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Abstract—A simple analytical condition for the radiation z } I
resistance and conductance K, G) of an equivalent composite L R C :
right/left-handed (CRLH) balanced leaky-wave antenna uni-cell O_LNY\_MA_| I_}__o
is proposed to achieve a constant radiation rate. Similar to ' |
the CRLH “balanced condition”, which allows a smooth phase Fes e ———
transition from the left-handed to the right-handed frequency l |
regions, the proposedR — G condition provides a continuous and : Cr
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smooth transition of the radiation losses from the left-hamled to
the right-handed frequency region. Besides, this conditioalso % L ___‘—=——fp——" ___ _|
solves the phase fluctuations which traditionally occur arand the
CRLH transition frequency, due to real radiation losses. Seeral o- —0
numerical results are included to confirm the uniform radiation - p g
rate obtained when the new derived condition is used.

Index Terms—Composite Right/Left-Handed (CRLH) Leaky-
Wave Antennas (LWAs), Broadside Radiation.

Fig. 1: Equivalent unit-cell model of a CRLH transmission
line, which operates as a leaky-wave antenna. The series
resistance (R’) and the shunt conductance (G’) provide the
radiation losses of the antenna. Dielectric and ohmic bsse
. INTRODUCTION are neglected for simplicity.

Composite right/left-handed leaky-wave antennas (CRLH

LWASs) [1], [2] introduced full-space continuous beam scan-
ning, from backfire to endfire, including the broadside di- Finally, to demonstrate the usefulness of the developed

rection. Among other possibilities, these antennas can g@ndition, the radiation losses from two different CRLH L&/A
fabricated in microstrip (see Fig. 3.39 of [1] or Fig. 1 of)3] ta_lken f_rom the literature are carefully analyzed. Numénca_
or coplanar (see Fig. XX of [2]) technologies. The ana|y5§rn_ulat|0ns completely de_monstrate th_at an a_\dequate eombl
of CRLH LWAs has usually been performed using equivalef@tion of the ? and & resistor values is required to obtain
circuit models [1], [2], which pay special attention to tHegge & constant radiation rate in the whole space, avoiding any
constan{A(w)], allowing to obtain “balanced” designs (able tglecrease of the radiation efficiency at the broadside direct
radiate at the broadside direction). However, radiatiassés
are usually not taken into account in this type of models.
Recently, there has been a lot of interest in obtaining a
constant radiation rate for all beam directions [3]’ [4],|Wh The unit-cell model related to a CRLH transmission ”ne,
allows a beam to scan from backfire to endfire without a déhich operates as a leaky-wave antenna, is shown in Fig. 1
crease of efficiency at any particular direction. In thisteaty [1]- It consists of a per unit-length impedance (Z') and & per
we propose here a new analytical condition for the equitalé#nit length admittance (Y’), which may be expressed as
radiation resistorgR, G) of the unit-cell model, which forces

II. DERIVING AN R — G CONDITION FOR CONSTANT
FULL-SPACE RADIATION RATE

! / - /
the CRLH LWA to radiate with the same radiation rate towards 2 =R+ jwlp+ jwCh’ @)
any direction in space, with the exception of those closééo t , L
backfire and endfire directions. The propoged G condition YVi=G +jwl] + j—wL’R’ )

may be considered as an optimization of the CRLH “balanc . o . . : :
condition” [1], as concerns to the radiation losses, Whic?dllowmg the notation introduced in [1]. Since dielectand

allows a continuous and smooth transition of the radiatidi'™'C losses are_ r_1eg|ected, the series and _shunt resistors
losses from the left-handed to the right-handed frequent resent the radiation losses of the LWA. Besides, note tha

region. Besides, we show that the use of the novel conditi variables are normalized with respect to the unit-ilgth

. . p ,
completely removes the phase constant fluctuations ardwend ¥/’ as in [1]. In this modelR" and " are assumed to be

transition frequency which appear due to real radiatiordes constant with frequency. This is an approximation which is
leading to more stable unit-cell designs. only valid around the central wide-band of the fast-wave

frequency region, but it is not accurate close to the fastewa

H H /
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gena, E-30202, Spain, E-mail: jsebastigomez@ono.com present important variations as a function of frequency.
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Let us assume that the homogenous conditipre(\,) is 7
satisfied (where\, is the guided wavelength). In the limiting .
case p — 0), the complex propagation constant associated L%
this unit-cell placed in an infinite environment reads [1]

y=a+jB=VZ'Y". €)
Furthermore, let us assume that the CRLH “balance conditio
is satisfied [1]. This condition implies the mutual candelat
of the series and shunt resonances, and it may be expres ] N
as BF
! !/ ! !/
CpLp = CRLy. (4) , ‘ o ‘ ‘ ‘
After some tedious but straightforward manipulations, tr 710 70 =0 9 50 100 150

phase[f(w)] and attenuatiorla(w)] constants may be ex- . i _ )
pressed, for the unit cell of Fig. 1, as shown in Eq. (dilg. 2: Dispersion diagram computed by Eqg. (5) associated to

and Eq. (6) [shown at the top of the next page]. For ti& single CRLH LWA unit-cell. The circuital parameters are
sake of compactness, we have introduced in these expressiofi — gL = 1.0 pF, _LR =1L = _2'5 nH, R =50Q,G=
the variablesw, (transition frequency, related to broadsidd-04 €~ and the unit-cell length ip = 1.5 cm.

radiation) andvy, which are defined as
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As an illustrative example, consider a CRLH LWA unit-cel 6r

with circuital parameters of'r = Cr, = 1.0 pF, Lr = L1 =

25nH, R =59, G =0.04 Q' and a unit-cell length of

p = 1.5 cm. Note that the radiation losses of this antenna mi

be important and they can not be neglected (as usually occ ot

with other circuital models used in the past [1]). / 0
Fig. 2 presents the dispersion diagrg#iw)] for this exam- 3 7F

ple. As can be seen in the figure, there are some fluctuatic / BF

in the phase constant around the transition frequency (e\ 2 ‘

though that the line is balanced). This is due to the effe 0 2 4 6 8 10 12 14

of real radiation losses, which can not be neglected anymore

Besides, note that the phase constant lies within the fagew Fig. 3: Radiation losses diagram computed by Eq. (6) associ-

region as long as frequency increases, which means that @iigd to a single CRLH LWA unit-cell. The circuital parameter

antenna continues to radiate at very high frequenciesgnd-i are the same as in Fig. 2. The values of the shunt conductance,

(solid line), the radiation lossey(w)] related to this unit- G, are0.04 Q=" (solid line) and0.2667 Q' (dashed line,

cell are shown. As can be seen in the figure, they presé@mtimized result).

a discontinuity atvgr (which denotes the initial point of the

fast-wave region). This non-physical behavior appearaibse

the_CRLH LWA cwcmtz/;tl-modellof Fig. 1is an al?'Orox'm"mon'Besides, the value of the radiation losses at a frequency

Whlch .con3|der thatk?’ and G are frequency-lnde_pendent.Olifrerent of wy (in the limiting case,w — oc) may be

Specifically, they have a strictly zero value outside of th§x d

: - pressed as
fast-wave region (no radiation) but a constant and well-
defined value inside that region (radiation). However, iea r \/R’G’ , R2C, Cly + G2L, L,

structure, the values aR’ and G’ are frequency-dependent, whg{goa(w) - 2 +wo 4 ©)
In order to obtain a constant radiation rate, the radiation a

and, after some possible fluctuations, they must gradusdigl t
to zero at the fast-wave frequency region edges. Furthermo . o S .
as shown in Fig. 3, the radiation losses suffers an importa{hF broadside direction must be equal to the radiation deitsi

decrease at the transition frequenay) This effect implies orf this direction. In the limiting case, this condition mag b
that the radiation from backfire to endfire is not constand, af xpressed as )
it is usually reduced at the broadside direction (see [3), [4 a(wo) = lim a(w). (10)
Besides, it is interesting to note that radiation lossesdhap
tends to a finite and well-defined value as long as the freque
is far away fromw.

From Eq. (6), it is simple to demonstrate that the value of R L, L,
the radiation losses at the transition frequenay) (is [3] e C, 0l (11)

a(wo) = VR'G'. (8)

—_—G=0.04 Q7"
-==G_=02667Q7"
opt

[
Wy =

Frequency [GHz]

After some straightforward manipulations, Eq. (10) may be
N&duced to the following simple condition
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()2 1P - RG (5 + PGP -+ 1)+ (5 (R —2) +1
5(“) -+ 0 \/ 2(#)2 0 0 Ly , (5)
()2 1P+ RGP+ /I + (%(C2 g -2+ 1) + ()P (R2TE —2) +1]

The importance of the proposdd — G condition is two

fold. First, this condition forces the CRLH LWA to radiate G=0.04Q7" .
- = =G, =0.2667 ot .

w
~
T

with the same radiation rate in the whole space (from backfi
to endfire), without any decrease at the broadside directic

= 33f

Physically, this is because the radiated field is a comlminati g

from the series and shunt currents along the CRLH LW 3 3?[

unit-cell. This is demonstrated in Fig. 3 (dashed line), whe & 5,

the radiation losses related to the unit-cell model (ushng t E

previous circuital parameters) are recomputed employimg 3

optimized value ofG [which satisfies Eq. (11)]. As can 29

be seen in the figure, radiation losses are constant for

frequencies (inside the fast-wave region). However, nbg t 28015 10 s 0 5 10 15
this circuital model is an approximation, and it only re@nes B [rad/m]

a physical structure on these frequencies which are noeclgsg. 4: Detail of the dispersion diagram around the traositi
to the fast-wave region borders. Second, the phase constaftequencyw, associated to a single CRLH LWA unit-cell. The
optimized at the transition frequency, solving the fludtue circuital parameters are the same as in Fig. 2. The values
introduced by real radiation losses. This is demonstrated df the shunt conductance, G, aie)4 Q' (solid line) and
Fig. 4, which presents a detailed zoom of the dispersiomee7 Q! (dashed line, optimized result).

diagram at the transition frequency. As can be seen in the

figure, the use of non-optimum values Bfand G (solid line)

leads to phase fluctuations around the transition frequency

which deteriorates the broadside radiation. On the othed hafrequency (except at the fast-wave region borders), ii) db n
the use of optimized? andG values (dashed line) completelyshow any decrease of the radiation efficiency at the broadsid
removes these fluctuations around the transition frequamcly direction and iii) agree very well against full-wave simiida
allows a perfect radiation at the broadside direction. and measurements.

In order to make a real design of a CRLH LWA unit- |et us examine the work presented in [3], where a broadside
cell, the series k') and shunt ¢’) per-unit-cell resistors optimization approach of CRLH LWAs based on interdigital
must be carefully considered. Unfortunately, to the best ehpacitors and planar stubs is introduced. Specificallgra-p
our knowledge, there are not CAD expressions which easiiyetric full-wave study is presented as a function of the stub
provide the parameterB’ and G’. Therefore, as in the caselength, achieving an almost constant radiation losses ffor a
of regular CRLH LWA design, the use of full-wave softwareyeam directions, including broadside. In this case, theveler
is still required to obtain and optimize these values (sefrcuital parameters of the unit-cell wel€r = 1.47 pF,
[3]). However, thanks to the proposdd /G’ condition, the €} = 0.6 pF, Ly = 2.09 nH, L;, = 0.85 nH, R = 1.18 Q,
optimization process is simplified, fixing a very clear goaly = 0.4x10-3 Q~!, with a unit-cell length op = 6 mm. The
Besides, this condition allows the designer to directlytmaln normalized radiation losses versus frequency for this @t@m
the total amount of radiation losses (modifying the values @omputed using a Bloch-wave approach [1] [5] are shown in
R’ and G") while obtaining a more stable CRLH LWA unit- Fig. 5 (solid line). This graph reproduces the results presk
cell design, solving the phase fluctuation around the tti@msi in [3]. As can be seen in the figure, radiation losses are
frequency and maintaining the radiation rate constant ifdew not completely linear as a function of frequency, and some

frequency band (ratio betwedn and G satisfied). small variations appear around the transition frequenbyjs T
is because th& — G values do not satisfy Eq. (11). However,
I1l. N UMERICAL VALIDATION these values are close to the optimum condition. This explai

In this section, the radiation losses from two different ERL that the optimized antenna of [3] presents an almost constan
LWAs taken from the literature are carefully analyzed. Nextull-space radiation rate. Let us keep tRevalue constant, and
the derivedR — G condition is applied in each case to obtaimodify G towards its optimum value{ = 0.831x 1073 Q~1).
the resistanceH’) and conductanced’) values which model The radiation losses in this case are also shown in Fig. 5
the CRLH LWA unit-cell. It is then demonstrated that thédashed line). As expected, they are totally linear as atfoimc
computed radiation losses i) are completely constant withh frequency, leading to a radiation with constant radiatio
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Fig. 5: Normalized attenuation constafat(w)/k,] obtained Fig. 6: Measured attenuation constant(w)/ko| obtained
with a Bloch-wave analysis [1] [5]. The circuital paramsterfom the 24 -6.1 mm long- unit-cells CRLH LWA prototype
(from [3]) are Cr = 1.47 pF, C;. = 0.6 pF, Ly = 2.09 nH, Presented in [6]. The circuital parameters of the line@re—

L, =0.85nH, R = 1.18 Q, and the unit-cell length ig = 0-5 PF, €1 = 0.68 pF, Lr = 2.45 nH and L, = 3.35 nH.

6 mm. The values of the shunt conductance, G,(aten()~! Simulation results, from a Bloch-wave analysis method, are
(solid line, same result as in [3]),831 mQ~! (dashed line, Shown forthe case dt = 3.10 2 andG = 0.0 mQ ™" (dashed

optimized result) and.5 mQ ! (dashed-dotted line). line), and for the case ok = 1.55 & andG = 0.3155 mQ ™
(solid line, optimized result).

rate. This result fully demonstrates the usefulness of the n ) )
proposedR — G condition. Finally, if we keep increasingW'th respect to measurement is good in the whole frequency
the value ofG (for instance,G = 1.5 x 10~3 Q~1), the range including the broadside direction. In fact, ther@as

optimum R — G condition is not satisfied anymore, and®"Y decrease of the radiation losses at the transition drexy
the radiation losses suffer again from variations aroured tRS OCcurs with the measurement data. This result demoesstrat
transition frequency (see Fig. 5, dashed-dotted line). that the derived? — G condition is indeed required to obtain

Let us now consider the CRLH LW antenna presented fh con;tant _radigtion losses, including the radiation at the
[6]. The line is composed of4 -6.1 mm long- unit-cells, Proadside direction.
with circuital parameters ofgr = 0.5 pF, C;, = 0.68 pF,
Lr = 2.45 nH and L;, = 3.35 nH. The measured radiation IV. CONCLUSIONS
losses [6],a(w), are shown in Fig. 6 (black *’). In order to A simple circuit condition has been proposed to achieve
model these radiation losses, the valueiomay be modified constant radiation rate from a balanced CRLH LWA unit-cell.
in order to fit with measurements, keeping the conductanitéras been demonstrated that the proposed condition sthiges
G equal to0 (this is the approach followed in [6]). A goodphase fluctuations which occurs close to the CRLH transition
possibility to fit with the measurement data is to u8e= frequency, due to real radiation losses. Thereby, the novel
3.1 2. The radiated losses computed with these values aiecuital condition provides a more stable CRLH LWA unit-
also depicted in Fig. 6 (dashed-line). For this computatéon cell design, allowing a continuous and smooth transition of
transmission line (ABCD) matrix approach, combined witl ththe radiation losses from the left-handed to the right-leand
Floguet’s theorem, has been applied [6]. As can be seen in frequency region.
figure, the agreement between simulations and measurements
is good in the whole frequency region, with the exception of REFERENCES
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