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A Simple Equivalent Circuit Model for Ultrawideband
Coupled Arrays
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Abstract—Equivalent circuits are proposed to model the ra-
diation impedance of low-profile ultrawideband antenna arrays
with strong interelement coupling. Previous approaches provided
rudimentary equivalent circuits and referred to much smaller
impedance bandwidth arrays. In this letter, we extend these
models to include antenna sections that overlap with adjacent
array elements (as is the case with interwoven arms of tightly cou-
pled spirals). The proposed equivalent circuits include dielectric
superstrates and representations of higher-order grating lobes.
Design optimization is carried out for an array of coupled and
interwoven antenna elements to develop a 20:1 impedance band-
width aperture. It is demonstrated that the radiation impedance
obtained via the proposed equivalent circuit is in excellent agree-
ment with full-wave simulation.

Index Terms—Equivalent circuit, grating lobes, spiral antenna,
ultrawideband antenna arrays.

I. INTRODUCTION

OW-PROFILE arrays are highly desired for inconspic-

uous conformal integration in a wide range of situations.
In terms of impedance bandwidth, popular wideband elements
are tapered slots [1], which include Vivaldi-like antennas [2],
TEM horns [3], and bunny-ear arrays [4]. Although these
elements can realize wide bandwidths, they are nonplanar
in nature. Furthermore, for low-frequency applications, such
antennas tend to be large and protrusive (several wavelengths
thick in profile).

Another class of wideband arrays, based on Wheeler’s current
sheet model [5], are planar by design. In particular, connected
dipole [6] and long slot arrays [7] can exhibit large impedance
bandwidth in freestanding operation. However, when confor-
mally mounted on a platform [i.e., with a ground plane (GP)
behind them], they suffer from GP shorting, severely limiting
low-frequency operation. To overcome the GP interference, in-
terelement mutual coupling was proposed by Munk [8]. Using
this approach, a new class of low-cost, low-profile, ultrawide-
band (UWB) planar phased arrays was introduced to realize
Wheeler’s concept [5]. Specifically, an array of tightly coupled
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Fig. 1. Tightly coupled spiral array with interwoven arms.

dipoles with interdigital capacitors achieved an impressive 4.5:1
impedance bandwidth with the GP placed Aq/3 (at the highest
frequency) away from the aperture.

The “fragmented aperture” is another conformal UWB array
based on numerical optimization of materials and geometry [9].
An impressive impedance bandwidth of 33:1 was reported in
an infinite array setting. However, because of the material used
and complex geometry, this array is difficult to realize. It also
employs resistive cards, making it lossy.

The fragmented array [9] and the interwoven spiral by
Tzanidis et al. [10] indicate that suitable array design with
highly coupled elements can deliver much higher impedance
bandwidths. However, full-wave computations are time-con-
suming for such an optimization. In this letter, we introduce
a simple circuit model for designing tightly coupled arrays
with a goal of achieving large, more than 10:1, impedance
bandwidths. The model consists of transmission lines (TLs)
and a combination of lumped elements (resistors, capacitors,
and inductors) [8].

In this letter, this model is first used to verify the design
of 10:1 interwoven planar spiral array presented in [10] (see
Fig. 1). Then, we proceed to use this circuit to design a new
interwoven spiral array having 20:1 impedance bandwidth with
VSWR. < 3. An important aspect of the proposed circuit model
is the inclusion of higher-order modes supported by the trans-
mission lines. This is important as the higher modes impact
array impedance.
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118

-8
-8

Free Space n,

™ Interdigital
Capacitors L C

Mo do

Short circuit representing the GP
(a) ()

Fig. 2. (a) Munk’s current sheet array over a ground plane with (b) the equiv-
alent circuit to the right.

II. EQUIVALENT CIRCUIT FOR INTERWOVEN SPIRAL ARRAYS

The concept of using equivalent circuits to represent dipole-
based antenna arrays was first demonstrated in [8]. This model
is depicted in Fig. 2. We note from Fig. 2(b), that in addition to
the dipole’s self-inductance L, capacitive coupling between the
dipole tips is included using lumped capacitors. Furthermore,
the radiation resistance is included by introducing an infinite
TL having a characteristic impedance of 1y = 377 €2 [5]. The
ground plane is also represented by a shorted TL. The length
of the shorted transmission line is, of course, equal to the array
thickness dy (i.e., ground plane separation). For this modeling,
the impedance looking toward the ground plane is purely in-
ductive and equal to Z, = jno tan kody, where kg = 2x /A
represents the wavenumber of the fundamental TEM mode in
free space.

The above circuit model provides means to better understand
the wideband performance of Munk’s Current Sheet Array
(CSA) [8]. Specifically, Munk added a capacitor between the
dipole tips, which served to cancel the inductance from the
GP. Thus, the input impedance seen by the dipole terminals
is Ziy = jwL + 1/jwC + Z,//no, where L is the dipole’s
self-inductance and C is the added capacitance. This intuitive
addition of capacitance led to an impressive 4.5:1 impedance
bandwidth (VSWR < 2). Notably, the array was only A/13
thick at the lowest frequency of operation. Munk [8] also added
a superstrate to improve the CSA dipole impedance bandwidth
by as much as a factor of 2. Specifically, the impedance band-
width of the array reached 9:1 [11].

Recently, Tzanidis et al. [10] proposed a conformal tightly
coupled array (TCA) based on interwoven spiral elements
as in Fig. 3. This new geometry provided 10:1 impedance
bandwidth without a dielectric superstrate by introducing fre-
quency-dependent capacitance via the interwoven spiral arms.
As shown in Fig. 1, the spiral geometry involves intricate geo-
metrical details, making it difficult to design and improve using
full-wave analysis. Specifically, arm widths, gap dimensions,
and interwoven arm lengths need be optimized to achieve wider
impedance bandwidth. An equivalent circuit of the TCA spiral
must therefore be developed for quick optimization of these
parameters. This circuit model is discussed in what follows.

A challenge in developing the equivalent circuit for spirals is
the modeling of the arms (standalone or interwoven). We chose
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Fig. 3. Proposed equivalent circuit of the spiral array showing the spiral as
cascade of TL sections and the interwoven arms as two TL in series terminated
by lumped elements.

to model the spiral arms as TLs [12]. This choice assumes that
only the fundamental two-wire transmission-line mode propa-
gates along the spiral arms. As illustrated in Fig. 3, the spiral can
be viewed as a cascade of ideal transmission line sections, ter-
minated by an interwoven arm circuit and a radiation impedance
Z4/ /0. To find the overall input impedance of the TCA array,
we begin with the impedance of the spiral itself. We note that
for the kth transmission line section, representing the spiral, the
input impedance is given by [13]

Zr g+ jZer tan(Bily)

Zin. : — Zc. : s -
* b Zot + 7215 tan(Brly)

(1)

In this, Z. ;, is the characteristic impedance of the kth TL sec-
tion and Zy,j, is the input impedance of the next TL section.
Indeed, the TL section parameters (Zy, 1, ;) can be optimized
to improve matching.

The interwoven spiral arms are critical to the wideband per-
formance of the spiral array. However, its modeling within the
equivalent circuit of Fig. 3 is challenging. Here, the interwoven
arms are modeled using a pair of TLs in series. Both of them
are terminated by an open circuit modeled as a lumped capac-
itor. A series inductor is also added to account for the edge
coupling between adjacent interwoven arms. The characteristic
impedance of these TL arms was selected after full-wave mod-
eling of the interwoven arms. As seen from Fig. 4(a), the cir-
cuit model’s overall impedance computation agrees well with
full-wave analysis.

Curve fitting is performed to calculate the characteristic im-
pedances of the spiral TL sections, as depicted in Fig. 4(b). The
overall input impedance of the interwoven spiral, in presence of
the GP backing, is given in Fig. 4(c). From this equivalent cir-
cuit model, the characteristic impedance of the spiral section is
no/2 = 188 €, especially near the spiral feed. As depicted in
Fig. 4(a), the input impedance of the freestanding TCA achieves
a frequency-independent behavior over a wide frequency band
and becomes equal to Z;;, = 188 . Here, the interwoven
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Fig. 4. Input impedance comparison of the TCA consisting of interwoven spi-
rals. (a) Freestanding array, (b) characteristic impedances calculated by curve
fitting for use in the spiral circuit model, and (c¢) impedance in presence of the
GP.

arms are not effective and can be neglected in the equivalent
model. A simplified model can then be used consisting of a
transmission line (spiral) terminated by the free-space radiation
Zr = no/2 = 188 §). Plugging Z;,, and 7, in (1) and solving
for Z,., the characteristic impedance of the spiral sections (ex-
cluding the interwoven arms), should be about 188 €2 to ensure
matching. A comparison of the input impedance of the TCA
spiral in presence of GP backing is given in Fig. 4(c). As seen,
a 10:1 impedance bandwidth is obtained up to f = 16 GHz.
However, when the GP is A/2 thick at the frequency of opera-
tion, resonances appear. That is, at this frequency, the antenna

T-&r1 d,

= z
‘c,eﬂ=’/
o d,

7o

&
S

Ground plane

Ground Plane

Fig. 5. Equivalent circuit of the tightly coupled spiral array with superstrate
loading.

element with the ground plane behaves much like a resonant
cavity. Both the circuit model and full-wave analysis predict
these resonances.

III. DIELECTRIC SUPERSTRATE AND HIGHER-ORDER
GRATING LOBES

We now proceed to employ the circuit model to improve
the impedance bandwidth of the TCA even further. As already
noted, adding a dielectric superstrate is a way to improve
impedance bandwidth. Therefore, the circuit model of the TCA
spiral needs to be modified as in Fig. 5. That is, the superstrate is
modeled by introducing an additional TL using a characteristic
impedance of 11 = 377 Q/ v/&r1. The length of the TL is, of
course, equal to the thickness of the superstrate (d; ) as depicted
in Fig. 5(a). However, the propagation constant and the charac-
teristic impedance of the TL is not readily available. From [13],
the effective permittivity is chosen to be ecg = (g1 + 1)/2.
Therefore, the propagation constant of the wave traveling
between the spiral arms must be Bret = [ \/€err. The corre-
sponding impedance iS Z,. pef = c,k/\/@, where 7, is
given in Fig. 4(b).

The circuit in Fig. 5 is used to optimize the superstrate per-
mittivity (e,1) and thickness (d;) to improve impedance band-
width. Doing so, we find that for ¢, = 6 and d; = 7.5!mm,
the impedance bandwidth shifts down to 0.85 GHz as compared
to 1.6 GHz when no superstrate is used [see Figs. 4(c) and 6].
This corresponds to a miniaturization factor of 1.9. Also, the
achieved impedance bandwidth is 20:1 for a VSWR < 3. As
seen from Fig. 6 (shaded area), the addition of the superstrate
triggers the onset of higher-order grating lobes due to trapped
surface waves [14]. This occurs when the operational frequency
is f > ne/(P/&;) = fene,, where n represents the mode, ¢
is the free-space speed of light, and P stands for the array pe-
riodicity [see Fig. 5(a)]. Of course, in absence of a dielectric
superstrate, the grating lobe emerges when f > nc/P = f. .
Therefore, the circuit model should be modified to account for
the presence of higher-order modes. To do so, we need to com-
pute the impedance of each mode.
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Fig. 6. Comparison of the input impedance for the array with superstrate: opti-
mized TCA spiral as computed by the circuit model and full-wave simulations.
Note that the VSWR <« 3 impedance bandwidth is 20:1.

As depicted in Fig. 7, each higher-order mode can be modeled
by a different TL, connected in parallel to the fundamental TL
mode (n = 0). At broadside (# = (), the propagation constant
[15] and characteristic impedance of the nnth mode are given by

2nm 2
kz,ner = E'jrk(% - (? + k(%wn@)

S N / N
= .j/BZ:n,EI- M ,f < fC;?lE‘
= 2mE [ = P

- 2
Tine, = ]I’/()/\/&'_r |1 - (fc,ns,./.f) |
= .anEr7 f < fc,ns,.

oIV = Gened D T2 fonerr )

These can be used to compute the input impedance reflected by
each TL representing the nth mode. We have
Xn — Xne, tanh (8 pe, dr)
" X e, — X, tanh (8, e, d1)
X + Xoe, tan (ky pe, di)
e Kne, — Xy tan (ky e, di)
N+ Jhine. tan (ks pe,di)

= Mn s > Jen- 4
Inex Mne, + M tan (kz,nar dl) f f ' ( )

}l Z fc: TE (2)

ZL,n = J)( 7f < fc,ner

= 7X ?fc,nar < ]L < fc,n

The overall impedance seen at the spiral feed is then deter-
mined by adding these impedances in parallel. However, we do
note that 7y, ,, is reactive except for n = 0. That is, the n # 0
modes do not radiate and only contribute to the input impedance
seen at the spiral terminals.

The input impedance of the overall TCA spiral with the op-
timized superstrate is given in Fig. 6. As seen (and in compar-
ison to Fig. 4), the impedance bandwidth increased to 20:1 with
VSWR < 3.
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Fig. 7. Modified equivalent circuit taking into account the first two higher-
order modes.

IV. CONCLUSION

An equivalent circuit model was developed for a tightly cou-
pled spiral array. The model is based on representing the spiral
array using sections of transmission lines of suitable character-
istics. Optimization of the TL circuit parameters was then car-
ried out to design the superstrate and achieve a 20:1 impedance
bandwidth aperture.
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