-magnetic modes in the rectangul@ll in horizontal symmetry plane. Whereas the sasik
waveguide representing the upper part of the over#pe cutoff mode numbers and electromagnetic fields
cross section of considered structure due its symymedefinition are solved in [7, 8], the solution sence

with respect to horizontal plane can be written as ~ Will be described bellow in abbreviated form acdogd
to designations shown in Fig 3.

by, = Ay COSU, X COB,Y; (7)  According to [7] the solution of Helmholz’s equa-
@, = B,, Sina, X Sing, y 8) tion for transverse-electric modes in partial regidl

and 2 can be written as follows
where o, =um/(2a); B,=vit/h; 2a denotes the _ . B _
width of partial rectangular waveguidey,, , B, are —Zm:Ansmam(a X)coPnY; (13)
expansion coefficients determined by normalization
condition. W, = 2By, cosBX o8y, (14)
The transverse components of electric fields in rec "
tangular waveguide can be defined in accordande wivhere a,, = (k2 - p2)*: B, = (ki —a3)®; p,=mm/c;

equalities Oy = mT[/h Ku is the cutoff wavenumber fop th
—zxugradh = -ydp /0x+ xdd /0y : (9) mode; y,, Y, are components of scalar eigenfunction

of double ridged waveguided, and B, are the un-

ugradp=xo@ /ox+yoe /0y, (10) known coefficients;m=0,1,2,...M, - : for region 1;

where ¢, @ are the scalar eigenfunctions for transM: 1S the number of terms in series (13);

verse-electric and transverse-magnetic modes, (respg]:O’l’z""M?_  for region 2; M is number of

terms in series (14)p =1/ 2.
tively; u is an unity vector z are the unity vec- . .
y. y o Y _ y The unknown coefficients in (13) and (14) can be
tors directed along, y and z axes, respectively.

found through the electric field valug, on the com-
Using expressions (#(10), the transverse compo-mon houndary of partial regions:

nents of orthonormalized vector eigenfunctions eaf-r
tangular waveguide can be written as A. =2/ (ca,, cosdi, b ny cop,ydy:  (15)

w{) = —xA, B, cosa,x sir,y +
[
+yA, 0, sina, xcof,y; (11) B, =2,/ (hB,,sinB,0 )f E, cog,ydy, (16)
0
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B S e _ B rectangular waveguide we employ the computer algo-
whereb=a-g; &, =1/2if m=0 otherwisee,, =1.  (ithm pased on a functional for cutoff numbers which in
To define the unknown tangential electric field irconsidered case takes the form [8]:

li indow, the following h t 2
coupling window, the following homogeneous system Kﬁ :j'(graduu fds /J.U—'ﬁds, (19)
S S

of linear algebraic equations has been obtained [8]:
> XY 2uU e, /a,tana,b- where ,, is the pth mode scalar eigenfunction of the
i m : double ridged waveguides denotes the square of its
=Y Vclhe, 1B, cotB g]=0; (17) cross section.
m The equality (19) is fulfilled if and only ik will be
U, :(_1)i1-|r(2' + 2 Wy, () /[(2 )!F()\)(Zm'tf I; the cuto_ff mode number, that is= Ky, - To apply the
_ _ expression (19) for calculation of the cutoff mode num-
V, = (1) 10 (2 + 2A Wy @C)/[(A)T A)2,C) 1. bers of double ridged waveguide, the transversal com-
Here A=1/6: [(2i+2\), F(\) are the gamma ponents of the overall fields are defined in accordance

functions; J,,, (M), J,.,,(q,.,C) are the Bessels with differential operator:

functions of the first kind;X, are the unknown expan- —zxugradp = -ydy /ox+ xoy /dy, (20)
S|on.<_:o_eff|0|ents o.f Fh_e electric fl.elq in coupling Win- bereu is an unity vectorx, y , z are the unity vec-
dow;1=01...1 =% j=0,1...! = L 1is the number of tors directed alon and z axes, respectivel
expansion termstJ;, V; quantities are obtained from &y » Tesp Y

U Vb I tof ind that btai To perform the computations in accordance with
i» Vi Dy replacement ot indexes so that we obtain (20), it is necessary to solve the homogeneous systen

U, = (-1 (2j + AN, (M) /[(2] )F @) I; of linear algebraic equations. As a result, the unknown
. coefficients X; and the distributions of tangential com-
V, = (1)) 1 (2] + 2A )M, @,C) /1(2))T A )(20,¢)' . ponents of electrical fields in coupling window for var-
" . _ _ __lous transverse-electric modes are obtained. At the
A condition of nontrivial solution of (17) is equality computation of the coefficients under unknowns, the

to zero of its determinant. This equality represents th@iimation algorithm of Bessel's functions of fractional
characteristic equation for computing the cutoff modg jexes based on recursive procedure operating in di-

numbers of transverse-electric modes of double-ridged.(ion from high indexes to small ones are applied.
waveguide. To find the determinant zeros, we ulilizgpjs aigorithm allows achieving a high accuracy of the

the dichotomy method using procedure, which allowgessel's function computation which is defined entirely
avoiding the appearance in solution of spurious rootl§y capability of computer used.

This procedure is based on excluding from the consid- oq the unknown coefficientsX. and the distribu-
|

eration the values of characteristic equation approagfy,g of tangential components of electrical fields in
ing the infinity. These values are defined by the foto coupling window on the common boundary of partial

Ing equations: regions for various transverse-electric modes have beer

coso b= C sinB,g=0. (18) obtained the amplitude coefficients in (15) and (18) a
The computed results indicate that the zeros afyire the following form:

breaks of the determinant of linear algebraic system A =28 /(,cos b) (21)
(17) can be situated very close. Hence at the compute

realization of the dichotomy method, the bypass of B =2 co. /(hB..sin - 292
breaks points through using expressions (18) yet not n = 2mC0rm / (WP SINB ) (22)
ensure an absence of spurious roots of dispersive equa- 5, = XU, ; 0, =Y XV, .

i i

tion. It should be noted that the appearance intisolu
of spurious roots would inevitably lead to knowingly o _
erroneous definition of scattering matrix of doubie When the coefficientsA, and B, in (21), (22) are
ridged to rectangular waveguides junction when solvirgjaluated, the denominator in (19) is defined by the
the general problem. Therefore, the searching ways @fpression
errorless solution of internal boundary eigenvalue prob-¢ , . 20, . 2 2 _
lem is a key and substantial task in the theoryoofode [wids=23 A[(sinab)’ds+3 By (cosBx Yds=
ridged waveguide junctions. S moos moos

To obtain the correct solution for double ridged sec- =" 2¢,bcd? af x
tion in the form of two posts symmetrically placed in m
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{1/ (cosar b ¥ - (taro, b ) /@b )} expansion coefficients of tangential electric field be t
boundary of partial regions of double ridged waveguide
+> 2¢,.0c%0% 1 (B2)* is defined as
m

Xi[) 2U,U .a, tana b -
XL/ (sinBg ) + (coB,g)/ B0 )] (23) Z.: I[Zn: S
To determine the numerator in (19), the components _anzviVjC/th co,g]=0; (29)
of (20) in partial regions of double ridged waveguide i .
cection are defined 25 9o WAVRUIS ;- (1) (13, () (21 +DIF(B)(20°]

—zxugradp, =y> A a,, COR,, &—X )COB, Y~ Vi = (-1)' TF (1)3; (9,01 [(2i +1)!1(9)(200)°] .

! HereT=2i+29+1 {=2i+8+1: 9=7/6; (1),

[(8) denote the gamma functions, (nm), J;(q,C)

are the Bessel's functions of the first kinX; are the

—zxugradJJZ :yz BmBm SierX cos,y— . .. . L . .
m expansion coefficients of the electric field in coupling

‘XZ B0, COSB,,,X Sing,Y. (25) window; i=0,1,...) =% j=0,1,...] - 1 | is the num-
m ber of expansion termdj;, V; quantities are obtained

Using relations (24) and (25), the numerator in (1d50m U;, Vi by replacement of indexes so that
is calculated as follows: u = (-1 T (1), ("] /[(2 ] +D)IF(9)(2nm)°] ;
— 2 2 . .
{(gradbu fds= % Z,bcdy, fo, x V, = (-1)) 1 (1) 3, (0,01/[(2 ] +D!T(9)(20,0)°] -

The resolution algorithm of system (29) is the same
as (17). The points on the mode number axis in which

=X>_ A, Py Sina,, @=x)sinp,,y; (24)

X[(02 + p2)/ (cosa b+ @2 -

—p2)(tana,b)/ @, b)]+ there are breaks of determinant of (29) and which
should be excluded from the calculation are define by
+>"2e,,gc°af, [ (MB2)[(a2 +B2)/ (SinB,g) >+ solving of the following equations:
m
cosa b= G; sinB,g=0.
HaR - B2)(COtB,0) / B0 (26) “ Pod

As the unknown coefficientsX; have been found

If k>-p2<0 or k2-g2<0, the corresponding , S :
1} m 1] m ' m
trigonometric functions in expressions (23) and (26) agg) solution (29) and the distribution of tangential

replaced by hyperbolic ones. Despite the presence cofmponents of electrical fields in coupling window on

. . . . ﬁe common boundary of partial regions for various
Imaginary components in (23) and (26), their over ransverse-magnetic modes have been obtained, th

values are always real. : - . )
Consider briefly the computational algorithm foramplltude coefficients in (27) and (28) get the form:
finding cutoff mode numbers of transverse-magnetic A, =2, /cosub; (30)
modes based on technique [7, 8]. According to [7] sca- _ : )
lar eigenfunctions of partial regions can be written as B, =2co;, / (hsinB,g); (31)
follows 3, =D XU;; 0,=> XV,
€= 2 A, cosa, @—X)sim,y; (27) ! !
n where the valuet);, andV, are determined by expres-

€, =2 B,sinB,xsim,y. (28) sions (29).
n Consider briefly a sequence of calculation associated
where a,=(Z-p2)?; B,=(Z-9)?; p,=nm/c; with the use of the functional for cutoff mode numbers
g, =nm/h; ¢, is the cutoff mode number fov th which in the case of transverse-magnetic modes takes

mode; A, and B, are the unknown coefficients;the form [8]

n=12,...N,; for region 1;N, is the number of terms in 2 _ 2 5

series (27)n=1,2,...N, for region 2;N, is number of S —{(gracﬁv )ds /£EVdS, (32)

terms in series (28). _ _
Similar to the previous case, the homogeneous syghere, represents the th mode scalar eigenfunction

tem of linear algebraic equations relatively to unknowef the double ridged waveguides is the square of
waveguide cross section.
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As in the previous case, for application of the egspr mental mode and first higher transverse-electric and
sion (32) to calculation algorithm of the cutoff deonum- transverse-magnetic modes.
bers of double ridged waveguide, we must define the Based on computed results, the evaluation of broad-
transverse components of the overall fields in mtmmce band properties as well as electric and magnetic fields
with differential operator: images of the double ridged waveguide section as a
ugrack = xa& /ox+ yoE /oy, (33) component of tunable filter were investigated in wide
range of its cross-section dimensions. The results ob-
whereu, x, y are the unity vectors the same as in eXtained were applied for designing the transition struc-
pression (20). ture from double ridged section to rectangular wave-
According to (33), we obtain the following expresguide.

sion for transverse components of the electric fields: N _ .
Definition of coupling coefficients

ugrad, =x3; A, Sim, @=X)sim,y+ To solve the scattering electromagnetic modes prob-
" lem by the section of double ridged waveguide, we

+y> A p,COSO, @—X)CoP,Y; (34) must previously define the coefficients (6) coupling the

n parameters of mathematical and physical models of
ugrack, =x>_ BB, cof,x sin,y+ double ridged waveguide section. Using the designa-

n tions of eigenfunctions for transverse-electric and

transverse-magnetic modes in the double ridged and
rectangular waveguides, we can write the extended ex-
lpressions of (6) as follows:

+yY" B, g, SinB,X cosy,y . (35)
n

Using (34), (35) and evaluating the integrals simila
ly to previous consideration, we obtain Nt = [@w s (38)

S
£2ds="" 2bcd? x
= 2,205 159 = [P s @)
X1/ (cosa b)Y + (tarx, b ) /¢ b 2
[ ( n )2 ( n ) (]n )]+ r]%2'(121) — J'(Dz(ﬁ).l;]g.}js’ (40)
+>" 2gc’a} Ihx 5
n 0= o v fhis. @)
x[ll (Siang)z - (COtBng )/Bng )] (36) S

Combining (34), (35) and evaluating the integrals, Cor]s_ider in details the evaluation of i_ntegral (38)
comprising the product of transverse-electric eigenfunc-

we get tions of the double ridged and rectangular waveguides.
j(gracEv Yds=3" Dcdf x Represent the expression (38) in the extended form
S n
O Pds= [ [xdE +yd 2N Ixw & +yw Y ds +
X(p7 +ap)/ (cosab)’ + (p7 - a7 )(taro,b ) /6,b ) il o s{ Y Py T e YTl
+3.29c%; / h[(B7 +a7) / (sinB,g)*+ + [ oD +yo P IxwQ +yW il ds,,  (42)
n Si2

+(B7 —a7)(cotB,9) / B,9)]- (37) where ®{Z?, ®{Z) denotex andy components of func-

tion @ in first partial region of double ridge wave-
guide; ®FY, oY arex andy components of function

® in second partial region of double ridge waveguide;
, S, define the cross section squares of first and sec-
d partial region of double ridge waveguide.

Taking into account the properties of scalar multipli-

As well as in (23), (26) if ¢-p?<0 or
cﬁ —qﬁ <0, the corresponding trigonometric function
in expressions (36) and (37) should be replaced by h
perbolic ones. Despite the presence of imaginary co
ponents in (36) and (37), their overall values are aetwa?n
real. ,
According to received relations, the computation Oc}atlon of two vectors, we get
cutoff frequencies and electromagnetic fields in double I(I,ﬁ)\l,j(i)dsz J‘ J‘[q)](ﬁxl)w](lg +d>§§,11IJ ]g,)]dxdy+

S

ridged waveguide section were carried out for funda- Yi1X11
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+] JIoRWig + 07w ildxdy.  (43) B cosp,g sirm,g 1/ 67, -0y );
Y12 X12 c
Substituting the transversal components of vector £S|n Py SIB, Yy =0,
eigenfunctions (34, 35) and (11, 12) into (43) as well as B m - 5 2 _
establishing the limits of integration in accordandthw ¢, =~(=1)7 sinB.clpy / (P =B, P # By
Fig. 3 and adding the normalization factors, we obtai —c/2 —B £0-
[ 9G¥ Pds= NENB, T A, b, a=erz Pn=b 20
. 1l vm m 01:07 pm:BV:O;
a Cc C
x[sinat,, (@~ x)cost, xdx| sirp,y sif,ydy + [cosp,y cog,ydy=c,;
g 0 0
a — : 2 _n2 .
+au2Anam_‘-COSGm @_ X)simuxdxx CZ - _(_1)m SInBvC[Bv /(pm _BV )]1 pm 7 BV!
m ¢}
c c,=c/2, p,=B,%0;
x[cosp,,y co$, ydy + (44)
0

C, =cC, pm:BV:O;

g h
+B, 2. Bl [ COSBx COSY, X0 X [sinay sinB,ydy =h,, g, =B, ;
m 0 0

h —
x[sing,,y sin, ydy + h =0, 9, #B,
0
g h.’l.:h/2' pm:Bv¢0;
+0,) B, sinf, X sina xdx x
o2 Bifin infirx s i h =0, Py =B, =0;
h h
x[ cosqy,y cog, ydy ], [cosa,y co®,ydy=h,, G, =B,;
0 0
where N{?, N are the normalization factors. h, =0, g, #B,
To calculate (44), therein integrals along coordinates
x andy should be derived. Consider successively the h,=h/2, p,=B, #0;
evaluation of single integrals in [44] based on taloles
integrals from trigonometric functions [10]. Using [10] h,=h, p,=B,=0;

and performing corresponding transformation, we get

. . . Substituting th lati 43 d(@44)t th ith
the following expressions for these integrals: ubstituting the relations (43) and (44) together wi

values of single integrals into (38), we obtain the ex

pression for computing the coupling coefficients be-

tween transverse-electric modes of double ridged and
rectangular waveguides as follows:

a
jsinam(a—x)coso(uxdx: pr, simx b sim,g-
9

-a,,cosu, b cost,g /€2 —a? ;

a 4 r]&lz(lll) = Nh(Z)Nk(l{zzemTlm/ (arr21 —Glﬁ x
jcosum @—x)sim xdx= fr, cos, b cos, g- [ p,B,(cosa,g-a, /a,, tar, b sim,g g +
9
—a,,sina,bsina,g]/ @2 -a?); +a, (0, cosa,g —ap, tarm b sim,g g,
g _ 2 _n2 _
| cosB,x cosx,xdx = B, si,g cos,g- 20 ey Tom /(0 =B )R, (cOS01, 9
0 -a, /B,cotB,,gsina,gn +a, O, cos,g-
-0, CO siro,g 1/ 8%, —af,); ,
. 4 COBng w91/ Bn =) —B,cotB,gsina,gh },
[ sinBrxsinaxdx = for, sirB,g cosi,g - where T,,,, T, are the frequency-independent coeffi-
0

cients derived by using relations (21) and (28), is
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the Kronecker symbol. The remaining coupling coeffi- Figures 4 and 5 illustrate the phenomenon of the
cients (39-(41) are found by similar way. At that, theresonance curve movement at the frequency tuning.
coupling coefficient (39) equals zero as for other wav@hese figures display the behavior of the reflection co-
guide junctions. efficient modulus responses as a function of normalized
frequency fom=f/ fi,g, under tuning the resonator
_ _ _ _ on the variety of resonance frequencies, whégg,

To investigate the considered waveguide resonatqfgnotes the higher frequency of tuning range &nds
to be applied for designing the tunable bandpasssiltethe operating frequency. For comparison, the character-
the FORTRAN program was developed. To verify theytics f = f/ frign Of the same tunable resonator but

computational algorithm using the obtained relationg;ithout the correcting capacitive posts are presemted i
the resonance curve of ridged section in rectangulgf, 5

waveguide with dimensions presented in [11] was cal-

Numerical results

culated. The obtained results are in good agreement 1 B X Eﬁf i
with the experimental and theoretical data of [11]. /- ~ .’
The main characteristics of waveguide tunable reso- \. A RR , /
nators were calculated by using the developed program.g 0.8 | ) Ve
Some results of these resonators investigation are de-g V) | 1Y
picted in Figures 47. E - .
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Fig. 4. Responses of the reflection coefficient oiod of the
resonator with the correcting capacitive elememisws the
normalized frequency under tuning the resonatothenva- s
riety of resonance frequencies. frequencies.

Fig. 5. Characteristics of the tunable resonatdhauit the
correcting capacitive elements on the variety cforance
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Figures 4 and 5 display characteristics of the tunable As follows from Fig. 7, the value of quality factor of
resonators for the cases of their optimal dimensiotise resonator without correcting elements (on inductive
with and without the elements correcting the phastrips) has significant dependence from the tuning fre-
shifts conditioned due the frequency tuning. Fega#d quency. These quality factor values on both endsrof t
Fig. 5a illustrate scenarios of the resonance curvesg range are differed almost twice. This circumstance
movement for four normalized tuning frequenciegrevents the establishment of the waveguide tuning fil
foom =21, foorm=0.95 f. =09, f . =0.85 by ters with good performances.

solid lines, dashed lines, dash-dotted lines ant-das 60
dot lines, respectively. Fig.bdand Fig. B show the

similar characteristics for three normalized tuning fre-
quencies: f,,=0.97%, f.,=0.925 f,, =0.87¢t

denoted by solid, dashed and dash-dotted lines,aespe ., \
tively. As follows from Fig. 4, the form of the reso-
nance curve does not altered in overall tuning range
achieving the value 15 percent.

Fig. 5 displays the responses of the reflection coeffi- \
cient modulus of the resonator without correcting ele- 40
ments as a function of normalized frequency under tun- \
ing the resonator on the variety of resonance frequen-
cies. This case corresponds to the resonator on induc- \
tive discontinuities forming by two finite thickness
strips disposed in vertical symmetry plane of the rec- 0.84 0.88 0.92 0.96 1
tangular waveguide. It can be seen that the form of the Normalized frequency
resonance curve is noticeably changed in considered. 7. Loaded quality factor of the resonator withcorrect-
tuning range. The resonance curve width is consideliag elements versus the normalized frequency.
ble decreased at the variation of operating frequency
into lower region of tuning range.

Quality factor

The equipment of such resonators by two correcting
Fig. 6 shows the variation of resonator loaded quaﬁ-eCtlons disposed on its both ends as shown imdsdl

ty factor Q-factor) of optimal dimensioned resonatorancotlozr ?gzwgnzzt:”\]/\l/?t%i;hihdeeilri?nmcrlg]natgn‘(I')glqgk?tain
with correcting elements in dependence on the tunirtl P uning ge.

frequency. Fig. 7 illustrates the analogous responserb arly constant bandwidth of waveguide filter in tuning
the resonator without correcting elements process, the quality factors of each resonator should be

not changed in overall tuning range. The qualitydact
117 response of optimally designed resonator is depicted in
Fig. 6. It should be noted that required responses-of re
flection coefficient and quality factor of resonator can
/ be obtained at the specific ratios of its geometric pa-

116 rameters.
Conclusion

/ Based on rigorous approach, the class of resonators
which allow building mechanically tunable waveguide
/ bandpass filters with near constant bandwidth indewi
tuning frequency range has been extensively investigat
/ ed. By the successful combining inductive and capaci
114 / tive discontinuities, the near constant quality facid
resonators in wide frequency variation range is
/ achieved.
113 It is proved that the most technologically advanced
0.84 0.88 0.92 0.96 1 solution can be obtain by using the waveguide conne
Normalized frequency tions containing double ridged posts for compensation

Fig. 6. Loaded quality factor of the resonator wdthrecting ©f Phase shifts in resonators appearing due to frequency
elements versus the normalized frequency. variation. As a tunable element, a round rod inserting

Quality factor
[E=Y
[E=Y
(6}
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into resonator cavity through the side wall of the regeally tunable bandpass filters. To improve signifi¢yant
tangular waveguide was considered. Such technical ¢be characteristics of mechanically tunable waveguide
lution decreases the inclination of calibration responsilters of transmit tropospheric stations operating ah hig
of the resonator and increases its linearity. The presemower levels, the following problem should be neces-
of tunable element inevitably breaks the resonatsarily solved. It primarily concerns the researches of the
symmetry with respect to vertical plane. Due to absenvarious constructions of waveguide tunable resonators
of resonator symmetry in vertical plane, the theoreticalith the purpose of achieving the high linearity ofithe
investigation of such combined structure becomes ecalibration characteristics representing the dependence
tremely complicated. To simplify the numerical analyef resonant frequency from the immersion depth of tun-
sis of entire structure asymmetric with respect to veriing metallic rod into resonator cavity. Others problems
cal plane, the idea proposed in [9] was implementedre connected with the necessity of extension of gunin
This original idea was modified in order to replaceange and improvement of the stop band properties of
asymmetric tunable element by its symmetric virtudalnable resonators. In this respect, the develope@-wav
analog. guide resonators open new possibilities in realization
A transition from asymmetric tunable resonatohigh efficient and cost effective mechanically tunable
structure to its symmetric virtual analog crucially simfilters for various transmit systems of tropospheric
plifies the problem solution, reduces the computer reemmunication.
sources and increases the accuracy of computations. To
create effective calculating algorithms of mechanically
tunable waveguide resonator components, their mirror 1- Wilks D. S. Statistical methods in the atmosjghsci-
symmetry with respect to a plane going through tH&ces— Academic Press, 201704 p.
middle of the structure perpendicularly to its longitudi _ 2: Roda G. Troposcatter radio links. Artech House,
nal axes is taken into account. Adequate matheaiati¢ 288~ 348 P . , ,
models of the resonator components based on gene %l_?:. ngh stability waveguide bandpass filters wittiemd-
. . . : tuning range / F. F. Dubrovka, P. Ya. Stepanekkad\.
|Zed_scatter|ng matrix approach _are obtal_n_ed. The d erdar, A. A. Korotsinsky // Tekhnologiya i Konsitavanie
fraction problems for doubled discontinuities such aggjektronnoi Apparature- 2003.— N. 4. — P. 26-30 [in
doubled ridged posts in rectangular waveguide haygssian].
been solved by the integral equation method. 4. Andreyev D. P., Gak I. I., Tsimbler I. I. Meclaily
To determine vector eigenfunctions of double ridgedinable UHF devices and distributive filters. Moscow:
waveguide, the numerical methods of internal boundaByyaz, 1973— 118 p. [in Russian].
problem solution have been applied. The suitable ap- 5. Computer techniques for electromagnetics / Editg
proach for solving of this complicated problem was olR. Mittra.— N. Y.: Pergamon Press, 1973488 p.
tained by the partial region method with taking iat 6. Stepanenko P. Ya. Scattering matrices of lodgially
count the edge field singularity. To simplify the ol complicated waveguide structures // Telecommurdca8ci-
tion of this problem, the symmetry of double ridged"®®5— 2011.=Vol. 2, N. 2.— P. 46-56.

waveguide cross section relative to vertical and hori- 7. Waveguides with complicated cross-sections /G.
9 iargano, V. P. Lyapin, V. S. Mikhalevskiy, et &l.Moscow:

zontal _plane§ was taken |nt.o account. _ Radio i Svyaz, 1986~ 124 p. [in Russian].
To investigate the considered waveguide resonators _
to be applied for designing the tunable bandpassdilte 8. Martynyuk S. Y., Stepanenko P. Ya. Wideband n&u

the FORTRAN program was developed. The Computagm array antenna with switchable polarizationatality //
Telecommunication Sciences. 2010.— Vol. 1, N. 1.— P.

tional algorithm using the obtained relations was-ver - 56
fied by the comparison of calculated results of the-reso”™ >

. L . 9. Wideband matching the dual frequency coaxialevav
nance curve of ridged section in rectangular wavegw%
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