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Abstract—Tightly coupled phased arrays (TCPAs) provide
UWB performance due to their strong inter-element coupling.
However, in finite tightly coupled phased array realizations,
mutual coupling is reduced near the array edges, causing the
edge elements to become narrowband. To address this issue, a
nonuniform array excitation scheme, referred to as “charac-
teristic mode (CM) excitation,” was recently proposed. A more
practical alternative for designing UWB tightly coupled phased
arrays is proposed here. In this paper, we present a strategy that
employs uniform excitation of the central array elements and
short-circuits the periphery elements. We report that at least for
medium size arrays, this approach provides up to 3 dB more gain
and 50% higher efficiency than typical resistive termination. This
concept is demonstrated using a 7 7 linearly polarized dipole
array, 60.96 cm 60.96 cm (2 2 ) in size, for operation from
200 MHz–600 MHz. Feeding of the active elements is challenging
due to several constraints on the feed design, including balanced
to unbalanced transitions, impedance transformations, common
mode suppression, compact size, low cost, etc. To address these
issues we propose a novel array feed using a compact, ultrawide-
band balun (with 10:1 bandwidth for VSWR ). Simulated
and measured data are provided for broadside and 30 scan in the
H-plane.

Index Terms—Dipole arrays, finite array terminations, tightly
coupled phased arrays (TCPAs), ultrawideband arrays, wideband
balun, wideband impedance transformer.

I. INTRODUCTION

T HERE is continuing interest to design UWB apertures that
are concurrently small in size and highly conformal. Such

apertures find use in the military sector (imaging sensors) and
in commercial applications (4G telecommunication standards,
such as LTE). Towards this goal, the newly introduced phased
arrays known as tightly coupled phased arrays (TCPAs), ex-
hibit UWB performance (5:1 bandwidth) and are of low profile
(as thin as , where is the wavelength at the lowest opera-
tional frequency) [1]. The wide bandwidth of tightly coupled
phased arrays is attributed to the strong mutual coupling be-
tween their elements, effectively emulating a sheet of uniform
current. Most notably, this capacitive coupling serves to cancel
the inductance contributed by the array ground plane. As such,
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large bandwidths on the order of 5:1 can be achieved [1]. Re-
search in tightly coupled arrays has been very intense in the past
10 years [1]–[15]. However, when realizing a practical array, is-
sues such as feeding and array terminations become critical to
performance and have not been systematically addressed. This
paper presents our findings on these practical aspects of finite
size tightly coupled phased arrays.
In finite size arrays, mutual coupling diminishes near the

array edges. Thus, the array periphery elements become nar-
rowband. Further, periphery elements are prone to severe
impedance mismatch and exciting them degrades the array
bandwidth. To address this issue, we introduced in [6] a tapered
excitation that follows the characteristic modes of the array
structure. Alternatively, the finite array edge effects can be
mitigated by terminating the periphery elements with matched
resistors. This improves the array bandwidth, but can lead to
low efficiency [16]. Here, we demonstrate that short-circuit ter-
minations of the periphery elements provides for good tradeoff
between impedance bandwidth and realized gain. It also leads
to more consistent radiation patterns over the operational
bandwidth.
Nevertheless, a major challenge in realizing a tightly coupled

phased array is the design of the array feed. Specifically, to re-
alize the array bandwidth it is necessary to design a feed balun
that operates over the entire bandwidth. The balanced feed must
also provide for a 50 (coaxial line) to 200 (typical for dipole
arrays) transition. Also, for convenient integration, the balun
need be compact in size, low cost, and capable of low insertion
loss over a large bandwidth. A further issue to be addressed re-
lates to the possible common mode supported by the feed struc-
ture. These common modes are related to the length of the path
formed by the feed lines and the element geometry [17]. Thus,
with proper design, they can be pushed out of the operational
range [5].
Various array feeds have been proposed [2], [4], [5], [18].

Section III, presents a novel, printed array feed balun with
integrated impedance transformer (50 –200 ) that is much
more broadband (10:1) and simple than those considered pre-
viously. The proposed feed is comprised of two short printed
sections: a coplanar waveguide (CPW) and a coplanar strips
(CPS) section, interconnected with a compact, ultrawideband
coiled balun. Simulated and measured data are presented for
broadside and a 30 scan in the H-plane.

II. EDGE ELEMENT TERMINATIONS FOR
IMPROVING BANDWIDTH

The specific array under consideration, depicted in Fig. 1,
has a size of 60.96 cm 60.96 cm (2 2 ) and a thickness of
15.24 cm . Accordingly, the array unit cell was chosen to
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Fig. 1. Illustration of the 7 7 linearly polarized overlapping dipole array.
Array size is 60.96 cm 60.96 cm (2 2 ), thickness 15.24 cm and the
ground plane size is 121.92 cm 121.92 cm (4 4 ). The infinite array unit
cell is also shown. It is depicted enclosed within a rectangular box, defining the
periodic cell in the modeling computer code.

Fig. 2. VSWR versus frequency for an infinite dipole array with overlapping
elements as in Fig. 1. Several curves are shown corresponding to different values
of the overlapping dipole section . System impedance was .

be 8.71 cm 8.71 cm (2 /7 2 /7) for a 7 7 element array.
As shown in [1]–[3], the impedance bandwidth of the infinite
array (for , referenced to ) can be
maximized by tuning the mutual capacitance between adjacent
elements. In our case, this was done by adjusting the length,
, of the overlapping dipole section, as depicted in Fig. 1. It
was found that within the range 0.5 mm–20 mm, for
mm the achieved bandwidth can be maximized to cover from
170 MHz–700 MHz (see Fig. 2).
However, as already noted, this bandwidth is reduced when

a finite array is considered. This is due to detuning of the pe-
ripheral array elements. To compensate for that, one can in-
crease the overlapping section of the dipoles up to mm
but only minor bandwidth improvements are achieved. Fig. 3

Fig. 3. Active VSWR of all elements in the 7 7 array shown in Fig. 1. The
dipole overlapping section, , was increased to 20 mm to account for the weaker
mutual coupling of the periphery elements. Each solid line curve in the plot
corresponds to one of the array’s 49 elements. The VSWR of the infinite array
and that of a corporate feed are also shown. System impedance was 200 .

Fig. 4. Active VSWR of active elements of 7 7 array shown
in Fig. 1. 28 edge elements on first, second, sixth, and seventh columns of the
array (see Fig. 1) are terminated in (a) 200 resistors and (b) short-circuit.

shows the active VSWR of all 49 elements (49 curves plus 2
more for reference). It is clear that the vary signifi-
cantly among the elements. In particular, the elements towards
the array periphery are significantly detuned as compared to the



TZANIDIS et al.: UWB LOW-PROFILE TIGHTLY COUPLED DIPOLE ARRAY 3019

Fig. 5. (a) Co-pol. realized gain and (b) efficiency of the 7 7 array shown in
Fig. 1 under different excitations. Three cases are compared: uniformly excited
array with no terminations and with its first, second, sixth, and seventh columns
terminated in 200 resistors and short-circuits.

infinite array VSWR. Therefore, the 7 7 array’s bandwidth is
significantly smaller than its infinite counterpart. We note that
the corporate feed VSWR appears quite good even though the
individual elements are mismatched. This is because of the de-
structive interference of the reflected waves inside the power
combiners. That is, the corporate feed obscures the individual
array mismatches. This feed is not, therefore, a good choice for
evaluating the array. Below, we discuss how to recover the lost
bandwidth.
To mitigate finite array edge effects and improve bandwidth,

various edge element termination techniques (resistive, short-
and open-circuit) were investigated in [16]. It was found that
among these loadings, the resistive termination provided for the
lowest active VSWR. This was expected [see Fig. 4(a)], but
the resistors resulted in losses and low efficiency. Therefore, it
was concluded that short-circuit terminations of the peripheral
array elements provided for a better tradeoff between impedance
bandwidth and efficiency. The active for the short-cir-

Fig. 6. Realized E-plane gain patterns for the 7 7 array in Fig. 1 at 200 MHz,
400 MHz, and 600 MHz. Three excitation cases are compared: uniformly ex-
ited array with (a) no terminations, and with columns 1, 2, 6, 7 terminated in
(b) 200- resistors and (c) short-circuits. Please note the slightly different scale
used in (b).

cuit terminations are given in Fig. 4(b). Also, Fig. 5 gives a com-
parison of the co-pol. realized gain and efficiency of the array in
Fig. 1. The following three cases are compared: 1) uniformly ex-
cited array with no terminations, 2) with the first, second, sixth,
and seventh columns terminated in 200 resistors (see Figs. 1
and 3) with the same columns terminated in short-circuits. All
reference impedances for the active VSWR calculations were

.
As seen, the short-circuit terminations provide inferior

impedance bandwidth than resistive terminations, but the
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Fig. 7. Illustration of the balun/transformer used for feeding the array. (a) Un-
balanced 50- CPW interconnected to a balanced 200- CPS via a lumped
balun/impedance transformer. (b) Illustration of a CPW fed by a coaxial line.

shorted terminations provide 47% higher efficiency and lead
to 2.75 dB higher realized gain. Specifically, the short-circuit
terminations lead to greater than 80% efficiency over the whole
band. In contrast, the resistive terminations have less than 70%
efficiency. We also note that the cross-polarized gain remained
below 34 dBi, independent of termination type and across the
whole band.
A shortcoming associated with periphery element termina-

tions is a possible E-plane pattern split at higher frequencies.
Particularly, in the case of resistive terminations, we observed
a split of the main beam at 600 MHz in the E-plane, depicted
in Fig. 6(b). It is clear that at 600 MHz the array pattern splits
causing a 2 dB drop in the broadside gain. We do note, how-
ever, that for the short-circuited terminations the pattern split is
mitigated, causing only 0.5-dB drop in gain. This can be seen
in Fig. 6(c). For reference, the patterns of the fully excited array
are also shown in Fig. 6(a). We remark, that the H-plane patterns
were as expected and are omitted.

III. FEED NETWORK AND MEASUREMENTS

As mentioned above, the feed of a tightly coupled phased
array must realize two functions: 1) balanced to unbalanced
transition (balun), and 2) impedance transformation with ratio

Fig. 8. (a) Illustration of the 7 7 linearly polarized dipole array with inte-
grated balun/impedance transformer and short-circuit terminations. For mea-
surements elements were active and 28 elements were terminated.
(b)Measurement setup in the compact range of ElectroScience Laboratory, Ohio
State University.

Fig. 9. Schematic of the array feed network (only one row of the array is
shown).

4:1. Realizing these functions in the limited space under the
array ( at 200 MHz) is quite challenging. In particular, typ-
ical transmission line transformer baluns require at least
length or height, and are not wideband. We found that among
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Fig. 10. Measured and simulated (a) VSWR and (b) realized gain for the array
shown in Fig. 8(a) when radiating at broadside.

several existing baluns [19]–[25] none could be scaled or modi-
fied to fit our application. At this point for convenience, we used
a commercially available, compact, coil-based ultrawideband
balun/impedance transformer shown in Fig. 7(a) (part TP-103,
MA-COM). As seen, the transformer is used to interconnect
the 50- coplanar waveguide (CPW) section with the 200-
coplanar strips (CPS) section. The CPW ground was soldered to
the array ground plane and its center conductor was connected to
a 50- coax, through a hole on the ground plane [see Fig. 7(b)].
Also, we found that for the short-circuited (inactive) edge

elements, the overlapping section had little effect on the per-
formance. Therefore, we simplified their geometry by simply
connecting the adjacent shorted elements together, resulting in
a continuous long strip. This geometrical simplification might
seem surprising since we previously claimed that mutual cou-
pling is really important for wideband performance. However,
the affected elements are inactive and therefore mutual coupling
had very little on bandwidth performance.
The 7 7 dipole array used for measurements is depicted in

Fig. 8(a). This array was also simulated including the CPW and

Fig. 11. (left) Simulated and (right) measured realized gain radiation patterns
for the array in Fig. 8(a). Principal plane cuts are given at (a) 200 MHz, (b) 300
MHz, (c) 400 MHz, (d) 500 MHz, and (e) 600 MHz.

CPS lines, but not the baluns. In the simulations, feeding was
done with 200- ports placed at the bottom of the CPS feed
lines for each active element. Also, for the corporate network
VSWR calculation, an ideal 1:21 divider was assumed.

A. Broadside Scan

The array feed network for broadside scan is shown in Fig. 9.
For the corporate feed a 1:3 power divider followed by three
1:8 power dividers were used to generate 24 equal power out-
puts. Three out of the 24 outputs were terminated in matched
loads (see Fig. 9). From the available component data sheets, we
calculated that the losses of the feed network (1:8 divider, 1:3
divider, divider terminations and balun) lowered the measured
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Fig. 12. Array feed network schematic for scanning at 30 in the H-plane
(feeding of one column is shown only).

realized gain by about 2.8 dB. Measurements were carried out
in the compact range of ElectroScience Laboratory, Ohio State
University [see Fig. 8(b)]. We measured the array’s corporate
network VSWR, realized gain and radiation patterns on the E-
and H-planes of the array. Fig. 10 depicts the measured and sim-
ulated corporate network VSWR.
From Fig. 10(a) we observe that the measured VSWR is

lower as compared to the simulated curves. This is due to losses
in the actual feed network. Nevertheless, it indicates that the
array does not suffer any unusual mismatches. Fig. 10(b) gives
the measured and simulated co- and cross-polarized realized
gain at broadside after accounting for the 2.8-dB feed network
loss. As seen, the measured and simulated co-polarized realized
gain curves are generally in agreement. Specifically, the array
achieved a realized gain of 5 dBi over the 200MHz–600MHz
band.
Fig. 11 shows the measured and simulated radiation patterns

for broadside scan. We observe that the measured radiation pat-
terns exhibit narrower beamwidths than the simulated ones, par-
ticularly in the E-plane and at higher frequencies. This is most
likely due to not including the feed network into the simula-
tions. As mentioned above, the simulations were done using
lumped ports at the bottom of the 200 CPS lines. For our
measurements (see Fig. 9), we employed 1:8 dividers along the
H-plane, and 1:3 divider along the E-plane. Under ideal condi-
tions, we would expect equal power distribution. However, be-
cause of inter-element coupling (stronger on the E-plane) there
was impedance variation among the dividers’ outputs, which led
to nonuniform power distribution. Most likely, this is the reason
for the discrepancy between the measured and simulated gain
patterns. The fact that the differences are more pronounced in
the E-plane provides further credence to the aforementioned ex-
planation.
An other observation is that the measured cross-polar-

ized gain is much higher than the simulated. This is likely

Fig. 13. Measured and simulated (a) VSWR and (b) realized gain for the array
shown in Fig. 8(a) when fed for scanning at in the H-plane.

due to small misalignments of the array and the feeding an-
tenna during measurements. To verify this, we calculated the
simulated cross-polarized gain, while the array was slightly
misaligned off broadside (i.e., at ). As seen,
the cross-polarized gain does increase even when the array is
misaligned 1 to 2 off broadside.

B. Scanning at 30 in the H-Plane

To scan at in the H-plane we inserted an extra
section of cable at the feed of each active column. This sec-
tion was added after the 1:8 dividers, as shown in Fig. 12. The
required length of this extra section was integer multiples of

, where cm (2 /7) is the
distance between dipoles and is the dielectric constant
of the cable.
The measured corporate network VSWR is shown in

Fig. 13(a). Again, this measurement is affected by the feed
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Fig. 14. (left) Simulated and (right) measured gain patterns for the array shown
in Fig. 8(a) when fed for scanning at in the H-plane at (a) 200 MHz,
(b) 300 MHz, (c) 400 MHz, (d) 500 MHz, and (e) 600 MHz.

network insertion loss. For comparison, the simulated corporate
network VSWR is plotted in Fig. 13(a) assuming a lossless
feed network. The measured and simulated gain at in
the H-plane is shown in Fig. 13(b). As seen, the measured and
simulated co-polarized gain curves are in agreement. Again,
the measured cross-polarized gain was much higher than the
simulated, likely due to array and feed misalignments. The
measured and simulated realized gain patterns are depicted in
Fig. 14. From these, we observe that instead of a fixed beam
maximum at 30 , the patterns squint with frequency. This beam
squint is attributed to the finite ground plane size as depicted
in Fig. 15(a).

Fig. 15. (a) Measured, simulated, and estimated beam squint as a function of
frequency. (b) Radiation pattern of a hypothetical seven-element linear dipole
array with spacing 8.71 cm (2 /7), placed above a finite ground plane. Array is
scanned to 30 in the H-plane. Beam squint with frequency can be observed in
the total pattern [see also Fig. 15(a)].

To demonstrate that, we calculated the pattern of a hypo-
thetical linear dipole array comprised of seven elements with
spacing 8.71 cm (2 /7). To do that, we multiplied the element
pattern with the array factor [26]. A typical H-plane pattern of
a single dipole element over a finite ground plane is shown in
Fig. 15(b). As seen, due to the finite ground plane size the el-
ement pattern tapers off as we move off of broadside

and eventually “folds” around it. The array factor for 30
scan in the H-plane was analytically calculated and is plotted in
Fig. 15(b). Although the array factor maximum remains fixed at
30 for all frequencies, the array pattern squints because the ele-
ment pattern is nonuniform, when radiating over a finite ground
plane. Fig. 15(a) shows the theoretically estimated beam squint
with frequency. Because of this beam squint, beam steering can
not be performed using simple time delay at the feed. That is,
the phase difference must be controlled more precisely.

IV. CONCLUSION

As would be expected, the bandwidth of tightly coupled
phased arrays is degraded due to finite edge effects. A typical
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strategy to alleviate edge effects [2] is to terminate the finite
array elements at the periphery with matched loads/resistors.
Although this approach improves array bandwidth, it reduces
efficiency and realized gain.
In this paper, we demonstrated that instead of using resis-

tive terminations, short-circuit terminations of the periphery ele-
ments provided for almost the same bandwidth performance, but
also improved efficiency at lower frequencies by a maximum of
47%, implying a gain improvement of 2.75 dB. For demonstra-
tion, we designed and tested a 7 7 overlapping dipole array
60.96 cm 60.96 cm (2 2 ) in size and 15.24 cm thick.
The array was placed on a 121.92 cm 121.92 cm (4 4 )
ground plane and was fed using a novel, printed, wideband feed,
comprised of a CPW section interconnected to a short pair of
CPS via a lumped balun. The array covered 200MHz–600MHz
delivering a measured realized gain 5 dBi. The cross-pol. gain
was also measured and found to be below 10 dBi. A 30
H-plane scan was also measured. The realized gain at this scan
angle was found to be 3 dBi over the whole band. In this
process, we found that due to the finite ground plane (and the
associated element pattern effects) the array beam squinted sig-
nificantly from 8 at 200 MHz to 30 at 500 MHz.
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