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Abstract. An antenna comprising two different compos- sufficiently large aperture. Travelling wave antennas are at-
ite right/left-handed transmission line structures is proposedractive candidates for this type of application due to the fact,
which enables easy beam steering at an operation frequendiat their aperture sizes do not adhere with the operation fre-
of 10GHz. The composite right/left-handed transmissionquency, and hence the aperture can be chosen almost arbitrar-
lines are based on planar, periodically arranged via free unitly. The mapping between frequency and radiation direction
cells, implemented in microstrip technology. Both transmis- of the antenna can be controlled during the design process by
sion lines exhibit the infinite wavelength phenomenon whichdispersion engineeringMalter, 1965. However, the main
occurs at 9.72 GHz and 9.89 GHz, respectively. Thus, opbeam direction of a leaky wave antenna is tightly coupled
erating the different leaky wave structures at 10 GHz, radia-to the operation frequency and cannot be changed dynami-
tion with azimuth angles o#-8° and+17° can be achieved cally. Thus, many research efforts have been done and versa-
depending on the selected input port. In order to obtain aile concepts have been presented to allow beam steering at
tunable main beam direction, the radiation patterns of botha constant frequency, for example with a rotating dielectric
structures are superimposed by feeding them simultaneouslgrating structure as ischneider and Wengd2003, with

The influence of each guiding structure, and hence the direca movable dielectric slab as Matsuzawa et al(2006, or

tion of the main beam, can be controlled via the feeding am-by using lens antennas asBinzer et al.(2007). All these
plitude. As a result of this, the beam can be steered betweepresented structures are proven to work well, however, their
+17° with a gain of up to 10dBi. The guiding structures are realisation and production is very costly.

arranged in parallel with a clearanceasf12.2 mm which is

less than half of the wavelength in free space. This allows in

a further step the attachment of additional guiding structure  Theory

in order to increase the tunable angle range or creating an

antenna array with a small beamwidth in the elevation planez 1 Principle of leakage radiation

without the occurrence of grating lobes. An antenna proto-

type was fabricated and validated by measurements. A leaky wave is a travelling wave which progressively leaks
out power as it propagates along a waveguiding structure
(Caloz and 1toh2006. Consequently, a structure supporting
1 Introduction one or more leaky waves is referred to as leaky wave struc-
ture. In the following, a planar waveguide located in the
Since the advent of automotive radar systems, highly direciPane is considered. The waveguide supports an electromag-
tive antennas supporting easy beam steering have receivétftic wave travelling along the structure in thadirection.
considerable attention. As shown Balanis (2005, the By suppressing the time dependency, this wave can be de-
beamwidth of an antenna becomes smaller when its aperturécribed asj (x) = yoe ", wherey =« +jf represents its

is increased. Thus, realising a small beamwidth requires £0mplex propagation constant. The field above the guiding
structure which is excited by the travelling wave can be writ-

ten as
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C. Lgr process of a guiding structure is reduced to the design effort
04 of a single cell. The dispersion behaviour of such a guiding
structure is given by
L= Cr ) A+ D
o T ; (a+]B)p= arccoshT, (5)
p wherep stands for the physical length of the unit cell and the

parametersA and D are its elements of the ABCD-Matrix
Fig. 1. Equivalent circuit of a CRLH TL unit cell with series representation. Since the result of the arccosh-function is

impedanceZ = jowLR + Jw% and the parallel admittanc# = ambiguous, the phase constant has multiple soluttaps=
joCR+ L Bop + Z2 with n = 0,+£1,4+2,+3,... . Besides the funda-
JoLL mental mode3p, an infinite number of so-called space har-

monics are obtained. In general, a structure can be designed
in such a way that either radiation occurs at the fundamental

mode or at any arbitrarily chosen space harmonic as long as
Eq. @) leads to a real angl®yg. However, as it is men-

k) — /kz_ (B —ja)? @) tioned inPaulotto et al(2008 radiation at broadside using
ZTVvro Je)%, space harmonics can be disturbed due to coupling effects of

whereko = w/c is the free space wavenumber. If we consider@ Pair of these harmonics resulting in an open stop band.

a lossless antenna with relatively small leakagesan be ~ This problem can be overcome by radiating only with the
fundamental mode. Consequenty is forced to be zero

neglected and the wavenumber simplifiesie= /k5 — £°. to achieve broadside radiation at a certain frequeneyO,

Depending ong, this leads either to a purely imaginaty  \yhich can be realised by using composite right/left-handed
or a purely reak,. Accordingly, the first case represents an (CRLH) transmission lines.

evanescent wave exponentially decaying whereas the latter oq shown in Fig.1, the CRLH-unit cell is composed of

stands for leakage radiation. o a series and a parallel resonant circuit with the resonant fre-
The main beam direction of this leakage radiation can bequenciesus andwp, respectively. In both resonant circuits

In order to fulfill Maxwell’s equations, the wavenumber in
z-direction is given as

calculated as shown Malter (1969 according to the elements denoted with indéxare accountable for the
_Bw) left-handed behaviour of the arrangement. On the other hand,
OvB =arcsmw. (3)  components with indext make the unit cell to behave as

right-handed. According to the equivalent circuit of a con-
Analysing the argument of the angular function yields that ayentional transmission line, the right-handed contributions
real angle can only be found f¢f(w)| <ko. This accords  can be implemented either as lumped elements or as sections
exactly to the prerequisites in E@)(or a purely real propa-  of transmission lines. Additionally, the occurring parasitics
gation constant;. can be included in these elements.
The relationship between the beamwidtiyw and the Calculating the corresponding ABCD-Matrix elements of
aperture lengtii of the leaky wave antennais givendohn-  the circuit in Fig.1, inserting them in Eq.5), and per-

son(1993 by forming a taylor series expansion yield$ § WZ s
1 shown inCaloz and Itoh(2006), that 8 = %{B}, itpwszwp,
Opw ~ m- 4) and hence no stop band occurs. This case is referred to as
the balanced case in which the phase constant is written as

g'ﬁ = ’;(w./LRCR— ﬁ) Obviously, a given value of
F_he phase constant at a certain frequency can be realised by
choosing the appropriate network elemehts Cr, L and
L. Thus, it is possible to create a leaky wave structure pos-
2.2 Attificial transmission line theory sessing a certain main beam direction at a given frequency.
The counterpart of the characteristic impedance of a ho-
In order to design leaky wave antennas with predefined bemogeneous transmission line is the Bloch impedance of a
haviour, guiding structures with certain dispersion characterperiodic artificial structure. In contrast to the characteris-
istics are required. A very powerful approach to accomplishtic impedance, the latter is usually given at the terminals of
this are periodic structures. This type of structures are comthe unit cell only. According tdPozar (2009, the Bloch
posed of periodically arranged small sections, which can bémpedance can be determined based on the ABCD-Matrix
considered as unit cells. It is shown that the analysis of theelements as
whole structure can be restricted to the analysis of one unit 7
cell (Pozar 2009. Hence, in the ideal case also the design 4L =1/ 3 (6)

For a given value o, the antenna length is usually cho-
sen so that approximately 90% of the power is radiated. A
expected, the beamwidth becomes smaller for a longer ape
ture.
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t_o main bea_lm directio®pp1 a_nd—@MBl, respectively. Excita- _ +03 Dimensions:
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beam directior®yg> and—Op g2, respectively. > |« mm
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Applying Eq. 6) to the circuit in Fig.1 results in the fre-  Fig. 3. Layout of the two realised unit cells.

quency independent Bloch impedarite= \/é:t: \/g
structures. Structures possessing the same main beam direc-
2.3 Concept of beam steering tion are marked with arrows of the same colour. The distance
between identical antennasds In order to avoid grating
Naturally, the main beam direction of a leaky wave antennggpes in theyz-plane,a has to be smaller thaiy for radi-
can be steered by changing its operation frequency. Howation in the upper hemisphere only. This limitation makes
ever, a concept allowing different main beam directions at athe design process troublesome, since reducing the clearance
constant frequency is investigated in this work. leads to increased mutual coupling. The increase of the cou-
To clarify the basic idea, let us consider a leaky wave strucpling effects can grow up to such an extent that the structure
ture with two ports located at their opposite ends. The portshecomes inoperative.
are referred to as port 1 and port 2, respectively. Operating According to the antenna depicted in Figthere are four
the structure at the frequengly = wo/2r #0 at port 1, a  different main beam directions possible, which can be chosen
leakage mode is excited which propagates along the strucyia the corresponding feeding. An excitation of the antenna
ture to port 2 at which it is supposed to be absorbed. Thusaccording to the red solid and dashed arrows leads to radi-
radiation occurs with an azimuth main be@mg; according  ation into the direction oPyg1 and —Owg1, respectively.
to Eq. @) and the propagation constant of the excited mode.The anglesPyg> and —©wg> can be adjusted by feeding
The structure can be designed in such a way that this anglgccording to the blue solid and dashed arrows, respectively.
Owme1 # 0 at the frequencyfo. Furthermore, the radiation patterns of two structures can
If the driven port and the terminated port are interchangedbe superimposed by feeding them simultaneously in order to
the phase constant will be negative with respect to port 1 angjain additional main beam directions. The influence of each
hence, radiation with the main beam directie®mg1 will guiding structure, and hence the direction of the main beam,
occur. As it is seen in Eq4j, the beamwidti®gw1 of the  can be controlled via the feeding amplitude. To ensure that
antenna in the azimuth plane is determined by the apertureach combination leads to only one main beam, the particular
length L. Thus, the beamwidth can be manipulated by thepatterns have to fulfill
amount of cascaded unit cells along thaxis.
Further main beam angles are achievable by adding othePvB1+OBW1/2> OmB2 — OBW2 @)
leaky wave structures in parallel which possess the angles .
+Omen. This can be done any number of times if the with Oue1 = Ous2-
beamwidth in the elevationyg-) plane can be broad. How-
ever, the requirement of a small beamwidth in this plane lim-3 Realisation
its this approach, since leaky wave structures exhibiting the
same azimuth angle must be repeated periodically. Figure The aim is to create an antenna comprising two differ-
shows such an arrangement of two times two leaky waveent leaky wave structures, which possess at the operation
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Fig. 4. Simplified equivalent circuit model of the realised unit cell
with neglected losses.

Fig. 6. Fabricated leaky wave structures. The numbers are indicat-
ing the ports.
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Fig. 5. Dispersion diagram of the unit cells with the transition fre- Fig. 7. MeasuredS-parameters of the leaky wave structurés;
guenciesf; =9.72 GHz (red line) and =9.89 GHz (blue line).  blue line,S>4 black line,S33 red dashed line ansl;3 orange dashed
At 10 GHz the unit cells exhibit a phase constaniBef= 0.098% line.

andpBo = 0.038%, respectively.

the dispersion diagram seen in Fij.one obtains the phase
constants of81(27r 10 GHz)= 0.098% andB2(2710 GHz)=

frequency of 10GHz the main beam direCtiO@W_ﬂ and 0.038%, respectively. Employing Eq3J, this leads theoret-
®mp2, respectively. In order to allow the extension of the . p

. L X ically to the main beam directio =15 and =
aperture iny-direction subsequently, the distance between5 Soy Balancing a unit cell COﬂrS(iQS'\f{IiBnl of discretG;szements
adjacent structures should be less thap2. Furthermore, o 9 9

an easy to fabricate design is wanted which can be produce(éan be done easily by choos_mg the approprla_te.values. How-
. : ever, the proposed cell requires a more sophisticated balanc-
using a standard photolithography process.

h it cell d iBberséich 12009 | ing procedure. Therefore, information are required which
. T e_unlt cell presente 'E ersacher etal(2009 is €aS-  gescribe whether the unit cell is balanced or not. Further-
ily realisable and needs neither an interlayer connection nor g .« it is important to know, which resonant circuit should

multilayer fabrication process. Hence, it can be produced i”be tuned. These information are provided by Thand Y

an entirely printed circuit technology. Consequently, the con-y iy elements obtained by the numerical computation soft-
cept of this unit cell is taken as a basis for this antenna desigr\Nare CST Microwave StudicQST)

HO\;VEVEI‘,l.It ca:)nnot be |mdplemenlted directly, since strong mu- During the balancing process of the structure losses are not
tual coupling between adjacent leaky wave structures OCCUronsidered. According to the resulting simplified equivalent

Therefore_, the unit cell must be r_\arrowec_ymilrectl_on with- circuit model, seen in Figd, the elemen®; can be calcu-
out changing the electromagnetic behaviour. This means that i - U ,
ted analytically. Per definitiorZz; = 2 o From this

the open ended inductive stubs must be shortened while th I p,=
electrical length must be unchanged. This can be achieved bfpllows that neither of the series inductances must be taken
introducing impedance steps along the stub. Beginning at thénto account. Thus, this impedance reads

open end, a stepwise change of the characteristic impedance

i 3472
from a low to a high level is required. In microstrip technol- 7,, = 3 Jo 4LZLCL 5 . (8)
ogy, this is easily achieved by a step in the width of the line. (1= L CR)1-w°LLCr—w4CL L)
The resulting design is shown in Fig. Searching for roots of the denominator gives

In the next step, the unit cells were balanced upon the
transition frequencies 9.72 GHz and 9.89 GHz. According to wrp =,/ m
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Measurement and simulation results are drawn in solid lines and

dashed Iings, respectively. Excitation at port 1 (blue line) and atFig. 11. Radiation pattern in thez-plane -direction polarised).
port 2 (red line). Measurement and simulation results are drawn in solid lines and
dashed lines, respectively. Excitation at port 1+3 (blue line) and at

port 2+4 (red line).
and

/1

@fpres = LiCr ing these steps, both unit cells were balanced and tuned cor-
SinceCy, > 0, it is found thatw , < w sy, The numerator ~ rectly to the desired frequencies. Their exact dimensions are
is unequal to zero at both frequencies which leads to twoshown in Fig.3.
maxima of|Z»1|. The position of the peak occurring at the It should be mentioned, that due to mutual coupling the be-
higher frequency identifies the parallel resonant frequency. haviour of a cascaded unit cell changes and detuning occurs.

Determining the series resonant frequency can be dondhus, it is advisable to determine the elemeritsand Z;

based orY11. With the prerequisites that the parallel resonantout of a cascaded arrangement by performing a deembedding
frequency is tuned correctly, its conductance is insignificantProcess.
around this frequency. Thus, the admittance matrix element

simplifies to
) 4 Results
Vor — I . JoLg ©)
U= U=0 1—®?LRCL’ The designed structure was fabricated, as seen in&ig.

| . ¢ ¢ hich i i and successfully tested. The measured reflection and trans-
Only one maxima can be found ffi1s| which identifies ex-  ission coefficients are shown in Fig. Additional mea-
actly the series resonant frequeney; .=,/ Tch Follow-  surements were done determining the mutual coupling. As
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