T2R2 rIgA2US-FURIMY

Tokyo Tech Research Repository

oo /00000
Article / Book Information
oo@a)
Title(English) Study of single layer slotted waveguide arrays
oo@a) OOoooo
Author(English) Sakakibara Kunio
oo@a) OO0:00@0),
oOooooo:0oo0ooa,
OO000:0031800,
O0000:19960 30 2601,
ooooo:0o0o0a,
Oo0o:
Citation(English) Degree:Doctor (Engineering),
Conferring organization: Tokyo Institute of Technology,
Report number:[J [0 318001,
Conferred date:1996/3/26,
Degree Type:Course doctor,
Examiner:
oooo@a) oood
Type(English) Doctoral Thesis

Powered by T2R2 (Tokyo Institute Research Repository)


http://t2r2.star.titech.ac.jp/

Doctoral dissertation
Study of

single layer slotted waveguide arrays

December 1995

Under the supervision of

Professor Makoto Ando

Presented by .

Kunio Sakakibara

Department of Electrical and Electronic Engineering

Tokyo Institute of Technology



Contents

Chapter 1. IntroducCtion ...........cc.coccooiiiiiiiiiiii e, 1
1.1 Planar antennas «..ooccueeeeeeeerieeeenerieeeeeeniniiiie e e e |

1.2 High frequency application of planar antennas ........................ 2

1.2.1 vEntrance radio relay system ( 22 GHz band ) ........cocoevvevvvnnennene. 2

1.2.2 Car collision avoidance radar ( 60 ~ 80 GHz band ) .................. 3

1.3 Slotted waveguide planar antenna ....................... et 3

1.4 Summary of this study .......ccccciiiiiiiiii e, 4
RETEIEIICE .vvieiieiiie ettt 6

Chapter 2. Single layer slotted waveguide array

and key technology for higher frequency ........ .15

2.1 Introductory r€mMarks .....cc.eccceeerveeierieeciee e 15
2.2 Structure of the single layer slotted waveguide antenna ........ 16
2.3 Structural limitations in fabrication ........ccccveevvevvnnnnnn. e 17
2.3.1 Limitation of waveguide wWidth ...........cccevvvreiiinreeniiireeieneees 17

2.3.2 Limitation of structure of T-junction at the input port ............. 18

2.4 Unique loss of the antenna with single layer feed structure ... 19

2.4.1 Transmission loss in the bonding-type antenna (B) ................. 19
!2.4.2 Pattern degradation of the welding-type antenna (W) .............. 19
2.4.3 Frequency shift due to extention both of the slot plate
and the grooves of brazing-type antenna (R) ............. 21
2.5 Alternating phase feed SYStem .....ccoovevvvvreriniienienieenirieeene, 22
2.5.1 Principle of alternating phase feed system ..........ccccoieiiin. 22
2.5.2 Experimental 1€SUIS ....cocveveeevieiiiiniiiniiiniie et 23
2.6 Concluding remarks ......ccoviviiiiiii e 24
RETEIEIICE ettt e e 24



Chapter 3. Basic analysis and design of slots ..................ol 39

3.1 Introductory re€marks .....cocveecrveeceireeieicie et 39
3.2 Array antenna configuration ........ccececcveeeeeveeesreecsievneeeenrennnnns 40
3.3 Antehna/design PrOCEAULE ...oivviiiiiiiiieiieee et 41
3.4 Slot conductance analysis In @n array ......ccceecveeevieeeresrveeseeenns 42
3.4.1 Green’s functions for simulating mutual coupling ................... 42

3.4.2 Slot admIttanCe ....c.ocoevmeriiiieceeienie e, 44

3.4.3 Numerical reSUlS ...ovvvieriiniin et 45

3.5 AITay deSIEN cuveieieiiiiie et 45
3.6 MEASUIEIMENTS .ueveeviiiieeieieeeiiirteeesreeesreeenraeesrreesevresesesbeesaneeeas 46
3.7 Concluding remarks .......ccccooveeeviieeviiniavieeniie e 47
RETEIEICES ..uiioiiiiiiiiiieiet ettt e 47
Chapter 4. Linearly-polarized shunt slot array ........................... 56
4.1 Introdﬁctory (S 41119 GRS 56
| 4.2 Design of radiation waveguides ........cccoveveieecrieveececireciee. 57
4.3 Experimental results of the test antenna in 22 GHz band ....... 57
4.4 Application in higher freqUency ..........ccoevvivveeveieviceieceeenee 58
4.5 Concluding remarks .....coocoveeerinieeieiieeerriee et ecevrreeee e 60
REFETEICES +v.vveereveofeeeseeeeer e e sesseeeesseesesseeeeeseeeseeeeesessseeeessenne 60

Chapter 5. A two-beam slotted leaky waveguide array

for mobile reception of dual polarization DBS ....... 69

5.1 Introductory remarks ............................. 69
5.2 Optimization of aperture distribution ...........cccocvereenieniiennen 70
5.2.1 Uniform slot coupling (A) .....cccoeevrinnene. e 72

5.2.2 Optimum distribution of slot coupling (B) ...c.ccccecevvvervniiininn. 73

5.2.3 Optimum aperture diStribUtion .........coccoeerererricereenenenineeennns 74

1



5.3 Design and experimental TeSULLS .........coeevvivvieeireieeeeeeenenes 75

5.4 Concluding remarks ....occcvveeereeeeereciieesiiieeie e e e s 76
References ....coooveevvineveccrecennienenn, e 77
Chapter 6 Reflection-cancelling slot pair array .......................... 86
6.1 Introductory remarks ......... e 86

6.2 Reflection-cancelling SIOt Pair ......ccoevecveeiivirnieeeineernieeieeee, 87

6.3 Analysis .............. e S 88

6.3.1 Analysis model ..o, ettt et sae e 88

6.3.2 Integral €qUALIONS ......coevireirierrerieneere et 88

6.3.3 Dyadic green’s function ........cceccveecveernreeeeceennnnenn v 89

6.3.4 Galerkin’s method .......cccocevvievinviniiirice e 91

6.4 DIESIGI ..vvvreveieieieiieiitceeteees ettt et s b et sae s s e 92

6.4.1 SI0t PAIr AESIGI cvveeveeiiirierieceeitrreree et e s et se e e sieeseesneeeenae 92

6.4.2 AITAY AESIZN covveiiierriieniieieeeneteesiie et e seeeesstessbeeeesbseesnseaaaeeenn 93

6.5 Numerical results ....ooviiccviiiiiiiiieeieece e 94
6.5.1 MOGE] ANEEMNA e eeeseereeeeermmmeeesneresessessesesreessssssessseesn 94

6.5.2 Calculated results of test antenna ........ccoccceveevireeercicninncnnnee. 94

6.6 Experimental results ..o 95

6.7 Concluding PEIMATKS ..eitiiiieiieteiie ettt e 96
References ........... e et e et e e e et e tr e e aaeanteeeans s 96
Chapter 7 ConcluSIOn ............cccooevveiiiiiiieeieecee e, e 106
7.1 Summary of preceding chapters ..........ococevviineiiiiinicinine, 106

7.2 Remarks for future studies .......cccoeeveverveeeniieeeennnn. I 108
Acknowledgment ...... e 109
List of publications ................ e JEE 110

iii



Appendix A: Determination of slot spacing ............................ 113

Appendix B: Aperture illumination estimating model ............. 114

Appendix C: Analytical expression
- of aperture field on the slot ....................... 115

Appendix D: The euler equation for calculus of variations ..... 118

Appendix E: Design of the leaky waveguide

array antenna ...................ccecoo.oe. 119



Chapter 1. Introduction

1.1 Planar antennas

- Planar antennas are arrays which consist of many radiation elements on the
aperture. They are low profile, high efficiency and high applicability in comparisen with
low cost parabolic reflector antennas. Patch antennas fed by microstrip, triplate and
suspended lines are popular planar antennas [1-1]-[1-3]. RLSA ( Radial Line Slot
Antennas ) [1-4], which are developed in our laboratory, RLH ( Radial Line Helical
Antennas ) [1-5] and RLMSA ( Radial Line Micro Strip patch Antennas ) [1-6] are
planar antennas fed by radial waveguides [1-7]. Figure 1.1 summarizes the state of the
antennas for DBS reception ( 12 GHz band ) [1-8]. The antenna gain is proportional to
the aperture size. The parabolic reflector antennas are low-efficiency for small antennas
due to the spillover and the shadowing by the feed horn and the arm. They are suitable
for the large antennas. The antenna efficiency of the planar antennas decreases with
increasing the aperture size du\e\to the feeding loss. The feeding loss of the radial -
waveguide is extremely small since it is a waveguide structure. High efficiency is
realized even for large aperture in the respect of the radial waveguide antennés. The .
result of the single layer slotted waveguide array for DBS reception in Japan is also in
the figure. The gain is relativel}; low. However, high efficiency of 75 % is obtained [1-9].

The feeding,\loss of the microstrip line degrades the antenna efﬁcienéy seriously
in higher frequency band. Figure 1.2 summarizes the resultant antenna efficiency for the
frequency and the gain [1-10]-[1-15]. The antenna efficiency of the microstrip and the
triplate patch antennas still remains in the lower level for higher gain and higher
frequency. The efficiency of the single layer slotted waveguide antenna results 75.6 %
for high gain of 35.9 dBi in 22 GHz band. Fuﬁhermore, the efﬁcienéy of 60 GHz band
antenna results 58.8 % for 35.1 dBi gain. Such a high efficiency can not be realized by
any other type antennas in this frequency and gain range. High efficiency planar

antennas with simple structure can be realized in this research.



1.2 High frequency application of planar

antennas

Lower spectrum have been crowding and higher frequency such as millimeter-
wave is planed to use with development of new technologies in recent years. 59~60
GHz is assigned experimental frequency bénd and 59~64 GHz is to-be-developed band
for broad applications in order to advance the domestic development activities in Japan
[1-16]. By using these frequency bands, several application systems are considered and
developed- intensively, such as the indoor wireless LAN ( Local Area Network ),
COMETS ( COMmunications and broadcasting Engineering Test Satellite ), the car
collision avoidance radar. Figure 1.3 shows required antenna performance of each
‘millimeter-wave band  application. The automotive radar requires highest antenna
performance which covers the other use of the technology. One of the objectives of this
dissertation is to realize the antenna performance for this use. The preceding trial is the
development of the antenna for the entrance radio relay system which requires high-gain

L\
antenna in lower frequency band of 22 GHz than the millimeter-wave band.

1.2.1 Entrance radio relay system ( 22 GHz band )

Mobile communication is becoming popular and the number of base stations is
growing rapidly. A lot of base stations have been connected to the central.one by wired
communication. High cost for installation of cables is serious problem for setting up the
base stations on the top of the tall buildings. The entrance radio system is proposed for
connecting base stations by wireless communication as is shown in Fig. 1.4 [1-17].
Three sizes of the antennas, 33, 39 and 45 dBi at 22.0 ~ 22.6 GHz and 22.6 ~23.2 GHz
band, have been considered and the service has just started in Japan. High efficiency and
low profile flat antennas are expected instead of parabolic antennas in order to install on
the walls of {he buildings. The first target is to realize the gain higher than 33 dBi in 600
MHz bandwidth at the 22 GHz band. The development of the antennas is located at the

first step in order to apply to much higher frequency use.



1.2.2 Car collision avoidance radar ( 60 ~ 80 GHz band )

The radar technology for military use is adopt to the commercial use. In finding
obstacles or other cars in forward direction, the system gives the information of their
existence to the driver or brakes the vehicle automatically as is shown in Fig. 1.5 [1-18]-
[1-21]. With an increasing in awareness of safety of vehicles and the background of
public demand, the radar is becoming an important key-devices for protection from the
car collision. The required characteristics of the radar antenna are as follows;

1. The beam width has to be small in order to obtain high angular resolution. The
desired beam width is 2 degrees at half power points where the directional gain is
42 dBi.

2. The low side lobe and the large dynamic range up to 40 dB are necessary in order to
suppress interference. A small sports car in the lape of operation and a large truck in
the adjacent lane have to be distinguished.

3. Since the radar antenna is installed in front of a car, a low profile planar antenna is
suitable.

This system requires high-gain, high-efficiency, low-profile antenna for high-frequency

use. Two types of the systems; laser radar and millimeter-wave radar, are proposed. The

| development of the laser radar precedes the millimeter-wave antenna. The wavelength
of the laser radar is shorter than that of the millimeter-wave radar. So, the laser radar is
advantageous in terms of the cost and the size at present. However, the attenuation level
of millimeter-wave is small in fog or dust compared with light. Furthermore, the
antenna performances are degraded by adherence of mud or dirt on the antenna aperture
of the laser radar: The millimeter—WaVG: radar is extremely attractive for automotive use,

considering that vehicles are intended to be driven in all types of weather.

1.3 Slotted waveguide planar antenna

A slotted waveguide planar antenna is an array of slots cut on the wéll of the
rectangular waveguide [1-22] [1-23]. Several types of slots are applied to the antenna as
is shown in Fig. 1.6. Each of them is represented by an equivalent impedance,
admittance or both. It depends upon the current direction the slot interrupts. For

example, the longitudinal slot on the broad wall of the waveguide interrupts the



transversal current and is called as shunt slot. It is represented by parallel connected
admittance in the equivalent circuit. The analysis which gives the equivalent admittance
or impedance have been widely investigated [1-24]-[1-28]. The slotted waveguide
arrays are substituted by the equivalent transmission model with the elements. In the
design of the planar array, the transmission model includes the mutual coupling effects
of the dominant mode in the waveguide, while the external mutual coupling has to be
taken into account in the slot analysis [1-29]-[1-32].

In the conventional slotted waveguide antenna, even though it is the most
simple one, a feed waveguide is attached at the back side of the radiation waveguides as
is shown in Fig. 1.7. The radiation waveguides are fed from the feed waveguide by slot
couplings. Since the structure of the antenna is complicated, it can not be applied to
mass-production. Only military use have been the application of the antenna. Low cost
and high efficiency are indispensable in order to adopt it to the commercial use. The
antenna has to be mas§-produceable with low transmission loss of the waveguide

advantage.

1.4 Summary of this study

The single layer slotted waveguide arrays are extremely attractive in the respect
of the simple structure. This dissertation fully investigate the characteristics of the single
layer slotted waveguide array. We propose two types of single layer feed circuits. One is
an in-phase feed circuit composed of n-junctions and another one is an alternating-phase
feed circuit of T-junctions as is shown in Fig. 1.8."The T-junction is a new technology
and is expected to be low loss. Most popular radiation slots are applied to both of the
feed circuits in order to confirm its operation. Several types of slots; resonant shunt slots,
cross slots and reflection canceling slot pairs, can be combined to these feed circuits
according to the requirement as is shown in Fig. 1.9. Six types of the antennas are
considered in combination of the two feed circuits and the three radiation slots. The
combinations (D, @ and @ are investigated in this dissertation.

Chap. 2 indicates the féature of the single layer slotted waveguide array. For
higher frequency use of the antenna, scale model has the same characteristics with the
original one proportional to the wavelength. However, the size of the structure such as

the slot plate thickness, wall thickness and slot width are restricted in fabricating
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limitations. For easy fabrication of the waveguide structure, this antenna consists of a
slot plate and the groove structure. Close electrical contact between them is strongly
required. Loss appear due to the incomplete contact between them by bonding and due
to slot plate shrinkage by heating for welding or brazing. Such phenomena are observed
in measurements and simulated by calculation. The alternating phase feed system is
introduced in order to neglect the loss above mentioned. The basic operations are
confirmed by the combination @ in Fig. 1.9.

Chap. 3 presents the design applicable to any types of large arrays. The analysis
in the design takes the mutual couplings from other slots in the infinite slot array into
account by using Floquet’s theorem. The slot parameters are related to the slot radiation
by the analysis. In the array design, the desired radiation from each slots are assigned.
Therefore all the slot parameters are determined systematically. (The experiments and the
calculation confirm that relatively large arrays can be simulated by the infinite slot
arranging model.

Chap. 4 indicates the characteristics of the linearly-polarized shunt slot arrays
( combination © ). The design of the array is systematically conducted as is mentioned
in Chap. 3. The characteristics of the 22 and 60 GHz band slotted waveguide arfays are
measured and calculated. The slot plate and the grooves are in contact by brazing. The
peak gain and the antenna efficiency are 35.9 dBi and 75.6 % for 22 GHz band antenna
and are 35.1 dBi and 58.8 % for 60 GHz band antenna, respectively.

Circularly-polarized cross slots are applied to the single-layer feed circuit
( combination @) ) in Chap. 5. The antenna is developed to use for the dual-polarization
DBS in the United States. The antenna applied to the use of dual-polarization reception
has two beams in different direction. One beam is right-hand circular polarization and
another one is left-hand circular polarization. In order to obtain the identical
characteristics of the two beams, the antenna structure has to be symmetrical. In this
condition, the optimum distribution on the aperture is derived by the analysis of the
calculus of variations. The slot structures are determined by the analysis of the method
of moments for the desired slot excitation of the array. The basic characteristics of both
operations are confirmed by experiments. The antenna efficiency of 71 % and 64 % for
the right and left-hand circular polarization is obtained respectively, even though the

aperture distributions are about 10 dB tapered.



Chap. 6 presents the advantages of the reflection-canceling slot pairs. The slot
pair consist of two transversal slots located with spacing of a quarter of a guide
wavelength on the broad wall of the rectangular aneguide. The reflections from the
two slots are canceled because the path length difference corresponds to the phase
difference of 180 degrees. Since the reflections are vanished in each element, traveling
wave operation, strong coupling and array synthesis are expected. The measured and
calculated characteristics of the one-dimensiohal array are compared with that of the
resonant shunt slot array.

Chap. 7 summarizes the results of this study and presents the future studies of

this work.
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Chapter 2. Single layer slotted waveguide
array and lkey technology for higher

frequency

2.1 Introductory remarks

Waveguide has an excellent characteristic of low transmission loss even in high
frequencies such as K and Ka band. So, a slotted waveguide array is an attractive
candidate of high efficiency planar antenna. However, it has not been used for
commercial application in old days due to the complicated three-dimensional feed
structure [2-1]. On the other hand, microstrip patch antennas are advantageous for cost
reduction comparing with any other planar antennas due to the simple feed structure [2-
2]-[2-4]. In high frequency use, insertion loss of the feed network can not be negligible.
Low—prbﬁle single layer slotted waveguide arrays are developed in this dissertation [2-5]
[2-6]. In the antenna, the feed waveguide is placed on the same layer of the radiation
waveguide array. The antenna can be simply fabricated by placing the slotted plate on
the groo\/e feed structure. The structure is suitable for mass production and cost
reduction. The slotted plate can be made by printing technology while the groove feed
structure can be made by die casting. The fabrication has to be simplified without
degrading the antenna efficiency. i‘his chapter summarizes problems and possibility for
higher frequency application. Resonant shunt slots are chosen for the radiation slots in
this estimation.

‘ It is one of key technologies to place the slotted plate on the groove feed
structure in the accurate location and without the contact loss. This chapter investigate
three ways to contact them; bonding, welding and brazing [2-7]. Test antennas sized 300
mm square are fabricated to compare the losses by rfleasurements. Transmission loss
exists in the waveguide of the bonding-type antenna. Shrinkage of the slot plate by
heating in the welding-type antenna causes an error in slot location, which produces

grating lobes. A frequency shift and a taper in the phase distribution along the feed
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waveguide occur due to extension of the waveguide broad wall width and spacing of
windows of the brazing-type antenna. It is because both plates are heated at the same

time.

2.2 Structure of the single layer slotted

waveguide antenna

Figure 2.1 shows the structure of a single-layer slotted waveguide array. The
feed waveguide is attached on the same layer of the radiation waveguides. It is a cascade
of m-junctions with an inductive walls. A window of the n-junction couples to two
radiation waveguides in phase when the guide wavelength in the feed waveguide is set
to be twice the width of the radiation waveguide including the wall thickness. All the
radiation waveguides are fed in equal amplitude by controlling the widths of the
windows in the m-junctions. Each m-junction is analyzed rigorously by Galerkin’s
method of moments [2-5] [2-6]. The coupling and reflection are estimated accurately
and optimum parameters are obtained for dividing the power into equal amplitude and
in phase. |

Resonant shunt slots [2-8] are cut on a broad wall ( slot plate ) of the
rectangular waveguide and are arranged parallel to the guide axis. The slot offset from
the center of the waveguide is the parameter controlling amplitude of slot excitation,
while slot spacing determines its phase. A slot with larger offset couples more strongly
with magnetic field of TE mode;’ slot offset is small near the feed point and increases
toward the termir;ation, which results in a uniform aperture amplitude illumination. In
order to avoid the growth of reflections at the feed point, a few degrees beam tilting 6, is
adopted by controlling slot spacing, as is usual with the case of general resonant slot
arréys [2-9]. A matching slot consisting of a large slot with large offset and a short
terminal is installed at the waveguide end in order to radiate all the residual power in the

waveguide and quasi-traveling wave operation is realized.
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2.3 Structural limitations in fabrication

2.3.1 Limitation of waveguide width

High frequency application is advantageous for downsizing the antenna.
However, high accuracy is required in proportion to the wavelength. The dimension of

each parts are limited by manufacturing accuracy. For example, (D The slot length has
to be much larger than the slot width in order to suppress the cross polarization. @) The

slot plate thickness should be much smaller than the slot length and width for enough
slot coupling. The wall thickness 4 between the waveguides can not be small in order to
contact the slot plate on the grooves. The slot spacing along the x-direction is expressed
by

)\'f
s,=—f=a th 2.1),

where Arand a, are wavelength in the feed waveguide and broad width of the radiation
waveguide, respectively. The slot spacing along the z-direction is expressed by

1
S: = 2 2 . (22)>
— ——sinb, '
A, A

g

where X¢ and A, are wavelengths in free space and in the radiation waveguide,
respectiVély. s: is close to A,/2 when 0, is small. The s, and s. should be smaller than g
in order to suppress the grating lobes and to maintain the uniformity of the aperture
distribution. Furthermore, when the guide wavelength is large, the waveguide has large
conductor loss since the fr;:quency'is close to the cut off one. The relationship between
Ag¢ and Ascan be expressed from Eq. (2.1) and

k . .
a, =l (23)

& 2
) 1_(5]
)\'R

_1_+____1__=;1_ ' (2.4)

Moo (n,-2m) M
The long line effects should appear equally along the feed and radiation waveguides.

These wavelength A, and A are chosen as almost the same with each other. Figure 2.2
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shows the relationship between A, and Asexpressed in (2.4) when frequency is 60 GHz
and 4 =1 mm. The region where both A¢ and A, are smaller than 24 is small due to the

large wall thickness.

2.3.2 Limitation of structure of T-junction at the input port

The antenna is fed from the T-junction at the center of the feed waveguide,
which is advantageous in terms of long line effect. The structure of the T-junction of
model 1 is shown in Fig. 2.3 (a). A matching inductive wall is installed at the opposite
narrow wall of the feed waveguide against the input port. The wall is located on the axis
of the waveguide center of the input port in order to divide the power equally. The
structure is two-dimensional one and is analyzed by method of moments. Figure 2.4
shows the reﬁection characteristics with the optimum parameters for minimum
reflection at 4 GHz band. Fine agreement is obtained between the measured and
calculated ones. The reflection is lower than —20 dB in more than 25 % frequency
bandwidth. |

Reflection level is calculated as lower for thinner inductive wall. Reflection is
about —12 dB for + = 10 mm although it is about —20 dB for # = 0.3 mm in 4 GHz as is
shown in Fig. 2.4, The inductive wall is too thin to fabricate it in 60 GHz band. 0.3 mm
in 4 GHz corresponds to 0.02 mm in 60 GHz band. In order to suppress the reflection
even for thick inductive wall, iris is installed at the input port along the feed waveguide
narrow wall of model 2 as is shown in Fig. 2.3 (b). Figure 2.5 shows the reflection
characteristics with the optimum parameters at 4 GHz band for thick inductive wall. The
reflection from tﬁe matched load is about —27 dB which is the limit of the experiment.
Ripples are observed on the curves, which may be due to the reflection from the
matched load. The frequencies which give minimum peaks of both measured and
calculated curves agrees with each other. The optimum parameters are obtained at 60
GHz band by model 2 and are shown in Fig. 2.6. The reflection is lower than —29 dB in
2 GHz bandwidth.
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2.4 Unique loss of the antenna with single layer

feed structure

‘ Two-dimensional slot arrays are fabricated for experiments in 22 GHz band.
The test antenna consists of two parts; one is an slot plate and the other is a groove feed
structure. Degradation of electrically and / or mechanically contact between the slot
plate and the waveguide narrow walls is unique defect of a single layer slotted
waveguide arrays. Three techniques to contact them; bonding (B), laser welding (W)
and brazing (R); are tested. The design parameters are listed in Table 2.1 and are
common in the three types of the antenna. Figure 2.7 shows frequency dependence of
the gain. The peak gain of 35.9 dBi is obtained in the brazing-type antenna (R). The
antenna efficiency is 75.6 %. The peak gains of the bonding-type (B) and the welding-
type (W) antennas are 34.2 dBi ( antenna efficiency: 62 % ) and 34.9 dBi ( 53 % ) which
are about 1.0 dB and 1.7 dB lower than the brazing-type antenna (R), respectively. The

reasons to degrade the gain are investigated by the following experiments.

2.4.1 Transmission loss in the bonding-type antenna (B)

In order to evaluate the quality of electrical contact, we measured the
transmission loss of a groove covered with a metal plate by conducting adhesive. The
waveguide is 275 mm long which is the same with the length of the radiation waveguide
of the test antenna. The measured transmission loss of the waveguide is 0.65 dB which
is much larger than the calculated .conductor loss ( 0.10 dB ) of a standard waveguide.
The difference of 0.55 dB is regarded as a loss due to an imperfect contact by the
adhesive. Such a loss occurs in both radiation and feed waveguides. Since matching
walls and coupling windows exist in the feed waveguide, the contact in the feed
waveguide is quite important for the expected antenna performance and the loss would

affect more seriously.

2.4.2 Pattern degradation of the welding-type antenna (W)

Next we discuss the misalignment of the slot plate in the welding-type antenna

which has better electric contact than the bonding-type antenna. Figure 2.8 shows H-

4
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plane radiation patterns at 22.2 GHz. Two large grating lobes of about —12.5 and —15
dB appear at 6 = -30° and +50°, respectively. Measured 2D-aperture amplitude
distribution is shown in Fig. 2.9 (a). No ripples are observed on U-line. However, about
3 dB and 7 dB ripples are observed on T- and S-line, respectively. Spacings between
ripples correspond to 2s. Then the fabrication error in welding a slot plate and grooves is
theoretically considered. All the observation suggests that only the slot plate shrinks in
the x-direction during heating of aluminum, which causes slot location shift Ax (< 0) in
the x-direction. This shift results in unwanted amplitude ripples in the aperture. Since
the excitation intensity of slot is controlled by slot offset on the waveguide in the x-
direction as in Fig. 2.1, slots with the offset of —~d..;) +Ax are excited strongly while
those with the offset of +dn +Ax are weakly compared with the design. As a result,
slots at z = 0, 2s, 4s, ... are strongly excited while those at z = s, 3s, Ss, ... are weakly
excited. This causes the measured ripples parallel to the x-direction in Fig. 2.9 (a). In
this antenna, two components are welded along U-line first and S-line finally. The
shrinkage of the slot plate in the x-direction seems to oclzcur and the slot shift |Ax|
increases near S-line. This accounts for the increase of ripples near S-line. This
phenomenon is simulated by the array analysis. The amount of slot shift Ax(i) of the i-th

radiation waveguide from S is assumed to be;

_ Ax(l)- Ax(24)

Ax(i) »

(24-1)

where Ax(1) = —0.25 mm and Ax(24) = 0 are assumed on S- and U-line, respectively.
Simulated distribution is given in Fig. 2.9 (b), which explains the general behavior of
the measured distribution in F1g 2.9 (a). Calculated radiation pattern from this
simulated distribution is indicated by the dotted line in Fig. 2.8. It beautifully agrees
with measured one in terms of grating lobes level. The reduction of directive gain
estimated in this model is 0.9 dB and reasonably explains the 1.0 dB gain difference
between (W) and (R). Consequently, the loss due to the alignment error of slot plate is
dominant in model (W). Such a small error due to the shrinkage of 0.25 mm seriously
degrade the antenna performance in this frequency rangé.

Table 2.2 summarizes the factors degrading the efficiency. The transmission
loss is notable in the antenna (B) due to incomplete electrical contact. Grating lobes

would not appear in the radiation patterns of (B) and (R) when the slot plate was placed
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at the accurate location on the grooves. The slot plate shrinkage of (W) causes the
grating lobes. The shifts of the center frequency occurs due to thermal extension in the

model (R) and (W).

2.4.3 Frequency shift due to extension both of the slot plate

and the grooves of brazing-type antenna (R)

The highest gain and efficiency of the three antennas are obtained in the
brazing-type antenna which realizes perfectly electrical contact and reductio;l of
fabrication error. However, the bandwidth of the gain is degraded as is shown in Fig. 2.7.
- We discuérs the characteristics of the antenna for further enhancement of the efficiency
and the bandwidth of gain. "

Figure 2.10 shows the aperture distributions at the center frequency ( 22.2
GHz ) and at the edge of the 600 MHz bandwidth ( 21.9 GHz and 22.5 GHz ). In the
phase distribution along the radiation waveguides, tapers corresponding to the beam
tilting are compensated. In contrast with the prediction, a relatively large taper is
observed in the phase distribution along the feed waveguide at 22.5 GHz in the
measurements. The feed circuit is designed so that the antenna aperture would be
uniform at 22.3 GHz. However, the aperture is actually uniform at 22.15 GHz. The
frequency shift is due to the extension of the antenna. The extension of the broad width
of the waveguide causes the wavelength change and the extension along the feed
waveguide causes window spacing change. The phase taper appears at the design
frequency 22.3 GHz. While in the radiation waveguides, since the extensions occur both
in the slotted plate and in the groove feed structure, the slot location error is not serious
and does not affect the slot excitation so much. However, because of shortening the
guide wavelength, the amplitude distribution is uniform and the phase is tapered at the
design frequency 22.3 GHz. It is confirmed by further experiments that the phase
distribution is uniform at 22.1 GHz. In the Fig. 2.7, the black dots indicate the calculated
gain including the measured phase taper along the feed waveguide. Its tendency agrees
with the measured ones. It is confirmed that the bandwidth reduction of the gain is due
to the unsymmetrical frequency shift between the phase distributions along the feed and
radiation waveguides.

We discuss the antenna assembling in such a high frequency band. The most



important technology in this single-layer waveguide array is to achieve perfectly
electrical contact between the slot plate and the grooves. Imperfect contact may degrade
the efficiency seriously. Misalignment of the slot plate may cause the pattern
degradation such as the grating lobe appearance. The guide wavelength changes due to
the overall material extension by heating, which causes the frequency shift of the
antenna operation. Table 2.2 summarizes the reasons to degrade the efficiency in the
contact techniques we have discussed. The transmission loss exists only in the bonding-
type antenna due to incomplete electrical contact. Grating lobes would not appear in the
radiation patterns of the bonding-type antenna and the brazing-type antenna when the
slot plate is set at the required location on the grooves. The slot plate shrinkage of the
welding-type antenna causes the grating lobes. The frequency shift of antenna operation
is due to heating the groove feed structure of the brazing-typé antenna. It does not occur
seriously in the welding-type antenna because of the partial heating..

These effects would be more serious in millimeter-wave band. The
transmission loss of one waveguide is measured in 60 GHz band. The waveguide
consists of a groove and an upper plate with no slots which are contact by soldering.
Many holes exists on the upper plate along the narrow wall of the waveguide in order to
flow the soldering paste into it as is shown in Fig. 2.11. The hole diameter is 0.5 mm.
Four kinds of waveguide are fabricated for experiment. The pitch of the holes of each
waveguide is 0.5, 1.0, 1.5 and 2.0 mm. The waveguide length is 500 mm. The
waveguide is standard one of WRJ-60 and the size of the waveguide cross section is
3.76 x 1.88 mm. The transmission loss of them are measured as -3, -4, -15 and -35 dB,
respectively, as is shown in Fig. 2.12. The loss increases rapidly for the pitch more than

1.5 mm. It shows that the pitch has to be smaller than 1.0 mm.

2.5 Alternating phase feed system

2.5.1 Principle of alternating phase feed system

Figure 2.13 shows the alternating phase feedicircuits which can avoid the loss
in contacting the slot plate and the grooves [2-10] [2-11]. The structure is single-layer
and two-dimensional one. The feed waveguide is attached at the end of the radiation

waveguides. Each one is fed from one window cut on the narrow wall of the feed
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waveguide. Since the spacing between the adjacent windows are Af2, thé adjacent
radiation waveguides are fed in 180 degrees out of phase. In order to excite all the
radiation slots in phase, the slot arrangement of each waveguide is alternatingly different
from each other. Figure 2.14 shows the directions of magnetic line of force and electric
current in the cross sections of the waveguides fed with 180 degrees phase difference
between the adjacent waveguides. Since the electric currents flowing from the two
adjacent waveguide narrow wall into the slot plate is canceled each other, electric

contact between them is not required in fabrication.

2.5.2 Experimental results

Two-dimensional arrays are manufactured for experiment. The design
parameters are also shown in Fig. 2.13. The array consists of 24 waveguides each with
25 slots. The slot plate and the waveguide grooves are in contact by conducting adhesive.
Design frequency is 22.3 GHz. Waveguide broad wall width a is 10 mm, narrow wall
width b is 2 mm and guide wave length A, is 18.16 mm. Wave length in free space Ao is
13.44 mm. Aperture size of about 265 x 280 mm and antenna size of about 300 x 300
mm are required. The antenna is fed from an end of the feed waveguide.

Reflection characteristics are shown in Fig. 2.15. Reflection level is lower than
—15 dB which is acceptable. Provided that the slot plate‘ shifts to certain direction along |
the feed waveguide, the reflection characteristics of the adjacent one-dimensional arrays
are different from each other, since slot arrangement becomes unsymmetrical with
respect to the center of the two waveguides. Therefore, the ripples in the calculated
curve are suppressed in the experiments. Figure 2.16 shows aperture distributions of
antennas at 21.95, 22.25 and 22.55 GHz which are center and the edges of 600 MHz
band. The results of (a) shows these along the radiation waveguides which indicate the
distributions of one-dimensional arrays while (b) shows those along the feed waveguide
which indicate the characteristics of feed circuits. Sufficiently uniform aperture
distributions are obtained in center frequency. The phase tapers are observed due to the
long line effect at the edge of the frequency bandwidth. Figure 2.17 shows radiation
patterns at the center frequency 22.25 GHz. Fine agreement are obtained between
experimental and calculated results in H-plane. Symmetrical radiation patterns of both

antennas with Jow side lobes in E-plane are obtained. Figure 2.18 shows frequency

N
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dependence of antenna gain.'The reflection and radiation characteristics are sufficient.
High efficiency is expected even though the slot plate and the grooves are in contact by
bonding, since it does not require the ﬁlclose contact between the slot plate and the
grooves. However, antenna efficiency results 45.7% for peak gain of 33.9 dBi at 22.25
GHz. The adhesi.ve may interrupt the current flow on the grooves along the
perpendicular direction of the radiation waveguides. The antenna efficiency is degraded

by the transmission loss, but the basic operations are confirmed by experiments.

2.6 Concluding remarks

Two-dimensional single-layer feed circuit realizes mass-produceable simple
structure which still has the waveguide advantages pof the small transmission loss even
in high frequency. The size of the antenna is small for high frequency uses, while
several limitations appear in fabrication. Several types of contact between the slot plate
and the grooves are investigated in experiment. The losses peculiar to this single-layer
slotted waveguide antenna is estimated in high frequency for mass-production.
Reduction of the loss without degrading the mass produceability is inevitable in the
future study to fully demonétrate the superiority of a single-léyer waveguide slot antenna.
Alternating phase feed system is a new type of feed circuit which does not require the
close contact between the slot plate and grooves. However, at the feed waveguide and at
the edge of the slot plate, the electric current flows between them and they have to be in

contact closely. The basic operations are confirmed by experiments.
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Fig. 2.1 Structure of the single layer slotted waveguide array
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Fig. 2.3 T-junctions at the input port
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Table 2.1 Design parameters

Design frequency 22.2 GHz
Number of radiating waveguides | 24
Number of slots ( per waveguide ) 25
~ Number of slots (all ) 600
Array length (z ) 260 mm
Array length (x) 280 mm
Broad guide width 8.1 mm
of feed waveguide a,
Broad guide width 10.0 mm
of radiating waveguide a, )
Narrow guide width b 4.0 mm
Slot spacing (z ) 10.6 mm
Beam-tilt angle 6 deg

Table 2.2 Techniques and loss for assembling the slot plate to the grooves

Transmission loss
due to incomplete
contact between the

Grating lobes due to
misalignment of the
slot plate on the

Frequency shift due
to overall antenna
extension by heating

two plates grooves
Bonding X A O
Welding O X A
Brazing O VAN X




Chapter 3. Basic analysis and design of

slots

3.1 Introductory remarks

High gain and high frequency planar antennas are required for various wigeless
communication systems mentioned in Chap. 1. Slotted waveguide arrays are the most
attractive candidates for high efficiency antennas, since they are free from conductor
loss. Unique demand in the design is high antenna efficiency in contrast with low
sidelobe level specified in military use. Efficiency 6ptimiza‘tion generally results in the
use of strongly coupled slots in the array as well as the use of termination slots. In
addition, in higher frequency, waveguide wall thickness should be taken into account in
the slot design. Efficient design method which reflects all these background is necessary
for increasing use of slotted waveguide arrays.

A design of a resonant slotted waveguide array consists of two steps in parallel.
One is the slot conductance analysis for various parameters, such as length and location
of slots. Another one is the synthesis of desired aperture illumination. If the size of an
array increases, the former is time-consuming due to the existence of mutual coupling
between slots. The iterative methods of experiments or complicated analysis using high
performance computer are conducted in general. One technique to remedy this difficulty
is to introduce the periodic boundary condition into the full wave analysis cﬁ' infinite
arrays in order to simulate mutual couplings in large arrays [3-1]-[3-12]. Most of the
previous works utilize the results of mutual coupling not for practical slots but in terms
of complimentary dipole arrays based upon Babinet’s principle [3-1]-[3-4] [3-12); some
parameters or effects such as slot offset and/or thickness of the wall were neglected
there [3-1]-[3-9] [3-12]. Others, on the other hand, treat slots or open waveguide arrays
with each element fed separately [3-5]-[3-9].

In this chapter, the design of arrays with uniform illumination is focused and
extend the use of the periodic infinite array analysis [3-1] [3-4] for evaluating slot
admittance which reflects all the importanf parameters of slot, such as length, width,

wall thickness, offsets, etc. This fictitious boundary condition is applied to the design of



finite slotted waveguide arrays with staggered offsets in order to evaluate the external
mutual coupling, assuming that edge effects are serious only in termination slots at the
end of waveguides [3-4]. Periodic boundary walls surrounding two staggered slots ( one
period of slot arrangement ) are assumed in external half free space, which
approximately simulate the fields from adjacent slots in a large staggered slots array.
Slot conductance is obtained’by method of moments analysis for this model. The
combination of periodic boundary wall, piece-wise sinusoidal functions for the slot
aperture fields expansion and the concept of virtual cavity A[3-13] as applied to the
Green’s functions in the waveguide leads us to the slot conductance in the explicit form
in terms of parameters such as, waveguide dimensions, wall thickness, slot length, offset,
etc. They are then applied to an equivalent transmission line model for synthesizing slot
excitation distribution. In the final stage of the design, some iteration of full wave
analysis is conducted for the infinite in E-plane and finite in H-plane model [3-4], to
compensate the edge effects and to design termination slots. The effectiveness of this
model even for arrays with relatively small number of waveguides is demonstrated by

experiments.

3.2 Array antenna configuration

Let us consider a medium size slotted waveguide array. It has the gain around
35 dBi and 24 x 25 resonant slot elements. A single layer power divider is applied to
this antenna as shown in Fig. 3.1. All the radiation waveguides are fed in phase and in
the same amplitude by using n-junctions [3-14]. A broad wall of the radiation
waveguide has resonant shunt slots which are parallel to the guide axis [3-15]. The slot
offset in the x-direction from the center of the waveguidé is the parameter controlling
amplitude of slot excitation, while slot spacing in the z-direction determines its phase. A
slot with larger offset couples more strongly with magnetic field of TE;p mode; slot
offset is small near the feed point and increases toward the termination, which results in
a uniform amplitude of antenna aperture. Staggered offset slots with longitudinal
spacing of half guide wavelength are excited in phase and total radiation is in boresight
direction. In order to avoid the growth of the reflections at the antenna input port, a few
degrees beam tilting in the H-plane is adopted by controlling slot spacing, as is usual the

case with general nonresonant-waveguide resonant-slot arrays [3-16]. A matching slot
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consisting of a large slot with large offset and a short terminal is installed at the
waveguide end in order to rE}diate all the residual power in the waveguide and quasi-
traveling wave operation is realized.

We assume that the array length in the z-direcﬁon is long to some extent and
that the desired aperture illumination is uniform or at least slowly varying. In this case,
the slot offset as well as the slot length is changing slowly along the waveguide.
Consequently, this array is a quasi-periodic one with two slots in one period as is

indicated in Fig. 3.1,

3.3 Antenna design procedure

A one-dimensional array composed of N slots s 'consideréd first. The flow
chart of the slot design is shown in Fig. 3.2. It consists of two steps, that is array
synthesis and slot analysis. The former is well known procedure [3-17] and is briefly
explained first. Once antenna gain is specified, aperture size and number of slots ére
derived first. The beam direction is determined so that a null point of an array factor
may fall on the boresight direction. The slot spacings are determined in order to realize
uniform phasé illumination on the aperture in the desired beam direction &
Transmission coefficient Sy for a resonant slot is real and the guide wave length is not
perturbed in principle; actual slot spacing is obtained in the appendix A. The offset of
the n-th slot from the center of the broad wall is d, and the transversal position in
staggered arrangement is given by x = ( =1 )" d,, where ( —1 )" assures the co-phase
excitation of slots with half wavelength longitudinal spacing. A resonant shunt slot can
be represented by an equivalent conductance g, in a transmission line model shown in
Fig. 3.3 [3-16], where internal mutual coupling via waveguide dominant mode is taken
into account. The conductance g, (n=1,2, - -, N') of each slot is assigned for uniform
amplitude illumination by means of Ref. [3-17]. A matching slot is installed at the
termination, whose admittance y, equals to characteristic impedance of the waveguide.
For uniform aperture illumination, radiation from the matching slot is set to be equal to
the inner slots and the radiation power assigned for each slots as well as the matching
slot is 1/N.

As another step of the design, the relationship between the conductance g, and

slot parameters is obtained by a slot analysis taking mutual coupling into account as
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discussed in detail in Sec. 3.4. This is conducted by method of moments by using
periodic boundary condition. |

The above two steps provide us the initial design for the inner slots except the
matching ones. Termination slots are then designed using full wave analysis for infinite
in E-plane and finite in H-plane model [3-4] which is depicted in Fig. 3.4 where K =
o is assumed ( Appendix B ). In the event of extremely high efficiency requirement, a
few iterations are conducted to compensate the end-effects as well as the amplitude
taper caused by neglect of slot offset variation in the periodic model; the inner .slots
designed before are also perturbed to enhance the aperture uniformity. In this
optimization, the uniform slot spacings in z-direction are refined so that the boresight
direction accurately coincides with the desired null of the radiation pattern. Two or three
iterations are sufficient to achieve uniform illumination with ripples smaller than 2 dB.
The resonance condition between the slot offset and the length is assumed be unchanged
throughout the iterations. In our design of 36 dBi gain antenna, the iteration improves
the gain by about 0.5 ~ 0.9 dB. After completion of the design of N slots, M identical

waveguides designed above are arrayed to realize a two-dimensional array.

3.4 Slot conductance analysis in an array

3.4.1 Green’s functions for simulating mutual coupling

In order to obtain the accurate relationship between the conductance and slot
parameters in the two-dimensional array environment, a full wave analysis of a slot by
Galerkin’s method of moments [3-18] is conducted which simulates the external mutual
couplings from adjacent slots. Periodic boundary walls containing two slots in staggered
arrangement are introduced in the half free-space above the waveguide, so that the
number of unknowns may not increase with the array size. For the comparison, we also
analyze the isolated slot model which neglects the external mutual couplings. The
Green’s functions for the external regions in the two analyses are compared in this

section.

Model 4 : Periodic boundary condition

Only the uniform excitation of slots are considered, where the effects of beam
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tilting as well as the gradual change in slot offset along z-axis are all neglected. The
analysis model for evaluation of S; of one slot in an array which simulates the external
mutual couplings is shown in Fig. 3.5. Total space is separated by two apertures S| and
S, into three regions which are designated by waveguide internal region ( region 1 ), slot
internal region ( region 2 ) and waveguide external region ( region 3 ). Wall thickness ¢
of the region 2 is taken into account in the analysis for high accuracy. The broad and
narrow wall width of the waveguide is ag and bg, respectively and guide wave length of
TE o dominant mode is A,. The periodic boundary walls accoﬁnt for the mutual effects
from adjacent slots via half free space. Two resonant slots ( slot length: 2/, width: 2w )
are contained within the walls since they are one period in an array arrangement. These
slots on the broad wall of the waveguide areAparallel to the guide axis and are placed at
(x,z)=(d, b/4)and (~d, s + b/4 ), respectively. The regién 3 is a virtual waveguide
composed of periodic boundary walls with the size of a, (= ag+ k) x b, (= 2s ) where A
is the wall thickness between the waveguides and s is the longitudinal slot spacing,
respectively. According to the field equivalence principle, each aperture can be replaced
by unknown equivalent magnetic current backed with perfect conducting wall. Two
unknown magnetic currents M, M, and M3 ( = M; ) are assumed on the apertures S, S;
and S3. Integral equations are derived by imposing continuity condition of tangential
component of magnetic fields on two slot apertures S1 and Sy;

OnS],

{H,.,, +Hs, G, -M,dS} X §

- {_HS G, MdS+]|. G, -MzdS} Xp @D
On Sy,

{— | Js. G, -M,dS+USI G, -MzdS} X P

_ {—U ;, Gy MdS - HS G, .MZdS} <5 (2)

where G; (j =1, 2, 3 ) are dyadic Green’s functions for the magnetic field produced by a
unit magnetic current in the region j [3-13] [3-18]. Hj, is an incidence magnetic field
( TE o mode ) propagating in the +z-direction. The Green’s function Gj is expressed by

normal mode functions of the wave propagating in the —y-direction since the four



periodic boundary walls surrounding the region 3 form a waveguide and slot plate

provides a short termination. So G is given by the following expression;

Gy(rln) =5 S HY (DU (1) - HL (1) 6.

H'" is a normal mode function which satisfies the periodic boundary condition of

Floquet’s theorem [3-19,yChap. 9]. The advantage of this analysis is clear that mutual
coupling effects of a two-dimensional array are simulated without increasing the number
of unknown functions with the array size. The number of unknown functions is only two
( M, and M, ). The combination of periodic boundary wall, piece-wise sinusoidal
functions for the slot aperture fields expansion and the concept of virtual cavity [3-13
as applied to the Green’s functions in the waveguide leads us to the 'slot voltages ( M,
and M; ) in the explicit form in terms of parameters such as, waveguide dimensions,

wall thickness, slot length and offset etc., as is shown in Appendix C.

Model B : Model neglecting the mutual couplings

For the analysis neglecting the mutual coupling, almost the same model as Fig.
3.5 is used, provided the periodic walls as well as the paired slot M3 is omitted from it.
The integral equation is analogous to (1) and (2) but second term of right hand side of
(2) vanishes. Principal difference is the Green’s function G for the external region 3 of

half free space which is expressed by;

G,(rlr)=~jwA+— A%
WE
‘ JWELH, (3.4)
_ £y exp(=Jkylr — 1)
2 [r—r

where ko ( = 27 / Ag ), & and g is wave number, permittivity and- permeability,

respectively.

3.4.2 Slot admittance

Once excitation of the slot apertures ( M, and M, ) are determined by the
analysis, transmission and reflection coefficients, S); and S; in the scattering matrix for

a slot is derived straightforwardly. Normalized equivalent slot admittances are obtained

by the following expression [3-19, Sec. 5.7];
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_ =25,
- 1+S,, : (3-3)

Resonant slot length 2/ for given offset d is obtained by imposing that imaginary part of
the equivalent slot admittance is equal to zero. Both the resonant slot length 2/ and the
offset d are expressed as functions of the equivale'nt slot conductance g (=Re [y ]) as
is shown in Fig. 3.5. The ;:onductance g corresponds to g, in Fig. 3.3. The design

parameters are shown in Table 3.1 for the analysis.

3.4.3 Numerical results

Slot conductance in terms of length and offset derived here is utilized to
synthesize the desired slot excitation and Is reflected upon the aperture illumination in
the final design of array. In order to show the effects of the mutual coupling in the
model (4) with periodic boundary walls, two kinds of array parameters are compared.
The relationship of normalized conductance and slot length or offset are presented for
both design models (4) and (B) in Fig. 3.6. For given parameters of slot, normalized
conductance evaluated in (4) is significantly larger than that in (B), which explains that

the mutual couplings intensify the excitation [3-3].

3.5 Array design

In the final steps of the array design, all the slot parameters are determined by
using the conductance assigned in Sec. 3.3 and the slot parameters given in Fig. 3.6. The
design procedure in Fig. 3.2 is conducted for the array in Fig. 3.1. Important parameters
of slot length and offset over the aperture in two designs (4) and (B) are shown in Fig.
3.7. The slot length by design (4) including mutual couplings is about 3% shorter than
the one by (B) neglecting mutual coupling. Furthermore, large difference no less than
7 % of half the broad guide width is observed between the slot offset for (4) and (B).
These miss-evaluation causes slot excitation error. The predicted difference of slot
coupled power for the desired normalized conductance of 0.077 between design (4) [ d
= (.51 mm, 2/ = 6.22 mm ] and design (B) [ d = 0.86 mm ( 60 % error ), 2/ = 6.44 mm
( 3 % error ) ] is about 4 dB and that of phase is about 46 degrees; considerable
amplitude decay and phase delay toward the termination would occur if mutual coupling

was neglected.
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3.6 Measurements

The superiority of design (4) to design (B) and the validity of “infinite in E-
plane and finite in H-plane” model used in iteration is confirmed for various size (M) of
the array by experiments. The mutual couplings from the slots on other waveguides are
dominant factor in all the mutual effects, since element pattern of a slot is maximum in
x-direction and null in z-direction; the number of waveguide A in transverse direction
may affect the superiority. Three sizes (M = 1, 4 and 24 ) of arrays are fabricated b}; two
design. Design (4) adopts periodic model as well as the associate iteration for ¥ = 25 in
Sec. 3.3 while Design (B) neglects mutual couplings. One-dimensional array (M1), 4-
waveguides array (M4) and 24 waveguides array (M24) designed By (4) and (B) are
denoted by array (M1-4), (M1-B), (MA-4), (M4-B), (M24-4) and (M24-B). Measured
aperture illuminations of the a'frays for N =25, which are all subject to practical mutual
coupling, are shown in Fig. 3.8. A probe scans along z-direction of the center of the
antenna aperture and receives near field of the antenna. The distance between the probe
and the test antenna is 30 mm ( 2.2 wavelength in free space ). The levels of the
amplitude and the phase are relative one since the reflection characteristics of the
antennas are different. The dotted lines indicate the predicted illuminations using
aperture illumination estimating model in Fig. 3.4 where X is set to be 0, 2, and 8 for
M1, M4 and M24 arrays, respectively. The predicted illumination reasonably explains
the measured one.

It is trivial that the array (M1-B) is more uniform than array (M1-4), since quite
small mutual couplings exist in one-dimensional array. The effectiveness of our design
(4) 1s well illustrated for array (M24). The mutual couplings degrade aperture
illumination uniformity in the array (M24-B). In the array (M24-A) on the other hand,
the mutual couplings in the two-dimensional array are effectively reflected in the design
and uniform illumination is obtained over the aperture. Measurement of relatively small
-array (M4) shows similar superiority of design (4) over (B8). So the design (A) assuming
infinite E-plane is valid even for small arrays with no less than four waveguides. Hence
the applicability of design model (4) for wide classes of two-dimensional arrays are
suggested. |

In the end of discussion, the illumination along the x-direction is presented in
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Fig. 3.9 for 24-waveguides array which is measured above 13th slots at the center of the
array in the z-direction. Uniformity is acceptable though small deviation due to the edge
is observed [3-4]. The agreement between the measured curves and calculated ones for

M = 4 and 24 in Fig. 3.8 partly supports the effectiveness of the analysis on the

assumption of M = oo,

3.7 Concluding remarks

An effective design of the slotted waveguide planar array is proposed i1'1 this
chapter with taking mutual coupling into account using periodic boundary condition.
The uniformity of measured aperture illumination of the planar array is confirmed by
comparing with the array designed by neglecﬁng mutual couplings. ’fhe applicability of

this design is wide and is valid even for the array with as small as four waveguides.
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Fig. 3.9 Measured aperture distributions
in the x-direction ( 22.2GHz )
‘Table 3.1 Design parameters
design frequency f 22.2 GHz
broad guide width q, 10 mm
narrow guide width b, 4 mm
wall thickness between the waveguides 4 2 mm
slot spacing in z-direction s 10.62 mm
periodic spacing a, (=a,+ h) 12 mm
periodic spacing b, ( =2s ) 21.24 mm
slot plate thickness ¢ 1 mm
beam tilting angle 6, 5.8 deg
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Chapter 4. Linearly-polarized shunt slot

array

4.1 Introductory remarks

High gain planar antennas in milli-meter wave are the key device in collision
avidance radar and high-speed wireless LAN etc. Typical reqirements are high gain of
more than 35 dBi in 60 to 80 GHz band. Many works have been reported to this end,
using microstrip and triplate line patch antennas [4-1]-[4-6]. However, the conducting
loss becomes notable in this gain and frequency range; only the antennas with lower
gain ( 20 - 30 dBi ) or lower efficiency ( 20 - 60 % ) have been reported. Waveguide
antennas are free from conductor loss in principle and is an atractive candidate of high
efficiency planar antenna. However, the complicated three-dimensional feed structure
have been preventing the use for commercial application [4-7]. Drastic reduction of
manufacturing cost to the level of microstrip and triplate ones is necessary.

Authors have developed low-profile single layer slotted waveguide arrays [4-
8] [4-9]. This paper demonstrates the potential of this type of antennas for high gain and
high frequency application [4-10]. Figure 4.1 shows the structure of a single-layer
slotted waveguide array. A feed waveguide is placed perpendicularly in the same layer
of the radiation waveguides. The antenna consists of only two parts and can be |
fabricated by placing the slotted plate on the groove structure. The slotted plate can be
made by printing technology while the groove structure can be made b_y die casting; it is
suitable for mass production and cost reduction. The feed waveguide is a cascade of - _
junctions with an inductive walls [4-11] [4-12]. One window of the w-junction couples
to two radiation waveguides and all the waveguides are excited in phase since the guide
wavelength in the feed waveguide is set to be twice the width of the radiation waveguide
including the wall thickness. They are excited in equal amplitude as well by controlling
the widths of the windows in the n-junctions.

The peak efficiency of 75.6 % and the gain of 35.9 dBi are obtained at 22.15

GHz by the brazing-contacted test antenna sized 300 mm. It is quite high in comparison
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with conventional planar antennas in this range of gain and frequency.

For the commercial application of this unique antenna to higher frequency, one
key technology is the realization of mass produceable means for electric contact
between the slotted plate and the base with the groove structure. Cost effective

approaches such as laser welding and bonding are also under study [4-13].

4.2 Design of radiation waveguides

A radiation waveguide is an array of resonant shunt slots. The slots parallel to
the guide axis are cut on the broad wall [4-13]. The slot offset from the center of the
waveguide controls the amplitude of the slot excitation in order to realize a uniform
distribution on the aperture, while the slot spaciné determines the 'phase. In order to
suppress reflections at the feed point, a few degrees beam tilting is adopted. A matching
slot composed of a wide slot with large offset and a shorted circuit is placed at the
waveguide terminal in order to radiate all the residual power and to realize quasi-
traveling wave operation [4-14].

Design of the antenan have beén basically explained in Chap. 3. In ordér to
design it systematically, the radiation waveguide is replaced with a transmission model.
A resonant shunt slot can be represented by an equivalent conductance in it [4-15] [4-
16]. The conductance of each slot is assigned for uniform amplitude distribution on the
aperture. The relationship between the conductance and the slot parameters such as the
length and the offset is calculated by the method of moments [4-14] [4-17]. The periodic
boundary condition is imposed in the half space in order to simulate external mutual
couplings without incereasing the number of unknowns [4-18]-[4-20]. In order to
enhance the uniformity of the aperture distribution determined above, several iterations
based upon the full wave analysis is conducted in the final stage of the design to

eliminate the end-effects of the finite array.

4.3 Experimental results of the test antenna in 22

GHz band

A two-dimensional slot array is fabricated for experiments in 22 GHz band.
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The design parameters are listed in Table 4.1. Figure 4.2 shows the frequency
dependence of the gain. The peak gain of 35.9 dBi is obtained and the antenna efficiency
is 75.6 % at 22.2G§z. The reflection is smaller than —16 dB in the required 600 MHz
bandwidth as is sho;Nn in Fig. 4.3. It is not enough but acceptable.

Figure 4.4 shows the aperture distributions at the center frequency ( 22.2 GHz)
and at the edge of the 600 MHz bandwidth ( 21.9 GHz and 22.5 GHz ). In the phase
distribution along the radiation waveguides, tapers corresponding to the beam tilting are
subtracted. The antenna is designed to realize the uniform illumination at 22.3 GHz.
However, the aperture phase is actually uniform at 22.15 GHz. The frequency éhift is
mainly due to the thermal expansion of the waveguide in the brazing. In Fig. 4.2, the
black dots indicate the predicted gain based upon the measured phase taper along the
feed waveguide. Its tendency agrees with the measured ones. .,

Figure 4.5 shows the radiation patterns at 22.2 GHz. The H-plane pattern
reflects the illumination along the radiation waveguide. The measured radiation pattern
reasonably agrees with the predicted one. Furthermore, the symmetrical fadiatior& pattern

is obtained in the E-plane, which reflects the uniform power dividing by the feed circuit.

4.4 Application in higher frequency

Car collision avoidance radars are developed in some other laboratories and
ofganizations. They are expected for impfovement of car safety. Since the beam width
of the radar antenna has to be narrow in order to keep angular resolution, the gain of the
antenna is quite high. The radar antennas should perform high-gain and high-efficiency
even in 60 GHz band and should be low-profile in order to install at the front of cars.
The single layer slotted waveguide array realizes the efficiency of 75.6 % and the gain
of 35.9 dBi in 22 GHz band mentioned in Sec. 4.2. It is promising for high performance
radar antenria.

Based on the test antenna in 22 GHz band, a 60 GHz scale model is designed.
The design parameters are shown in Table 4.2. The size of the aperture is the same with
the 22 GHz antenna normarized by the wavelength. Slot spacing determines the beam
direction. In order to suppress the reflections at the feed point, the second null from the
peak should be chosen as the beam tilting angle. The equation ( A.1 ) in appendix A

explains that slot spacing is large for large beam tilting angle. The grating lobe appears
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due to the large slot spacing. The beam tilting angle is chosen at the first null from the
peak in order to suppress the grating lobe. The reflection is lower than —13 dB in 1 GHz
bandwidth as is shown in\Fig. 4.6 which is not enough due to small beam tilting angle.
Provided that the slot spacing is smaller than half guide wavelength, the main beam
inclines to opposite direction —6,. In order to suppress the grating lobe and the
reflections, negative secénd null would be chosen for the beam tilting angle in the next
design.

Figure 4.7 shows aperture distribution along the radiation waveguide at the
frequencies of 59.75, 60 and 60.25 GHz. Ripples are observed in the amplitude
distributions. They are in 4 dB at the center frequency and in 7 dB at the edge of the
-bandwidth. The phase distributions are slightly tapered at the band edge due to the long
line effect. .V

Figure 4.8 shows radiation pattern at 60 GHz. The slot spacing is 4.3 mm or
0.86 Ao which couses —25 dB grating lobes observed in —60 degrees direction. Radar
antenﬁa requires low side lobe characteristics. However, the side lobe level of this
antenna is —10 dB. Pattern sinthsis is inevitable for the actual radar antenna. The beam
width at half power points is 2.3 degrees. In order to resolve a 3.5 m lane of traffic at a
distance of 100 m, the beam width of 2 degrees are required. The size of the antenna
should be large. The side lobe level is low in the diagonal-plane of the antenna because
the diagonal length of the antenna is longer than the side of the square. In order to avoid
the interferance with the car in the opposite lane, 45 degrees inclined linearly-
polarization is considered to be used. Such a square antenna may be effective in terms of
the low side lobe in holizontal and perpendicular planes.

Figure 4.9 shows frequency dependence of the gain. The gain is higher than
36.3 dBi in 500 MHz bandwidth and the peak aperture efficiency is 90 %. However,
several losses are predicted in such a high frequency band. Provided that the antenna
efficiency is 60 %, the gain is higher than 34.4 dBi in 500 GHz bandwidth which is 1.9
dB lower than calculation.

In the measurement of the 60 GHz test antenﬁa, the peak gain of 35.1 dB and
the antenna efficiency of 58.8 % are realized at 60.2 GHz. It is extremely high in
comparison with the results of any other planar antennas. The reflection characteristic is

poor and the level is about —5 dB at 59.8 GHz. The gain would increase, if the reflection
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characteristics is improved.

\

4.5 Concluding remarks

A high-efficiency and high gain planar slotted waveguide array is fablicated in
22 GHz band. The single-layer feed circuit composed of a cascade of m-junctions is
adopted. A drastically simple structure is realized, which is suitable for mass-production.
The test antenna is fabricated by placing the slot plate on the grooves. The peak antenna
efficiency of 75.6 % is obtained when the gain is 35.9 dBi at 22.15 GHz, which is ,quite
high in comparison with any other planar antennas in this frequency and gain range.
These results explain the high potential for applications to higher fr;quency. The scale
mode! antenna is designed for car collision avoidaﬁce radar in 60 GHz. These results
would be the ﬁrst/ step in order to apply the slotted waveguide antennas of this type for
such higher frequency and high gain uses. Reduction of the loss without degrading the
mass produceability is inevitable in the future study to fully demonstrate the superiority

of a single-layer waveguide slot antenna mentioned in Chap. 2 [4-21] [4-22].
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Table 4.1 Design parameters ( 22 GHz antenna )

Design frequency 22.2 GHz
Number of radiation waveguides 24
Number of slots ( per waveguide ) 25
Number of slots (all ) ' 600
Array length (z) 260 mm
Array length (x) 280 mm
Broad guide width 8.1 mm
of feed waveguide a,
Broad guide width 10.0 mm
of radiation waveguide a, '
Narrow guide width b 4.0 mm
Slot spacing (z) 10.6 mm
Beam-tilt angle 6 deg

Table 4.2 Design parameters ( 60 GHz antenna )

Design frequency 60 GHz
Number of radiating waveguides 24
Number of slots ( per waveguide ) 25
Number of slots (all ) 600
Array length (z) 120 mm
Array length (x) 105 mm
Broad guide width 3.10 mm
of feed waveguide a,
Broad guide width 3.22 mm
of radiating waveguide a,
Narrow guide width b 1.88 mm
Slot spacing ( z ) 4.30 mm
Beam-tilt angle 2.4 deg
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Chapter 5. A two-beam slotted leaky
waveguide array for mobile reception of

dual polariZation DBS

5.1 Introductory remarks

Mobile reception of direct broadcast from satellite ( DBS ) has been popular;
the number of vehicles with DBS receiving systems is also increasing in Japan [5-1]-[5-
4]. Low-profile, mass-produceable, beam-tilting and high-efficiency receiving antennas
had been desired to this end. A single-layer slotted leaky waveguide array antenna has
been developed in our laboratory for the single-polarized DBS in Japan [5-5] [5-6]
which satisfies all these requirements. Novel single layer feed structure is applied to the
antenna, which consists of cascades of m-junctions [5-7] [5-8] and the radiation
waveguides as is shown in Fig. 5.1. The feed waveguide couples to two radiation
waveguides through each window in phase since the guide wavelength of the feed
waveguide is set to be twice the width of the radiation waveguide. The width of the
window is controlled to divide input power into all the radiation waveguide equally.
Inductive pins for matching in a conventional antenna are all replaced by inductive walls,
which contribute to mass-produceability. The cross slots are densely arranged on the
broad wall of the radiation waveguides. The leaky wave radiates a circular polarized
beam in a large tilting angle of about 45 degrees from the zenith. It is advantageous for
mobile DBS reception since the antenna can be installed horizontally on the roof of the
vehicles. A mechanical system steers the antenna to tracks the satellite only in the
azimuthal plane. Tracking is not necessary in the elevation plane, since the beam width
of the antenna wifh short radiation waveguide is broad. In order to maximize the gain,
uniform aperture distribution is synthesized by varying slot length. ,

Dual-circular polarization DBS service with more than 175 channels has started
in the U.S. [5-9] [5-10]. The concept of above antenna is extended for receiving dual-

polarization DBS. A two-beam antenna is proposed where polarization is altered by
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switching the beam mechanically shown in Fig. 5.1. Two feed waveguides are attached
at both ends of the leaky waveguides. By changing the direction of propagation of the
leaky waves, either of two circularly-polarized waves can be received in opposite beam
directions. The tracking system rotates the antenna by 180 degrees for switching the
beam or the polarization. Input power fed from poi‘t #1 radiates from the slots on all the
radiation waveguides and some residual power at the radiation waveguide joins at port
#2 through another feed waveguide. The principle to radiate dual circular polarization
from a cross slot is explained in Fig. 5.2. Slot #2 is excited by TE|p mode propagating
into +z direction with 90 degrees time progress to slot #1, which radiates right-hand
circular polarization. Due to the leaky wave excitation the main beam is directed to +0,.
On the other hand, if the cross slot is excited by the mode propagating to —z direction,
left-hand polarization radiates into —6, direction. Conséquently, port #1 and #2
correspond the right- and left-hand circular polarization in +6, and —0,, respectively.
These two beams are switched by mechanical azimuthal rotation of 180 degrees.

For the balanced performance between two polarizations, the antenna structure
including slot design should be symmetrical with respect to z = 0. The aperture field
distribution is optimized to maximize the efficiency by using the calculus of variations
[5-11] [5-12] [5-13] under the condition of the symmetry with z = 0. As a result of the
analysis, the efficiency with optimum distribution and non-uniform slots is almost the
same with that for the antenna with the constant coupling factor and uniform but
optimized slots. A model antenna with uniform slots is fabricated. The antenna
efficiency of 71 % for the right-hand circular polarization and 64 % for the lefi-hand one

are obtained by measurements.

5.2 Optimization of aperture distribution

Continuous source distribution on the aperture is assumed in order to derive
optimum in an analytical form. The size of the aperture is L ( waveguide length ) x a
( width ). It should be noted that the slot design or the slot coupling distribution is
symmetrical with respect to z = 0 since the quality of two beams fed from the two ports
should be the same. Termination loss ¢ is the residual power which joins together at the
n-junctions and results in the coupling into the other port #2; 1—f is the radiation power.

The antenna efficiency is a function of the distribution of the slot coupling.
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The radiation from the source causes the attenuation of the field inside the
waveguide. The energy conservation gives
abP(z) — abP(z+Az) = aAzP(z){2bo(z)} (5.1)
where o(z) is defined as the coupling factor, which corresponds to the inner field
attenuation per unit length and is determined by the slot length. P(z) is the inner power
flow at z while a and b are the broad and narrow wall width, respectively, Taking the

limit of Az — 0, we have the following differential equation;
5—13(2) = 20(z)P(z) (5.2).
'z

Solving it for P(z) by including the following normalization of incidence power;
P(-L/2)=1 , (5.3),

the aperture field density is proportional to

| E(z)=+Jo(z)P(z)
a(z) exp(— [ a y)dy) (54).

The overall gain for the in-phase radiation will be further degraded by the termination

loss ¢ ;

an ’ | E(z)dSr

SR A g [
2 j|E(z)[2dS( &

= —2a{ j E(z)dz} | (55)
where dS equals to adz and
[IE@2) ds = a j |E(z)] dz

=__j”2 _d_p( 7)dz (56).

I/7
==(l-1
2( )

The aperture efficiency m is obtained by substituting eq. (5.4) into eq. (5.5) and

imposing symmetrical distribution a(-z) = a(z) as
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n= G
L
Ao

- %{ - E(z)a'z}2

- %e'z"( un[ L"” (@) cos,h{u(z)}aer2 (5.7)

where
u(z) = J:a( 9)dy - (5.9).

Now, we maximize the efficiency n in the following two approaches. One is to optimize
the termination loss ¢ under the condition of uniform coupling ( a(z) = const. ) or the
uniform slots (4) [5-14] while another one is to synthesize or optimize the distribution

of the slot coupling a(z) by calculus of variations (B) [5-12] [5-13].

5.2.1 Uniform slot coupling (4)
We assume all the slots have identical length and c(z) is constant ( = o ), SO
u(z) = oz _ (5.9).
By replacing u(z) in eq. (5.7) with eq. (5.9), the antenna efficiency 7 is simplified as the

function of 1.

8 _au] (2 2
n=e IUO o cosh(aoz)dz]
4=+

logt

(5.10)

where / is the termination loss and equals to P(L/2) or exp(—2ctol). By differentiating

the equation (5.10), we arrive at

an 4 3 3 _
g A=)t logt +1-+/1)=0 (3.11)

(4)

oot = 0-081 which is independent with

The 1 takes its maximum of 81.45 % for t =
the aperture length L. For this value, the coupling factor a is given by
o, = —-1—100, g (5.12)

which depends upon the length of waveguides. The aperture distribution is obtained by

eq. (5.4) as;



E(z)= 4, exp{—ao(§+z)} (5.13).

5.2.2 Optimum distribution of slot coupling (B)
The problem obtaining o(z) to maximize the efficiency expressed by eq. (5.7)

is replaced with that for maximizing the following integral

Jw)= [ " Ju'(z) cosh{u(z)}dz (5.14)
which can be solved by calculus of variations in appendix D. The Euler equation [5-11],
which is the condition to furnish the extremum of the functional J(u) or to give the first
variation zero, is expressed as follows;

u" = ~2u'* tanh(u) ' (5.15).
With the boundary condition;

u(0)=0 (5.16)
and

L2
u(L/2)=[a(y)ay

1 et02

=3 Ay
| ’ (5.17),
=-—log, P(L/2)
4
1
=——log, ¢
g
the differential equation (5.15) is solved as;
2u + sinh(2u) = pz (5.18)
where
1
p:Lﬁ(l—t~ﬁloget) (5.19).
Differentiating both sides of eq. (5.18) with respect to z, we can express o by
W=q = 1 p C(5.20).

" 2(1+ cosh 2u) " 4cosh?u

Elimination of u from egs. (18) and (20) results in the following relation between c and
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z=i{%+%log[£i%}} (5.21)

From egs. (5.17) and (5.20), the antenna efficiency (5.7) can be expressed as a function

of t as
N =%(l—t—\/?loge 1) (5.22).

The aperture distribution is derived by using egs. (5.4), (5.8), (5.17) and (5.20) as a

p 1 .
E(z)= |—2——— (—1 e ) 5.23),
(2) 2(—cosh2u) N4 ot (5:23)

which is a function of « or z by means of eq. (5.18). -

function of u;

5.2.3 Optimum aperture distribution
. Figure 5.3 compares the antenna efficiency for the design (4) and (B) as a
function of the termination loss t. The two different designs result in substantially

identical efficiency for all the values of t. The maximum efficiency for the uniform

(4)

opt €quals to 8.10 %, which is

coupling model (4) is 81.45 % and the termination loss £

almost equal to that of 81.72 % for the optimum distribution with ¢ equals to 7.75 %. In
order to extract the efficiency of distribution, the aperture efficiency is calculated by

following equation;

n, ==~ (5.24).

The aperture efficiency of the uniform coupling model (4) is 88.63 % which is higher
than that of 88.59 % for the optimum distribution (B). The slot coupling distribution
o(z) is presented in Fig. 5.4 for an aperture length L of 230 mm. The highest coupling of

(8)

0.0065 /mm is adopted for the non-uniform design (B) and the termination loss Z,/ is

(4)

opt - Lhe electric field distribution on the aperture is shown in Fig.

0.35 % smaller than ¢

5.5. Distribution is tapered down at the both ends of the aperture by about 10 dB. All
these results shows that both design have indistinguishable potential. Theoretical
efficiency of more than 80 % is reasonable while the termination loss degrading the

isolation 1s around 8 %.
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5.3 Design and experimental results

With the equal potential of two designs in mind, the uniform coupling model
(4) is fabricated because the slot design is much simpler and parameter study for
compensating slot manufacturing error \;vould be straightforward. The slots of the same
geometry are arrayed. The design parameters for the Japanese and the USA DBS
antennas are listed in Table 5.1. The slot length / is controlled to realize the slot
coupling optimized in eq. (5.12) for the maximum antenna efficiency in Chap. 2. Axial
ratio of the circular polarization depends on the slot cross angle and the slot offset from
the center of the waveguide. These slot parameters are obtained by referring the
parameters of Japanese DBS and COMETS antennas [5-5] [5-6] as éppendix E. Since
adjacent slots are quite close along the z direction, the mutual couplings between the
slots are strong. The full wave analysis simulating the effect accurately should be used
for the design of the antenna such as an analysis of Method of Moments [5-15].

The design parameters are shown in Table 1. The size of the antenna is
determined to cover 500 MHz bandwidth for the DBS in the U.S. with the required gain.
The beam width in the elevation angle has to be broad in order to compensate the
vehicle inclination during motion, which is achieved by limiting the number of slots on
a radiation waveguide. |

Figure 5.6 shows the reflection and the isolation of the test antenna. As for the
reflection, Sy and Sy, of port #1 and #2 are lower than —13.7 dB and —14.4 dB in the
' reqvuired frequency bandwidth, respectively. It is not sufficient but is acceptable. As for
the isolation, S|, is =11.53 dB ( 7.03 % ) and S5y is —11.91 dB ( 6.44 % ). Each level is
close to the predicted one and basic operation is confirmed.

The two-dimensional aperture distribution is measured at the distance of 10
mm above the aperture. Figure 5.7 shows the data after backward transformation onto
the slot aperture by means of Fourier transform [5-16] [5-17]. The phase taper
corresponding to beam tilting ( 4oz sin®, ) is omitted. The phase distribution is flat for
the beam direction of 42 degrees. The actual beam direction slightly shifts from the
desired one of 45 degrees, which is due to the estimation error of the phase progress of
the cross slot in the waveguide. In the amplitude distribution, predicted tapers are

observed in the z direction. The gradients of the tapers are almost equal between that of
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port 1 and 2. That of port 1 is slightly small and the uniformity is better. Difference of
the both top and bottom levels are around 10 dB which is almost equal to the calculated
aperturel distribution showﬁ in Fig. 5.5. Though all the waveguides have identical slots,
about 3 dB ripples exist in the x direction which may be due to the effect of finite size
array. |

The spin-linear radiation patterns in the different polarization operations are
shown in Fig. 5.8. Upper ones are those in the yz-plane and lower ones are those in its
perpendicular plane including the main lobe. The axial ratios in operation #1 and #2 are
relatively large and are 2.3 dB and 3.0 dB, respectively. It would be possible to improve
the axial ratios by adjusting the cross angle 6. in a cross slot.

The frequency dependence of the gain is shown in Fig. 5.9. The measured peak
gain of port #1 is 29.3 dBi ( antenna efficiency: 71 % ) and that of antenna #2 is 28.9
dBi ( antenna efficiency: 64 % ). The difference in the efficiency mainly comes from
that of the axial ratios and the termination loss. The single polarization antenna reported
in Ref. [5-5] [5-6] has the antenna efficiency of about 75 %. Considering these, we can
conclude that the measured efficiency of 71 and 64 % for dual polarization is
considérably high in this beam-tilting angle and under the symmetry condition of the
slots which leads to the tapered amplitude distribution on the aperture. The difference
between these efficiencies is mainly due to the difference of the aperture distributions as
shown in Fig. 5.7. The frequency dependént beam shifting reduces the gain in fixed
beam angle at the frequency band edge, which is common disadvantages of the leaky

wave antennas.

5.4 Concluding remarks

A two-beam slotted leaky waveguide array is proposed for mobile reception of
dual polarization DBS. Uniform slots are adopted with their coupling optimized in
terms of antenna efficiency. The efficiency for this design is quite close to that of the
optimum distribution with non-uniform slots under the condition of symmetrical array
for dual polarization. The amplitude distribution is tapered by about 10 dB. Large axial
ratios of 2.3 dB for port #1 and 3.0 dB for port #2 should be improved in near future.
Antenna efficiency of the test antennas is evaluated as 71 % for the right-hand circular

polarization and 64 % for the left-hand one in the measured gain. These results are a bit
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inferior to those for the single polarized antenna developed for Japanese use, but is

providing attractive candidates for dual polarization antennas.
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Table 5.1 Design parameters

Frequency bandwidth 122 ~12.7 GHz
Design frequency 12.45 GHz
Number of waveguides 20
Number of slots 26
Length of aperture along radiation waveguide L 230 mm
Length of aperture along feed waveguide 320 mm
Beam direction 6, ( from zenith ) 45 degrees
Broad guide width of radiation waveguide a, 14.3 mm
Broad guide width of feed waveguide a, 17.9 mm
Wall thichness between the waveguides 2.0 mm
Slot cross angle 6, 55 deg.
Slot offset d 2.3 mm
Slot length / 9.67 mm
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Chapter 6. Reflection-cancelling slot pair

array

6.1 Introductory remarks

Resonant slots are widely used for conventional slotted waveguide array.
Reflection from each slot causes a standing wave in the waveguide and beam tilting
technique is essential to suppress the reflection at the antenna input port. But the slot
reflection narrows the overall frequency bandwidth and the design taking it into ,account
is complicated. This paper proposes a reflection cancelling slot pair as an array element,
which consists of two slots spaced by 1/4g. Round trip path-length difference between
them is 1/2A, and reflection waves from a pair disappear and traveling-wave excitation
in the waveguide is realized.

© The full wave analysis reveals that mutual coupling between paired slots is
large and seriously reduces the radiation from a pair. Offset arrangement of slots in a
pair is recommended to decrease the mutual coupling and to realize strong coupling. In
practical array design, the mutual couplings from other pairs were simulated by
imposing periodic boundary conditions above the aperture. ‘

To clarify the advantages of the slot pair over a conventional resonant slot, the
predicted characteristics are compared. Reflection characteristics of the array using the
slot pair is excellent and a boresite beam array can be realized. In addition, a slot pair
can realize stronger coupling than the conventional resonant slot, while the bandwidth
of the former in terms of the aperture field phase illumination is narrower than that of
the latter. These suggests that the slot pair array is much more suitable for a small array

than conventional one. Finally, the predicted characteristics are confirmed by

experiments.
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6.2 Reflection-cancelling slot pair

The conventional slotted waveguide array consists of resonant slots which are
spaced by 1/2hg (Ag : guide wavelength ) [651]. In order to cancel the reflections from all
the slots at the feed point, a few degree beam tilting has been adopted in general which
results in the following disadvantages.

(i) A standing wave in the waveguide results in a narrow frequency bandwidth of the
antenna. !
(ii) The tilt angle of the main beam can not be arbitrarily chosen and may degrad,e the
design flexibility.
(iii) Slot coupling is controlled by offsetting a shunt slot but the maximum coupling
is limited. ’
(iv) The mutual coupling and reflections from slots make the design complicated.
Experimental optimization and time consuming iterative method have been adopted
for the design [6-2].
In the design of a small array where slots couple strongly, the effects of (iii) and (iv)
become serious. |

In this paper, the authors propose a novel slotted array antenna using
"reflection-cancelling slot pairs" which can radiate a boresite beam. This cohcept IS a
general one applicable for realizing slot antennas operating in traveling wave mode [6-
3]. The design, analysis and experimental results of the reflection-cancelling slot pair

array are presented.

Figure 6.1 shows a linearly polarized slotted waveguide array using reflection-
cancelling slot pairs. The pairs are spaced by a guide wave length: A, and the adjacent
waveguides are excited in opposité phase; the pairs are interleaved to suppress the
grating lobes from the array.

The "reflection-cancelling" principle is shown in Fig. 6.2. A pair consists of
two slots which are cut on the waveguide broad-wall with a spacing of about 1/4X,. The
reflections from the two slots are cancelled out with each other due to the round trip
path-length difference of about 1/2X,. Reflections from a pair do not exist and traveling-

wave excitation is realized.

The following advantages are expected for the array using the reflection-

cancelling slot pairs;
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(i) Reflection is small and the beam-tilting technique is not required.

(ii) The array design is simple and straightforward since the pair coupling can be

determined in'sequence from the termination to the feed point without any iterations.

(iii) Wide frequency bandwidth in terms of gain and reflection is expected in

association with traveling-wave excitation. |

On the other hand, some disadvantages are also foreseen. The main radiation of

a pair is not in boresite direction but in endfire direction as is shown in Fig. 6.2 since the
two slots are excited in 90 degrees out of phase. This gives rise to grating lobes in. one-
dimensional array with the element spacing of Ag. In the design of two-dimensional
array, an alternative phase feed system [6-4] in Fig. 6.1 is indispensable to suppress
these grating lobes in the endfire direction. Furthermore the dielectric filling in the

waveguide is required to suppress them in the diagonal plane:;

6.3 Analysis
6.3.1 Analysis model

Figure 6.3 shows the analysis model of a slot pair. The parameter a, b and A
indicate' the waveguide broad-wall and the narrow-wall widths and the wall thickness,
respectively. Slots #1 and #2 are cut on the broad-wall at y=0. Both slots are parallel to
the x-axis. They are centered at (x,z ) = (—p, —¢ ) and ( p, q ), respectively. The lengths
of slot #1 and #2 are 2/, 2/, and the widths are 2w;, 2w,. An infinite conductor plate
containing the slots is assumed at y = ~h. A reflection-cancelling slot pair is designed
first based upon the full wave analysis. As applied to the two dimensional array, mutual
coupling between the pairs along the z-axis via the outer space is large though that via
the inner space in the waveguide is small. Hence one-dimensional uniform array shown
in Fig. 6.4 is used to include the mutual coupling into the design of a pair. In this model,
the field outside the wavéguide is expressed as the sum of contributions from the array

of pairs spaced by s and excited equally.
6.3.2 Integral equations

As is shown in Fig. 6.3(b), the analysis model is divided into the following four

regions by taking the wall thickness into account [6-5]: the waveguide ( region 1), slot
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#1 ( region 2 ), slot #2 ( region 3 ) and the half free space bounded by periodic
boundaries ( region 4 ). S; and S, are the Slot #1 and #2 apertures facing to the
waveguide. Those facing to the half space are S3 and S4, respectively. Aécording to the
field equivalence theorem, the upper and the lower slot apertures facing to the
waveguide and the half space, respectively, are replaced by unknown equivalent
magnetic current sheets backed with perfectly conducting walls. On the apertures S; (i =
1 ~ 4 ) unknown magnetic current sheets M; are assumed, where M; are related to the
unknown aperture electric fields E; by -
Mi=FEixy (6.1)

where # is a unit vector in the y axis. The continuity conditions of the tangential
magnetic fields on S; require the integral equations for M;:

OnSl,
H,+[[ G -Mds+][[ G Mas=-[[ G, -Mas+][ G, Mds (62)

On Sz,
H,+[[ 6 -Mds+[[ G -Mas=-[[ G Mas+[[ G .Mads (63)

On S3,

- j\ G, MdS+ | L G, MdS=-]| j\ G, MdS- | L G, M,dS (6.4)
On S4,

-H G, . M,dS + H\ G, -M,dS= “Us,‘ G, .MBdS-H& G, M,dS (6.5)

where G/s (/=1 ~4) are the dyadic Green's functions for the magnetic field produced
by a unit magnetic current in the region /. G4 reflects the contribution from infinite pairs
in Fig. 6.4. Hj, is the tangential component of the incident magnetic field ( TE;p mode )

transmitting in the +z direction.

6.3.3 Dyadic green’s function

The dyadic Green's function G for region 1 is determined first by the following
procedure. For later use in the integration over the xz-plane, expansion in terms of
modes propagating in the +y-direction is advantageous. The concept of virtual cavity

composed of virtual conducting walls located at z = —c and z = ¢ is adopted [6-6] [6-7]

to this end where ¢ is arbitrary provided ¢>q and is set to be 0.375A,. The Green's
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function G, for this cavity is expanded in terms of a complete set of normal mode

functions propagating in the £y direction.

G,(rlry) =~ Z—HEI——)[H;;M exp(+y,,6)~ HO (P exp(~7 ,,b)]
(HO (n) - HO(r)]  (66)

Then the Green's function G is given as

/ 1 « exp(~7.,c)
G(rlr :G, Flry)+— —
(rlr) = G, (rlny) 4;sinh(}’_.,,2c)

+lz C.Xp(—‘}’_./lC)
47 smh(;/__u2c)

[H.,(r)exp(+y ) = H) (ryexp(=7 ,,e)IHL, (1)

[H (Mexp(+y ,0)~ HS (rexp(~y ,o)]H () (6.7)

where H_..“(i) is a normal mode function for the 'magnetic field propagating in #z-
direction, r is an observation point vector, rp is a source point vector and ¥, is the

propagating constant of the p-th mode.
The dyadic Green's functions for rectangular waveguide regions 2 and 3 are

easily expanded in terms of a complete set in the £y-direction as follows;

1 1
(;ZW[H‘ (") exp(y h)— H (r)exp(—y 1)
(+) ) ;
6,.G,(rim) =1 " [H,,(_fro) HYm)]  Osy<yw) oo
~Zsmh(7 w0 -HY 0]
| [EORexptr - B (RYexp(-y B G <ysh)

The upper expression corresponds to the case of the source on S; and Sa, while the
lower one does to the source on S| and S, in Fig. 6.3. The different lengths and widths
between slot 1 and slot 2 result propagation constant y, and normal mode function H“(i)
in different for respective slots.

The dyadic Green's function G4 for region 4 expresses the effect of a uniform
- array. Many fictitious slot pairs, with the same parameters 2/j, 2/, 2g and with the
constant excitation coefficients F3 and £, for slotl and slot 2 réspectively, are arrayed
on both sides of the real pair with the spacing of s as is shown in Fig. 6.4. If the array is

large to some extent, G4 is given as the sum of the contribution from 2 ( Ny + 1)
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magnetic currents to the half free space above an infinite conducting plate, which is
equivalent to that from 2 ( Ny + 1 ) magnetic currents 2M to free space as
2(N,+1) .
7 VV4,

G,(rlr) = [—jod,; +-
e ; JOHE

] (6.9)

Ai — _‘?_0_ exp(_.]kOIr - rOil)' (6.10)
2m 'r_rol‘l

where (; 2n / Ay ), mg and ep are the wave number, permeability and permittivity of
free space, respectively. The number of fictitious pairs Ny is increased until the slots
excitation coefficients E5 and Ej converge; 3 or 4 is sufficient, provided that the slot is

not resonant.

6.3.4 Galerkin’s method

Galerkin's method of moments is adopted to transform Egs. (2) ~ (5) to a
system of linear equations. An unknown electric field in every slot aperture E; (j =1 ~
4) is assumed to have only a component along the slot width and is approximated as

E, =E f(x;)g(z;))z; = Ee, (6.11)
where E; is an unknown coefficient for the J-th aperture. The functions f{x;) and g(z;) are
the longitudinal and transverse electromagnetic field distributions, respectively.

_sinfky (1,10}

S(x;) sin(io]) (6.12)
8(z;) =—~1~— (6.13)
wj —-Zj.

The integral equations (6.2) ~ (6.5) with E; (.j =1 ~ 4 ), substituted by (6.11), are

multiplied by the basis functions m; ( =e, x » ) (i=1~4) and are integrated over the

apertures S;. A system of linear equations for four unknown coefficients £; (j=1~4 ) is

written as
E(h + T+ EY, —EYy =T, (6.14)
E Yy + By (Y + Y) = EYy =T, (6.15)
—E Y+ (Y + Yy)+ EYy =0 - (616)
BT+ BV + E(Y + ) = 0 (617)

where ¥,/ in region / and T; are given as
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} |
y=] L m, - G, - m,dS,ds, (6.18)

L= m H,ds, (6.19)

Excitation coefficients E; of the apertures are the solutions of Eqgs. (6.14) ~ (6.17).

~ Once GEJ- is determined, the reflection and the transmission coefficients S;;, Sy
are evaluated in a straightforward manner using the aperture magnetic currents M and
M, facing to the waveguide, while the radiation pattern is calculated using the aperture
magnetic currents M3 and My facing to the half space. The phase of the transmission 6,

and the radiation 0, are also derived for the later use in the array design.

6.4 Design
6.4.1 Slot pair design

For given slot length 2/;, the slot length 2/, and the spacing between the two
slots 2¢ are optimized for minimum reflection from a pair in the waveguide. In the
practical procedure, /; and g is varied with the step. of 0.0lmm and the reflection is
cal‘culated. The procedure stops when the reflection is reduced below —50dB. This is
repeated for various slot length 2/ or various slot pair coupling. As the length /|
approaches resonant one, the reflection less than —50dB is no longer realized. The
coupling for this length /; is defined as the maximum coupling. Slot spacing 2q7 is
smaller than Ag/4 due to phase delay of nonresonant slot admittance. Mutual coupling
between two slots in a pair is large and diminishes the radiation from a pair. When the
waveguide is filled with dielectric in order to suppress the grating lobes, the slot spacing
becomes smaller and these effects are notable. The offset p is an important parameter
reducing it and enhancing the radiation.

Figure 6.5 shows the relation of 2I,, 2/, and 2q for minimum reflection as
functions of various slot pair coupling ( = 1-|S,,* ). Figure 6.5 (a) shows parameters for
the offset p = 3.2mm, while Fig. 6.5(b) shows those without the offset ( p = 0 ). The
design parameters are shown in Table 1. In the latter case, the optimum slot spacing 2¢
seriously deviateé from A,/4 due to strong mutual coﬁpling. As the slot coupling
increases, the phase difference also increases and the optimum spacing 2q decreases

further. Since the minimum slot spacing 2¢q is mechanically limited and is about 2 mm,
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the slot pair coupling can not exceeds 35 %. On the other hand, the phase difference in
the pair with offset p remains unchanged for wide range of slot coupling. Then the
optimum spacing 2q¢ is nearly equal to Ag/4 and the slot pair coupling more than 70 % is
realized. The offset p plays an important role in the design of slot pairs near the

termination for which strongest pair coupling is required.

6.4.2 Array design

One dimensional érray with uniform aperture illumination is designed. N slot
pairs are arrayed and numbered from the feed point ( pair number 1 ) to the termination
( pair number N ). By ignoring the reflections in the waveguide, the following procedure
is adopted for the array design. A

At first, the coupling of each pair is specified in sequence from the N-th to the
1-st pair. Once the maximum coupling power C(N) for the last pair is given, uniform
amplitude field illumination is realized by setting the coupling power of the n-th pair

C(n) according to the following equation:

R ON ~934...
Cn 1)_1+C(n) (n=234,,N) (6.20)

For C(n) thus defined, the slot lengths 2/ |(n); 215(n) and slot spacing 2¢g(n) are derived

by referring to Fig. 6.5.

Next, the pair spacing s(#) are ‘determined to realize uniform phase illumination.

The following equation is imposed:

k,-s(m)=2n+0,(n-1)-0,(n-1)-6,(n) (n=23,4,---,N) (6.21)
where k; ( = 2n/A; ) is the wave number of the waveguide and the predicted phase
delays of the transmission and the radiation are 6,(n) and 0,(n).

The above design procedure dispenses with iteration. However, excitation
coefficients of slots located at the end of the array may deviate from prediction, since
the unit pair analysis in Sec. 6.3.2 assumes fictitious slots on both side, while the slot
exist only on one side of the end pair. If one requires highly uniform illumination, a

short iterative procedure may be used to optimize parameters in the last few pairs.



6.5 Numerical results

6.5.1 Model antenna

To clarify the advantages of the slot pair over a single slot, a relatively small
array is designed and predicted characteristics are compared to each other. A shunt slot
array [6-8]-[6-10] is adopted as a conventional resonant-slot array. It has paralle] slots
and common advantage of excellent XPD over a series slot array with non-parallel slots.

The common deéign parameters are as follows. The design frequency is set at
12 GHz. The size of the waveguide cross section @, b is 17.5 mm X 4.5 mm and the
wall thickness 4 is 0.5 mm. The waveguide narrow-wall width b is set smaller than that
of the standard waveguide to make the slot coupling strong. The array length is 330 mm
and the Waveguide is terminated by a matched load. An arr.ay using 11 paired slots is
designed as shown in Fig. 6.6 (a). Two kinds of design are tested and compared. The
first one is the design developed in Sec. 6.4.2 which is based upon the unit design of a
*slot pair and dispenses with iteration. The second one adopts further iteration taking the
end effects of the array into account. A conventional slot array which has 15 resonant-
slots is also designed as is shown in Fig. 6.6 (b). The slots parallel to the guide axis are
cut on the broad wall. The resonant length is found by the analysis as a function of slot
offset. When the slot offset from the center of the waveguide increases, the slot coupling
also increases. The couplings are determined so as to obtain uniform amplitude field
illumination. Since the electromagnetic field distribution forms a standing wave in the
waveguide, iterative design procedure is indispensable to arrive at the desired
illumination [6-2]. Furthermore beam-tilting technique is adopted to the resonant-slot
array in order to cancel reflections at the feed point: main beam is tilted by 9 degrees so
that the second null coincides with boresite direction ( © = 0 ). All the slot spacings are

set to be equal to 7/ (k, — k,siné,) (6. tilt angle, s: slot spacing ) as the initial value

in the iteration for obtaining uniform phase distribution.

6.5.2 Calculated results of test antenna

Calculated results of reflection and termination loss in the waveguide are

shown in Fig. 6.7. Reflection of the slot pair array without beam-tilting technique is
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suppressed below —20 dB and has almost the same potential as the resonant-slot array
with beam-tilting.

Aperture phase illuminations of both antennas at three frequencies are shown in
Fig. 6.8. Contrary to what one expected, the array with slot pair is more narrow banded
than the conventional one. Since array lengths and 1ong line effects of both antennas are
the same, it is due to the frequency dependence of the transmission 6, and the radiation
phase 6, of non-resonant slots in the new antenna.

"l:o demonstrate the effectiveness of simple design wit‘hoyut iterations in the slot
pair array, the results with iterations are also included in the figure; they are almost the

same as those for the simple design.

6.6 Experimental results

A l6-element model antenna is manufactured at 12 GHz. The design
parameters are indicated in Table 6.1. Permittivity of dielectric in the waveguide is 1.59.
The slot offset p in a slot pair is 3.2 mm. The waveguide is terminated by a matched
Joad.

Fig. 6.9 shows the aperture field illumination. The amplitude and phase is
sufficiently uniform at 12.2 GHz, which is 200 MHz higher than the design one. This
frequency shift may be due to error in permittivity of dielectric. New permittivity of 1.54,
which explains the measurement better, is used instead of 1.59 in the calculations
hereafter. The phase change in F‘ig. 6.9 (a) is due to both the long line effect and the slot
coupling. The former is a general frequency dependence due to a path length ditference
of the array elements for traveling wave excitation; this is also presented in Fig. 6.9. The
amplitude is a bit tapered but the illumination is uniform within 2 dB error.

Fig. 6.10 shows frequency characteristics of reflection and termination loss.
Fine agreement between measurement and calculation was obtained. Reflection ( Sy ) is
less than —17 dB and termination loss of the array ( Sy ) is less than —18 dB in 400 MHz
bandwidth centered at 12.2 GHz. |

Radiation pattern is shown in Fig. 6.11. Reasonable agreement between
measured and calculated ones was obtained. Small differences in the radiation pattern,
are due to the amplitude taper in the aperture illumination. The side lobes are much

higher in the termination direction ( © = 90 ). This phenomenon is due to an element
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pair radiation pattern shown in  Fig. 6.12. This lobe is suppressed in two dimensional

array by applying the alternative phase feed system.

6.7 Concluding remarks

A novel slotted waveguide array using "reflection-cancelling slot pair" is
proposed. The antenna design and analysis are presented. Reflection characteristic of the
slot pair array is excellent and a boresite beam array can be realized. In addition, a slot
pair can reélize stronger coupling than the conventional resonant slot; termination power
can be set small even for a small array. On the other hand, the analysis reveals that the
bandwidth of the slot pair array in terms of the aperture field phase illumination is
narrower than the conventional one. Consequently; the slot pair array is much more

suitable for small arrays than conventional one.
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Reflection-cancelling

slot pair

Fig. 6.1 Configuration of reflection-cancelling -

slot pair planar array

Fig. 6.2 Reflection-cancelling principle of a slot pair

and its element pattern
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Table 6.1 Design parameters

Design frequency 12 GHz

Relative dielectric constant 1.59
in the waveguide

Slot offset 3.2 mm

Waveguide broad wall width 17.5 mm
Waveguide narrow wall width 4.0 mm
Slot plate thickness 0.5 mm
Array length 330 mm
Slot width 1.0 mm

105




Chapter 7. Conclusion

7.1 Summary of preceding chapters

Single layer slotted waveguide antennas are attractive in the respect of the
simple structure. The antenna is fabricated by only putting a slot plate on a groove feed
structure. Since both of the components are two-dimensional one, the slots are cut on
the plate by press-and the grooves are manufactured by die casting. Only TE;q mode
transmits in the single mode waveguide. It is possible to analyze the two parts; the
radiation and the feed waveguides, independently each other. It is easy to analyze the
two-dimensional structure of the feed circuit.

Chapier 2 point out the problems in applying the single layer slotted waveguide
array to the high frequency use. The high frequency use antenna can be designed by
scaling down the lower frequency use antenna for its wavelength in principle. However,
slot width, slot plate thickness and wall thickness are limited in fabrication. Furthermore,
in higher frequency, the sizes of the components are reduced and high fabrication
accuracy is required. We have to take care of the accuracy in setting the slot plate on the
grooves. Test antennas are fabricated for experiment in 22 GHz band. Three types of
contact are examined by measuring the antenna characteristics.

Bonding: The contact is electrically incomplete.

Laser welding:  Grating lobes appear due to the slot plate shrinkage.

Brazing: Center frequency shifts due to the extension of both the slot plate and
the base feed structure. «

The alternating phase feed system is proposed in order to avoid the difficulty’ in

fabrication. The basic operation is confirmed by experiments in 22 GHz band. The

advantages of the feed‘system can not be confirmed by the bonding contact antenna. It is

because the adhesive cuts the current between the two waveguides.

The mutual effect in the external region of the waveguide is quite complicated.
It makes the slot array design difficult in general. The arrays designed in this study are
relatively large and are 24 x 25 element one. Periodic boundary condition which is

equivalent to the infinite slot arrangement is introduced to the analysis. The experiments
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confirm the effectiveness of the analysis for the design of the array. Further
investigation confirms that the analysis is effective for relatively small array such as 4 x
7 elements one. Since this concept is general one, it can be used for any other type array
anteﬁna.

In the first step toward the application of millimeter-wave array, high gain
antenna of 36 dBi is realized in 22 GHz band explained in Chap. 4. The slot plate and
the base feed grooves are in contact by brazing technique as is mentioned in Chap. 2.
The frequency at the peak gain shifts in 150 MHz lower than the design one. The peak
gain and the antenna efficiency result 35.9 dBi and 75.6 %, respectively. They are much
higher than any other planar antennas. The single layer slotted waveguide antenna is
expected to apply to millimeter-wave use. The antenna for 60 GHz band is designed and
is confirmed to realize almost equal characteristics to the antenna for 22 GHz band.

A circular-polarized single layer slotted waveguide array is realized by using
cross slots for the DBS service in the USA in Chap. 5. Both right and left-hand circular
polarizations radiates toward different directions from the same cross slots. They are/fed
from the opposite ports of the leaky waveguide each other. In the design, the optimum
aperture distribution is derived for the symmetrical structure by the calculus of
variations. The array with all the same slots gives almost the same characteristics with
the optimum one. As results of experiments, predicted taper of amplitude is obtained on
the aperture. The antenna efficiency results 71 % and 64 % of right and left-hand
polarization, respectively. In comparison with 75 % antenna efficiency of the Japanese
DBS antenna whose aperture is uniform, the efficiency is sufficiently high.

Reflection canceling slot pair consists of two slots. The mutual coupling
between the two slots in a pair reduces the radiation from the slot pair. It is suppressed
by slot shifts toward the different direction each other. The features of the reflection
canceling slot pair are clarified by comparison with resonant shunt slot array. As results
of the experiments of one-dimensional array, we can confirm;
® Beam tilting technique is adopted to the resonant shunt slot array in order to

suppress the reflection at the feed point. Arbitrary slot arrangement is possible for
the reflection canceling slot pair array.
® The frequency dependence of the transmission phase change through the slot pair is

large. The frequency bandwidth of gain would be slightly narrow.

107



7.2 Remarks for future studies

The remarks for further investigations are listed.
(1) Millimeter-wave applications are increasing recently. We have a plan to deveiop the
antenna for the car collision avoidance radar in 60 GHz band and the COMETS
( communications and broadcasting engineering test satellite ) antenna in 40 GHz
band.
(2) Alternating phase feed system is advantageous for high frequency use. '.The

development of the system is highly required for the applications mentioned in (1).
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Appendix A : Determination of slot

spacing

Slot spacings are constant and are given by following expression;

|
s=5—> . (A1)
— ——sin, ’
g 7“0

where Ao and A, are wave lengths in the free space and that in the radiation waveguide
respectively and 6 is beam tilting angle from the zenith. 6, is chosen so that m-th null

point of an array factor may fall on the boresight direction in order to suppress the
. - , : 2n
reflection at the feed point. Therefore, kos-sing, can be substituted by —N—m, SO

following expression of the slot spacing is obtained;

A A
s = —2i + mFg (A.2)

The spacing is a little larger than a half guide wave length. However, the null number m

is chosen so that grating lobes do not appear in the radiation pattern.



Appendix B: Aperture illumination

estimating model

Aperture illumination estimating model as is shown in Fig. 3.4 is introduced.
Neglecting the edge deviation in the transversal direction of x, K identical one-
dimensional arrays are arranged in both sides of the real one. The method of moments
analysis is conducted for deriving slot excitation coefficients A4, (n=1, - -+ N), where
Ay is the unknown coefficients of magnetic current M. The number of unknown

functions is N and remain the same as that in one dimensional array. -
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Appendix C: Analytical expression of

aperture field on the slot

Aperture field on the slot is derived in simple expression analytically which
includes mutual effect from all the surrounding slots approximately. The field
distribution along the z-direction is assumed by piece-wise sinusoidal function and that
along the x-direction is by Maxwell’s function in the method of moments. The
excitation coefficients E; and E, are unknown and the magnetic currents M| and M, are

expressed as

. s
smko(l—[z—Zl) 1

Mu = Eu .
Slnkol [Wz—(x_d)z

All the integrals in the green’s functions in Sec. 3.4.1 are derived analytically. As a

(u=1,2) (C.1)

result, the excitation coefficients E| and £, are simply expressed by following formula;

E\__ 1 |D (C2)

E,|” AD-BC|- | | |

I’]O ’
Y/lo o [ g ] ks +y”'° (C.3)
Cos{i (-—% — )}{COSh(‘Y I'IOI) - COS(kOZ)}
a 2 ‘
A=Y st Yot Yp : (€4
- B=Ywy (€2)
C=Ywu (0
D=Y1+Yys (D)
1 ¢ 4n’k;

Y, =—> coth t - 3
ws %: (Y;‘an )kamn 4w {(2m’+1)n’ kz}-
;%

21

mm )’ )’
t* kl{J ( j +71, (—)
co { (Yl TC)} { hWmn 21/ eWmn Iw

(m=2m+1,n=2n") (C.8)
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mm nm 2 2 Y Hm,n .] koX)
kch,n = \/( +(—'j 3 YHmn - kLHmn 8rkO > y;1Hm,n == s Y;Hm,n =

4 (mn #0)
Sma = {2 (mn=0)

I is the contribution of the incident magnetic field of TE o mode. Yis and Yy, are self
and mutual admittance in the wall thickness, respectively. Y and Yp are self admittance
in the waveguide and are the contribution of the waves propagating toward the y- and z-
directions, respectively. Yy is the self admittance including the contributions from the
surrounding slots in half free space. Zj is the intrinsic impe‘cll.ance and equals to 1207. ¢

is the length of virtual cavity [3-11] which is chosen by about 3/4 guide wavelength.
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Appendix D: The Euler equation for calculus of

variations

As the problem of the calculus of variations, the maximum of the integral
J(u)= J_:' F(z,u,u')dz D.DH

is determined where the value zo, z|, u(z9) and u(z)) are given. The function J(u+€t) may

be regarded as a function ©(g) of ¢, thus

O(e) = _[ F(z,u+et,u' +et')dz (D.2)

where € is a parameter and et is known as the variation of the function . Hz) is a
arbitrary function which satisfies t(zo) = t(z;) = 0. ®(¢) must have a extremum at ¢ = 0
in a sufficiently small neighborhood of 0, and therefore ®’(0) = 0. If we differentiate the

integral ®(g) with respect to € under the integral sign, we obtain,;

@'(0) = f‘(%];:r +£’r’)dz =0 (D.3).

ou'
We transform the second part of the integral by partial integration, and we obtain the
equation; '

(E _iﬁjdz _ 0 (D.4),

ou dz ou

Iz

valid for every one of the functions t. Therefore

oF d OF _0 (D.5)

ou  dz ou'
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Appendix E: Design of the leaky waveguide array

antenna

In the design of the antenna, we referred the parameters of the Japanese DBS
énd COMETS antennas, since the slot analysis of the cross slot is difficult due to the
complicated structure.

The broad wall width of the waveguide a, determines the wavelength of the
dominant TE, mode, which reflects the beam direction. Since all the slots are identical,
the phase differences between the radiating waves and the input waves are constant on
the aperture. Therefore, including the slow wave effect of a slot, the following equation
is obtained as;

.%Ed+¢‘\, =%zdsin9, (E.1).

Iy 0
The phase delay ¢, can be approximately compensated by the beam scan angle 6;, so
A,
—- =sin(0, —6,) (E.2).
Ay '
This equation is the formula of the leaky wave theory. Hence, the broad guide width can
be obtained by
7\‘0
a, = =
2,/1-sin’(6, - 6,)

The slot offset determines the phase difference of the excitations between the

(E.3)

two crossed slots, which reflects the axial ratio. The optimum offset depends on the
required beam direction and the waveguide broad wall width a,. The offset d is
determined so that the ratio between d and ag equals to that for the COMETS antenna,
because the beam tilting angle is the same with it. |
Slot length is determined to realize the required coupling obtained in Sec. 5.2.
The coupling factor corresponds to the termination loss of 8.1 %. The Japanese DBS
antenna has 16 slots on a waveguide. Provided that all the input power radiate out from

16 slots with uniform aperture distribution, the coupling of each slot is expressed by

C, =(1-Js

2)xloo (%] (n=1,2,3,----,16) (E.4)
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3
where we assume as ‘S,‘["‘ = 0. The propagating power T, in the waveguide which has N

slots with constant coupling C satisfies following equation;

{T,, =(1-0O)T,,

=1,2,--+-- N E.5).
r (n ) ®)

Therefore, the termination power is expressed by
Ty=(1-C)" (E.6).
In order to obtain the termination power T2 of 8.1 % for N = 26, C equals to 9.21 %
which is close to Cy of the Japanese DBS antenna. The equivalent slot length with the
sixth slot of the Japanese DBS antenna should be obtéined.
The radiation power of a straight slot for these parameters are calculated by
using the straight slot analysis including the mutual couplings ‘from other slots

mentioned in Chap. 3. We use the slot length of 9.67 mm which radiates the same

amplitude of power with the Japanese one.



