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Abstract

In defence radar applications, slotted waveguides have excellent, predictable and replicable antenna parameters, when
their mechanical manufacturing tolerances defined accurately and controlled. Open slot radiators in the narrow wall of
rectangular waveguides are popularly used in several radar applications. Slots used are either longitudinal or inclined
depending on the desired polarizations. The longitudinal slots are used for the generation of vertical polarized fields and
vertical slots are used for horizontally polarized fields. Sometimes both polarizations are required in succession in defence
radar applications. However when longitudinal inclined slots are coupled to a T-arm forming H-plane T-junction, they
produce only vertically polarized fields. In this case it is possible to have more parameters for the design of the arrays. At
the same time above two types of radiators exhibit different characteristics. In the view of this fact, intensive investigations
are made, to bring out and consolidate their comparative characteristics. The admittance parameters, coupling and VSWR
are numerically computed using the concept of TE, TM, hybrid and self-reaction concepts.

Keywords: H-Plane T-Junction, Hybrid and Self-Reaction, Longitudinal or Inclined Slot, Open Slot Radiators, Rectangular

Waveguides, VSWR

1. Introduction

The microwave passive components are essential
devices for most of the communication and radar
applications. Slot radiator has been used extensively in
antenna arrays and is very popular because of its com-
pactness and space saving considerations. Depending
on polarization requirements of the application, the slot
antennas are located either in the narrow wall or in the
broad wall of standard rectangular waveguides. It has
been possible to provide good control of the excitation
of the slot over a large dynamic range by the variation
of inclination and offset of the slot from central line of
waveguide'”.

It is well know that longitudinal slots radiate trans-
versely polarized fields with respect to the waveguide axis.

*Author for correspondence

For longitudinal or dual polarization, the slots are located
transverse to the waveguide axis. Transverse resonant
slots in the broad wall are excited strongly so that they can
be used in large arrays. The narrow wall inclined slots cut-
ting the narrow wall will not be able to create resonance
as narrow wall cannot accommodate resonant length at
small inclinations. It is for this purpose such slots are
extended into broad wall and these slots are often called
as edge slots®"°.

Slot antenna is radiating element formed by a slot in
a metallic surface. An opening cut in conducting sheet or
in one of the walls of the waveguide acts as the antenna. It
is excited suitably by either by a coaxial cable or through
the waveguide. In order to increase the gain and directiv-
ity, array of slots is used. One of the most widely used
waveguide slots for antenna arrays is the inclined slot cut
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in the narrow wall of a rectangular waveguide. This slot,
commonly called an edge slot, possesses the advantages
of relative ease of construction, high-power handling,
and broader frequency bandwidth over the broad wall
slots. In addition, since the slot is machined in the narrow
rather than the broad wall, neighboring slots in a planar
array can be more closely spaced in the H-plane to avoid
multiple beams while scanning. H-plane Tee junction
does not exhibit phase reversal.

TEE-junctions in rectangular waveguides play a very
important role in the design of microwave circuits, such
as multiplexers, power dividers, directional couplers, fil-
ters, and phase shifters, electromagnetic radiators and
polarization converters in modern communication sys-
tems" %, H-plane Tee junction is used as array element. In
conventional open ended slot arrays, there exists mutual
coupling between the slots causing distortion in radiation
patterns. Slot coupled H-plane Tee junctions are more
suitable for array applications as it is possible to suppress
cross polarized components there by reducing mutual
coupling between slots.

Slots and slot coupled waveguide radiators find wide
applications in communication and radars. Open slots
can be used in either linear or planar arrays. When the
slots are cut in the narrow wall of rectangular wave-
guide, they should be either longitudinal or inclined to
use them as radiators. It is well known that the vertical
slots in the narrow wall do not radiate. For horizontal
polarization, the slots in the narrow wall which are even
marginally inclined produce cross-polarized compo-
nents. In such cases, slot coupled waveguide junctions
are popular for polarization purity. E-plane and H-plane
junctions can be used in linear arrays and are not suit-
able for two-dimensional arrays due to structural
misalignment.

Shunt Tee is a three port device. When the power
is fed to the coupled arm, it gets divided equally in two
parts of the main guide'. Shunt Tees are common for
power division applications, whereas in the present
work these are used as radiators with vertical polar-
ization. For this purpose, the power is fed at the input
port of main guide with the corresponding output port
terminated. The power is radiated through the port of
coupled arm.

The Tee arm is coupled to the main guide usually by a
longitudinal slot. However, the coupling can be made by
inclined slot" in the narrow wall of main guide. This struc-
ture is also useful to produce vertically polarized waves.
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This new coupling system provides additional design
parameter for the array designer. Longitudinal slot coupled
Shunt Tees are analyzed by few researchers', but inclined
slot coupled wave guide Shunt Tees are not reported in open
literature. Shunt Tee is used as array element. Slot coupled
Shunt Tees are more suitable for arrays applications as it is
possible to suppress cross polarized components there by
reducing mutual coupling between slots'"'%.

There are two modes to interpret the mechanism of
inclined slots each radiating linear polarization. It is well
known that a vertical slot in narrow wall of rectangular
waveguide does not radiate. The electric field in such a
slot is horizontally directed. But in applications where
vertically polarized fields are required from inclined
slots, it is possible to obtain them by coupling the slot
into shunt Tee arm forming a Shunt Tee. Although the
analysis is highly involved, it has been possible to obtain
admittance data as a function of slot parameters and fre-
quency.

In the present paper, the admittance characteristics of
inclined slot in the narrow wall of Shunt Tee are deter-
mined from self reaction and discontinuity in modal
current.

The analysis consists of two parts:

o First part consists of evaluation of self reaction for the
feed guide. This in turn consists of evaluation of self
reaction of horizontal and vertical components of the
magnetic current.

o The second part consists of evaluation of self reaction
for the Tee arm.

Open inclined slots are used to produce horizontally
polarized fields. Vertical slot in the narrow wall of a wave-
guide does not radiate and electric field is horizontal.
As it does not contribute for radiation, the slot is made
inclined marginally from broadside. Due to inclination,
it produces cross-polarized field components. Due to
marginal inclination of the slot, horizontal components
dominate vertical components in amplitude. On the
other hand, longitudinal slot produce vertically polarized
fields. Sometimes both polarizations are required in suc-
cession in defence radar applications. For this purpose,
an H-plane Tee junction with inclined slot is best suited.
In view of the above facts, comparison is made between
open slot and storage slot.
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2. Admittance Characteristics of
Inclined Slot in the Narrow Wall
of a Rectangular Waveguide

An inclined slot in the narrow wall of the rectangular
waveguide is shown in Figure 1. The normalized admit-
tance loading on the feed waveguide is expressed in terms
of self reaction <a,a> of the equivalent magnetic current
in the slot and discontinuity in modal current.

Inclined Slot in the narrow wall of a rectangular wave-
guide is used to produce horizontally polarized fields.
But due to inclination, there exists cross polarized com-
ponents. On the other hand, longitudinal slot produces
vertically polarized fields. In order to produce radiation
with polarization purity, the inclined is coupled to a Tee
arm in such a way; H-plane Tee junction is created. In the
present, both types are investigated and the characteris-
tics are compared with one another.

By the concept of self-reaction' and discontinuity in
modal current® the admittance characteristics of such a
longitudinal slot are obtained in the present work. The
self-reaction is evaluated from the magnetic field and
magnetic current. The magnetic field is determined from
the appropriate vector electric potential. This is found
from the solution of the Helmholtz equation® .

As the slot of present interest has a length of about half
the wavelength, the electric field in the slot is assumed to
be sinusoidal. The field is x-directed. The equivalent mag-
netic current is given by

M=E, (§n.0)x U, M

Here, E is the electric field in the slot and is assumed
to be sinusoidal and Uy is the unit vector.
The expression of E_is,

E=U. E, Sin [k(L-|4])] |7|<L,

w2

Figure 1. Inclined slot in the narrow wall of a rectangular.
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Here, a and b are narrow and broad dimensions of the
waveguide, E, is maximum electric field, U is unit vec-
tor along & axis, k = 2_71, 2L is the length of the slot and

2W is the width of the slot.

As the electric field is x-directed, the magnetic current
is z-directed.

Apply the concept of self-reaction to the slot.

(aa) = - [ [ H(&n0. M ds (3)

Here, H, (£,1,0) is tangential component of the mag-
netic field due to magnetic current.

SEN S

, g
(5 0 2n klZOnf f

(4)

5 (k..k, )= <K x—ffE Je g dy T

slot

Where, Substitute Equation (1) in (3).
Self-reaction is simplified to the following form

(aa)= ZEZ {Cm )+[Ct’n(x)7%Cin(2x)].cos(x)7[8i(x)7%Si(2x)]sin(x)}
—+j V:OEZ {{Si(x)Jr[Si(x)7%Si(2x)]cos(x)+ Cin(x)fécm(Zx)fln[i:VL] sin(x)l

(5)

Where x= 2kL
The slot under the present consideration is replaced
by an equivalent shunt admittance parameter and it is
given by
(a,a)/II —<ar —|—jaj>/H 1

Z= = = : (6)
ZOI ZOI gn +an

Here, I is the discontinuity in modal current.
The discontinuity in modal current is obtained using
the concept reported by Marcuvitz and Swinger® as

sin £ Wcos a

- j5,08><107ﬁ31 [i] 7Sina 1
f b) f,b k2 7(ﬁ0ISin (l)2 SnWeos a
.{k{cosko" cos( /%, Lsina)— CoskL}—ﬁfnsin asin ko‘sin(ﬂmLl sin a)]

(7)

Indian Journal of Science and Technology




Comparative Studies on Wave Guide Open Slot Radiator, H-Plane T-Junction Radiator

2
Where V_=2WE , /4, = kz—[g] , 0 is the depth

of cut in the broad wall=L-L,, Yy, = Sor
o,

o

, a is the slot

inclination with respect to vertical, 2L, is the length of the
portion of the slot present in the narrow wall, and Y  is
the wave admittance of the dominant mode.

The expression for the normalized Conductance is
obtained using the expression [12]:

Z |11
- ®

a

r

The expression of the conductance is obtained as:

2

coskd cos (L, sina)— cos

f] — isinuzsin kdsin(B,,L, sina)
8

& =

cin(x)+ M sinx—M sinx

cin(x)—

COS X —

(9)

3. Admittance Characteristics
of Inclined Slot Coupled H-Plane
Tee Junction

The H-plane Tee junction with inclined slot is shown in
Figure 2. In the present work port 1 is the feed port, port
3 is the radiating port with port 2 matched terminated. In
general applications of H-plane Tee junction, the input is
given at port 3 and the arms containing port 1 and 2 are
in shunt. The circulating magnetic field traveling down
in arm 3 meets the junction between arm 1 and 2 and
splits the power between the two arms if they are of same
length. The resulting H-field has the same phase and
magnitude in each arm. An H-plane Tee junction can be
used as a radiator, when the Tee arm is coupled to the
primary guide through a slot. The radiating field from
the Tee arm is always vertically polarized irrespective of
the slot geometry and orientation. It couples the power
from the feed guide/primary guide to the Tee arm. The
major advantage is that an additional slot parameter is
available for the design. In order to design such an array
for producing very low side lobe patterns, an analysis of
the junction is made to obtain the admittance character-

istics?>?°,
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Figure 2. H-plane Tee junction using inclined slot.
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7' T z
2V b/2

Figure 3. Geometry of inclined slot.

3.1 Analysis of Inclined Slot Coupled
H-Plane Tee Junction

The analysis of an inclined slot coupled H-Plane Tee
junction consists of two parts. First part consists of the
evaluation of the self reaction in the feed guide. This
in turn consists of the evaluation of the self reaction of
the horizontal and vertical components of the magnetic
current. The second part consists of the evaluation of self-
reaction in the Tee arm.
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The total self reaction is given by

(a.a),

Here, (a, a>l and <a,a>v correspond to self reaction of
the magnetic field in feed guide and (a, 61)t correspond to
the coupled guide.

~(aa), +(aa), +aa),  (10)

3.2 Self-Reaction due to Horizontal
Component of Magnetic Current in the

Feed Guide

The expression for the self-reaction due to the longitudi-

nal component of the slot along z is given by
The self reaction <a,a>l is defined as

(a,a), ——f HM dv (11)

Here, H is the magnetic field and M is the magnetic
current.
Here, M is given by

M=Exa, (12)

Here, E; is the electric field in the slot and is assumed
to be sinusoidal and a is the unit vector normal to the
aperture plane. E_ is given by

E, =aE_ sink(L—| z|)

S

for 2 _wexed+w (13)
2 2

and -LezéL

Here, a and b are narrow wall and broad wall dimen-
sions of the waveguide, E, is maximum electric field,

k= /1 , 2L is the length and 2W is the width of the slot

for the analysis of self reaction due to longitudinal com-
ponent of the slot.

As the magnetic current is distributed over the sur-
face, the volume integral is reduced to surface integral.
It is essential to take the effect of image in the wall into
account for the evaluation of self reaction. Therefore, the
above expression becomes

(a,a), =—[ H2Mds (14)

The vector electric potentlal F of the Z-directed mag-
netic current has only Z component given by
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F=aze

The Components of electric field are obtained
from the relation

E, =-VxF

Applying orthogonality condition of the Eigen func-
tions of the discrete continuous spectrum and after
simplification, the above expression becomes [22].

XX gué mn nnx
E (x,y,z):zzfﬂE sin? a 2W sina- cos = cos T
z m
mun.  yu. ab a
nn sin(sz sin a/a)
COS M7 COS —
2 (nnW sin a/a) k +y

3 [coskL sinae ~Vmnl?]
mn

e—yansina

sink (L sinag — |z|)

»
coshy,,,z — r;n
(15)

The expression for the magnetic field which is z
directed is derived from the Maxwell's Equation and is
given by

H = —

82
[kQF +—F ] (16)
Jjoou,

oz’

From the above Equations the self reaction is simpli-
fied to the following form

2.54V?  2°Sin‘a ,nz sm(nzstmu a)
<a,a>, =WZZE €, cos’mz.cos’ 5

(nﬂWsma a)

cos(KkLSin a){Z e S — cos (KLSin-) +[ Jomn sin(kLSina)]}

LSina

-0.5(1 g HmlSin- )

(17)

3.3 Self Reaction of the Vertical Component
of the Magnetic Current

The field distribution in the slot having the length 2L and
width 2W is assumed in the form of

E,Z = a, Emsink(L—|X|) (18)

S

for E—L§x§§+L and —w<z<w

2

Here b and a are broad and narrow dimensions of the
feed guide.
As the magnetic current M is

M=E, xa, (19)
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Here, E, is the electric field in the slot and is assumed
to be sinusoidal and a_is the unit vector normal to the
aperture plane.

The magnetic field is along the x-direction in the slot
configuration of the present interest.

H= H,a,
j [0°E.  O°F
H= - =+ ~la 20
cauo[ﬁyz 9z | " (20)

It is obtained from the concept of vector electric
potential F. As the magnetic current is x-direction, F is
also x-directed.

X X

Here, F, is x directed electric vector potential
of the magnetic current.

e8] 00
¢, E, cosa mry . nmx . hm
F,(x,y,2)=) » 2= -cos 2 6in "™ cos mmsin 2.
5 Ymab b a 2

%(cos (mrL cos a/a) —coskL cos a)z .
7]
2 a
[z+Wcosa] [z—Wcosa|
2 _¢ 'mn _/mn
ymn
(22)
Here, F, is related to E by,
E, = —VxF (23)
By definition, the self reaction is given by
<aa>, =-4p H.Mds (24)

The self- reaction <a,a>, due to the vertical com-
ponent of the magnetic current in the primary guide is
obtained as

127V, 27 Cos® 4 S A € 1
<a,a>, =J"’7_ZMZZ —|—————|cos® mzSin® oz
frew 2> ab w5 tmn [E] [E] 2
A a
2
1.C —24%,,,WCosa 1
cos[”ﬂ 0 ajfcos(kLcos a) 2c0s - +877
a VW
(25)
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3.4 Self-Reaction in the TEE Arm

The expression for self-reactance in Tee arm is evaluated
for the sake of completeness, it is presented here.

2

(a), =22 D00 (Vo) 4230 (V)

n n

(26)
Here,
b 1/2
e &
¢ = Vi % l{[@cosa—&-ﬂsina].(coskL—cosAL)
7 |(ma) +(nb) | 2 b a
2 inB —_— 1
5 k zsm W.sinernE | cosa—"sina .(coskL —cosCL)
k*—A° BW 2 2|1l b a
2k sinDW . ——n=
.sinm—n—
kK —C* DW 2
(27)
b 1/2
Vv ai
G T e [Ecosa7@sina].(coskL7cosAL)
7 |(ma) +(nb) a b
2k inBW —_—
— SINEW sinm+ |+ [ﬂcosa-i-@sina],(coskL—cosCL)
k*—A* BW 2 a b
2k sinDW . 7
— .sinm—n—
k*—C° DW 2
(28)
Where,

mn nm o, mm . nmn
A=—cosa+—sina, B=—sina——cosa
b a b a

mn nm . mn . nm
C=—cosa——sina, D=—sina+—cosa
b a b a

(YO )emn = ;/m_n
1@, (29)

(%), =22<
]/mn (30)

The impedance Z is given by
g (a,a)
i (31)

Here, I = discontinuity in the modal currents.
The expression for discontinuity in modal current (I)

is [23],

VA
2 b4
E] o P

1=jY, [[a,<E;a,

slot
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Where,
E,=aE, sink(L—|f|)
Using the concept of discontinuity in the modal

current reported by Marcuvitz and Schwinger®® and sim-
plified for the inclined slot. It appears in the form,

1= —2jY,,V, Sina

Sin(W/, Cos-) [ 2 ] i k [Cos (/4,LSina) 7CoskL}

W/, Cos— ab ar

U (4 Sinay 7[7]
(33)

From the expressions of self reaction and disconti-
nuity in modal current, the admittance parameters are
numerically computed.

The normalized admittance is of the slots of the pres-
ent is given by

Y
=—=9¢ +ijb
y Y &n T JY%

01

1
Here, Y=— 34
ere 7 (34)

Here Y,, is the characteristic wave admittance for the
dominant mode, &, is the normalized conductance and
b, is the normalized susceptance.

4. Results

From the expressions by (7), (10), (17), (25), (26), (33)
and (34) the variation of normalized admittance is com-
puted as a function of frequency for standard X-band
wave guide dimensions and different slot parameters.
The data is obtained both for open slot radiator as well as
H-plane Tee junction. Variation of coupling and VSWR is
also evaluated as a function of frequency. The results are
presented in Figures 4-9.The results are obtained at the

02 4
e (i) SO

sanvns Heplane T-junction

01

=

Suscaeptance (b}

Frequency(GHz)
01 -

Figure 4. Variation of conductance, susceptance, with
frequency for a=1.016 cm, b=2.286 cm, 2W=0.16 cm, a=30°.
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Figure 5. Variation of coupling, VSWR with frequency for
a=1.016 cm, b =2.286 cm, 2W = 0.16 cm, o = 30°.
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Figure 6. Variation of Conductance, Susceptance, with
frequency for a=1.016 cm, b=2.286 cm, 2W=0.16 cm, a=40°.
(Continued)
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Figure 6. Variation of Conductance, Susceptance, with
frequency for a=1.016 cm, b=2.286 cm, 2W=0.16 cm, a=40°.
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Figure 7. Variation of Coupling, VSWR with frequency
for a=1.016 cm, b=2.286 cm, 2W=0.16 cm, a=40".
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Figure 8. Variation of Conductance, Susceptance, with
frequency for a = 1.016 cm, b = 2.286 cm, 2W = 0.16 cm, a
= 50°.

resonant length of the slot. The resonant length is evalu-
ated from the variation of normalized conductance ( g, ),
normalized susceptance (b, ), VSWR and coupling for the
center frequency of X-band.

5. Conclusions

It is evident from the results that the resonant length is
found to vary with frequency, Slot width, slot inclina-
tion and waveguide dimensions. The Conductance peak
appears away from the resonant length to the left. The
susceptance as a crossover from positive to negative at
resonant length. The resonant frequency from open slot
radiator is found to be different from that of H-Plane Tee
junction. It is the case with coupling and VSWR; Coupling
varies over a range of -7 to -17dB. Coupling is higher in
case of H-plane Tee junction, VSWR is found to change
between 1.05 and 1.25. The data presented in the present
work is useful for the design of arrays of open slot and
H-Plane Tee junction.
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Figure 9. Variation of Coupling, VSWR with frequency
fora=1.016 cm,b =2.286 cm, 2W =0.16 cm.
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