N
N

N

HAL

open science

Bandwidth Limits of Connected Slot Arrays

Christos Monochristou, Shang Xiang, Mark Holm, Ronan Sauleau, Mauro
Ettorre

» To cite this version:

Christos Monochristou, Shang Xiang, Mark Holm, Ronan Sauleau, Mauro Ettorre. Bandwidth Limits
of Connected Slot Arrays. IEEE Transactions on Antennas and Propagation, 2023, 14 (8), pp.1-6.

10.1109/TAP.2023.3326885 . hal-04298866

HAL Id: hal-04298866
https://hal.science/hal-04298866v1
Submitted on 22 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution - NonCommercial 4.0 International License


https://hal.science/hal-04298866v1
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
https://hal.archives-ouvertes.fr

JOURNAL OF KX CLASS FILES, VOL. 14, NO. 8, AUGUST 2023

Communication

Bandwidth Limits of Connected Slot Arrays

Christos Monochristou, Student Member, IEEE, Shang Xiang, Member, IEEE, Mark Holm, Senior Member, IEEE,
Ronan Sauleau, Fellow, IEEE, and Mauro Ettorre, Fellow, IEEE

Abstract—This work explores the bandwidth limits of con-
nected slot arrays, focusing on their low-frequency bound. We
show how the ground plane, present in this structure to ensure
unidirectional radiation, places a limit on their operation in terms
of active reflection coefficient at lower frequencies. In particular,
a low-frequency approximation of the active reflection coefficient
of a representative connected slot array is derived based on a
Green’s function formulation and an equivalent circuit model of
the array. The design parameters of the array unit-cell are taken
into account and their influence on the proposed limit is analyzed.
Finally, the low-frequency approximation reveals the impact of
surface waves when scanning over the E-plane of the array. A
solution to overcome such an issue is proposed. It considers
the introduction of vertical metallic walls within the substrate
supporting the slots of the array. The proposed low-frequency
bound is modified accordingly to further highlight the benefits
of this solution.

Index Terms—Connected arrays, slot arrays, bandwidth,
bounds, surface waves.

I. INTRODUCTION

HASED arrays are a very appealing solution for a wide
range of applications where the agility of the radiating
unit, its form factor, and its operating band are key parameters.
In the last decades, different array architectures have been
proposed, providing ultra-wideband (UWB) operation and
wide fields of view (FoV). The majority of these arrays are
an implementation of Wheeler’s current sheet concept [1],
which adopt non-resonant elements with high mutual cou-
pling to substantially enlarge their bandwidth. Two members
of this group are the connected dipole arrays [2] and the
Tightly Coupled Dipole Arrays (TCDA) [3], both presenting
large bandwidths up to 3:1 and 10:1 respectively, low cross-
polarization levels, and low profiles (h € [0.1 0.2]- A, h being
the total profile thickness and \Y the free space wavelength
at the minimum frequency of operation). The Continuous
Transverse Stub (CTS) array is also part of the same class
and has been proven to deliver comparable performance with
over 40 % bandwidth [4], albeit with total thickness over )\'00
[5]. On the other hand, the Planar Ultrawideband Modular
Antenna (PUMA) array [6] and the connected slot array [7]
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Fig. 1. (a) Unit-cell of a connected slot array backed by a ground plane. (b)
Modified connected array unit-cell with metallic walls in the substrate parallel
to the slot direction. The delta-gap excitation is depicted as red.

have demonstrated bandwidths between 3:1 and 6:1 with a
low-profile structure (h € [0.07 0.13] - A¥).

In order to gain insight into the physical bounds and
quantify the trade-off between the bandwidth and the thickness
of different types of antenna arrays, various approaches have
been already explored. In [8], an approximate limit for self-
complementary arrays is developed. A minimum -factor
has been extracted for infinite arrays of cylindrical electric
[9] and magnetic [10] sources. [11] analyzes the effect of
the array geometry, materials, and FoV on its attainable
frequency band for both narrowband and wideband designs.
Nevertheless, it accounts only for linearly-polarized arrays
in free space, namely without the backing reflector. Finally,
generic bandwidth limits for arrays with ground planes have
been determined [12] and then extended for structures with
arbitrary polarization [13]. Since no previous work is dedicated
to connected arrays despite their importance, here we provide
a systematic analysis and a low-frequency limit for this array
category.

The connected slot array presents a particular interest due to
its simple structure and its feed, which is straightforward to de-
sign and implement. Consequently, there is a strong incentive
to extend the theoretical background regarding their opera-
tion as well as to develop connected arrays with broadened
bandwidths. The present analysis contributes to both these
objectives by rigorously deriving a bandwidth limit, along
with a set of guidelines for designing structures able to radiate
efficiently at extremely low frequencies. For that purpose, we
employ a simplified and realistic geometry of the array along
with a framework of consistent assumptions concerning the



TE
Zo.up

M
iTg

Fig. 2. Equivalent circuit of the unit-cell in Fig. 1 for the fundamental Floquet
mode operation (mg = my = 0), valid for d < )\l&l /2.

array environment and the properties of the electromagnetic
field at low frequencies. The bandwidth bounds for the active
reflection coefficient of the unit-cell are then obtained. The
proposed analysis is valid for any connected array architecture
and for steering at arbitrary angles.

II. CONNECTED SLOT UNIT-CELL

The unit-cell of a connected slot array is illustrated in
Fig. 1a, backed by a ground plane for unidirectional radiation.
The unit-cell is covered by a homogeneous material character-
ized by &, and the slot is etched on a metallic layer, referred to
as the “radiation plane”. The substrate, separating the ground
plane from the radiation plane, consists of a homogeneous di-
electric with relative permittivity 3", To simplify the analysis,
an ideal delta-gap excitation is considered (in red in Fig. 1).
The dielectric radome covering the array is used as a matching
layer to enlarge the bandwidth. An alternative is the artificial
dielectric layer (ADL) [14], which is less bulky while enabling
wider FoV compared to homogeneous radomes. The choice of
the radome does not affect the conclusions of this work.

It has already been proven in [15] that a connected slot array
in free space with bidirectional radiation can theoretically
operate from DC up to the frequency where its periodicity
(d) is half a wavelength in free space (d = Ai/2). This is
a typical constraint for phased arrays to avoid grating lobes
(GLs) while scanning [16] and thus it will be used also here
as the upper-frequency limit of the bandwidth

&

Jni = 50’ 1
where c is the speed of light in vacuum and d is the largest
periodicity of the array in the zy-plane [d = max(d,, dy)].

Due to the introduction of the ground plane below the
radiation plane, the antenna response becomes frequency
dependent with a lower bound for the operating frequency
fio- Nevertheless, the effect of the backing reflector can be
reduced by increasing the dielectric constant or equivalently
the electrical density of the medium above the radiation plane
[14] with either a homogeneous radome or an ADL. The
bandwidth bound produced herein considers the electrically
denser medium above the antenna by assuming that the upper
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hemisphere has an arbitrary relative permittivity &, as seen

in Fig. 1. This renders a multi-layer impedance transformer
unnecessary and allows the derivation of a low-frequency limit
analytically.

We consider the Green’s function formulation and the
equivalent circuit provided in [17] for the connected dipole
structure. By duality, the equivalent circuit for the connected
slot array, displayed in Fig. 2, can be derived. Z; is the
characteristic impedance of the feeding network at the slot
level or, equivalently in our simplified model, it is the internal
impedance of the delta-gap excitation. The load 7 X, is purely
imaginary and represents the reactance introduced by a realis-
tic feed of the slot. This can be also tuned in order to improve
the unit-cell operation [18]. The characteristic impedances of
the transmission lines modeling the stratification are given by

k

TE _ R~
Zy —nkz )

k
ZM — p2= 3
0 7 3)

with k the propagation constant, 77 the wave impedance, and
y?
wavevector in the corresponding medium, respectively.
Ziy 1s the active input impedance of the connected slot array

and is given as a double infinite sum over the Floquet modes,
yielding [17]

k., = /k? — k%2 — k2, k,, k, the cartesian components of the

sinc? (k:gcm%s)

GEM (kam, kym)Jo (kym'5)

“4)
Jo is the zeroth order Bessel function of the first kind and the
Floquet wavenumbers are defined as k., = kyo — 27my,/d,
and ky,, = kyo — 2mm,/d, with kyo = kosinfcos¢ and
kyo = kosin@sin ¢, where kg is the propagation constant in
free space and 6, ¢ define the observation direction in free
space in the spherical coordinate system shown in Fig. 1.
In (4), G,ch corresponds to the term of the dyadic Green’s
function relating to the z-component of the magnetic field
(H,) radiated by a magnetic current (M) oriented along the
x-axis. In planar stratified media, GEM can be expressed as

dy, ~—
Zin = _i mz;m Zoo

7",y:—00

GEM (ky, ky) = GEM (K, k) + GEM (ks k)

xx,up zx,dn
M 2 s M 2 - M 2 - M 2
_ _ZTE,upkx + ZTM,upky _ ZTE,dnk;E + ZTM,dnky (5)
- 2 2 2 2 :
K2+ k2 K2+ k2

The currents at the slot level (at BryBf, in Fig. 2), assuming
unitary voltage sources on transmission lines, emerge as

BV SV | 6
ZTf,up - ZTf) UTfdn = Zd"[‘f7 (
up n

where Zquf (ZdTnf) is the input impedance for the corresponding
Floquet mode at the z = 0 plane looking towards z > 0
(z < 0) and Tf represents either TE or TM.

Following the derivation in [17] for connected dipole arrays,
the expressions of the remaining components of the equivalent
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circuit of Fig. 2 can be derived from (4) for the connected slot
unit-cell as

1 sinc? (kym %)
zm = 3 T \Temg) 7
m,7#0
m dy GEM (kpo, kym)Jo (kym 2
e S
Yy my#0 075
dxJo (kyo
ne | ln's) ©)
dysine® (kg0 %)
In the structure in Fig. 2, Zg Zgh, and Zi =
7244 tan k2 hy, therefore, the currents (6) become
M ngdn tankd"h —]ZO up (10)
T 2 2 tan ki,

Then, combining (2), (3), (5), and (10) we can calculate the
Green’s function for the specific stratification with the ground
plane, the substrate, the radiation plane and the superstrate
above it:

G (ke ky) = AL

Jedn
(11

Substituting (11) in (4), we obtain the active input impedance
of our structure (Fig. 1a)

~oko

o0
ep _ Nokody .2 ds
zZ5 = i . :E . sinc (kxm2>

1

’ k2 k2 :
e | — g cothds | o (kym %)

(12)

III. Low-FREQUENCY APPROXIMATION

We now introduce a low-frequency approximation of (12).
When f — 0, the fundamental Floquet modes (m, =
m, = 0) accurately describe the structure’s behavior. Fur-
thermore, in this frequency region, the arguments of the sinc
and Bessel functions tend to zero, thus the approximation
sinc? (kz005/2)/Jo(kyows/2) = 1 can be employed with an
error smaller than 1 %. The active input impedance takes the
form

A
VA= 13
it B — jC cot kdnhy, (13)
UOdy

A= 14
d (14)

e — sin? 0 cos® ¢
b= e —sin? @ (1)

edn —sin? @ cos? ¢
C=-" . (16)

dn _ qin?2
edn —sin” 6

1 |k — k2 K2 — k2
lp—]cot(k‘g hy)—4 2|

ot
o

_ 0p—e—e—-0-0—00-0"07
S g 0
[ <
N g -100
2
| :
leExact \G"& o -150 leS(2, e #n)
©-e- & m//»()
s Approx. S(Z,'0)
-100 -200
0 0.5 1 0 02 04 06 08 1
flfo flfo

(a) (b)

Fig. 3. (a) Active input impedance (ng) of the unit-cell in Fig. la. (b)
Contribution of the higher order Floquet modes to ng The parameters of
the unit-cell are listed in Table 1.

The circuital representatlon in Fig. 2 remains the same,
except for Z:nni’ 20 and zm" y,o which become a short- and
open-circuit respectively, whereas the transformer is simplified
to n = y/dy/d,. In Fig. 3(a) the approximate expression
(13) is compared to the exact solution (12), while Fig. 3(b)
provides the contribution of the higher order Floquet modes
to the active input impedance, which is ignored in the low-
frequency approximation. Considering that the analysis of the
connected slot unit cell [17] assumes that all Floquet modes
except the fundamental are in cut-off, Z* Y0 and Zm fg are
pure reactances. The former term is connected in series and
is evidently very low with a negligible effect on Z’. The
latter (Z:Z”fg ), on the other hand, is connected in parallel
and, although at low frequencies it assumes large values,
for f > 0.5fp it becomes comparable to ZZ, where fo
is the design frequency of the array and usually equals fi;.
Consequently, the increased reactive energy of the Floquet
modes with m, = 0 and m, # 0 at high frequencies defines
the limit of the proposed approach.

In order to derive a frequency limit, a metric of evaluation
must be defined. An intuitive approach is to set an upper limit

to the absolute value of the active reflection coefficient
Zin— 7

I‘ —
|m'ZH+Z

with z, = Zi,/Z; the normalized input impedance. Following
a procedure similar to the Smith chart’s mapping [19], it is
straightforward to conclude that, for a given |Ty|? = 7, a
circle is drawn on the complex plane defined by zy, = 7ip, +
jxin. The circle’s equation is

Zin—l
Zin4’1

a7

ZinZin — K(Zin + Zn) +1=10 (18)

1
= 11_71 € [1, 00] since 7 € [0, 1] (19)
p=vVrK2-1 (20)

with x and p the center and radius of the circle respectively.
The space inside (outside) the circle entails values of the
magnitude of the active reflection coefficient lower (greater)

than /7.

Consequently, the arising inequality is

gp 8p
Zin %in T

K(P+28)+1<0 @1)



where 25 = (Z0 + 7 X.)/Z1.
Expanding (21) results in the following quadratic equation

with respect to w = cot k"h,;:

(ZF + X2)C*w? + 2X, ACw
+ A? —25ABZ, + (ZF + X2)B* < 0. (22)
As we consider only isotropic materials (e, > 1) and scanning
angles up to end-fire ( < 90°), it becomes apparent from

(14)-(16) that A > 0, B > 0, & C > 0. The roots of the 2"
order polynomial are

~-X, A+ VA
Wi = e (23)
C(Z7 + X2)
A= (ZF + X2 26AZ; — (ZF + X2)B]B — Z} A%, (24)

For the roots to be real numbers, A > 0 is required, leading
to the condition

ZPA?+ (Z} + X2)B?
2ABZ(Z? + X2)
It can be proven for the right-hand side (RHS) of (25) that
RHS > 1, which is the case also for « (19).
In (22), the quadratic coefficient (Z? + X2)C? is always
positive, thus its solution can be written as

(25)

_XT'A + \/Z 7X’I"A - \/Z
C(Z? +X2) C(Z+X2)°
Only the left inequality is required to find the low-frequency
bound. Since the low-frequency approximation is valid for f <
0.5 fo, the longitudinal wavenumber in the substrate ranges up
to k" < m/2. Therefore, kI"h, € [0,7/2] for hy < AJ"/2
which is well above the usual maximum value of Ag“ /4 used
for the substrate’s thickness. As a consequence, cot kd"h, is
positive and continuous in our problem.
Therefore, to ensure the validity of (26), we need the larger
root wo of (23) to be also positive, yielding

> cot kd"h, > (26)

A%+ (ZF + X?)B?
2ABZ,

It should be noted that (27) is a more restrictive condition for
k than (25) when X; > 0. Both hold in general for realistic
values of the involved parameters. Moreover, the lower root
wy of (23) is negative when (27) holds, which means that the
right inequality of (26) is satisfied.

The low-frequency limit is eventually derived as

or X, <O0. 27

1 - X, A+VA

cot C(Z2+X2)

Jio = (28)

21hg/ed — sin® 0

Matching a connected slot array under the assumption that it
radiates in a homogeneous half-space is the best-case scenario
since it removes the need for a multi-layer superstrate as an
impedance transformer [14] and, thus, is not limited by the
dispersion and the angle-dependence of the matching structure.
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TABLE I
CONFIGURATION OF THE UNIT-CELL OF FIG. 1

d W Js hg e Pz Xy

0.5)g  0.15A 02X 025" 1 20 70Q —50Q

/\lglp (A‘;“) is the guided wavelength in the medium above (below) the
radiation plane at the design frequency fo.

Consequently, this simplifying conjecture ensures that (28)
constitutes a bound on the performance of reflector-backed
connected slot arrays.

IV. RESULTS

Further examination of (28) can provide additional insights
and information on the operation principles of the connected
slot array.

For example, the inverse relation between fi, and h, be-
comes immediately apparent. When there is no back reflector
or hy — oo, then there is no frequency limit or fj, — 0, as
already known [15].

Similarly, the relative permittivity of the substrate ei" de-
termines the electrical length of hg, hence, influencing fi,
accordingly.

A. Broadside Radiation

Assuming broadside radiation for simplification, we can
study the relation of f,, with other parameters such as &’
and X,. It can be shown that, for both parameters, the low-
frequency limit can be minimized. If we differentiate (28) with

respect to ;" (0 fi0/0e;"), the minimum point is found at

cn . MORZ} (29)
T2+ XY
where the low-frequency limit becomes minimum
COt_l (PZ1—Xr)no
Z241X2 dn
min fi, = (ZEEX) Ve (30)
ey 2mhg/edn

Then, by calculating df;,/9X,, substituting ;" from (29),
and finding its root, the minimum of fj, with respect to both
e’ and X, is given by

cot™l —o
min fi, = 2n=p)Zi/o 31)
e X, 2mhg+/edn
Xr,min - (P - K:)Zl (32)
m ?
gl = (0) ) (33)
7,min 2Zl (p _ Ii)

Equations (32) and (33) indicate that the position of the
minimum frequency limit depends on p and x, which in turn
are both functions of v, as well as on Z;. Therefore, we can see
in Table II that X, i, and 51;f)min are unaffected when either
hg or € changes. Table II displays the minimum frequency
limits and their location on the X, — &;* space for the design
of Table I (1% column) as well as of variations of it (2" — 4t

columns). We observe that €’ . takes high values that are

7,min
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TABLE 11
FREQUENCY LIMITS FOR THE UNIT-CELL FROM TABLE I FOR
|Tact| = —6 dB ACCORDING TO (31) - (33).

Table I  Z; =120Q hg =010 v =3=*
min - fio/ fo 0.078 0.133 0.196 0.134
67‘ ) ke
X min —23.3Q —39.9Q —23.3Q —23.3Q
up 65.6 22.3 65.6 65.6

7,min

X;“ is the guided wavelength in the substrate at the design frequency fo.
* gdn affects also the absolute value of hg

difficult to realize with conventional dielectrics. Nevertheless,
Fig. 4b showcases that the curve of fj, for broadside flattens
when &7 > 10. This means that the range of &," can be re-
stricted considerably without causing a substantial increase of
fio- Furthermore, practically arbitrary ;" values can be ob-
tained with properly designed ADLs [14].

Increasing Z; results in a higher minimum fj,, since at
low frequencies, the real part of the connected slot’s input
impedance ranges around 40-80¢2 as illustrated in Fig. 3(a).
A reduced hy has the same effect on fi,. This is expected
since the ground plane is the principal cause limiting the
bandwidth on the low end. Finally, an electrically denser sub-
strate also results in increasing the minimum low frequency.
The underlying reason is that a higher %" results in a larger
portion of the slot’s electromagnetic energy being directed to
the substrate instead of being radiated. As a consequence, the
cavity effect in the substrate is reinforced, decreasing the active
input impedance of the connected slot array at low frequencies.
Please note that a higher value for the 3" translates to a thinner
substrate since hg is a function of the guided wavelength in
the substrate A",

The insights obtained here studying the configuration of
Table I radiating at broadside, extend to any configuration as
well as to any steering angle.

B. Main Beam Steering

Equations (13) and (28) can be used to explore the behavior
of the connected slot array when scanning. Calculating either
the active input impedance or the low-frequency limit (Fig. 4),
it becomes clear that the structure behavior changes substan-
tially with the scanning plane. When steering over the H-plane
(¢ = 0°), the unit-cell’s Z¥ remains essentially unaltered.
This can be attributed to the fact that only the TEyy Floquet
mode is excited when scanning over this plane, i.e., the electric
field remains in parallel with the ground plane regardless of
the scanning angle. Hence, in the low-frequency part of the
spectrum, the physical problem does not practically change
from the broadside case and both the active input impedance
as well as the low-frequency limit for the two cases almost
coincide.

On the other hand, when steering over the E-plane (¢ =
90°) the array couples with the TM( Floquet mode, which has
its E-field perpendicular to the steering direction and parallel to
the scanning plane. Consequently, the wider the steering angle,
the more perpendicular the electric field with respect to the
backing reflector. As a result, wide scanning over the E-plane

5
0.5
0.4
QOAS eBro?clside o
= e (6,0) = (60°,0°)
0.2 (6,¢) = (60°,90°)
-50ate Broaside 01( o
(0, 9) = (60°,0°) :
0,$) = (60°,90°
o200 = (60 90) .
0 01 02 03 04 05 20 40 60 80 100
f/fo &P

(a) (b)

Fig. 4. Performance of the connected slot unit-cell with the design parameters
as in Table I. (a) Active input impedance (Zignp) and (b) low-frequency limit
(fio) when steering the main beam over the principal planes. The curves of
fio correspond to |Tyet| = —6dB.

100 0.5
leBroaside
“0 0.4 (0, ¢) = (60°,0°)
‘ | ] (9,¢) = (60°,90°)
S, R(ZT)
S5 @~ S(ZEP
% QQQ S(Z3)
-50 Q
[eanalytical*S@ <5 _
L HFSS R0
-100 0
02 04 06 08 1 20 40 60 80 100
I/fo &’

(a) (b)

Fig. 5. Characterization of the connected slot unit-cell of Fig. 1b with the
configuration of Table I: (a) active input impedance (ZZ) for (6,¢) =
(60°,90°), (b) low-frequency limit (fi,) when steering the main beam over
the principal planes for [Tyt = —6 dB.

combined with low permittivity substrate excites surface waves
in the form of TEM waves in the parallel plate waveguide
(PPW) resembling substrate. This accounts for the significantly
reduced input impedance and higher frequency limits when
scanning over the E-plane.

In practice, the surface waves are suppressed by placing via-
walls in parallel to the slot as in [14]. Since this effectively
blocks any wave propagating along the y-axis, it mathemat-
ically corresponds to imposing the wavenumber along this
direction as zero kyo = 0 when calculating Gﬁ{%n. The
modified unit-cell is illustrated graphically in Fig. 1b.

Using (12) with ko = 0 for z < 0, the active impedance of
this architecture can be computed. Figure 5(a) compares the
analytically obtained ZZP with full-wave simulation by HFSS
for steering along the E-plane. The close agreement between
the two results validates our modeling of the perfect electric
conductor (PEC) walls. Furthermore, comparing Fig. 4(a) to
Fig. 5(a) shows that the presence of the metallic walls in the
substrate impacts significantly the active input impedance for
(0,6) = (60°,90°). This consideration does not affect the
behavior of the antenna when scanning at broadside or over
the H-plane, in which cases ¢ = 0° and ko = O either way.

For the unit-cell of Fig. 1b, the parameter C, equation (16),
in the low-frequency analysis becomes

C = \/s‘ri“ — sin? @ cos? ¢ (34)



and the low-frequency bound transforms into

1 =X, A+VA
C'(Z2+X32)

2mhgC’

cot™
fro = (35)
Figure 5(b) provides the low-frequency bound versus &;",
showing that it remains almost identical regardless of the
scanning plane. The introduction of metallic walls avoids the
excitation of guided modes and significantly improves the
array performance in the low-frequency band when steering
along the E-plane.

In [18], a wideband connected slot unit-cell with a sophisti-
cated overlaying ADL stack-up is introduced. It demonstrates
a 5:1 bandwidth for scanning up to 60° over both principal
planes. Using (28), we can prove that this unit cell with these
steering specifications is limited to a bandwidth of 2:1 when
no metallic walls are placed in the substrate. Nonetheless, by
considering PEC walls in the substrate, a maximum bandwidth
of 8:1 is analytically calculated with (35). This is in agreement
with the findings of [18], whereas, with a slight increase of
the substrate thickness, even a 10:1 bandwidth is attainable
as also suggested in [20]. This indicates that more wideband
and wide-scanning connected slot arrays can be designed with
further improvements on the structure.

According to the findings of our analysis, there are two
main challenges; approximating the appropriate ;¥ and ob-
taining the necessary X,.. The first requires a very wideband
impedance transformer, capable of operating efficiently at low
frequencies, in order to match the active impedance of the
unit-cell with the wave impedance in free space. Even more
critical is the latter which is intertwined with the development
of a feeding network able to function at low frequencies with
minimal mismatch losses. To achieve that, the feed has to
provide the right value of X,, as calculated with (32), which
will cancel the inductive effect of the ground plane allowing
the array’s operation near fi,. Finally, the designer should bear
in mind that the absolute bounds presented here do not account
either for the real impedance transformer or the real feed. As
a result, they provide essential insight and practical guidelines
on how to improve the low-frequency operation of connected
slot arrays but it would be extremely demanding to design and
fabricate an array radiating at fi,.

V. CONCLUSION

The present work provides an analytical formulation for
a low-frequency bound of connected slot arrays. The final
expression allows us to evaluate the effect of every geo-
metrical parameter of the unit-cell on its bandwidth. The
analysis showed that there are two main ways to increase the
bandwidth. The designer can either increase the substrate’s
electrical thickness or find the optimal combination of the
superstrate medium and the reactance of the feeding line.
Moreover, employing the proposed formulation, we could
study the impact of guided modes in the substrate between
the ground plane and the radiation plane. We proposed sup-
pressing these unwanted waves by adding metallic walls in the
substrate. A rigorous description of the modified unit-cell is
provided. The derived bounds suggest that such a unit-cell of
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a connected slot array can provide bandwidth of 10:1 with a
field of view up to 60° in elevation in all azimuthal planes.
The proposed analysis can be extended, by duality, to an array
of connected dipoles.
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