RL-882

Technical report on a visit to
The Radiation Laboratory
at the University of Michigan

by

Leonard Rexberg, Ph.D.

University of Michigan
Radiation Laboratory
NASA/Center for Space Terahertz Technology
3238 EECS Building
Ann Arbor. MI 48109-2122
U.S.A.

Solstralegatan 44
417 42 Gothenburg
SWEDEN

December 1991



Preface

The microwave work made in the U.S. ha< a large potential compared to the microwave
industry in Europe. This is also reflected in the research activity at the major Uni-
versities such as UCLA. Michigan and Massachussets. Sweden, for example, has only
activities going on at Ericsson Radar Llectronics. Bofors Electronics in Stockholm and
at Chalmers University of Techuology in Gothenburg. Some other minor companies also
have activities in this area, but they are often working on the application level not on
basic research. Further, the Swedish industry is interested in keeping good relations
with people in the U.S. who are currently working in this area. Therefore, it is impor-
tant that an exchange of knowledge and personal contacts can be established between
the two countries. In this spirit [ have received a research grant from the Royal Swedish
Academy of Sciences in order to perform microwave research in the U.S.

I applied for the grant in September 90 and received 40.000 SEK from the academy in
December. As I by that time not vet had a confirmed affiliation with a host University
in the U.S. 1 did not transfer the grant to my account until August 91. 1 had received a
confirmation in July from the University of Michigan to perform research in the fall of
-91. Until then I had been working as a postdoc at the Division of Network Theory since
the defense of my Ph.D. thesis in April. During this time [ worked on frequency scanning
grating reflector antennas together with Dr. Stefan Johansson who is now working with
the Ericsson company in Gothenburg. 1 also did a minor work on reflector-antennas in
cooperation with Professor Per-Simon Kildal at the Network Division.

My work at the Radiation Laboratory at the University of Michigan concerned re-
search on a new type of transmission lines suitable for feeding conformal antennas. The
transmission line consists of a pair of parallel slots which can be excited in the ’odd’
or in the ’even’ mode. Using the ‘odd” mode makes the transmission line radiate less
compared to conventional transmission lines. In addition, when a cavity is placed un-
der the transmission line the radiation is further decreased. The cavity is designed to
be working under cut off so that only the fundamental mode is propagating along the
two slots. The metal strip between the slots is suspended on a thin membrane with
low losses. The whole structure then has very small losses compared to conventional
designs.



The Radiation Laboratory at University of Michigan.

The Radiation Laboratory started out as the Upper Atmospheric Physics Section of the
Michigan Aeronautical Research Center in 1945, and assumed its present name when
it became part of the Electricl Enginecring Department of the College of Engineering
in 1957. The initial focus of research was in radar cross sections, and this soon ex-
panded to include all matters concerncd with the radiation. propagation, and scattering
of electromagnetic waves. Scattering by all types of targets has continued to be a main
topic of research, but other areas whicli are now emphasized are electromagnetic inter-
ference, microstep and printed circuit antennas, and the remote sensing of terrain and
vegetation [1].



Abstract

This report presents and summarizes the technical research made at the University of
Michigan, Radiation Laboratory. by Leonard Rexberg during a three months visit. The
research deals with a new type of monolithic transmission lines characterized by low
loss. low radiation and good abillity to conformally feed planar antennas. It consists
of a cavity-backed double slot-line and having free space on the other side. The cavity
is designed to work under cut off so that only the fundamental mode can propagate
in the slot aperture. This feed line is called microshield-line and was invented by the
researchers at the Radiation Laboratory.

In this work the new transmission line is used as a feed for planar slot antennas. The
two feed slots are bended apart to form a kind of loop antenna wich when designed
properly in size will radiate a broadside radiation pattern. Different parts of the loop
may be excited in phase when the feed line is excited in the 'even’ or 'odd’ modes. Also
dipole slot antennas are possible radiators. The antenna design is applicable at sub-
mm frequencies using membrane technology on for example Silicon or GaAs substrates.
Normalized input impedance and radiation patterns show the performance of the new
antenna.
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1 Introduction

The microshield line is a new type of monolithic transmission line that is appropriate
for circuit or array antenna applications [2). It consists of two narrow parallel slits cut
in an infinite ground plane and shielded on the other side by a waveguide or cavity
of metalized walls. The two slits can he excited either in the 'even’ mode or in the
‘odd” mode depending on the desired characteristics. The dimensions of the shielding
structure on the back side are designed to assure a cut-off frequency that is higher
than the operating frequency. Thereby we are sure that only the fundamental mode is
propagating along the slit apertures. Such a structure can be made monolithically using
etching and metal deposition techniques. Furthermore. the inner conductor between the
two slits can be suspended in air by using membrane technology [3].

The membrane technology has already sucessfully been used to obtain array anten-
nas operating at millimeter-wave frequencies as high as 2.5 THz [4]. Power losses which
can be very severe at high frequencies can be nearly eliminated by this technique. The
membranes have until now been fabricated on silicon substrates but the Radiation Lab-
oratory is currently working on achieving the same goals with GaAs compounds. The
microshield line is also suitable to feed planar microwave antennas since the radiation
from the feed when operated in the odd mode is extremly low [2]. That is, unwanted
spurious radiation can be eliminated or minimized to a low level. The antenna itself
can be forced to radiate by bending the slits to form for example a rectangular loop
antenna mounted in an infinite ground plane. Two sides will then be operating in the
‘even’ mode and the other two will operate in the ‘odd” mode. The even mode excita-
tion will give rise to an in-phase radiation while the other two will cause an unwanted
cross-polarisation. Alternatively. the 'even’ mode excitation can be used to obtain dual
and circular polarisation.

The advantages using the microshield line with a membrane suspended center con-
ductor are characterized by low spurious radiation and the ability to operate without
the need for via-holes or the use of air-bridges for ground equalization. Furthermore, a
wide range of impedances may be achieved by varying the size of the microshield waveg-
uide dimensions. In addition. the effective propagation factor in the slits are almost the
same as in free space as long as the distance to the nearest waveguide wall is kept large
enough. This is usually a built-in feature of the microshield line since one wants to keep
the distance between the slits as short as possible to avoid radiation.

This report deals with the theoretical study of loop antennas that are excited by the
microshield line. The loops are rectangular in order to be easy to model using rectan-
gular basis functions for the approximation of the magnetic current in the slits. Two
types of antennas are tested: the microshield-line fed antenna and the ordinary coplanar
waveguide (CPW) fed antenna. Thesse two antennas can be joined into one antenna
suitable for direct-on-antenna mixing between the RF-signal and a LO-signal. A simple
version using a pair of connected slot antennas [5] printed on a dielectric slab has pre-
viously been presented and shows good radiation performance and isotropic conversion
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loss. This integrated technique is also suggested for the cavity-backed microshield-line
fed loop antenna. Also the possibility to obatin circular radiation simultaneously using
the microshield line and the CP\V is discussed.



2 The object of the research project.

The object of the research project is to find out how to feed planar antennas by using the
new microshield line. Let us start by discussing some various shapes of the microshield-
line fed antenna. The microshield-line itself is depicted in a top view in Figure 1. The
distance W™ between the two slits shonld he kept small so that the transmission line does
not radiate. When the two slits are excited in the ‘odd” mode there will be a cancellation
of the field strength in the broadside direction. Further out there will of course be som
spurious radiation. This radiation is in general transverse to the desired direction of the
radiation. So, properly designed. an antenna fed by this transmission line would show
relatively low cross-polarisation.

W+2S/ 7 o /
> /

/ Mlcroshleld feed line

\\

Y Waveguide

a.—-—’

\§\\
\

|

\\\;\
\

‘ \

Figure 1: The parallell two slits {forming a microshield line. The microshield line
1s backed by a cavity on the other side.

Figure 2 shows a dipole slot anteuna that is excited by the new microshield line. It is
noted that if the two slits in the transmission lines are excited in the ’odd” mode there
will be an in-phase 'even’ mode excitation of the two dipole arms. Hence, the antenna
will radiate a broadside pattern having a broad E-plane cut and a somewhat narrower
H-plane-cut. The H-plane cut has to go to zero at § = 0° and § = 180° because of the
boundary conditions of the tangential electric field on the surface of the surrounding
ground plane. The radiation in the back-direction is blocked by the cavity so that it
only radiates on one side of the antenna.

The second antenna to study is depicted in Figure 3. It shows the microshield line
feeding a loop antenna which will give a slightly higher gain than the single slot dipole.
The length of the loop is chosen to be A/2. This antenna can be viewed as consisting
of two slot antennas working in phase at a distance of about 0.2 — 3\ apart. The two
other arms in the transverse direction to the radiating slots will be out-of-phase to each
other. These two arms will probably increase the cross-polar radiation coming from the
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feed line. This is because of the larger distance bewteen the arms. One way to avoid
the crosspolarisation is to make the loop larger thus increasing the in-phase radiation
in favour of the unwanted cross-polarization.

The electrci field in the slots of the antenna and feed line is calculated from Maxwell's
equations by transforming them (moment method) into a linear set of matrix equations.
Solving the matrix equation gives the amplitudes of the basis functions forming the
electric field. The field 1s expanded in a series of rooftop functions as depicted in
Figure 4. The antenna is excited by gap generators which are represented by placing a
"1’ in the appropriate position in the right hand side vector of the matrix equation.

The voltage standing wave ratio (VSWR), and hence the input impedance and re-
flection coefficient, can be calulated by plotting the magnitude of the total current on
the feed line. Taking the ratio of the top value to the minimum value then gives the
standing wave ratio (See Appendix A). The next thing to do is to calculate the phase
of the reflection coeflicient by measuring the distance of the first maximum from the
reference plane. We know that the phase of the redection coefficient is zero at a maxi-
mum of the standing wave. and further we know that the distance between two maxima
is exactly half a wavelength of the particular medium. This therefore gives the phase
of the reflection coefficient. Problems may arise if the standing wave form of the total
current does not show a typical periodic pattern. Then we have to extend the feed line
in order to make shure that the current has settled down. This is vet to be investigated.

It is worthwhile to mention that the total current can easily be plotted by just plotting
the amplitude coefficients and then connect them with straight lines. We remember that
the rooftop functions are placed to overlap in such a way that the amplitude at the edge
of one function is zero whlie the amplitude of the next current element is maximum. In
between these two points the current is linear.

14
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Figure 2: A slot dipole antenna which is excited by the new microshield transmis-
sion line. The two slits forming the feed are out-of-phase while the two
arms of the dipole are in-phase.
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Figure 3: A slot loop antenna fed by the new microshield line. The two slits
forming the transmission line are excited out-of-phase whereas the two
oppositely directed arms of the dipole are radiating in phase.
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3 Analysis

The analysis of the structure is performed using techniques referred to as spectral domain
techniques. This basically means that the two-dimensional Fourier transform is applied
to Maxwell's equations and then these equations in turn are split into a pair of transverse
electric (TE) and transverse magnetic (TM) equations. This especially simplifies the
analysis when different dielectric layers are to be included into the analysis. Each new
layer is then represented by a cascade matrix which is multiplied in a chain-wise manner
to the starting configuration. This can be done automatically in a computer program
which is easy to modify to meet the geometry of new structures. The following sections
gives a brief discussion of the equivalent network calculations.

3.1 The electric field from a planar current source lo-
cated in a stratified dielectric medium. External
field problem.

Before we can solve the electric field in a particular region we must first determine
the induced magnetic and electric currents. This can for example be done by approxi-
mating the unknown currents in a finite series of known basis functions with unknown
coefficients. These coeflicients are then solved by for example applying the method of
moments to some integral equation formed by the boundary conditions for the field.
A short presentation is given later in this report. If we deal with a slot in a ground
plane then we can apply Schellkunoff's equivalence principle and imaging techniques to
reduce the original problem. The result will be just a magnetic current (no electric cur-
rent) radiating into the structure. This is the case because the electric currents will be
short-circuited by the ground plane. The integral equation for a slot in a ground-plane
dividing two regions is given by the following identity:

Hi‘f“"(:r,z) - H;?C(a‘.,z) = ]1:”°(;1'.:) (1)

where the indeces (1) and (2) refer to the two regions. The equation above forces
the tangential magnetic field on opposite sides of the slot to be equal. In this report
we deal with planar electric or magnetic antennas which are placed within a stratified
dielectric structure. According to Schellkunoff’s equivalence priciple we therefore need
to calculate the tangential electric field produced by a specific planar current source
placed at a given arbitrary position in the stratified dielectric structure. In the early
papers based on the moment method solutions, the magnetic vector potential approach
was used to calculate the tangential electric field. The magnetic vector potentials in the
dielectric slabs and in the free space region have to be matched at the interfaces in order
to satisfy the boundary conditions. Therefore, a set of linear eqnations has then to be



solved analytically in order to find the correct expression for the field in the spectral
domain. Obviously, the number of equations will rapidly increase as more dielectric
layers are included. This will lead to complicated calculations. So, we need a simpler
approach to deal with stratified structures.

A better technique, frequently used in network theory. is based on transmission line
equivalent circuits. These are derived directly from Maxwell's equations by separating
them into the transverse and longitudinal parts. The transverse part is then in turn split
into one transverse magnetic (TM) and one transverse electric (TE) part with appro-
priate coefficients. These scalar coefficients each satisfy the TM- and TE transmission
line equations. Each dielectric layer section is represented by a cascade matrix relating
the load voltage and current to the corresponding input excitation.

The electromagnetic boundary conditions are transferred to the fundamental current
and voltage laws that where formulated by Nirchhoff. An overall matrix for the stratified
medium can then be found by a straight forward network analysis. This matrix can be
used to calculate the interactions between currents on the same dielectric layer as well
as on other layers. The detailed derivations of the planar electric source radiation in a
layered medium has been presented in Reference 7. Therefore. the results will only be
rephrased in this report and then applied to a double layer microstrip antenna.

3.2 The transverse magnetic field expressed by
means of equivalent TM- and TE- scalar currents
in the spectral domain.

The electric and magnetic field transverse (i.e. in the xz-plane) to the direction of prop-
agation can as mentioned be decomposed into one TM- part and one TE-part. This
procedure will in turn leave two scalar differential transmission line equations each for
the coefficients of the transverse vectors [7]. The coefficients can be viewed as a voltage
and a current corresponding to the electric and magnetic field respectively. These equa-
tions can then be solved by applving basic electromagnetic boundary conditions. The
boundary conditions state that the electric field must be continuous across two different
media while the magnetic field is discontinuous across any electric current source in
the structure. In addition. the electric field tangential to any conducting surface must
vanish. If there is no electric current present. then the magnetic tangential field must
also be continuous. These boundary conditions also hold for the scalar coefficients. The
voltage in the interface between two circuits must be equal and the current is discon-
tinuous whereever a current source is present. So, the original electromagnetic problem
is readily transformed into an equivalent network problem from which all field compo-
nents may be solved. We start by defining the transverse electric field by means of the
transverse vector eigenfunctions, as:
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H,(x,y,z) = / / []T.’\I(krvy~kz)];1TM(erkz) + ITE(kr;y’ kz)BtTE(kt)kz)] dkxdk: (2)

-0l =00

As mentioned, the TM- and TE-currents [I7p(k,,y.k.) and Irg(k,,y,k,)] satisfy
the scalar transmission line equations which are obtained from the Maxwell’s equations
when splitting into TE and TM components [7]. These transmission line equations are:

0 . .
—%VTM,TE(kmyakz) = ]kyZCTM'TE ]TM,TE(k:uy’kz) (3)
9 : "TMTE - ‘
—%ITAI,TE(k:C$y1kZ) = ]}“yyc o "‘TM,TE(I“:nyskz) (4)

where the characteristic line impedances ZTM and ZTE are defined by:

1 k
™ _ — y
Z, YTM T e e, (5)
1 w
TE _ —
Zc - YCTE - ky (6)

The spectral domain propagation factor k,, in the v-direction normal to the antenna
surface, satisfies the separation equation in the specific region defined by a dielectric
constant ¢,., as:

2= o2kt @

The vectors l;tTM and EtTE in Eq. (2) are the transverse vector eigenfunctions in the
k. k,-plane. These are orthogonal to each other and are expressed in terms of plane
waves with appropriate vector coeflicients, as [7):

;"l'tTE(kmkz) = (k.3 + k,2) e—Jkzz + k. 2) (8)

1
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1

EtTAI(kxwkz) - (=k,% + k.7) ¢—ikez + k.2) (9)

The factor , /kI§ + k% in Egs. (8) and (9) accounts for the normalisation of the vectors.
If these definitions are inserted into Eq. (2) we end up with a formula expressing the
tangential components of the electric field in terms of the spectral domain voltage along
the line, according to:

H,(z,y.2) = // H (k. y k) e=d ket +K22) g g (10)
Ho(z,y,2) = / / H(kyoy, k) e~ ket + 5:2) g gk, (11)

where the Fourier transform of the magnetic field components are expressed by a su-
perposition of the equivalent TM- and TE-currents Irp(k,,y,k,) and Irg(k,,y.k,),
as:

7 —]T’\{(l"a-ay-kz)kr + ITE(kx!yak*)k-
H,(k,y.k.) = - — N (12)
VD + Ok

_ ]T.'\I(l“r‘y'k:)l": + ]TE(kray'kz)]‘ir

Now, it remains to calculate these currents in terms of the current source for both
TM- and TE-propagation. In the next section we will present a network tool that is
suitable when the source is radiating into a stratified dielectric medium.

3.3 The scalar TE- and TM-currents in the spectral
domain in terms of the equivalent two-port ma-
trices.

It is useful to introduce two-port impedance and cascade matrices when treating struc-

tures in several layers. These are then used to calculate the currents I%{;)(kx,y, k,) or
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Consider the slot radiating into a dielectric slab of thickness 'd’ in Figure 6. We
only consider one of the two half spaces since the other can be treated in an analogeous
way. According to the foregoing discussion the dielectric slab can be treated by an
equivalent transmission line. The transmission line is excited by a voltage source which
is placed in the location of the aperture plane. This circuit represents both TM and TE
propagation, so the characteristic line impedances must be chosen in view of Eqgs. (5)
and (6). The equivalent two-port network is obtained by multiplying the transmission
line T-matrix with the T-matrix of the free space load matrix.

The equivalent two-port circuit is composed of two parts, namely: the cascade matrix
for the spacing sheet between the layers (7}) and the free space impedance (T3) cascade
matrix. The cascade matrix for the dielectric sheet is obtained as:

Slot Plane

Waveguide

i -
2
l

|
|
I
|

'TE,T™

¥

Figure 6: A slot radiating into a dielectric slab and its equivalent transmission line
circuit in the Fourier domain.

COS(klydl) ]Zg;M'TE Sin(klydl)

ch{)\LTE Sin(klydl) cos(klydl)

where d; is the thickness of the dielectric layer. The cascade matrix for the free space
load admittance YCZM’TE is given by:

I, = (18)
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The characteristic line admittances and impedances for the two regions are obtained

from Egs. (5) and (6). as:

YC?M = p 1=1,2
k.

YTIE = X i=1,2

Cc1 wﬂ

ki = y/€ik2 — k2 — k2 i=1,2

The total matrix is then obtained by a cascade multiplication of T} and T, as:

TM,TE mTM,TE tot tot
TTM,TE — T]?‘M T _

tot TMTE DTM‘TE

‘\ ) )
AT {,TE BTM TE ]
“tof tot

(22)

So. if the transmission line voltage at a given y-plane is known, one has all the

information needed for the evaluation of the electric/magnetic field at that plane.

3.4 The transverse electric field components in terms
of the electric filed in the slot antenna.

Having calculated the equivalent two-port network we can derive the tangential magnetic
field by finding the TE and TM currents at the input and output ports. In this case the
output port is open. These currents are related to the input excitations as given below

by Egs. (23) and (24):

[ If(l‘llt){(k:ra kz) )-"171'1\1(],3:“ ]‘:) }lgM(l"m l‘z) A{}{R)l(kxs kz)
| I3 (kg k) YPM(ky k) YEM (K, k) ME) (k,, k)
[ 1k, k) YIB(kyok,) YIE(kek) ] [ MEM(ksok,)
| Ik, k) YRE(k k,) YEE(ky k) MOk, k,)
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where:

TMTE ~+-TMTE -1 ATM.TE TM.TE
Y ¥ 1 Aot JAY b (25)
yIMTE TMTE — CTMTE DTMTE '
21 22 tot tot
where:
TM,TE ~TM.TE TM.TE~TMTE
AT = Atot Dtoz _Btot Ctat (26)

The impedance matrices in the foregoing equations are found by using Egs. (16) - (22).

The TE and TM currents Myz2) and MYz in Egs. (23) and (24) are related to the
Fourier transform of the magnetic currents according to Egs. (27) and (28) below:

MEb (ke k) L ke k][ MOk, k)

PR (27)
42 2 2 .
MEL (k| VTR <k | M0k k)
and

Mrg (k. k.) L [k k][ M@k, k)
= AT (28)

MOk ] TVEAR L ok | | k)

The spectral domain currents AA'IJ(P"?)(I\‘T, k,) and Ajfﬁfl-?)(kx, k,) on the right hand side
in turn are related to the magnetic currents by:

+00+00
MOk, k,) = / / M(x, 2)02 e+ (ke + £:2) grdz (29)
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or in terms of the electric field in the slot:

+oo+x
""Z[.il;;.z)(kxakz) = —n X / / E(l:)i_l:z) 6+'j(kr:r + k"z) dxdz (30)

Then, according to the law of superposition. one readily finds the total field at the lo-
cation of the two slots as the sum of the partial contributions from the two currents. This
is made by means of using the transfer function implicitly given in Eqs. (23) and ,(24).

Note, that the second magnetic current ;\ff}?‘)m. £ 1s not present in a single slot case radi-
ating into free space. Further, the two dielectric constants for the transmission line and
the free space load are equal. So in other words. the transmission line can be ommitted
since it is matched by the load.

3.5 The internal field problem.

The internal field can be derived in the same manner as the external field by using
image techniques. A current ribbon inside a waveguide (or in the wall of the waveguide)
can be treated in free space as if it were a periodic current. Now, periodic currents
can be expanded in their Fourier series which will give a series of Dirac delta functions.
Inserting this train of Dirac functions in the field expression derived above will have
the effect of sampling the integrand at a number of points determined essentially by the
waveguide modes. Both propagating and non-propagating modes has to be taken into
account. Let us explain this with some equations. Consider the slot element cut in the
broad face of a waveguide as depicted in Figure 7. The walls can be taken away if the
equivalent magnetic current in the slot is compensated by a periodic current that is also
depicted in the same figure.

The magnetic current actually consists of two series functions having the same peri-
odicity but having a phase difference. The periodic current can be written as:

+oo
M(z,z) = ) Molw —n2a—2') + Mo(x ~ n2a +2') (31)

n=--00

Now, taking the x-Fourier transform of this periodic function we obtain:
bJ

n=-od
-0Q

+0oo 400 o0
/ M(z,z) etihso dg = / Z My(a = n2a — 2') + My(z — n2a + 2') eti*sz dz =
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+oc
= 2cos(k ') Mo(k,) Y el (32)

n=—oc

This last result is a periodic function in itself which can be seen as a complex Fourier
series with equal amplitudes on each component. Now. this Fourier series must be a
pulse-train of Dirac delta functions. That is, it can be written as:

+o0 +oc +00
: x x’
/ M(z,z)eti*s? da = / Z My(z = n2a — 5—) + My(z — n2a + -Q—)dat =
2 cos(k,2')— Nl (k S o (33)
= 2COS{A T )2(14 0 x)n;% (‘.r - P :

Now, this is the current that we have to insert into the fre space expressions for the
magnetic and electric field. These expressions involve a Fourier transform themselves
so the result will be that the integrand i sampled at regular points leaving only the
summation. That is, when taking only one direction (x) into account we obtain:

+00
/ O(k,) N (k,)e-==dk, =

oy ]
s nrx nmw ~ nm nx
a

Q(—) M(—) e (34)

a

We see that the integrand is sampled at distinct regular intervals exactly where the
waveguide modes in the spectrum appear. If the waveguide is closed at the other two
ends of the waveguide then we can perform the same imaging technique in the z-direction
Figure 8. Only, this time the magnetic current is perpendicular to the waveguide mode.
So, now we have to subtract the two periodic currents instead of adding them. This will
lead to a sine-function for the displacement z’ instead of a cosine-factor. We will leave
this to the reader to verify.

Now, going back to the equations for the Fourier transform of the tangential H-field
we can re-write them in terms of the input impedance which is seen by the slot looking
into the stratified medium. Rephrasing the equations, we obtain:

27



- —Iraglhr oy ke, + Irgp(h, y k. )k,
H.(k,.y. k) = : A .
key k) L

= ITA'I(kmy-l“:)l“: + ITE(I‘:rwyvkz)kr

Hz(kraysk:) ’ S,
Vi TR

and inserting the input impedance we get the modified expression:

y ~Mrpg(ke y, k)YIME, + Mrp(k,y, k. )YAER,
Hz(kr-y~k:) = i ]‘\\/A‘Q + k?rE -

“jT.\I(kr' Y. }“:))A-ﬁ\"”/“: + *‘[TE( kr' Y. ]‘z))IT\Ek.r

g.’l’(kl" y’ kl) =

Looking into the waveguide we only see a shorted transmission line with the char-
acteristic impedance Y 7MTE. However, we write down the general expressions when
there is an impedance boundary on the other side of the slot. Transforming the surface

boundary impedances ZLSM and ZLSE to the slot aperture vi obtain:

ZTM 4 jZLSE tan k,d

YTM — yTM _
In ¢ ZLSE 4 7 tank,d

e yrs 225 ek
IN- = T ZLSM 4 57TE tank,d

where the characteristic impedances are:

€ir€ .
yrv _ o s
o k.
iy
kiy .
YTE = X 1=1,2
wh
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ki = \fEi ke = k2= k2 t=12 (43)
and
K, = & (44)
a
mmw
= — 45
k, - (45)

(46)

where @ and L are the width and length of the cavity respectively. We insert the
characteristic admittances in the equations for the input admittances and obtain:

3.6 Schellkunoff’s equivalence principle applied to a
slot in an infinite ground plane.

In this subsection we will describe how we can make use of the Schellkunoff equivalence
principle to calculate the field from a slot in an infinite ground plane. The equivalence
principle can be used in many ways but only one of them will be treated here. The slot
may be covered by dielectric layers or even radiate into a waveguide. Now, consider the
slot in Figure 9 radiating into the dielectric slab and then into free space. According
to the Schellkunoff equivalence principle we mayv substitute the tangential electric and
magnetic field by equivalent electric and magnetic currents that are also tangential to
the same surface (Figure 10). These currents are related to the field on both sides of
the interface as:

J, = ax (H, - Hy) (47)

M, = - x (E; - Ey) (48)

Now, slightly above the surface of the ground plane there exists no electric field.
Therefore we may conclude that only electric currents are present. In the slot however
for the time being, we have both magnetic and electric currents. We are only interessted
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in the field in Region 1 so, this means that we can choose the field in Region 2 arbitrarily.
Let us choose this field to be zero. Then it does not matter what material we have in
Region 2. That is, we can without hessitation place a large ground plane just behind
the slot (Figure 11).

Now on the other hand. the electric current that was present on the original ground
plane (and in the slot) in which the slot was mounted, cannot produce any radiation.
This i1s beacause the image of the electric current is of the opposite sign and so the
radiation from the two currents cancel out. This is only true if the two currents are
located close to each other which they are in this case. So we are left with a single
magnetic current above a large ground plane radiating into the dielectric sheet and free
space (Figure 12). This ground plane may now be removed if the effect on the radiation
is preserved by multiplying the magnetic current by a factor of 2 (Figure 13). The factor
of 2 comes from the current image on the other side of the interface making the boundary
conditions stiil satisfied. Note. that the field is only valid for Region 1. The field in
Region 2 may be calculated by using the same method. It should also be noted that
using this method the electric field is automatically made continuous in the aperture.

3.6.1 Slot radiating into a cavity or waveguide.

A slot that is radiating into a cavity or a waveguide can be treated in the same manner as
a slot radiating into free space or a dielectric slab. The only difference is how we treat the
current. Now, a magnetic current in the wall of a waveguide or cavity may also be treated
by imaging techniques. Using this method we can transform the magnetic current in
the closed region into another periodic current radiating into free space. Of course, we
still have the third wall opposite to the slot to take care of. Howver, as explaned earlier
in the previous chapters. the third wall can be treated by equivalent transmission lines
in the spectral domain by applying the two-dimensional Fourier transform to Maxwell’s
equations.

The Green's function for the closed region has been discussed in a previous section
and we therfor do not rephrase this. It should only be noted that the spectral domain
technique, splitting into TE- and TM equivalent transmission line circuits, is a powerful
method that can be used to solve many problems in planar structures. This also includes
scattering from dichroic surfaces which implies the introduction of Floquet modes. Using
the spectral domain technique and a periodic magnetic current will automatically give
the electric and magnetic fields in terms of Floquet modes.
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Figure 7: The magnetic current in the broad face of a rectangular waveguide. The
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Figure 8: The magnetic current can be replaced by a periodic current in two di-
mensions. The current changes sign in the z-direction while it keeps the
sign in the x-direction. This gives rise to cosine and sine factors in the
field expressions.
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Figure 10: Equivalent electric and magunetic currents giving the same field as in the
original situation depicted in Figure 9. The magnetic current on the
original ground plane is zero since the tangential electric field is zero
there.



Figure 11: The currents in Region 2 are arbitrarily chosen. Therfor we can choose to
replace the material in Region 2 by metal just behind the slot aperture.

Figure 12: The electric current at the metal is short-circuited by the metal. Only
the magnetic current remains.
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Figure 13: The ground plane is taken away and the magnetic current is multiplied
by a factor of 2 to compensate. The radiated field from the magnetic

current only yields Region 1.



4 The far-field radiation from a planar mag-
netic or electric current.

The far field from a planar source can e expressed in a very compact form by using only
the inverse Fourier transform of the near field [9]. Of course. the far field can be com-
puted by first calculating the electric and magnetic vector potentials which then gives
the far field by dropping the higher order terms when performing the vector curl oper-
ation. However, the field from a planar source in a planar stratified dielectric medium
is expressed more easily by means of two-dimensional Fourier transforms. Assume that
the magnetic or electric current source is placed in the xz-plane and that the y-axis
is perpendicular to the antenna structure Iigure 14. The field from this structure can
then be found by using the Fouricr-type expressions as used in Egs. (10) and (11) in
Section 3.1. We rephrase these expressions but with the magnetic filed H replaced by
the electric filed E for convenience:

400400
E.(z,y,2) = / / Eo(hyoy k) 3t 4 K:2) g ak, (49)
+ootox
E.(z,y,2) = // E(ky k) e~ et +hez) g gk, (50)

Since this field is already expressed by a Fourier transform, basically the result will
be just the integrand with &, and k. replaced by the directions cosine and sine. That
1s:

k, — kqsinfcos o (51)
k, — kqcosf (52)

Now, the radiated field E.(k..y.k.) and E.(k,,y, k,) can directly be related to the
field F,(k,,0,k.) and E,(k,,0.%.) at the surface of the antenna, by:

By(kyyy, k) = Eu(k, 0. k,) ¢~k (53)
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Figure 14: A general microstrip patch antenna and its equivalent transmission line
circuit in the spectral domain.

So, we have the following expressions for the radiated field instead:
+00400

E.(z,y,%) = //Ez(km(),kz)e—j(kzx+kyy+kzz) dh.dk,

—00—00
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400400
E (z,y,2) = //Er(kz,o,kz)e‘J(krI+kvy+kzz) dk, dk, (56)

—00—00

Rhodes [9] gives an asymptotic expression for this kind of integral as r = /27 + yZ + 27 —
0. By use of this expression, we directly obtain the rectangular components in the far
field as:

lim E,(r,6,¢) ~ cos ¥ E,(k;,0,k,) (57)

lim E,(r,0,9) ~ cos ¥ E,(k,,0, k) (58)
where:

k, = kysinfcos ¢ (59)

k, = kqcos@ (60)

cos U = § = sin Osin ¢ (61)

It now remains to calculate the spherical components E4(r, 6, ¢) and E4(r,0,0) in
the far field. We leave this to the reader as an exercise or to consult other literature.
We summarize the expressions for the far field radiated from a planar structure in the
following table:

Ey(r,0,8) ~ —sin0E,(k,,0,k,) — cos ¢ cos 0, (k,,0, k,)

Ey(r,0,¢) ~ —sin¢ E,(k,,0, k,)

Er(kzao) kz) - \/—_kél—‘+—k§ [—VTE(kanO, kz)kz + VTAl(kmOa kz)kx]

Ez(k:uoa kz) = “—ﬁ [VTE(k:mO, kz)kx + VTM(k'zaO? kz)kz]

where:
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k. = kysinf cos ¢

k, =kycosb
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5 The moment method applied to slot an-
tennas.

The method of moments has successfnllv heen applied to solve many problems in electro-
magnetics and antenna engineering. It provides an efficient tool for computation of an-
tenna characterictics like radar cvoss section. radiation impedance and input impedance.
Normally, these problems call for the solution of complicated coupled integral equations
accounting for current interaction hetween different parts of the antenna. Only in the
most trivial cases it is possible to ohitain an explicit solution by making simplifying
assumptions and comparisons with canonical integral equations. By using the method
of moments, however, the problem can he transformed into a linear matrix equation
instead. The unknown variables in this matrix equation are then used as the ampli-
tudes of known basis functions defining the unknown current distribution. It is in the
end therefore possible to obtain a solution by using basic mathematical tools familiar
to every engineer. This fact makes the method applicable and attractive to a wide class
of electromagnetic problems {3].

5.1 The general formulation

The basic idea of the moment method is to transform an integral equation for the
unknown magnetic or electric currents into a set of linear equations. In this way, the
currents can be obtained directly from the unknown vector of this matrix equation by
basically performing a matrix inversion. The integral equation can either be formulated
by enforcing zero tangential electric field on the surface of conducting bodies or by
enforcing continuity of the magnetic field across apertures. The former equation is
called the electric field integral equation (EFIL ) while the latter is called the magnetic
field integral equation (MIILZ). Sometimes vou cau also formulate a mixed integral
equation. Since the antenna in this report consists of slots cut in an infinite ground
plane, we are however onlyv concerned with the solution of the MFIE in this report.
Using the method of moments. the unknown currents arve expanded in a finite series of
known basis functions with unknown cocfiicients. This expansion is then inserted into
the integral equation and. finally the matrix equation is obtained by applying an inner
product with respect to a set of testing functions. In this report we use the same set of
testing functions as we use for the basis functions. This is called the Gulerkin method.

Let the tangential external and internal magnetic field due to the incident and the
induced currents be denoted by ][“‘~( v, z) and }1;' (2,z) and H"‘(1 z) respectively.
The coefficients of these current mode.s arc then the unknown quantities which have to
be solved in order to satisfy the integral equation. The procedure to find the coefficients
is outlined as follows. We start by formulating the integral equation (MFIE) forcing the
total tangential magnetic field in the slots to be continuous. The MFIE is written as:
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ﬁfff(r,z) + ﬁt‘“f(a‘.:) = ]7:"’(.1'.:) (Integral equation) (62)

Further, let £, £,,, denote lincar operators acting on the expressions for the electric
field in the slot apertures and let Hine(2.2) be the impressed tangential magnetic field
in the slot. General expressions for these operators are also derived in this report. By
use of these operators. the above integral equation can then be expressed as:

-

Lo [Bi22)] + Hirc(a.2) = Lo [Ea,2)] (63)

t

The next step in the method of moments is to approximate the induced field in the
slot by a finite series expansion with cocllicients £ . The induced field will in general
have two orthogonal components. so using vector notation we write the expansion as:

N
E,(a‘.z) = Z E, E,'”(.l‘. 2 (Induced field expansion.) (64)

This expansion is then inserted into the integrai equation in Eq. (63). We obtain a
modified integral equation, as (modified since it 1s now only approximate):

N N
Lot | EnEplaz)| + vz = Lo | EyEyqla.2) (65)
n=1 n=1

Using the linearity property ol the operators L. in We can let them act on each
term of the expansion instead of the total field. It is further noticed, that the operators
Leztine actually depend on the type of field mode as well. That is, we have to use
different Green’s functions depending on where the currents are located. We therefore
formally write the operator £ with an additional index n as £,,. This gives:

N N

S EuLesin [Bople,2)] + Hr(e.2) = 501 Lo | Biale,2)] (66)

n=1 n=1



This equation does only approximately hold since we have introduced an approxi-
mation to the induced current in Lq. (G1). The error can however be minimized by

applying a set of testing functions W, (x.z) (m =1--- N) according to the method of
moments [8]. We then get the following set of equations for m = 1,2--- N:

N
Z]" <Leztn [Et,”(a‘!:)] (02> + <E’:"C(x‘z), Ifi"m(r,z)> =
n=1 )

N
= an <Linin [E-‘,.n(.r.z‘)} . ]'T"m(;l‘,z)> (67)

n=1

where the inner product is defined as the integral over the some surface S, as:

<g,h> = //g(x,z)h'(m,z)(lar(lz (68)

The matrix equation in Eq. (67) can finally be written in a more compact form, as:

N
Z 4,., = B, m=123 N\ (69)

=

where:
<L {de( )] (e, > (70)
B, = - <f[.fmc(.q-,:)} AT (ea2) > (71)

It should be noticed that the magnetic field in the slot apertures in general has two
components. So the testing function i "n(x.z) s in general also a two-component vector.
The matrix elements A4,,, and the vector clements B,, are however only scalar quantities
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6 Computed current on different parts of
the antenna.

6.1 Two slot lines forming a microshield line: with
and without coupling included.

In order to check the output of the program it is always wise to check different sub-
parts first. That is, to begin with we do not need to include both the internal (inside
the waveguide) and external (outside the waveguide) parts of the problem. If we first
only study the external part as if the antenna structure was radiating into free space
then we will get a fairly good idea of the behavior of the antenna. The internal part
can then be added afterwards to check the influence of the cut-off waveguide. Further,
we want to go step by step by adding more and more parts to the antenna. That is we
start with the microshield line alone, and then we add a dipole at the end of the feed
line. and so on until the whole antenna 1s tested.

As a first check of the computer program we can check if the current in the two slots
forming the feed line is correct. This current should form a standing wave with peaks
separated by one half of a wavelength. Also, the peaks and minima should have the
same amplitude. Now we may excite the two slots in any location we want. However,
we want the location points to be far away from the antenna that we are going to feed.
Therefore, we place our excitation point at the other end of the feed line. We choose to
place it at the 10:th rooftop-function and we make this choice for both the slots. Also,
the excitation is 'odd’ meaning that the upper line is excited by +1 and the lower line is
excited by -1. This will give a pattern null in the H-plane cut of the feed line diagram.
At the same time there will be an in-phase radiation from the two radiating slot dipoles
which are going to be included later on. The length of the slots are chosen in order to
obtain a maximum field strength at the end of the feed line when the antenna is working
at resonance frequency. Figure 15 shows the magnetic current when no coupling between
the slots is included and Figure 16 shows the influence when the coupling is included.

The currents are computed using only the free space part of the admittance matrix.
The internal part is added to the external later in this report. Also, for the moment we
only look at the operating frequency chosen as 25.53 GHz.

Data:

Number of rooftop functions in the slot. 59

Size of each cell (mm) 0.25
Distance 2w between the slot edges (mm) 0.5
Slot width (mm) 0.25
Frequency (GHz) 25.53
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We see from Figure 15 and 16 that the current forms a nice standing wave pattern
with peaks at regular distances. The distance between the peaks is close to one half
wavelength in free space. The only differcnce when taking the coupling between the two
slots into account is that the amplitude is somewhat affected. One might conclude that
the radiation in the coupled case s less. This 1s reasonable and it is concluded that this
part of the program is working as expected. The end-reactance of this short-circuited
feed line can easily be calculated by the standing wave ratio and the distance of the first
maxima to the end point (see Appendix A). It is also clearly seen where the excitation
is placed. The currents have a peak at this position.

6.2 Microshield line feeding a slot dipole radiating
into free space.

The next step is to include a dipole at the end of the microshield line. The dipole is
formed by the same basis functions as were used in the preceeding subsection. In order
to be compatible with the loop antenna that is going to be tested further on in this
report we choose the dipole length to be about 0.36A at 23.53 GHz. Figure 17 shows
the electric field in the upper part of the microshield line. The current has a maximum
at the center point of the dipole as was pressumed in the foregoing section. This looks
in proper order. It is also seen from Figure 18 that the electric field distribution in the
dipole is symmetrical and has a maximum at the center as it should.

6.3 A loop antenna fed by the microshield feed line.

As earlier mentioned. we want to feed a radiating antenna with the new microshield line.
We have already studied the fluence of adding a dipole antenna but we also want to
see what happens if we feed other types of radiating structures. A simple antenna that
can be fed using the microshield transmission line is the loop antenna that is depicted
in Figure 19. If the feed line is excited in the odd mode then only parts 1 and 2 will
radiate in phase. All the other slots will radiate out of phase to each other.

Number of basis functions on X; Ny, 59
7o X, Ny, 8
-7- X Ny, 8
X Ny, 59
7Y, Ny, 7
S Ny, 17
S Ny, 7
Dimension of one quadratic cell D, 0.25 mm

The length of the loop is adjusted so that the length L is approximately A/2 at the
design frequency. Further, the lines (1) and (2) that are assumed to radiate in phase
are kept as long as possible in order to increase radiation.
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Figure 20 and Figure 21 shows the magnitude of the total current on the upper feed
line z; and the lower feed line x, respectively. From the maximum and minimum we
can calculate the standing wave ratio (5=5.2) and from that we get the input reflection
coefficient I' = 0.67. This reflection cocfliocient 1s in general a litle too high for antenna
applications but we can alwavs match the antenna by for eaxmple a quarter wavelength
transformer or a similar structure, The field sirength in the left most dipole (1) and the
right most dipole (2) is plotted in Fignre 22 and Figure 23 respectively. The field is in
phase and the field strength is approximatcly the same too.

6.4 Adding the internal part of the damittance ma-
trix to the loop antenna.

Now we want to add the internal part of the admittance matrix. The elements only
have non-zero values in the imaginary parts. Moreover the imaginary parts are approx-
imativly the same as in the {ree space case if the waveguide walls are far apart from the
slot sections. Therefore. we may in advance suspect that the currents should have the
same form exept in regions close to the waveguide wall. This is verified by looking at the
plotted electric field strength in parts (3) and (4) of the antenna. The currents on the
(3) and (4) parts do not cross the zero level at the same place as when the antenna is
radiating into free space (Figure 24 and Figure 25). The influence of the waveguide wall
1s making the effective propagation factor in the number (3) and (4) slot different from
other parts of the antenna. This basically affects the oprating frequency of the antenna.
That is. the two in-phase radiating slots are shightly out of phase to each other by a
few degrees (5° — 10°). The field strength in the dipoles and the feed line are plotted in
Figure 26 to Figure 28.

6.5 Quarter wavelength transformer.

In order to better match the loop antenna to the microshield line a quarter wavelength
transformer was tested Figure 29. Such a transformer consists of a quarter wavelength
section of a transmission line with an impedance Z, that satisfies the following condition.

7} = 2,2, (72)

where Z; and Z, are the two impedances to be matched to each other. Now, this
implies that Z;, and Z, should be real if the characteristic impedance Z, of the trans-
former is real. Having an input impedance of the antenna that is in general not real we
cannot get a pure impedance match. However, we always can make the input reflection
coefficient lower. A simple transformer is easily constructed by adding another row of
rooftop functions above the original feed lines. If we let this new line be a quarter
wavelength shorter then we will obtain the desired transformer. This is tested below.



In this test we do not include every coupling coefficient in the structure. This would
be a too elaborate thing to do. \Ve meerly want to see the reaction on the standing wave
ratio as we introduce the transformer. That is. only the coupling between the nearest
lines is included. Figure 30 shows the field strength on the feed line for different lengths
of the transformer section. The results are divided into two figures. Figure 31 shows the
rest of the curves. It is seen that one can obtain a better match with this transformer
section. However. it would probably he a better choice to make a matching network
using a tuning capacitive stub at a certain distance from the antenna. Such stubs can
be made separately on the microshield line without large coupling to the radiating part
of the antenna.

Number of basis functions on X; Ny, 59
Xy Ny, 3

Xy Ny 8

Xy, 59

SR FE Y 7

=) Ny, 17

YNy, 7

CiXs Ny, AT

- X Ny, 41-47

Dimension of one quadratic cell D, 0.25 mm
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6.6 Input reflection coefficient for the loop antenna.

The reflection coeflicient for the loop antenna as a function of frequency is shown in Fig-
ure 32. The different coefficients are shown between 22.98-27.45 GHz. The curve shows
a minimum magnitude of reflection around the design frequency at 25.534 GHz. The
curve is obtained by using a qubic spline fit of the real and imaginary parts of the input
impedance. The spline curve shows a resonance loop around the design frequency 25.53
GHz. The input impedance can be matched to the microshield line by placing a tuned
capacitive series stub at an appropriate distance from the antenna load plane.

Number of basis functions on X; Ny, 59
- X, Ny, 8
R Ny, 59
- Y Ny, 7
-7 Y, Ny, 17
- Y, Ny, 7
Dimension of one quadratic cell D, 0.25 mm
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Figure 32: The predicted normalized impedance as a function of frequency for the

microshield line-fed loop antenna. The reference plane is at the feed

0.5 mm, L is approximately /2 at

0.25 mm, W=

point of the loop. S

19 GHz.
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6.7 The computed far-field from the loop antenna.

Having calculated the amplitudes of all the current elements by matrix inversion it is
pretty straight forward to calculate the farfield radiation pattern. Every basis function in
the antenna contributes to the far field by phase and magnitude and location in the array
of basis functions. The equations for the far field are summarized in Section 4. Both
the cross polarized and the co-polar field may be calculated by this method. These two
orthogonal components are calculated separately since only one direction of the current
causes radiation in a specified direction.
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Figure 33: The predicted radiation pattern at the design frequency (19 Gliz) for
the loop antenna.

In Figure 33 It is seen that the E-plane cut is relativly flat while the H-plane cut is
somewhat broader. As was expected, the cross-polar radiation is zero at broadside but
increases as the observation angle increases. The cross-polar level might be expected
to be lower than it actually is. The higher level is due to spurious radiation from the

two arms denoted (3) and (4). Another configuration of the radiator might give a lower
cross-polar radiation.




7 Conclusions

The microshield line is a suitable feed for antennas at frequencies in the sub-mm fre-
quency range where radiation loss and ohmic losses might be a serious problem. The
effective wavelength in the microshield structure is close to the free space wavelength
which makes it easy to design an antenna for a specific frequency. Another advantage is
that the size of the antenna is larger than when using dielectric substrates which simpli-
fies the design at higher frequencies. Moreover, matching networks can be made using
the same structure and be designed separately without including the radiating antenna.
The low coupling in these kind of structures makes this possible. The relatively high
cross-polar radiation level from the loop antenna at wide angles might be a problem.
However. this radiation is due to the electric field in the out-of-phase parts of the loop
antenna. Another design of the antenna is likely to reduce the cross-polar radiation
level. It is concluded that the new monolithic microshield loop antenna can be used as
a good low loss radiator at sub-mm frequency range.
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8 Appendix A: VSWR and reflection coef-
ficient.

The voltage along any transmission line (Figure 34) can be written as a summation
of two waves: one going in the positive x-direction (V+e=7*:%) and one going in the
negative x-direction (1'~et/%27). The sum of these two waves form a standing voltage
wave as:

V(z) = Vteriksz 4 V-etiksr (73)
or
V(r) — V+6-—jkzr(1 + 1‘(0)6+j2k1r) (74)

where ['(0) is the reflection coefficient at the load plane. We can define a voltage standing
wave ratio by taking the ratio of the maximum voltage to the minimum voltage. The
minimum and maximum voltages are evaluated as follows:

V()] = |[VHethar 4 Voetiker| = |VH||1 4 D(0)e*i2ke| (75)

The maximum occurs when the phase of the reflection coefficient is zero and the mini-
mum occurs when the phase is —180° which gives:

V(@)|mar = VF|(1+]T(0)]) (76)

V(@i = VFI(1 = T(0)]) (77)

from the maximum and minimum voltages be obtain the voltage standing wave ratio

(VSWR) as:

VSWR = § = V(z)max _ 1+ |I(z)] _ 1+ |T'(0)| (78)

V(@©min 1= 1-]1(0)

where:
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V—- +ikzx
M(z) = ——

= T(0)e+izhse (79)

"'+6"]k11'
or the reflection coefficient at the load plane can be written as:
['(0) = I(x)e 7%z (80)

so, 1f the magnitude of the reflection coefficient is calculated at a maximum (at z = —d)
to the left of the load, we get the reflection coefficient at the load plane as:

T(0) = T(—d) e+izked (81)

The input impedance at the load plane is then easily obatined from the reflection coef-
ficient by the following relation:

Zr — Zy
) = — 9
0 = 375 (52)
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Figure 34: The standing wave pattern on a ideal transmission line. The reflection
coefficient is obtained from the maxima and minima of the current or

voltage.
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