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Abstract: A stripline fed tapered slot antenna (STSA) with integral coupler operating as an active array element over 1.5 octave
bandwidth is presented. The proposed STSA with integral coupler features wideband transition which allows a direct 50 Q
stripline feed and enables the coupler to be integrated along with the feed. The coupler helps in taking a sample of signal for
online performance monitoring and active phased array calibration. The measured results of antenna element have exhibited
good radiation pattern performance with low cross-polarisation in principal plane and low beam squint. Using this, a 16-element
H-plane linear phased array antenna designed for the frequency range of 6-18 GHz and azimuth scan coverage of 60° is also
presented. The active reflection coefficient of the array is calculated from measured mutual coupling coefficients and the array
pattern over different scan angles is demonstrated. The grating lobe free scan coverage of 60° is obtained. The antenna array

finds application in airborne systems.

1 Introduction

Modern-day multi-functional applications for radar,
communications and electronic warfare utilise active phased array
(APA) as radiating apertures. These have high effective radiated
power and thus high detection ranges [1]. Electronic warfare
applications require phased array antennas in electronic counter
measure (ECM) with wide bandwidth, high beam agility, high
pointing accuracy and wide scan angle capabilities [2]. Antenna
element for a wideband phased array for the above-mentioned
applications should possess a wide bandwidth and an appropriate
beamwidth to get the required scanning performance and a
compact size to allow for a sufficiently small array lattice that
prevents grating lobe formation at the maximum operating
frequency. When the same ECM phased array is used for direction
finding, the additional desirable features are low or zero beam
squint and low cross-polarisation in the principal plane [3, 4]. A
stripline fed tapered slot antenna (STSA) is a promising candidate
for this application since it has been shown to exhibit the desired
characteristics of wide bandwidth, wide beamwidth for scanning
and low cross-polarisation [5, 6]. A recent work on stripline fed
bilateral tapered slot antenna (TSA) [7] has exhibited a wide
bandwidth and cross-polarisation of —25 dB.

For the proper functioning of a phased array it is essential to
have performance monitoring (PM) and online calibration [8]. The
array is calibrated to obtain a coherent beam with maximum gain
by measuring the output signal at all antenna elements, relative to
each other with respect to a known input signal. One of the
approaches for the wideband phased array is to tap a signal through
a power divider or a directional coupler at the input of each of
antenna element [8, 9]. Hence in wideband phased arrays, it is
required to have a provision to integrate a directional coupler along
with the feed line of each element. A substrate integrated
waveguide coupler for antipodal TSAs for adaptive receiver
application is reported in [10]. This operates for less than an octave
bandwidth. However, for multi-octave applications a stripline
coupler integral to STSA is the obvious and a novel choice.

A STSA reported in [7] has a wideband transition with low
input impedance. This antenna can be fed directly by a 50 Q
stripline, without impedance transformers. This feeding mechanism
is adopted to implement a multi-octave bandwidth stripline coupler
integral to the feed of the STSA.
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Another variant of TSA, a double exponentially TSA working
over 1.77 octave bandwidth reported in [11] also has low input
impedance and is fed directly by a 50 Q2 SMA connector. The
electrical dimensions of the antenna at low frequency are 1.44,
length and 0.686)( width. The thickness is 200 pm. Due to the thin
profile and flexible nature it is more suitable as a conformal
antenna than as an array element.

In this paper, we report the design and experimental validation
of an STSA with integral coupler (Fig. 1) as an active array
antenna element and a 16-element linear array that operates over
6-18 GHz bandwidth. Section 2 presents the selection and design
of antenna element and coupler. Section 3 presents the antenna
fabrication and results. Section 4 discusses the performance of the
element in the array environment. Section 5 presents the 16-
element array configuration, characterisation and results. Section 6
provides conclusions of this work.

2 Antenna geometry
2.1 Design requirements

The objective is to design an antenna element for a linear APA
antenna that operates over 6—18 GHz with a minimum array gain of
12 dB at boresight and scan coverage of+60° in H-plane (Az).
Specifications of this element are discussed in Table 1. In order to
avoid grating lobes within scan coverage of 6, the inter-element
spacing (IES) of the array is given by [1]

IES < Ayi/(1 + sin(6h)) (1)

where Ap; is the wavelength at the highest frequency. Hence for 60°
scan this limit comes to 0.535;; (8.9 mm), which also limits the
class of radiating elements used for this application.

TSAs are one of the classes of endfire antennas suitable for this
application. Several TSA types exist, the most common being
linear tapered (LTSA), exponential tapered (Vivaldi) and constant
width (CWSA). The previous studies emphasised the dependence
of beamwidth, gain and side lobe level on taper profile [12]. For a
given length and width, the exponential TSA provides largest
beamwidth and lowest side lobe level followed by LTSA and
CWSA. In addition to these, the exponential TSA provides a low
cross-polarisation in H-plane [13]. Since the requirement is for a
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Fig. 1 Geometry and configuration of STSA

(a) Description of geometry and definition of parameters, (b) Configuration of
proposed STSA with integral coupler showing all the ports, (¢) Exploded view
showing the three layers

wider beamwidth in H-plane and low cross-polarisation, an
exponential TSA is the obvious choice.

The exponential TSA generally may consist of either planar or
antipodal geometry [14]. A planar TSA, in general, may be fed by
a microstrip or a strip line. One of the serious drawbacks of
microstrip-fed planar TSA is the difficulty in the impedance
matching of the slotline at the input of the antenna. Slotlines
fabricated on a low dielectric constant substrate have high
impedance, which makes the matching to a 50 Q feed difficult [15,
16]. The same issue persists with stripline fed planar TSA such as
the one reported in [17]. This can be overcome partially by using
antipodal geometry. Antipodal antennas are wideband in nature
[18] but often has a cross-polarisation of —15 dB at 18 GHz [19].
Another problem reported for such antennas is the beam squint in
the E-plane beam. A squint of 15° is reported in [19] and is brought
down to 4° by a technique of substrate end shaping [20].

An STSA is superior with respect to its low cross-polarisation
in principal plane, low beam squint and can facilitate an integral
coupler along with the feed [7]. Therefore in the present work, an
STSA whose geometry is given in Fig. 1 is selected as a suitable
candidate and proposed as the array element.

Table 1 Key specifications of the proposed antenna
element for the linear APA antenna

Parameter

frequency range
reflection coefficient over
frequency

gain over frequency 3 dB moderate gain of 4-10 dB 120° in
beamwidth in array environment H-plane, 60° in E-plane
cross-polarisation in the principal better than —25 dB at boresight
plane

beam squint <1°

Value
6-18 GHz
better than —10 dB

Table 2 Final optimal dimensions of the TSA shown in
Fig. 1 (unit: mm)

Dimension Value
2 30
Yo 30
Z1 15
RR (radius of radial stripline stub) 3.4
AR (angle of radial stub) 114°
D (diameter of circular cavity) 4
w1 (width of stage 1 of coupler) 0.66
s1 (spacing of stage 1 of coupler) 0.25
wo (width of stage 2 of coupler) 0.71
so (spacing of stage 2 of coupler) 0.55
w3 (width of stage 3 of coupler) 0.74
s3 (spacing of stage 3 of coupler) 0.9

E-plane of the antenna is zy-plane and H-plane is zx-plane. It
has three conducting layers, top and bottom with radiating slots
also known as bilateral slot (identical slots in both ground planes of
stripline), fed by stripline in the middle layer, which is etched on
one side of bottom substrate.

Assuming antenna is placed in yz-plane and the axis is aligned
along z-direction, the flare of the antenna is described by the
exponential taper

=y (-1

(eazl _ 1) @)

Y=Y t

where the taper factor chosen is a=0.15. (yy, 0) and (y;, z;) are
coordinates of initial and final points of taper as in Fig. la. The
design of TSA is primarily based on empirical approach [14]. The
width of TSA should be at least Ay/2 for efficient radiation, where
Ap is the free space wavelength at the lowest frequency and hence
is chosen as 0.6A. The antenna geometry is fine-adjusted to satisfy
the requirement of broad beamwidth in azimuth and moderate gain
with return loss better than 10 dB by full-wave simulations using
CST Microwave Studio [21]. The final dimensions of the antenna
are given in Table 2.

2.2 Design of antenna feed

In this work, we use stripline to feed the planar bilateral slotline
input of the antenna. Input impedance of 50 Q is achieved by
choosing substrate Rogers RT Duroid 5870 (e,=2.33) with
thickness 40 mil (by lamination of two 20 mil substrates) and slot
width at antenna input as 0.2 mm. As a result, it can be fed directly
from 50 Q stripline without impedance matching transformers.
Impedance bandwidth of 3:1 is achieved in this design by using
a radial stub and circular cavity, which acts as virtual short and
open, respectively [15]. The optimal dimensions of the feed
structure obtained by simulations are given in Table 2. The
impedance characteristics of the antenna with feed are extracted
using the equivalent circuit [22] as referred in the inset of Fig. 2.
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Fig. 2 Design of the wideband matching of STSA. The equivalent circuit of
antenna with feed is shown in the inset

The total impedance Z;, at the reference plane YY (as marked in
Fig. 15 at the junction of the stripline feed and the slotline) is
expressed as series connection of the stripline stub reactance jXgy
and the antenna impedance Z,,; The Z;, and jX, are obtained by
simulations by separately analysing the input impedance of the full
antenna structure and reactance of stripline radial stub (without
bilateral slotline of antenna) at the reference plane using ‘de-embed
S-parameter’ under S-parameter calculation in CST. It is observed
from Fig. 2 that the reactance of antenna with cavity is cancelled
by the reactance of radial stub.

Reactance part of total impedance at the reference plane
fluctuates around zero. It may also be noted that the resistance part
of impedance at reference plane is close to 50 Q, which makes it a
simple feed.

2.3 Design of the integral coupler

In this work, a —22 dB directional coupler integral to the stripline
feed of the STSA is used for PM and calibration of individual
elements of an array. This coupling level is suitable for signal
injection without disturbing the array performance. Due to weaker
coupling requirement, an edge coupled coupler is preferred for
easy fabrication [23].

Due to large bandwidth of the antenna, the coupler must have
wide bandwidth with small ripple, small size and low insertion
loss. Hence, an asymmetrical edge coupler is designed [24].
Stripline is preferred medium for a multi-section coupler to ensure
equal even and odd mode phase velocities [25]. The width and gap
of coupler are computed from the even and odd mode impedance
provided in Levy's table [26].

The coupler integral to antenna is modelled and simulated using
CST. The width and gap of each section obtained after fine
adjustment is included in Table 1. Each section of the coupler is
4.08 mm in length. Referring to Fig. 15, P1 is the input port, P2 is
the coupled port, P3 is the isolated port and P4 is the through port.

The isolated port P3 is terminated internally with a resistor
realised using Ohmega Ply resistive layer [27], where it sees a
resistive termination for perfect matching condition and the
through port P4 is terminated by the radial stub. The coupler port is
routed in the centre of the antenna element to make the mechanical
interface easy.

3 Antenna element fabrication and results

Fig. 3a shows the photograph of the fabricated antenna based on
the dimensions in Table 2. This is fabricated by lamination of two
20 mil RT Duroid 5870 substrates glued with the help of Prepreg
3001. Due to larger number of radiating elements, simple press-on
connections are desirable and used for each ports. The coupler port
is fed by Gilbert make GPO connector and antenna port through
Tyco make BMA connector. A mechanical interface is used to pack
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Fig. 3 Fabricated STSA with results

(a) Photograph of STSA with different connectors used and close-up view, (b)
Simulated and measured S1q at the antenna port compared with the simulated S71
without the coupler (at the reference plane), (¢) S-parameters of coupler integral to
antenna

the stripline feed and coupler and to hold STSA as cantilever, as
well as GPO and BMA connectors. BMA connector probe is
launched directly on the stripline through a cut provided on the top
layer of the antenna as shown in Fig. 3a.

3.1 Results of antenna element and the integral coupler

STSA is characterised for its reflection coefficient performance
using a vector network analyser (VNA). The simulated reflection
coefficient at the reference plane YY and the antenna port P1 are
plotted in Fig. 3b. The two results closely follow and hence it may
be concluded that the introduction of coupler has not deteriorated
the antenna reflection coefficient. The measured reflection
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Fig. 4 Measured H- and E-plane radiation patterns of single element at
(@) 6 GHz, (b) 12 GHz, (¢) 18 GHz

coefficient at port P1 is presented in Fig. 3 and is better than —10
dB over 6-18 GHz.

The simulated and measured S-parameters of coupler integral to
antenna are plotted in Fig. 3c. The measured data is of coupler
integral to antenna and not a separate fabricated piece with four
ports.

A reflection coefficient of better than —10 dB is observed in the
majority of bands and a maximum value of —6 dB is observed at
18 GHz. The increase in return loss is due to the termination of
isolated port internally, which has frequency dependence due to the
parasitic effects [28]. This is a limitation or maximum achievable
results, due to the space constraints to accommodate a broadband
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Fig. 5 Fabricated array with Gain plots
(a) Simulated and measured gain of isolated single element and the gain of centre
element in array, (b) Photograph of the fabricated 16-element linear array

matching circuit. The coupler output of —22 dB with ripple better
than =+ 1.5 dB is achieved over the frequency band. The increase in
ripple may be due to the poor return loss of the coupled port P2 and
also due to the wide variation in load R, at port P4 as referred in
Fig. 2.

From a system point of view, the increase in ripple over
frequency is of no concern since the coupler O/P is used for
calibration whereas the ripple across channels is rather important.

Since port P3 of the coupler is resistively terminated internally,
the isolation of the coupler (S3;) is presented only as results of EM
simulation. The worst case isolation observed is 28 dB. Other
parameters such as reflection coefficient at the coupled port (S77)
and coupler output (S,) are presented with measured results for
the realised antenna. The measured S,; is compared with simulated
results in Fig. 3c.

The radiation patterns in the E- and H-planes along with their
respective cross-polar plots at 6, 12 and 18 GHz have been
measured in an indoor far-field anechoic chamber and presented in
Fig. 4.

The H-plane beamwidths at the three frequencies are 90°, 70°
and 50°, respectively, and E-plane are 70°, 60° and 45°,
respectively. Cross-polarisation levels of the antenna element are
presented and are better than —30 dB at 18 GHz for both E-and H-
planes. There is no beam squint observed for the H-plane patterns
and a squint of <1° is observed for the E-plane patterns. Simulated
and measured boresight gain of the single element is presented in
Fig. 5a. The measured gain varies from 4.6 to 10 dB.
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4 Performance of the element in

environment

array

4.1 Scan reflection coefficient

Performance of the element in array environment is predicted by
determining the scan reflection coefficient at different scan angles
for an infinite array. Elements in an active array have a scan
reflection coefficient or active reflection coefficient [29], defined
as the reflection seen at the input of the antenna elements when all
elements are transmitting (active). The infinite array simulations
are done by setting appropriate boundary conditions: a periodic
boundary in H-plane and open boundary in other planes. Referred
to Section 2, the IES must not exceed 0.535k;; (8.9 mm). In
addition, grating lobe theory suggests that scan performance is
improved by reducing the element spacing as small as possible [6].
Hence, simulations are done for two different spacing of 0.529;
(8.8 mm) and 0.49A;; (8.2 mm) at 18 GHz. From the results with
spacing of 0.529My;, it is observed that there is a peak in the scan
reflection coefficient for all scan angles at 17.9 GHz. This is most
likely caused by the first grating lobe. For the spacing of 0.49A;,
the scan reflection coefficient is poor for 60° scan at the lower end
of frequency band. Hence, an optimum value of 0.516A; (8.6 mm)
is chosen. The results of scan reflection coefticient for scan angles
0°, 30° and 45° over the band are given in Fig. 6 and are better than
—10 dB, whereas for 60° scan, it is better than —10 dB over the
band except for a small deviation around 6-6.4 GHz. Here it goes
to a maximum of —8.4 dB. However, there would be a deviation on
the results at low frequencies due to truncation effects of the finite
array [30].

5 16-element linear
fabrication and results

array configuration,

5.1 Configuration of the array

The IES is set at 0.516\y; (8.6 mm). The number of elements is
derived from the requirement of array gain. The expression for
array gain is given as [1, 8]

G = Gu(0) x G,(0) . 3)

where G, is the element factor, G, = 10*log (V) is the array factor
consisting of N array of isotropic elements.

The element factor of the array is the gain of the centre element
in array environment. The simulated centre element gain is
presented in Fig. 5a. It is observed that a 0 dB gain is obtained at 6
GHz. Due to mutual coupling effect there is a reduction in gain
compared to isolated single element. Hence, to achieve an array
gain of 12 dB at boresight, a 16-element array is configured.

The array is fabricated based on the optimised IES of 0.516A;
(8.6 mm). Fig. 5b shows the photograph of the fabricated array.
The array is characterised to obtain the average active element gain
pattern, mutual coupling coefficients and the pattern performances.
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5.2 Measured average active element gain pattern

The overall array performance is expressed as the product of
isotropic array factor and scan element pattern. The array radiation
pattern for an N-element linear phased array is expressed as [31]

N
S(0) = S.(0) Z aie—j[k(N—i)dxsin(9)+‘I‘iJ 4)

i=1

where S, (¢) is the scan element pattern, g; is the amplitude
distribution, ky is the free space wave number, dx is the IES
between elements and Wi = — ko(N — i)dxsin(6,).

The scan element pattern shows array gain versus scan angle
and is a useful performance measure from a system point of view.
Conventionally, the centre element pattern is used to represent the
scan element pattern for a large phased array. For small wideband
arrays the edge effects become prominent at lower frequency [6,
30] and hence the mutual coupling affects the radiation of each
element differently. Hence, an average active element gain pattern,
which is calculated by measuring and averaging the entire elements
pattern in array structure, is used to represent the element factor of
the array [32].

Hence, the present 16-element linear array is characterised
using the average active gain pattern. Here the mutual coupling of
the array is exploited to improve the beamwidth and hence more
angular coverage and thus more scan angle coverage.

Measured average active gain pattern of the array in H-plane
and E-plane are shown in Fig. 7. Here the average active gain
patterns exhibit an increase in the beamwidth and decrease in gain
in the array environment than the single element pattern. The —3
dB beamwidth obtained are 130°, 120° and 100° in H-plane and
there is not much variation in E-plane as compared to single
element. Reduction in beamwidth at higher frequencies is
compensated by the increase in gain to achieve the required scan
angle of = 60°.

5.3 Measured mutual coupling

The mutual coupling at all the elements of the 16-element linear
array with the centre element excited are measured as S parameters
using VNA and shown in Fig. 8. While carrying out the
measurements, all elements other than the centre element and the
element where measurement is to be taken are terminated with 50
Q. The maximum coupling of —12 dB at 8.5 GHz is observed for
the centre element to the neighbouring elements.

The active reflection coefficient is computed from the measured
mutual coupling coefficients. For a uniformly fed N element linear
array pointing at 6, the scan reflection coefficient of mth element is
defined as [31, 33]

N
Iﬁm(go) = Z Smne—Jklldx51n90 (5)

n=1
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Fig. 7 Measured H- and E-plane radiation patterns of single element and
the average active gain pattern of the 16-element linear array at
(@) 6 GHz, (b) 12 GHz, (c) 18 GHz

In (2), S}, is the measured coupling coefficients, & is the free space
wave number, dx is the linear spacing between elements. The
computed active reflection coefficient at broadside of centre
element of the 16-element linear array is presented in Fig. 8. It is
reasonable to assume that the peaks at low frequencies are due to
edge reflections.

S parameter (dB)

-80 L L L L
06 07 08 09 1

11 12 13 14 15 16 17 18
Frequency (Hz) <1010
Fig. 8 Measured mutual coupling between the centre element and the even

numbered elements and the computed active reflection coefficient of the
centre element

5.4 Measured active array pattern

The scan performance of array is also done by steering the beam.
All the elements are excited by giving uniform amplitude and the
phase is varied. Phase control is done by using a commercially off
the shelf monolithic microwave integrated circuit-based digital
phase shifter module. The characterisation is done in an indoor far-
field anechoic chamber in receive mode of the array. The array
pattern obtained for 6, 12 and 18 GHz for broadside, 30° and 60°
scan angles is presented in Fig. 9. It is observed that there is no
grating lobe within the scan coverage. The beamwidths obtained
are 18.75° at 6 GHz, 9.53° at 12 GHz and 6.35° at 18 GHz. The
results of cross-polarisation at boresight are 43 dB at 6 GHz, 40 dB
at 12 GHz and 30 dB at 18 GHz. During the scan, the beamwidth
broadens approximately inversely to the cosine of the scan angle
[1, 31]. The maximum side lobe levels observed at broadside are
13, 11.69 and 10.49 dB at 6, 12 and 18 GHz, respectively. The
deviation from the theoretical maximum of —13.15 dB is due to the
phase quantisation error of digital phase shifter. This can be
improved by using a higher bit phase shifter.

6 Conclusions

The design and development of a STSA with integral coupler for
wide scan angle H-plane linear phased array antenna operating
over a frequency band of 6-18 GHz is presented. The measured
results of STSA have shown a reflection coefficient better than
—10 dB, a moderate gain of 4.6-10 dB and a broad beamwidth.
Very good radiation pattern characteristics are demonstrated with
cross-polarisation of better than —30 dB and beam squint <1°.

The tri-section stripline coupler is designed along the feed line
of the antenna element. It has demonstrated a coupling of —22 dB
with ripple of £ 1.5 dB and a limited match at coupled port. This is
mainly due to the internal termination of the isolated port and the
variation of the load at the through port. Even though the frequency
flatness is limited, this is not of concern as it is used for calibration,
whereas flatness across the channels is rather important.

The performance of element in array environment is analysed
using scan reflection coefficient of an infinite array. The mutual
couplings between elements are exploited to get a more beamwidth
in array environment and hence scan coverage. This performance
of the array is evaluated by measuring the average active element
gain pattern. Measured active reflection coefficient of the central
element of the 16-element H-plane linear phased array is calculated
from measured mutual coupling coefficients for broadside scan.
The array radiation patterns at scan angles of 0°, 30° and 60° are
presented to demonstrate the wide scan angle capability. No grating
lobes are observed for + 60° scan coverage. It also exhibited a low
cross-polarisation. This 1x16 H-plane linear array finds
application to airborne platforms.
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Fig. 9 Measured array radiation patterns of 16-element linear array

(a) 6 GHz, (b) 12 GHz, (¢) 18 GHz at broadside and two scan angles 30° and 60°
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