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MCC121

Exam in Microwave Engineering

Friday, December 16,2011, 14:00 - 18:00, “Vig och vatten"-salar

Teacher: Jan Stake phone: 031 -772 4893
Questions: Joel Schleeh phone: 031 -772 3609
Terahertz and millimetre wave lab., Chalmers University of Technology, MC2-building, 6™ floor.

The inspection of the results can be done in my office (D615) on Monday, January 9", 13:00-14:30.
The final results will be sent to registrar office on Tuesday, January 10", 2012.

This is an open book exam. Everything except personal computers (MAC, PC, etc) and living
advisors is allowed.

- Calculator (any type of programmable calculator)

- Copies of the lectures viewgraphs

- "Foundations for Microwave Engineering” by Collin

- Mathematical handbook

- D. A. Frickey, “Conversions between S,Z,Y,H, ABCD,and T
parameters which are valid for complex source and load impedances,”
IEEE Transactions on Microwave Theory and Techniques, vol. 42, no. 2,
pp- 205-211, 1994.

- Smith charts

To pass this written examination, you need at least 24p out of 60p. Final grade of the course
will also include results from assignment 1. That is: 3 (>28p), 4 (>42p) and 5 (=56p).
Teamwork is not permitted on this examination. The university academic integrity policy will
be strictly enforced. Failure to comply with the academic integrity policy will result in a zero
for this examination.

Make sure you have understood the question before you go ahead. Write shortly but make
sure your way of thinking is clearly described. It is imperative to clearly explain how the
results have been obtained. Solve the problem as far as you can — constructive, creative and
valuable approaches are also rewarded. Assume realistic numbers/parameters when needed if
data is missing in order to solve the problem.
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Problem 1
For the double-T network below, find the admittance representation.

AAN——A-
RN N
T AP

(10p)

Problem 2

A Wilkinson power divider splits the incident power (port 1) equally between port 2 and 3, or
combine power from the ports 2 and 3 into port 1. The ideal S-matrix is given as:

s) _1[Ojj]
sl=_=|j o0 o
VZ[j 0 o

Find the port 1 return loss and input impedance if port 2 is terminated with 75 ohm and port 3
with 25 ohm.

(10p)
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Problem 3

In many practical applications, it is often desired to combine distributed and lumped
(capacitors) elements. For instance, by mounting a shunt-connected capacitor along a fixed
length of transmission line, it is possible to tune a circuit after it has been manufactured (by
adjusting the shunt connected capacitor).

Design such a matching network that transforms the load Z, = 30 + j10 Ohm to an input
impedance of Z;, = 60 + j80 ohm. Find the appropriate value and location for a shunt
capacitor.

1 @2

Zin Zc=50 ohm | Zc=50 ohm 7L

(10p)
Problem 4
It is possible to design a coupler according to the figure
@ Z,,0 @
IZI—’@,—’:|
Calculate coupling and isolation for this coupler if
Z,,=2.9655,7 =0.3372
Z,, =1.2308,7,, =0.8125
Z,=7,=1,0="
2l
Calculate also the phase difference between the direct and coupled signal.
(10p)
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Problem 5

A cylindrical resonance cavity made of copper (0 = 5.819E+7 S/m) is filled with an unknown
dielectric material. The cavity’s radius and length are a=2 cm and d=2a. The highest quality
factor (Q) was measured for a resonance at 6 GHz.

|
|
|
|
—_—— e i
- - -

Determine the dielectric properties of the dielectric material filling this cavity.
(10p)

Problem 6

A new type of movable backshort has recently been proposed. The idea is to realize accurate
waveguide impedance tuners for millimeter wave region.

Slab_
Guide channel —

el T 1 Vi .

e e L—d—e—k

Fig. 1—Dielectric loaded waveguide gecmetry.

From “T. Kiuru, V. S. Méttonen, and A. V. Réisénen, “W -Band Waveguide Impedance Tuner Utilizing Dielectric-Based
Backshorts ,” IEEE Transactions on Microwave Theory and Techniques, vol. 55, no. 8, pp. 1659-1665, Aug. 2007.”

N

Wavéguide end

A dielectric slab is inserted into a rectangular waveguide as described above. Determine the
physical length of the loaded waveguide section in order to achieve a phase change of 90° at
100 GHz (fundamental mode). The dielectric slab has a dielectric constant of €¢=2.5 and a
thickness of 0.5mm. Waveguide size is 2,54 mm x 1,27 mm (WR-10). Neglect small
reflections at the junction between the unloaded and the dielectric loaded waveguide.

Hint! Read enclosed paper “Propagation in Dielectric Slab Loaded Rectangular Waveguide”

(10p)

Good Luck!

JS
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Enclosures: Smith Charts, W. P. Ayres, P. H. Vartanian, and A. L. Helgesson, “Propagation in
Dielectric Slab Loaded Rectangular Waveguide,” Microwave Theory and Techniques, IRE
Transactions on, vol. 6, no. 2, pp. 215-222, 1958.
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Propagation in Dielectric Slab Loaded

Rectangular Waveguide*
P. H. VARTANIANY, W. P. AYREST, axp A. L. HELGESSON?

Summary—Propagation in dielectric loaded rectangular wave-
guide is investigated theoretically for varying slab thickness and di-
electric constant. The slabs are placed across the center of the wave-
guide in the E plane. This geometry is found to offer bandwidths in
excess of double that of rectangular waveguide for dielectrics having
dielectric constants of approximately 18. Power handling capacities
which are double or triple that of standard waveguide are achievable
using the dielectric loaded waveguide. In addition to the theory,
design curves of bandwidth, guide wavelength, cutoff wavelength,
impedance, power handling capacity, wall losses, and dielectric
losses are presented and compared to experiment where possible.

LIST oF SYMBOLS

kE=w/c=w\ o= 27/No.
k. =27/N.
B =2m/\,.
\o =Tfree-space wavelength.
A, =guide wavelength.
A =guide cutoff wavelength.
wo =free-space permeability.
¢ =free space permittivity.
€= &€y =complex permittivity.
=¢ (&' —j&")
&' =relative dielectric constant.
&” ==loss factor.
tan 6 =8"/8" =loss tangent.
7=1\"o/€o=2377 ohms.

r=s/d={(c/a)/(1—c/a).
INTRODUCTION

ITH the development of low-loss, high-dielec-

tric constant materials, a new tvpe of waveguide

transmission line offers advantages in band-
width and power handling capacity over conventional
waveguides. The geometry to be considered is a rec-
tangular waveguide loaded with a dielectric slab placed
across the center of the waveguide in the E plane. That
this geometry would broad band the rectangular wave-
guide is readily apparent by comparison with the ridged
waveguide. Both the ridged and the dielectric loaded
waveguides add capacitance to the dominant mode,
while only slightly affecting the capacitance associated
with the next higher mode. The dielectric loaded wave-
guide, unlike the ridged guide, does not reduce the air

* NMaunuscript received by the PGMTT, October 4, 1057; revised
manuscript received, December 6, 1957. This work was performed at
the Microwave Physics Lab., Sylvania Elec. Products, Inc., and was
sponsored in part by the U. S. Army Signal Corps under Contract
No. DA 36-039-SC-73188.

+ Microwave Eng. Labs., Inc., Palo Alto, Calif.; formerly with
Sylvania Microwave Phys. Lab., Mountain View, Calif.

1 Massachusetts Institute of Technology, Cambridge, Mass., on
educational leave from Sylvania Microwave Phys. Lab., Mountain
View, Calif.

gap and, consequently, the power handling capacity,
but instead adds material having a higher breakdown
strength to the region where breakdown is most likely.
Consequently, the power handling capacity is higher
with the loaded waveguide. The general results, if com-
pared to ridged waveguide, are that the dielectric
loaded waveguide is superior in every respect, with the
assumption that suitably low-loss dielectric materials
are available.

This work theoretically investigates the propagation
characteristics of the TE,, modes in dielectric loaded
waveguide. The analysis yields design curves of band-
width, guide wavelength, cutoff wavelength, impedance,
power handling capacity, wall losses, and dielectric
losses. Previous treatments of dielectric loaded rec-
tangular waveguide have considered the cutoff relations!
and other loading geometries.® Berk,® by variational
methods, has derived approximate relations for the
guide wavelength.

GENERAL THEORY

The geometry of the dielectric slab loaded waveguide
is shown in Fig. 1. It consists of a dielectric slab mounted
in the E plane at the center of a rectangular waveguide.

y

e

F

¢ L—d———-
a

Fig. 1—Dielectric loaded waveguide geometry.

The two types of modes corresponding to TE and TM
modes are called the longitudinal section electric (LSE)
and longitudinal section magnetic (LSM) modes. The
LSE mode is characterized by E,=0 and the LSM mode
by H,=0. Considerations of the boundary conditions
lead to the fact that for modes having no ¥ dependence

1 C. Montgomery, R. Dicke, and E. Purcell, “Principles of
Microwave Circuits,” McGraw-Hill Book, Co., Inc., New York,
N. Y., Rad. Lab. Ser., vol. 8, pp. 386-387; 1948. This work appears
to have typographical errors in several of the equations. The curves,
however, are correct at the calculated points.

2 1,. Pincherle, “Electromagnetic waves in metal tubes filled
longitudinally with two dielectrics,” Phys. Rev., vol. 66, pp. 118-130;
September, 1944,

5 A, D. Berk, “Variational principles for electromagnetic reso-
nators and waveguides,” IRE TraNs., vol. AP-4, pp. 104-111; April,
1956,
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of fields, the LSE mode is a TE mode (i.e., E, is zero).
Thus, for these modes with propagation according to
exp j(wt—pBz), Maxwell's equations give the following
relations:

WHo
E, = — 7 H, (1)
JE, :
—— = — jouH (2)
dx
3

From (1) through (3), it can be shown that

62

:+@H—BWL=O (4)

where € =8¢, is the dielectric constant in the region under
consideration and k?=w?%ouo, the square of the free-
space wave number. Since we have assumed modes
having fields which are independent of v, let

= Aglx)ers0 (s)
and from (1) and (3)
1 .
—— in I
B2 — 32
) oH, 1 .
E, = jwue PP —E; in IT

For the purpose of analysis, the TE modes are sepa-
rated into TE,4a,0 and TE.ven, o modes. For the TEodd,0
modes, g(x) is an antisymmetric function about the
center of the guide. Hence, let
px

cos — in I

. 9 fca .
g(x) = { B sin— 7—95 in II

N

in III 7

— cosg(a—x)

where p and ¢ are unknowns and s=c¢/2. From (4), (and
for all TE modes),

(%)
()

The boundary conditions that H, and E, be continuous
require

k? — g (8

I

I

&k2 — B2, ‘ (9)
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B=22 (10)
sin ¢
tan p cot ¢ 11)
g
where
s c/a
- r - 1 - c/;z_ .

The limits on  and ¢ for the TE,, modes (n odd) are

0<g<—
>0 > h
© < p ( 7’) (12)
- 2
Eliminating 8 from (8) and (9), there results
2 _ 22+(8—1)<7’ka>2 (13)
et T\

which along with (11) and (12) permits finding p and g.

As a function of slab thickness, ¢2 is zero for zero slab
thickness and increases monotonically to (nw/2)? for in-
creasing slab thickness. The quantity p?, on the other
hand, is (nw/2)? for zero slab thickness. As the slab is
increased in width, p? decreases to a negative minimum
returning asymptotic to zero for a dielectric filled guide.
The negative values of p? indicate that the fields are
experiencing exponential decay outside the slab. For
such values of p2, it would be imagined that the metallic
walls at x=0 and x=a could be removed with little ef-
fect on the propagation characteristics. This has been
experimentally verified for a slab of §=9. Curves show-
ing the transverse electric field as a function of fre-
quency are shown in Fig. 2. Itis seen that for frequencies

£-25 % ka-2.89
[o}-13 3863,p=0
512
OB+
° 589
w
>
W& oaf
0.2
0.0l L . f 1 F " L N
02 Q4 06 08 [Ke}

X /0

Fig. 2—Electric fields in dielectric loaded waveguide for
several frequencies,

and slab thicknesses producing large negative values of
p%, the energy is highly concentrated in the dielectric
slab. The p?=0 condition is of interest since the electric
field in the air space has a constant gradient. For
ka=3.63, the fields are linear in the air space. For a
higher frequency, the fields decay exponentially in the
air spaces.
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Fig. 4—Cutoff wavelength for the TEq0 mode.

PrOPAGATION CHARACTERISTICS

The cutoff frequency relations are easily found by
setting 3=0 in (8), (9), and (11). This leads to the
equation for cutoff for the TEqaa,0 modes

k.a 1 VEk.ar
tan ————— = —— cot ~——— (14)
2(147) /68 21+ 7)
where
_ 27rfcutoff
‘ c

Similarly, it can be shown that for the TEeven.o modes
that

Vartanian, Ayres, and Helgesson: Dielectric Slab Loaded Waveguide
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Fig. 5—Cutoff wavelength for the TE3zo mode.
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kea 1 Erkea
n - = — —tan e
2(1 +7) RVLS 2(1 + )

ta (15)

The normalized cutoff wavelengths calculated from (14)
and (15) for the TE;y, TEs, and TE;z modes are shown
in Fig. 3 through Fig. 5 as a function of slab thickness
and dielectric constant. The bandwidth, defined as the
ratio of the cutoff wavelength for the TEy, mode to the
cutoff wavelength for the TEy mode is shown in Fig. 6.
It is shown that for each dielectric constant there is a
slab thickness which gives maximum bandwidth. This
slab thickness, called the optimum slab thickness, and
the associated maximum bandwidth are plotted in Fig.
7. Tt is seen that a slab of dielectric constant 18.1 can
double the bandwidth of air filled waveguide. A dielec-
tric constant of 9 gives a 1.68 improvement in band-
width.

For the TE;, mode, the ka vs Ba plot is calculated
from (11) and (13). The quantities ka and Ba are the
reciprocals of the free space and guided wavelengths
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Fig. 8—ka vs Ba plot for §=2.5.

normalized to the waveguide width. Fig. 8 through Fig.
10 are the results for dielectric constants of 2.5, 9, and
16.* Asymptotes for ka=8a and ka=Ba/\/& also are
shown. For sufficiently high frequency, the curves are
all asymptotic to ke =Ba/v/s. The ¢/a=0 curve is, of
course, asymptotic to ke =Ba. From (8) it can be shown

that
A 2p(1 n -2
" {l_l' 2( +7):|} ’
L

R, 16
)\0 ka ( )

¢ These dielectric constants were chosen to give a range of data
which would be useful for commonly used low-loss dielectrics. These
materials are available in the form of titanium dioxide loaded poly-
styrene (& =2.5 to 25).
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Fig. 10-ka vs Ba plot for &=16.

where A, and A, are the guide and free-space wave-
lengths. This shows that for frequencies and geometries
where 2p(1+47) <ka, the guide and free-space wave-
lengths are approximately equal. This also shows that
the points where $2=0 lie on the ka =g line in Fig. 8
through Fig. 10.

Experimental points are shown on the & =9 curve and
show very good agreement with the theory. These
measurements were made in X-band waveguide. It is
interesting to note in passing that this X-band wave-
guide with a dielectric slab 0.126-inch thick has upper
and lower frequency cutoffs of 11.93 and 3.54 kmec.

The slope of the line from the origin to points on the
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Fig. 12—Normalized power voltage impedance for &=9.

ka vs Ba plot gives the group velocity of the structure.
It is seen that over certain frequency ranges the dielec-
tric loading can give a relatively constant group ve-
locity. As such, this type waveguide could be useful in
devices requiring a slow wave structure.

IMPEDANCE
The wave impedance defined by

E, ka

Zy = =n—
’ H, Ba

where 7 =377 ohms can easily be found from the ka vs
Ba curves.

The power-voltage impedance can be defined by

Vv*
2P

Zpy =

where P is the power carried by the guide and V is the
voltage across the center of the guide. From (6)

Vartanian, Ayres, and Helgesson: Dielectric Slab Loaded Waveguide
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cosqg | px
0 — sin —
sin p d
g {a
E,=3Ejcos—|——x
s\ 2
coS g
o —— sin — (¢ — «) (17)
s p
where
s Jouedp sin p _ Jouod Bg
- (k? — B%)d cos ¢ Bk — B)s
The power in the waveguide is
1 E¢*abR ,
P=—— f E,H *dxdy = — (18)
2. 471 +7)
voere
sin 2 cos ¢\ ? sin 2
e 2 (-2
2q sin p 2p
Hence, from (18)
W(14+7) b ka
o= T (19)

R a Ba

This impedance has been calculated and is plotted for
£=2.5, 9, and 16 in Fig. 11 through Fig. 13.

PoweErR HaANDLING CAPACITY

The power handling capacity is calculated from (17)
and (18). It is assumed that the waveguide will break
down at the point of highest field in the air space. This
point obviously is at the surface of the dielectric or at
x=d. With this assumption
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Fig. 14—Power handling capacity for £=2.5. The ¢/a =0
curve represents unloaded waveguide.
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e 49(1 4 7) cos? g \ka

where Eu is the breakdown electric field in air. The
quantity Pmax/FEs’ab is plotted as a function of fre-
quency with slab thickness as a parameter for dielectric
constants 2.5, 9, and 16 in Fig. 14 through Fig. 16. The
¢/a=0 curves give the maximum power for the un-
loaded guide. :

It is noted that for very thin slabs the power handling
capacity is below that for the unloaded guide. This is
because the energy is drawn toward the slab, but the
slab is not thick enough to contain the region of high
field. As the slab thickness is increased, the energy. is
further concentrated, but the high fields are now con-
tained in the dielectric. Consequently, the power han-
dling capacity exceeds that for the unloaded waveguide.
For the & =9 case, for the slab thickness corresponding
to maximum bandwidth, the power handling capacity
is almost twice that for unloaded waveguide.

The assumption of breakdown at the dielectric sur-
face fails when the field for breakdown in the dielectric
becomes less than Fu/cos ¢. In this case, Eu/cos ¢
should be replaced by the breakdown electric field for
the dielectric.

A practical problem in achieving high-power handling
capability is the complete elimination of air gaps be-
tween the dielectric slab and the waveguide.: A small air
gap is equivalent to a small capacity in series with a
large capacity (the dielectric slab) and breakdown is
very likely across this small gap. As seen from Fig. 14
through Fig. 16, the power handling capacity of the
loaded waveguide can be considerably in excess of the

(20)
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Fig. 16—Power handling capacity for § =16. The ¢/a =0
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unloaded waveguide. In general, transforming sections
from unloaded to loaded waveguide (especially those
utilizing thin slab matching sections) will limit the
power handling ability of the transmission line.

WAVEGUIDE LOSSES

Since the magnetic fields are being concentrated
about the slab, it might be expected that the waveguide
wall losses might be considerably increased by the addi-
tion of the dielectric slab. In general, while the losses
are increased, the increase is not significant. The power
dissipated in the waveguide walls is
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Fig. 17—Wall losses in dielectric loaded waveguide for &=2.5,

R,
P, = 7f | H,|2dS

where R, is the surface resistivity of the metal wave-
guide walls and H, is the magnetic field tangential to the
waveguide wall. Here as usual it is assumed that the
loss free H, is a good approximation to the actual H,.
The attenuation per unit length due to wall losses is

P,
2P

(227

Performing the indicated integrations and substituting
from (1), (5), (17), and (18), we find

o GIOLG) -]

-[R’ 201+ 7) fl(COS qﬂ% + 1} (1)

a \sin p

N . , .
-GS (-5

sin p 2p p/ r 2q
These waveguide losses are plotted in Fig. 17 through
Fig. 19 for dielectric constants of 2.5, 9, and 16. The
aspect ratio has been chosen to be 2:1. The losses are
found to be comparable in magnitude to the unloaded
waveguide losses except for effects connected with the
lowering of the low-frequency cutoff by the dielectric
addition. An interesting point is seen where the addition
of a dielectric slab actually reduces the waveguide losses.
This is because the low-frequency cutoff is reduced,
thus reducing the transverse currents in the waveguide
and consequently reducing the waveguide losses.
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Fig. 19—Wall losses in dielectric loaded waveguide for &=16.

DieLECTRIC LOSSES

Dielectric losses are calculated from

a/2 pb | E J al2 b
Py = Zf f —fﬂildxdy = :rf Jr | E, |2dxdy,
d 0 2 d o
Py
o = w8 €, aq = 2P .

Performing the indicated integration, and substituting
from (17) and (18), the dielectric loss in found to be
given by
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Fig. 20—Dielectric losses for §=2.5.
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Fig. 21—Dielectric losses for & =9,

( sin 2¢
{14 )
aga &'ka <ka> 2q
tans 2 Ba R

Plots of dielectric loss as a function of frequency with
slab thickness as a parameter are shown in Fig. 20
through Fig. 22. It is apparent that, as might be ex-
pected, losses are highest for thick slabs and high fre-

(22)
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Fig. 22—Dielectric losses for §=16.

quencies. For a typical dielectric with.&" =9, &"=0.005,
the loss per meter in X-band waveguide with ¢/a=0.15
and ka=4.0 is approximately 1.1 db/meter.

CoNCLUSION

Dielectric slab loaded rectangular waveguide can af-
ford significant advantage in bandwidth and power
handling capacity over unloaded rectangular waveguide.
It has been shown that by proper choice of dimensions
and dielectrics, the bandwidth and power handling ca-
pacity can be significantly increased. The waveguide
wall losses were found to be larger than, but still com-
parable to, those of unloaded waveguide. Finally, low-
dielectric loss materials should permit reasonably low-
loss transmission properties.
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