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Abstract—The results of a parametric study and design of an ultra wideband dual-polarized array of differentially-fed tapered slot
antenna elements are presented. We examine arrays of bunny-ear
antennas and discuss the capabilities and limitations of differential antenna technology. As we focus on radio astronomical applications, the absence of a balancing-feed circuit not only reduces
the first-stage noise contribution associated to losses in the feed,
but also leads to a cost reduction. Common-modes are supported
by the antenna structure when a third conductor is present, such
as a ground plane. We demonstrate that anomalies may occur in
the differential-mode scan impedance. Knowledge of both types
of scan impedances, differential and common mode, is required to
properly design differential LNAs and to achieve optimal receiver
sensitivity. A compromise solution is proposed based on the partial suppression of the undesired common-mode currents through
a (low loss) balancing-dissipation technique. A fully steerable design up to 45° in both principal planes is achieved.
Index Terms—Antenna
rays, radio astronomy.
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I. INTRODUCTION

T

APERED SLOT antenna (TSA) Arrays are of large interest for ultrawideband applications from the time they
were introduced by Lewis et al. [1], in particular, the widely employed exponentially tapered slot antennas (Vivaldi antennas,
[2]). In recent years, a growing interest has emerged from the
radio astronomy community in the so-called aperture Arrays
(AA) [3], which is the European concept of a versatile array
antenna composed of millions of dual-polarized TSA elements.
The SKA telescope [4] will comprise a number of such antenna
array concepts, thereby facing one of the biggest technological
challenges in radio astronomy for the 21st century. In particular, the SKA telescope will have a collecting aperture of one
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square kilometer, and will cover a frequency band from 100
MHz up to 25 GHz with dual-linear polarization. The mid-frequency band, which ranges from 0.3 to 1 GHz, is intended to be
covered by a dense array of millions of cheap TSA elements that
can scan up to ±45°. The array design represents a challenging
problem for which different technologies are being considered
[5]. This paper presents the benefits, the drawbacks, and a design example of a TSA array, which will be distinct from other
studies published thus far [6]-[8] namely, the antennas are differentially-fed, thereby enabling us to use differential amplifiers
and differential beam-forming technology in a straightforward
manner.
Fig. 1 exemplifies five different types of TSA elements.
Fig. 1(A) illustrates an exponentially tapered aperture fed by
a microstrip line printed on a relatively expensive and potentially lossy substrate. Such an antenna-feed transition acts as a
balancing mechanism (balun) for the differential TSA element,
and is only required if a direct connection to a non-differential
transmission line has to be realized [7]. Fig. 1(B) represents
a bilateral Vivaldi element composed of three metal layers
[6]. Fig. 1(C) shows a differentially-fed unilateral TSA element, however; it still requires a relatively expensive substrate.
Fig. 1(D) illustrates a modified case compared to Fig. 1(A),
where the metal sheet used for the exponential taper of the aperture is no longer printed on a dielectric substrate, but realized
by relatively thick metallic plates that are composed of, e.g.,
aluminum [7]. Finally, an example of a differentially-fed TSA
element, which is solely composed of thick metals, is shown
in Fig. 1(E). This, so-called bunny-ear antenna [9], which does
not require a (lossy) dielectric substrate or additional balancing
feed board, represents an inexpensive and suitable candidate
for the SKA project when aiming for differential technology.
Obviously, the expensive and noisy feed board is no longer
required if a low noise amplifier (LNA) is directly attached to
the antenna and is realized in differential technology (coplanar
strips for instance), or if the transition to single-ended technology has been realized within the LNA.
An important contribution to the design of differentially-fed
array antennas that has been published by the SKA community
thus far is the Australian "checkerboard" array [10], meant to
be used as a focal plane array comprising a stack of a printed
circuit board (PCB); a foam layer; and a ground plane. The
PCB consists of an array of self-complementary rectangular
conducting differentially-fed pair of patches with the appearance of a checkerboard printed on an electrically-thin dielectric
substrate. The array is differentially-fed at the ground plane,
with two-conductor transmission lines feeding the signals be-

Fig. 2. Portion of a differentially-fed TSA element array with a metallic ground
plane. One polarization is in dark gray and the other in light gray, the ground
plane is in white. This represents a part of a larger array.
Fig. 1. Types of TSA elements: (A) Printed on a dielectric substrate with microstrip feed; (B) printed on a dielectric substrate with a stripline feed; (C)
printed on a dielectric substrate with a differential feed; (D) one layer of thick
metal with a localized microstrip feed, (E) one layer of relatively thick metals
with a differential feed.
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tween these points and the gaps between the corners of neighboring patches of the array [11]. The conducting surfaces of the
connected-patch array are topologically equivalent to those of
the tapered-slot array studied in this paper. This equivalence has
been detailed in Section III. Another array concept, which has
been fabricated and is currently being evaluated using integrated
active receivers, is the dual-polarized array of differentially-fed
tapered slot antennas with dual cavities [12]-[14]. This array
has been printed on a thin and inexpensive polyester foil.
In this paper, arrays of dual-polarized differentially-fed
bunny-ear antennas [Fig. 1(E)] are examined. In Section II, a
parametric study of an infinite-by-infinite array of bunny-ear
antennas is conducted, and used to analyze the effect of different antenna geometries on the scan impedance. The antenna
elements are arranged on a square grid as shown in Fig. 2.
By acquiring essential knowledge from previous papers [15],
[16], and by using a commercial full-wave simulator based on
finite elements method, named HFSS [17], it is now possible
to design these complex structures and to analyze the vitally
important mutual coupling effects as these yield the wideband
performance of the array. The closely spaced elements exhibit
strong mutual coupling effects which are still not modeled
rigorously, so that full-wave simulations and design strategies
are necessary [6]-[8].
The differential scan impedance anomalies are analyzed in
Section III, which arise because of destructive mutual coupling
interference effects. Generally, one can distinguish between several kinds of anomalies that may appear in the scan impedance
[ 18]-[29]. A new type of impedance resonance for arrays of differentially-fed TSA elements has been identified and is shown to
be similar to the resonance effect observed in [ 11 ]. This anomaly
occurs due to the presence of a third conductor nearby the differential feeding line. This could represent the back metallic plane,
which is used as a reflecting surface and a virtual ground for the
differential feeding lines. Without precautions, a common-mode
current may then be supported by the feed structure, and even
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Fig. 3. Bunny-ear element geometry. The antenna is excited by a voltage source
between the coplanar strips of the differential feed line at the bottom of the
antenna as indicated in the figure (bottom left).

dominate over the differential-mode current for certain frequencies and array excitations/scan angles. As a result, a strong mismatch on the differential port is observed (see Fig. 3 for the port
excitation setup), leading to a surge in the radiated power, and in
turn, causes a scan blindness for the differential-mode to occur.
We demonstrate that this impedance mismatch, which also leads
to a noise mismatch in receiving array antennas, can be improved by means of a (low loss) balancing-dissipation technique, and we therefore study the resulting array noise figure
as well.
In Section IV, a design example is presented of a dual-polarized array, which is steerable up to 45° in both principal planes
and operates over a frequency band ranging from 300 MHz up to
1 GHz. Finally, the most relevant aspects of the study are summarized and the future work is presented.
II. PARAMETRIC STUDY OF THE TSA ELEMENT

The bunny-ear element in Fig. 3, inserted in an infinite-by-infinite array as in Fig. 2, is subject to a parametric analysis, i.e.,

the most important geometrical parameters of the antenna element are analyzed independently of each other. As indicated
in Fig. 3, the antenna is excited by a voltage source which is
attached to the end of the differential transmission line, and
is located in the same plane as the ground plane. With reference to [8], we know that for a stripline-fed bilateral Vivaldi
antenna, the length of the inner curve, L[n, and the opening rate
of the inner curve, Bin, have a predominant effect on the scan
input impedance of the array. The element width defines the Eand if-plane spacing and has a strong effect on the frequency
at which the mismatch anomaly occurs. At present, no techniques are known to suppress this type of resonance, so that it inevitably fixes the upper limit of the usable bandwidth. However,
to some extent, the resonance can be shifted up in frequency by
a decrease of the aperture height or width of the elements. Furthermore, an increase in the ratio of the aperture height to the
antenna width will produce an enlargement of the bandwidth,
though a narrower scan pattern in the if-plane is to be expected
when the aperture height is increased. As for the presently proposed differential antenna, the additional aperture length, Loui,
and opening rate, Bout, of the outer curve are analyzed. The
outer curve aims to realize a gradual transition from coplanar
strip to slotline technology such as to achieve an ultrawideband
antenna performance. Both the inner and the outer curves are described by the exponential (1) and (2). The slot and strip width
have only a minor influence on the scan impedance, as opposed
to the aforementioned parameters [8]; therefore these parameters are chosen to be invariant in this study. Note that two sets
of axes are being used, one for the inner curve {z\ — yi), and
another one for the outer one (^2 — 2/2)The inner curve is described by

z1 = Ain • [exp(£ in • yi) - 1]
Ain = WW[exp(B in * ¿in) - 1]
width/2 - Win = 4.5 mm.
The outer curve is described by

z2 = A 0 ut[exp(£ 0 ut • 2/2) - 1]
^out = Wout/[exp(Bout • ¿out) - 1]
Wout = [Width - Slot_width]/2
— Strip_width
Slot_width = 1 . 5 mm
Strip_width = 4 mm
¿tot = ¿in + 21 mm.

(la)

TABLE I
INITIAL GEOMETRICAL PARAMETERS OF THE ARRAY

Width
175 mm

-Lin

300 mm

Bin

0.005 mm"1

Lout

60 mm

"out

0.08 mm"1

Fig. 4. VSWR at broadside over frequency for various antenna widths.

accordance to Table I. Furthermore, all results in this paper are
obtained by exciting only one of the polarizations.
A. Width of the Element
The effect on the antenna input impedance, when reducing
the width of the element, is visualized in Fig. 4. From this
VSWR plot we conclude that the strong impedance anomaly
in the upper part of the band is downshifted in frequency when
the element width is enlarged, thereby limiting the usable band
and giving rise to the strong mismatch visible in the VSWR
(source-reference impedance is 150 ÍÍ). This effect is also observed when the array is scanned in both the E- and H-planes.

(lb)
(lc) B. Length of the Inner Curve (L[ )
n

A reduction of the taper length of the inner aperture will result in a narrowing of the impedance bandwidth while its center
frequency shifts towards higher frequencies. The use of longer
tapers lead to smaller fluctuations of the scan impedance, and
(2a) a smaller reactance as well, particularly at lower frequencies,
(2b) thereby improving the lower usable frequency (results not
shown). However, the penalty is that the impedance anomalies
in the upper part of the band move slightly down in frequency.
(2c)
A similar trend is observed when the array is scanned to 45° in
both principal planes.
(3)
In conclusion, the bandwidth of this type of arrays can be
enlarged
by increasing the length-width ratio of the inner taper
(4)
of the antenna element, albeit to a certain extent.

The difference between half the antenna width and half the
aperture width (W-m) is fixed to 4.5 mm for assembly purposes.
The 21 mm offset between the length of the inner curve (¿i n )
and the total height of the antenna (Ltot) is kept constant.
The initial geometrical parameters of the array are shown in
Table I. For each of the following parametric analyses, only one
of the parameters is swept, while fixing the other parameters in

C Opening Rate of the Inner Curve (Bin)
The opening rate of the inner curve of the antenna is mainly
affecting the matching level in the middle of the frequency band,
though it also has a relatively significant effect on the lower limit
of the usable bandwidth. Larger opening rates lead to stronger
fluctuations in the scan impedance around their mean values.
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Fig. 5. A broadside scan over frequency for various antenna lengths of the outer
curve: (a) VSWR and (b) the scan input impedance.

These mean values flatten-out for larger opening rates, especially at the upper part of the frequency band, and therefore result in better VSWRs. At the lowest end of the band, the VSWR
increases with increasing Bin, so that it is necessary to find a
compromise value for the opening rate of the inner curve. A
similar behavior is observed when the array is scanned up to
45° in both principal planes.

D. Length of the Outer Curve (Lout)
Results of scan impedance studies, and the occurrence of
impedance anomalies, have been reported for the conventional
stripline-fed bilateral Vivaldi antennas when the array scans offbroadside [6], [8]. To the author's best knowledge, no results
have been reported for arrays of bunny-ear antennas where the
effect of the outer curve on the scan impedance has been analyzed. It will be shown that several impedance effects are attributed to a specific design of the outer taper which need to be
accounted for when designing and optimizing bunny-ear arrays.
The tapered outer curve is an important part of the differential feeding system as its length controls the smoothness of the
transition from coplanar strip to slotline technology and, in turn,
influences the scan impedance of the antenna array elements.
We can appreciate in Fig. 5(b) that an increase in taper length
leads to an increase in the input resistance, whereas the input

Fig. 6. A 45° E-plane scan over frequency for various antenna lengths of the
outer curve: (a) VSWR and (b) the scan input impedance.

reactance has virtually not changed, except at very low frequencies. Basically, only the matching level has changed as shown
in Fig. 5(a), and the bandwidth has changed accordingly.
It is important to remark that for symmetric arrays of tapered
slot antennas, typically only the E- and if-plane scans are of
primary interest, since the D-plane scan impedance behaves, at
least to first order, as a simple average of the H- and E-plane
scan performances [8].
Fig. 6 illustrates that when the array is scanned up to 45° in
the E-plane, an impedance anomaly [Anomaly 1 in Fig. 6(a)]
appears within the band of interest and is strongly dependent
on the length of the outer curve. It was found that the origin
of this anomaly is related to the fact that the array can support a common-mode current. A more detailed explanation of
its origin and suppression is given in Section III. So far, one can
see how the length of the outer curve affects the position of the
anomaly as it moves towards lower frequencies for larger taper
heights.
The impedance results are shown in Fig. 7 for the case that
the array is scanned to 45° in the H-plane. An impedance resonance appears in the upper part of the frequency band, thereby
reducing the usable bandwidth. As in the case of Anomaly 2
in the E-plane scan of Fig. 6(a), the location of this H-plane
scan anomaly turns out to be virtually invariant for taper heights,
as opposed to the case of Anomaly 1 in the E-plane scan of
Fig. 6(a). Anomaly 2 in the high part of the band is due to the

TABLE II
PARAMETERS OF THE ARRAY FOR REVEALING THE SCAN IMPEDANCE
ANOMALY

Width
175 mm

Lin

250 mm

Bin
0.005 mm"1

¿"out

Bout

73 mm

0.07 mm"1
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the impedance resonance that appears when a surface excited
wave travels along the facets of a substrate (printed TSAs),
Freq [GHz]
which then destructively interferes with the phasing of the
array; (ii) the impedance resonances that appear due to gaps
(b)
between disjoint antenna elements/tiles that tend to radiate,
Fig. 7. A 45° H-plane scan over frequency for various antenna lengths of the thereby severely disrupting the impedance characteristics [20];
outer curve: (a) VSWR and (b) the scan input impedance.
(iii) the impedance resonances that occur for üf-plane scanned
bilateral TSAs, which arise due to a voltage difference between
appearance of the endfire grating lobe and is observed in the the bilateral fins of the TSAs, and that can be eliminated by
present unit cell computation because it corresponds to the fre- plated-through vias in the elements [6]; or (iv) the impedance
quency and angle at which a higher-order Floquet mode starts resonance that arises in triangular grid arrays of phase-steered
linear-polarized TSA arrays [21]. The presently employed
propagating.
Apart from the anomalous impedance effect, the trends ob- bunny-ear antennas are dielectric-free, are electrically interserved in the scan impedances are very similar to the broad- connected along their outer edges, and also unilateral and
side-scanned array case, i.e., the resistance can be raised in-band dual-polarized, so that the previously mentioned impedance
by increasing the length of the outer taper, whereas the reac- resonances are not observed.
However, we identify here a type of impedance resonance
tance remains almost the same. The mid-frequency hump of the
which
can specifically be attributed to differentially-excited arVSWR in Fig. 7(a) also increases with the height of the outer
rays.
To
examine this type of scan impedance anomaly, the gecurve, and is in accordance with the increase in the input resisometrical
parameters as listed in Table II are used.
tance.
The VSWR is shown in Fig. 8 for three different Emplane
E. Opening Rate of the Outer Curve (Bout)
scans. Anomalous impedance effects occur for off-broadside
The effects on the impedance characteristics of the array are scan angles in the middle of the band when exciting the antennas
only weakly dependent on Bout. Furthermore, variations of the with a differential generator. We remark that these resonances
opening rate of the outer curve also have a minimal effect on the disappear in the absence of a ground plane and shift down in freimpedance anomalies, as opposed to a variation of Lout. The quency with an increase in scan angle. It is important to note that
the position of the strong impedance anomalies in the upper part
respective results are therefore not shown.
of the band also shift down for increasingly larger scan angles, in
III. SCAN IMPEDANCE ANOMALIES ASSOCIATED TO
both the E- and üí-planes, though this effect is less pronounced
DIFFERENTIAL ARRAY TECHNOLOGY
as compared to the effect of increasing the element width, which
The presently proposed bunny-ear element exhibits a few reduces the operational bandwidth significantly.
E-plane scan impedance anomalies that are typically found for
In [19], similar anomalies appear in the middle of the band
other Vivaldi elements as well [ 18], [ 19]. Apart from these types for Emplane scanned single-polarized arrays of bilateral TSAs,
of resonances, a number of additional impedance anomalies which are due to the presence of parallel plate modes in beexist that have been identified before and that are attributed to tween the parallel strokes of TSA plates. This type of resonance
a particular realization of the TSA elements. Among them, (i) was also found to occur for an E-plane scanned single-polarized
-200
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array of bunny-ears (results omitted). As shown by Wunsch and
Schaubert [22], these resonances can be suppressed by placing
metallic cross walls at the locations where normally cross-polarized elements are placed.
In [23], one justifies the presence of an impedance anomaly
that was found to occur because of the undesired radiation from
the differential feed lines used to excite an array of dipole antennas. The behavior of these anomalies with frequency and
scan angle are rather similar to the impedance perturbation presented in this paper.
In [24] a similar impedance anomaly for a planar array of
symmetrical crossed dipoles has been identified and analyzed
rigorously for the fields that are incident from grazing angle (in
the i?-plane). However, the polarization of the incident i?-field
vector is not the same as in the present work, where the array
grid has been oriented perpendicular to the i?-plane scans.
Nonetheless, the anomalies seem to have a common origin
with the one explained in this work, where we explain how
currents couple to each other due to the presence of neighboring
elements and how this leads to the undesired increase in the
reflection coefficient.
In the work of Hay and O'Sullivan [11], an anomaly was
found for a finite array of connected patches with features also
observed in the present differentially-fed bunny-ear arrays1.
Fig. 9 shows the topological equivalence between the two structures where p is the geodesic path length along the edges of the
conducting surfaces between the feed points of the elements
of orthogonal polarizations. In [11] it is demonstrated that the
frequency at which a differential-mode resonance occurs can
approximately be predicted by the geodesic path length p being
half a wavelength. In the present study, the geodesic path length
p equals half a wavelength at 615 MHz, which is a reasonable
prediction since the resonances are observed around 650-700
MHz (exact value depends on the scan angle cf. Fig. 8). Another property of this resonance is that it is characterized by
anti-phase common-mode currents on the feed conductors of
connected orthogonally polarized elements. In the following it
is shown that this also occurs for the present structure.
By removing the ground plane, we retain only the two conductors (the two arms of the antenna) as well as the balanced
feed lines. We observed that, for the present frequency range and
for off-broadside scan angles, where the electrical symmetry is
broken, only evanescent common-mode currents are supported
along the differential feed lines.
However, in the presence of a third conductor, such as a
ground plane, a common-mode signal can be supported by the
feeding structure which may lead to severe differential-mode
scan impedance resonances. From Fig. 8 one can observe for
what frequencies impedance anomalies occur, and how these
are dependent on the scan angle.
The surface current distribution on the antenna elements has
been analyzed for a number of scan angles/frequencies, thereby
revealing the presence of common-mode currents on the differential feed lines. It has been confirmed that both odd- and
even- modes can exist on ground-plane-backed bunny-ear ar^ h e n revising the manuscript, the author's attention was called to a recently
published paper by Hay and O'Sullivan [11] where an equivalent situation is
studied albeit for a different type of structure.

(a)

(b)

Fig. 9. Topological equivalence between the connecting surfaces of (a) the TSA
elements and (b) the patches in [11]. Each drawing represents 4 half elements
(2 per polarization). The geodesic path length along the conducting surfaces
between the feed points of the elements of orthogonal polarizations is p.

rays, and these modes are excited differently, depending upon
the frequency and scan angle. To analyze the various modes of
the currents, we let a series of plane waves be incident to the
open-circuited array while monitoring the induced current distributions. Fig. 10(a) shows the current distribution at 500 MHz,
where one can clearly observe that the odd mode dominates over
the even mode. The even-mode current distribution in Fig. 10(b)
is strongly pronounced for an incident plane wave at 22.5° at
a frequency of 710 MHz, which is the frequency where a scan
impedance anomaly occurs on transmit for the differentially-fed
array scanned to 22.5° in the .E-plane. Fig. 10 therefore suggests
that when the differential-mode scan impedance is at resonance,
a common-mode current is supported by the structure, which
may be excited strongly depending upon the type of excitation
source used on transmit, or incident plane-wave field applied on
receive. The presence of such a common-mode current at the
anomalous frequency was also observed for an array of disconnected balanced antipodal Vivaldi antennas [25].
At this moment it is not clear how differential LNAs can
be optimally noise matched to both types of scan impedances,
given the fact that they are strongly related to each other. Despite
an SKA-like station (> 100,000 elements) would largely behave
as an infinite planar array [26], the common-mode anomaly in
Fig. 8 could also appear at broadside, due to a slight asymmetry
brought about by the finiteness of the array. An example is the
case of a large array of disjoint subarrays, or a focal plane array
with offset beams (non-symmetric excitations). Anomalies may
also appear as observed by Schaubert, Craeye, and Boryssenko
when introducing other types of asymmetries in the structure,
e.g., [27], [28].
To mitigate the common-mode problem, i.e., to eliminate the
resonance in the differential-mode scan impedance, it is essential to first analyze the propagation of the corresponding surface
currents through the structure at resonance. Fig. 10(b) illustrates
that the common-mode current is confined to the bottom region
of the bunny-ear antennas instead of along the tapered slot as for
the differential-mode current, and that the phase progression of
the common-mode current starts at one arm of the antenna and
ends in the arm of the orthogonally connected antenna. This specific problem is only present in dual-polarized arrays like the

• GND plane
** Resistors

(a)

(b)
Fig. 10. Distribution of the surface currents for the unit cell at (a) 500 MHz
and (b) at the anomaly frequency with an incident plane wave at 22.5°.

ones in Fig. 2. Note that these characteristics were also observed
for an array of connected patch antennas [11].
We will present a technique to avoid these impedance anomalies while keeping the orthogonally polarized elements in
place. The comprise solution is based on using two resistors per
element, each of them connected between one of the feeding
lines and the GND plane, thereby dissipating a small part of
the common-mode currents (see Fig. 11). Even though the proposed solution may seem very noisy for a radio astronomical
application, it will be shown that the noise increment is only
minor and therefore not of a big concern. The use of reactive
elements has not shown to yield the desired change in the scan
impedance characteristics.
Fig. 11 visualizes the two resistors that have been used to
partly suppress the even mode current, thereby allowing the odd
mode to dominate. The propagation path of the current reveals
that it is sufficient to place the resistor in only one of the polarizations. However, in order to preserve the symmetry of the
array we apply them to both polarizations.

Fig. 11. Distribution of the surface currents for the unit cell after placing two
resistors of 3 ki7 from each arm of the antenna to the ground plane. The current
is shown at the anomalous frequency of Fig. 10(b).

A parametric study was undertaken to examine the antenna input impedance effect for various resistor values. For
this purpose, the VSWR has been computed and plotted in
Fig. 12 for a 45°£'-plane scan. Clearly, the differential VSWR
increases when low-valued resistors are used since then the
differential generator becomes almost short-circuited. The
differential impedance match readily improves upon raising
the resistor level by only tens of ohms. In fact, the even-mode
currents keep sufficiently suppressed up to 3 kf2, while still a
good overall matching level can be realized (VSWR < 2.5).
The differential scan impedance anomaly appears for resistor
values larger than that, implying that the structure can support
even-mode currents with significant amplitude. The case of
raising the resistor values to infinity is equivalent to the case
of removing the resistors (open circuit), so that the original
anomalous differential VSWR is obtained allowing both the
common-mode and the differential-mode currents to propagate.
The common-mode current is stronger suppressed than the
differential-mode current since the resistors are seen in series
for the differential-mode excitation, whereas in parallel for the
common-mode excitation (factor 4 difference, for DC). The
best trade-off is reached when the resonance in the differential
scan impedance becomes sufficiently suppressed while the
overall impedance characteristics remain almost unaffected.
This optimum resistor value was found to be near 3 k i l
The differential VSWR for three different f?-plane scans is
presented in Fig. 13, both for 1 ki2 and 3 ki7 resistors. The
if-plane scans are not shown, because these are only weakly
dependent on the resistors. Note that for 3 kf2 resistors, the
matching level in the band remains acceptable, even for large
scan angles, and the results are very similar to those obtained
for a resistor value of 1 ki7.
A thermal noise study of the proposed method is of interest
when the lumped resistors are placed across the antenna conductors in front of the amplifying circuits2.
2
The two loads in Fig. 11 may be realized by the input impedance of two
single-ended LNAs which are used to form a differential balanced LNA, and
like that, its noise temperature contribution is accounted for by the 5-parameters
and noise properties of the LNAs (antenna is regarded lossless).
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Fig. 12. VSWR for a 45°£-plane scan for I?. = 50 Ü to R = 10 kQ.
Fig. 14. System sensitivity per unit cell for a 45° .E-plane scan for three resistor
values. The unit cell area ab = 30.6 X 1 0 - 3 m 2 .
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Fig. 13. VSWR for an £-plane scan, for R = 1 kfi and 3 kfi.

The antenna impedance matching degrades by increasing the
resistor values beyond a certain point as the effect of the lumped
resistors decreases (Fig. 12), i.e., on transmit, a lower power is
delivered to these resistors because of a low power transmission
factor from the differential antenna port to the resistors. Likewise, on receive, only a small part of the thermal noise that has
been generated by these resistors will be observed at the antenna port, due to this low transmission factor. In the following,
we will account for the power absorption and associated noise
temperature contribution through the radiation efficiency r/iaci
of the unit cell.
For receiving (phased-array) antennas, it is common to define
the system sensitivity as the ratio of the effective aperture area
Aef¡ to the total system noise temperature Tsys

ab • cos (6») • ?7rad

Aeff
i?rad

Tsky + ( 1 — ijrad) " ^kmb + ?LNA

(5)

The above sensitivity formula, (5), is in accordance with (22)
in [30], except that 77iaa is here the radiation efficiency of the unit
cell. It is important to mention that the sensitivity is herein referred to the input of the LNA (output of the antenna). The effective area is defined through the antenna's available output power
which is the available incident power to the unit cell area reduced by the radiation efficiency. By definition, we assume perfect polarization match and conjugate match terminated array
elements so that, in the absence of grating lobes, the effective
area of a unit cell is given by the numerator of (5), where 6 is

the direction of incidence measured from the normal to the array
plane and ab is the physical size of the unit cell (cf. [31]).
Apart from a power loss, the sensitivity also decreases due
to an increase in the total system noise temperature caused by
a decrease in the radiation efficiency. The temperature Tami, is
the physical antenna temperature, which equals (for non-cooled
antennas) the typical ambient temperature of 290 K, and T L NA
is the noise temperature of the amplifier in the active scenario
(with the source impedance of the LNA equal to the scan
impedance), and T s t y is the noise temperature contribution of
the sky. For generality, both T s t y and TLNA are set to 0 K in
order to be able to quantify the noise increase due to only the
absorption losses of the antenna.
Fig. 14 demonstrates how the sensitivity per unit cell area increases when the value of the resistors increase. It is remarkable
to observe that the sensitivity does not exhibit a resonance as
e.g., observed in the VSWR port characteristics in Fig. 12, even
not for 10 Ml resistor values. This is due to the fact that the radiation efficiency itself is free of resonances since it only quantifies the relative dissipated power loss which may not change
much when the port impedance is at resonance. On the contrary,
T L NA is expected to increase as a result of a noise mismatch to
the anomalous differential source/antenna impedance, but this
effect is dependent on the specific LNA design which is not discussed in this paper.
In addition to the sensitivity curves, the noise temperature
contributions for resistor values of 1 ki2, 3 kíí and 10 kí2 are
presented in Fig. 15 for completeness. To be consistent with the
noise temperature specifications used for the SKA, as well as
with F-factor measurements for antennas, it is common to refer
the system noise temperature in front of the antenna system (the
sky), while the system sensitivity is a ratio and therefore independent on the chosen reference point. The corresponding noise
temperature formula has been included in Fig. 15. We conclude
that a compromise is necessary, i.e., increasing the resistor value
leads to a lower noise temperature (Fig. 15) but degrades the
impedance match (Fig. 12). A good compromise has been found
for a resistor value of 3 kS7, for which both a low noise temperature (Fig. 15) and a resonant-free .E-plane scan impedance
is realized which has a good matching level (Fig. 13). Fig. 15
demonstrates that the use of 3 kf2 resistors leads to a minor increment of the total system noise temperature, i.e., not more than
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10 K, which is reasonable considering the 7 K (~0.1 dB loss)
that has been specified for the aperture array antennas in [13].
IV.

DESIGN EXAMPLE

With the knowledge acquired in the parametric analysis of
Section II, and by applying the impedance anomaly elimination
technique proposed in Section III, a dual-polarized array from
300 MHz to 1 GHz has been designed and optimized to cover a
scan range up to 45°, thereby meeting the specifications of the
SKA [26]. As we aim to minimize the cost, the element width
is chosen as large as possible in order to minimize the number
of amplifiers per square meter, while preventing in-band grating
lobes from occurring.
The final geometrical parameters of the structure are shown in
Table III, and the final results for several i£-plane and H-plane
scans are plotted in Fig. 16. A resistor of 3 kO has been used
to obtain these results. No E-plane impedance anomalies are
present and the VSWR is lower than 2.5 over the entire operational frequency band, as well as for all scan angles up to 45°.
V. CONCLUSION AND FUTURE WORK

A dual-polarized array of differentially-excited elements
(bunny-ear antennas) has been analyzed through a parametric
study in order to showcase the effect of various antenna element geometries on the scan impedance characteristics of an
infinite-by-infinite array.
In addition, an E-plane differential-mode scan impedance
anomaly has been identified, which is caused by an even-mode
that is supported by the differentially-fed antenna array in the
presence of a third conductor, such as a ground plane. It has
been shown that the impedance resonance can be suppressed by
a (low loss) balancing-dissipation technique using a pair of resistors. The associated reduction in system sensitivity has been
analyzed and shows that the increment of the corresponding antenna noise temperature is less than 10 K for 3 ki2 resistors at
room temperature (290 K).
When passive resistors are used to prevent the differentialmode scan impedance anomaly from occurring, a compromise
is necessary between: (i) the reduction in effective area as well
as an increase in system noise temperature due to a reduced radiation efficiency, and; (ii) the realization of a resonant-free differential antenna impedance (source impedance) for achieving
an optimal noise match between the differential LNAs and the

Fig. 16. Differential VSWR for various scans in the (a) H plane, and (b) E
plane.

TABLE III
PARAMETERS OF THE OPTIMIZED ARRAY

Width
168 mm

Lin
350 mm

Bin

I^out

"out

0.008 mm"1

11 mm

0.055 mm"1

antenna elements. The latter depends on the specific LNA design which has not been discussed in this paper.
A final optimized antenna design has been presented meeting
the specifications of the SKA project while keeping the potential manufacturing cost as low as possible. The operational frequency band ranges from 300 MHz up to 1 GHz, the array is
dual-polarized, and steerable up to 45°.
In future, we will elaborate upon the relation between the
common-mode and the differential-mode scan impedances, as
well as the optimal matching conditions that apply to differential
antenna and LNA designs.
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