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ABSTRACT A novel approach is proposed for building a planar array derived from linear arrays using
a toolbox of different types of subarrays located parallel and perpendicular to the linear array axes. The
array design assumes constant element patterns and focuses on rectangular array applications with one
dimensional, wide-angular beam scanning. Optimization criteria concern a trade-off between side lobe level
performance, directive gain scan-loss, reducing the number of element controls and maximizing the use of
phase-only elements for beam steering. All subarray configurations and functionalities, for improving the
full array performance in sidelobe level and scan-loss compensation, are analyzed and validated in detail.
The step-by-step integration of different subarrays starts from the center part of the array. This center part
is a linear subarray along the major axis of the rectangular array with uniform maximum amplitude and
spatially stretched. This subarray is combined with cross-line subarrays perpendicular to this center axis.
At both edges of the center array, two in-line, uniform-amplitude and stretched subarrays are added and
combined with cross-line subarrays. The amplitude distribution of the 3 in-line subarrays and the cross-line
subarrays allows for lowering the sidelobe level in the plane of scanning. Finally, at both ends of the three
in-line subarrays, subarrays with two and five elements are applied for reducing the scan-loss. By assuming
cos(ϑ) element pattern results are given for a planar rectangular array with 41 elements length and 3 elements
width. To lower cost and higher power efficiency, the array uses only 33 multi-bit phase shifters, 12 1-bit
phase switches, and 4 attenuators for amplitude control. Optimized broadside and 60◦ scanning patterns are
compared and show improved performance in directive gain D = 24.4 dBi (broadside), D = 19.9 dBi (60◦)
and in SLL = −21.6 dB (broadside), SLL = −19.5 dB (60◦).

INDEX TERMS Subarray, scanning, scan-loss compensation, sidelobe level.

I. INTRODUCTION
In radar applications that require scanning over a wide angu-
lar span, arrays capable of maintaining favorable patterns
over the whole scanning field are desired. In such arrays,
a large number of elements are necessary to achieve sufficient
angle resolution and, accordingly, fewer element controls are
often desired to reduce the cost. In the last decade, many
research endeavors to reduce the number of element controls
in an array while maintaining the side lobe level (SLL) low
have relied on solutions that involve thinned non-uniform

The associate editor coordinating the review of this manuscript and
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arrays [1]–[8]. Particular attention was paid to array pattern
synthesis by using a deterministic approach [9]–[16], statistic
or heuristic approach by natural algorithm [17], mathematical
approach [18], [19], as well as quasi brute force method
by evaluating all possible combinations [20]–[22]. Synthesis
results have subsequently been applied in more recent years
to designs of planar and linear arrays [23]–[33].

Most thinned array pattern syntheses have focused on
lowering SLL in the broadside pattern while minimizing the
number of elements, which needs precise element locations
and amplitude control. However, whenwide angular scanning
is concerned, the SLL requirements lead to an array design
with more elements and with a precise element amplitude
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and phase steering. It implies that in wide-angular scanning
applications, e.g., up to 60◦ scanning, nearly no reduction
in the number of antenna elements is obtained and that in
general the peak SLL (PSLL) becomes worse. This high SLL
occurs because the desired main lobe and the side lobes are
strongly affected by the element pattern at maximum scan
angle of 60◦. In addition, the scan loss in directive gain due to
the element pattern can be substantial. It is obvious that there
is still a gap in realizing an array design for wide-angular
scanning applications with an optimized pattern over the
scanning angular span and requiring a small number of ele-
ment controls.

The use of subarrays for various purposes in an array
structure has been discussed inmany articles [34]–[37]. In our
previous works [38]–[40], it has been proven that subarrays
with an optimized pattern can increase the scan loss compen-
sation (SLC) andmitigate the PSLL ofwide-angular scanning
linear arrays. Our previous approach starts from thinning a
dense linear array to produce as much empty space as possi-
ble. The empty space is subsequently used to accommodate
subarrays. The final array configuration is still a linear array
due to the use of subarrays with elements located along the
linear array axis.

This article promotes a general improvement in the pattern
optimization process of planar arrays. It demonstrates novel
theoretical and experimental results in the case of a planar
array with a length of 41 elements and a width of 3 elements.
The array has a wide-angular scanning capability of ±60◦

along the length axis of the array (x-axis). The width of the
array is for increasing the directive gain and allows, at the
same time, for amplitude tapering over the length of the array.

In particular, we propose a novel idea of developing a
toolbox of subarrays, each with its own structure, feeding,
position in the full array and purposes, ready for use in design-
ing a wide-scanning planar array with specified performance
criteria that include high directive gain, low scan loss, low
sidelobes and small number of controls. The proposed tool-
box involves subarrays, oriented either in-line (parallel to the
array length) or cross-line (perpendicular to the length), for
constructing the planar array antenna. A detailed discussion
of the subarrays is given in the following sections, which
consists of in-line subarrays of two elements (Type 1), in-line
subarrays of three elements (Type 2), in-line subarrays of five
elements realized by overlapping two identical three-element
subarrays of Type 2, cross-line subarrays of three elements
(Type 3) and in-line subarrays with non-uniform element
spacing through spatial tapering (Type 4). While subarrays
of Types 1 and 2 play the key role in optimizing the SLC
and SLL, the Type 3 subarrays are used to adjust the array
directive gain and to narrow the elevation beam, whereas
the spatially-tapered Type 4 subarrays have the function to
imitate Taylor amplitude tapering for suppressing higher side-
lobes. The scan loss is analyzed by accounting the effect
on directivity due to mutual coupling between the realized
Cavity-backed U-slotted Patch (CUP) antenna elements. The
element patterns are approximated by a cos(ϑ)-function.

Special attention is paid on analytical expression for calculat-
ing the array directive gain after integration of all predefined
subarray patterns.

The step-by-step integration of subarrays into the planar
array is detailed in a later section, but our array design strategy
in brief is as follows. In the center part of the array configura-
tion, spatial stretching along the x-axis at two different ampli-
tude levels is used. This is achieved by employing two differ-
ent types of subarrays, Type 4a and 4b, in the center part, both
of which use phase steering only. By spatial tapering in the
center part, a preferred Taylor amplitude tapering distribution
over this part of the array can be obtained while destroying
periodicity in the element spacing. There is a matching layer
at both edges of the center part, which consists of a subarray
with a small number of elements belonging to Type 4c. This
subarray extends the length of the array center and uses
amplitude and phase control in order to obtain low SLL in
the scanning plane for all scan angles. The three-element
cross-line subarrays (Type 3) are only used on places in the
array where extra amplitude control along the array length is
needed. In addition, the integration of subarrays of this type
also increases the directive gain of the full array and limits
the beamwidth in the elevation plane. The subarrays with two
and five elements (Types 1 and 2b, respectively) at both ends
of the array configuration are added for pattern adjustment at
all scan angles and allow for a trade-off between the SLL and
SLC performances.

This article consists of five sections. In Section II, the tool-
box of the proposed subarrays configurations is introduced,
and their respective general radiation characteristics are dis-
cussed. Each proposed subarray is examined and validated in
Section III. Section IV presents the step-by-step integration of
all examined subarrays to produce a planar array with a low
SLL and low scan-loss. Finally, the conclusions are given in
the last section.

II. FUNDAMENTALS OF SUBARRAYS FOR BUILDING
INTEGRATED SUBARRAYS
As said in Section I, this article is focused on the toolbox
of subarrays for use in wide-angular scanning planar arrays
allowing for a trade-off between 3 major array qualifiers: the
overall directive array gain, the PSLL in the array patterns
and scan loss at maximum scan angle, with a constraint of
having as few control elements as possible. Such a compro-
mise can only be realized if we have a good design of the
array center part together with detailed knowledge on each
subarray function in the full array. Maximum flexibility can
be obtained when a large part of the full array is composed of
different types of subarrays. We aim that the full planar array
is completely built up from subarrays.

When designing a planar array consisting of many subar-
rays, it is of prime importance to specify the subarray loca-
tions in the planar array uniquely. In the following paragraph,
we present a generalized set up for the planar array and define
the Cartesian and Spherical coordinate systems as shown
in Fig. 1. It shows that all isolated (that is, non-subarray)
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FIGURE 1. The coordinate systems. (a) 3D view; (b) 2D view.

elements in the planar array and all subarray elements are in
the xy-plane. Elements in a subarray with individual control
are isolated elements. Subarrays with center feeding control
have center elements at the location of the center feeding and
in the subarrays we get non-isolated elements. We assume
that the total number of the isolated and the center elements
of subarrays equals N . The number of isolated elements and
that of subarrays are N − L and L, respectively.

The location of the n-th isolated element (n ≤ N − L)
is determined by the xn and yn coordinates. Each of such
elements has its amplitude and phase that contribute to a
scanned beam at the direction of ϑ0 and ϕ0. The radiation
is evaluated over the upper half-space only. The l-th subarray
consists of Pl elements and has its ’local’ coordinate system
denoted by (x ′, y′). The (x, y) location of the center element
of the subarray coincides with the location of the n-th element
(n > N − L) in the planar array. In Fig. 1b, the coordinates
of subarray element pl are indicated in the ’local’ coordinate
system.

We assume a rotationally symmetric radiation pattern,
which well represents that of a CUP antenna [39] used later
in our subarray demonstrator, for all array elements and that
the subarray pattern may be non-rotationally symmetric. The
basic expression for directive gain of such an array consisting
of subarrays is derived in Appendix starting from previous
results [41], [42]. In the following, the pattern of each subar-
ray is given, which can then be substituted into equation (A.1)
to obtain the directive gain of the full array.

The toolbox provides different subarray configurations
needed for realizing the required full array pattern specifi-
cations such as directive gain, PSLL and scan loss. There are
four types of subarray configurations that are discussed in the
following, each having its functionality in the construction of
the full array.

The first type of subarray configuration (Type 1, Subsec-
tion IIA) has two elements located parallel to the x-axis,
i.e., in-line, where the input feeding of the subarray is located

at the center between these elements. The second type (Sub-
section IIB) consists of two configurations; the first one is
with three in-line elements (Type 2a), where the input feeding
is located at the center element. The other configuration
(Type 2b) comprises two overlapped subarrays of Type 2a
placed side by side, where the right-side element of the left
subarray is overlapped with the left side element of the right
subarray. The resulting overlapped subarray has five in-line
elements with two input feeding located at subarray elements
2 and 4. The third type (Type 3, Subsection IIC) contains
three elements located parallel to the y-axis, i.e., cross-line,
where the input feeding of the subarray is located at the center
element. The last type (Type 4, Subsection IID) has an arbi-
trary number of in-line elements, each having its own phase
shifter. For any type of these subarrays, the input feeding
location determines the location of the element in the full
array. A detailed example will be given for an extension of
a linear array incorporating various subarrays in Section IV.

A. SUBARRAY TYPE 1 (2-ELEMENT IN-lINe SUBARRAY)
The first type of subarray in the toolbox is subarray Type 1,
which contributes to scan-loss compensation and keeping low
SLL in the full array pattern in the ϕ = 0◦-plane. It consists of
two elements (P1,n = 2) and located along the x ′-axis, which
is parallel to the x-axis, as shown in Fig. 2. The elements
are separated by a certain spacing and located at x ′11,n and
x ′21,n where n is the numbering of the fed antenna elements
in the full array, and in this case is equal to n(1) for subarray
Type 1. Both elements are fed via a 3 dB power divider (equal
power for the two elements). The phase center of this subarray
is located precisely at the center between the two elements
and coincident with the location of the subarray in the full
array characterized by the x − y coordinates. Each element
is given an extra phase shift, ψ (1)

p1,n , to produce high-pattern
values as a function of ϑ around the direction of scanning at
ϑ0 for compensating the scan-loss, while low-pattern values
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may be realized in other ϑ directions far away from ϑ0 for
suppressing high SLL in those ϑ regions. When the antenna
array is to be scanned to the opposite direction with respect to
the broadside, this extra phase shift factor is set to its opposite,
which can be realized by a 1-bit phase shifter located at
the input of each subarray element. This subarray can be
positioned when there are empty spaces in that part of the
array or can also be considered as an extension at the edges of
a linear or planar array. The pattern of the 2-element subarray,
E1(ϑ, ϕ, ϑ0, ϕ0), can be formulated as,

E1,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
2∑

p1,n=1

B(1)p1,n

× exp
[
j
(
β0x ′p1,nsin(ϑ)cos(ϕ)+ ψ

(1)
p1,n

)]
(1)

where the cosine theta function in front of the series indicates
the element pattern. The two terms in the series correspond
to the two elements in this subarray, where B(1)p1,n and x ′p1,n
denote the amplitude and location of the p1,n-th element,
respectively, and B(1)p1,n =

√
0.5. These values, together with

the extra phase shift factor applied to both elements, ψ (1)
p1,n ,

need to be optimized to produce a desired subarray pattern
for compensating scan loss while taking the SLL in the
scanning pattern into account. The phases ψ (1)

p1,n of subarray
elements for p1,n = 1 and 2 have positive and negative values,
respectively, and the opposite when scanning to negative ϑ0
angles. When this subarray is integrated in the full array,
the formulation becomes,

E1,n(ϑ, ϕ, ϑ0, ϕ0)

= Ancos(ϑ)exp [j (ξn(ϑ, ϕ)+ qn(ϑ0, ϕ0))]

×

2∑
p1,n=1

B(1)p1,nexp
[
j
(
β0x ′p1,nsin(ϑ)cos(ϕ)+ ψ

(1)
p1,n

)]
(2)

where n = n(1), since the subarray is placed and fed at the
position of the n(1)-th element in the full array. It can be seen
that the subarray integration into the full array results in an
additional factor in front of the series indicated in (1). The fac-
tor is related to the n(1)-th element in the full array substituted
with subarray Type 1. The center of the two-element subarray
is at (xn, yn), while the phase center is adjusted by a phase
shifter value qn and the center feeding amplitude equals An.

The structure shown in Fig. 2 also indicates that a subarray
Type 1 can reduce the required number of feeding ports when
it is integrated into the full array by occupying two element
positions. Accordingly, while the full array requires two feeds
for the two original elements, the subarray only requires one
feed with a less expense of a power divider and two additional
1-bit phase switches.

B. SUBARRAY TYPE 2 (3-ELEMENT IN-lINe SUBARRAY)
Subarray Type 2 takes one out of two configurations, namely
Type 2a and 2b, that have three and five elements, respec-
tively, located along the x ′-axis. The Type 2b subarray is
arranged from two overlapped subarrays of Type 2a. Both

FIGURE 2. Two-element in-line subarray configuration (Subarray Type 1).
Subarray elements are located at x ′p1,n

and fed with complex excitations

determined by amplitudes B(1)
p1,n

, and phases ψ(1)
p1,n

.

FIGURE 3. Three-element in-line subarray configuration (Subarray
Type 2a). Subarray elements are located at x ′p2a,n

and fed with complex

excitations determined by amplitudes B(2a)
p2a,n

, and phases ψ(2a)
p2a,n

.

configurations serve to lower the scan-loss and keeping a low
SLL opposite the scan direction, in effect contributing to the
array optimization by using only phase controls (along with
the other subarrays in the toolbox), which is a novelty on its
own. The details of the two configurations are discussed in
the following subsections.

1) SUBARRAY TYPE 2a
The 3-element subarray (P2a,n = 3) also contributes to
scan-loss compensation in the full array pattern on the ϕ =
0◦-plane. All elements are located along the x ′-axis, parallel
to the x-axis of the full planar array. The configuration is
presented in Fig. 3, in which the center element is located at
x ′22a,n ; this location should coincide with the subarray feeding
location in the full array, given in the x − y coordinates. The
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two remaining subarray elements are located at x ′12a,n and
x ′32a,n . For this subarray, n is a specific value n = n(2a) in
the numbering of the fed antenna elements in the full array.
A 3-way symmetric power divider is used to feed each ele-
ment with certain amplitude, where the left and right elements
are given equal amplitudes. In addition, these elements are
given extra asymmetric phase shift factors, with respect to the
center element. The extra phase shifts allow for producing
high-pattern values at ϑ around scanning angle ϑ0 to com-
pensate the scan-loss and for producing low-pattern values at
the ϑ angles far from scanning angle ϑ0 to limit SLL in that
angular region. When the antenna is scanned to the opposite
direction, the extra phase shift shall change to opposite values
by implementing a 1-bit phase shifter located at the input
of the outer elements in the 3 elements subarrays. For the
integration of this subarray in the full array, empty spaces are
needed in the original array prior to the addition of subarrays.
Alternatively, the subarray can also be used as an extension
in linear or planar arrays. The pattern of the three-elements
in-line subarray becomes,

E2a,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
3∑

p2a,n=1

B(2a)p2a,n

× exp
[
j
(
β0x ′p2a,nsin(ϑ)cos(ϕ)+ ψ

(2a)
p2a,n

)]
(3)

where B(2a)p2a,n , x
′
p2a,n , andψ

(2a)
p2a,n are the amplitude, location, and

the extra phase shift factor of the p2a,n-th element, respec-
tively, for p2a,n = 1, 2, and 3. As can be seen in Fig. 3,
three amplitudes, two phases and two locations need to be
optimized to improve SLC and keep SLL low. When this
subarray is integrated in the full array, the formulation in (3)
becomes,

E2a,n(ϑ, ϕ, ϑ0, ϕ0)

= Ancos(ϑ)exp [j (ξn(ϑ, ϕ)+ qn(ϑ0, ϕ0))]

×

3∑
p2a,n=1

B(2a)p2a,nexp
[
j
(
β0x ′p2a,nsin(ϑ)cos(ϕ)+ ψ

(2a)
p2a,n

)]
(4)

where n = n(2a), denoting that the subarray has one input
at the n(2a)-th element location in the full array. The center
element is located at (xn, yn), which also indicates the phase
center of the subarray that is adjusted by a phase shifter value
qn while the center amplitude equals An.
Fig. 3 shows that when a subarray Type 2a is integrated into

the full array, it occupies three element positions and reduces
the requirement for feeding ports from three into one, with a
mere consequence of adding a 3-way power divider two 1-bit
phase switches.

2) SUBARRAY TYPE 2b
The more advanced configuration with improved array pat-
tern performance (on scan loss and SLL) is obtained by
combining in a special way two identical 3-element subarrays

FIGURE 4. Overlapped two sets of 3-elements in-line subarrays resulting
into a 5-element subarray configuration (Subarray Type 2b). Subarray
elements are located at x ′p2b,n

and fed with complex excitations

determined by amplitudes B(2b)
p2b,n

, and phases ψ(2b)
p2b,n

.

of Type 2a placed next to each other. The special combination
has been realized by overlapping the neighboring side ele-
ments of the subarrays. By doing so, the combination of two
3-element subarrays results in a subarray with 5 elements,
instead of 6 elements. The overlapped subarrays configura-
tion is shown in Fig. 4, in which the overlapped element is
located at x ′32b,n . The 5-elements subarray has two feeding
inputs located at x ′22b,n and x ′42b,n . These inputs occupy two
locations in the full array given in x − y coordinates. Both
inputs are fed via the same type of phase shifters as used for
the isolated array elements in the original array.

The leftmost element of the subarray is located at x ′12b,n ,
while the rightmost is at x ′52b,n . Similar to the treatment to
the side elements of subarray Type 2a, the elements at x ′12b,n
and x ′52b,n are given extra (1-bit) phase shift factors, with
respect to elements at x ′22b,n and x ′42b,n , respectively, to pro-
duce a scanned subarray pattern with lower scan loss. The
overlapped element, located at x ′32b,n , is affected by the phases
of the elements located at x ′22b,n and x ′42b,n . The pattern of
this subarray strongly affects the pattern of the full array,
particularly when the antenna pattern is scanned to large ϑ0
scan angles for ϕ = 0◦. This subarray can be used when large
empty areas in the array are available; otherwise it should
be integrated at the edges of the array configuration. The
radiation pattern of the extended version of Subarray Type 2a,
E2b,n(ϑ, ϕ), is formulated as,

E2b,n(ϑ, ϕ, ϑ0, ϕ0)

= cos(ϑ)
n(2b)+1∑
n=n(2b)

Anexp [j (ξn(ϑ, ϕ)+ qn(ϑ0, ϕ0))]

×

3∑
p2b,n=1

B(2b)p2b,nexp
[
j
(
β0x ′p2b,nsin(ϑ)cos(ϕ)+ ψ

(2b)
p2b,n

)]
(5)

The first series corresponds to complex excitation,
i.e., amplitude An and phase qn, of two specific full array
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locations coinciding with two isolated elements, i.e., n(2b) and
n(2b) + 1, in the full array. The second series represents the
three-elements subarray Type 2a as given before. However,
in this case, xn(2b) and xn(2b)+1 has a λ spacing. It leads to
coinciding elements at x ′32b,n(2b)

and x ′12b,n(2b)
, which in turn

results in a five-elements array with coinciding element in
the local origin. Therefore, (5) becomes,

E2b,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
5∑

p2b,n=1

B(2b)p2b,n

× exp
[
j
(
β0x ′p2b,nsin(ϑ)cos(ϕ)+ ψ

(2b)
p2b,n

)]
(6)

In (6), B(2b)p2b,n and ψ (2b)
p2b,n are the amplitude and the extra

phase shift of the p2b,n-th element of the Type 2b subarray,
which, like in the case of the Type 2a, need to be optimized
in order to produce a subarray pattern for compensating scan
loss and limiting SLL degradation. The cosine theta function
in front of the series represent the element pattern. Due to
the identical 3-element subarrays which are overlapped in the
middle, we obtain B(2b)1 = B(2b)5 . Meanwhile, the complex
amplitude of the overlapped element, B(2b)3 , is determined by,

B(2b)3 = B(2b)1

{
exp

[
j
(
ψ

(2b)
3_L

)]
+ exp

[
j
(
ψ

(2b)
3_R

)]}
(7)

whereψ (2b)
3_L andψ (2b)

3_R are the phase feeding of the overlapped
elements from the left-side and right-side subarrays, respec-
tively. It can be seen from (7) that the third element (p2b,n =
3) obtains the amplitude from the left-side subarray, deter-
mined by B(2b)1 , and from the right side subarray, determined
by B(2b)5 . In addition, the middle element gets a phase shift
factor, which can be derived from the phase shift factor of the
left-side and right-side subarrays. We derive the left-side and
right-side subarrays, −ψ (2b)

3_L and +ψ (2b)
3_R , respectively, in the

case of scanning to a positive angle. Meanwhile, for negative
scanning angles, these phases become +ψ (2b)

3_L and −ψ (2b)
3_R ,

respectively. The phase changing is realized by using a 1-bit
phase switch at each branch. The combination of these two
branches, to feed the third element, is realized by using an
equal power combiner. Like subarrays of Type 1 and 2a, this
subarray also plays a role of reducing the number of feeding
ports from five to two in the expense of additional two 3-way
power divider, four 1-bit phase switches and a 2-way power
combiner, which in total are still less expensive than using
5 RF modules controlling amplitude and phase.

C. SUBARRAY TYPE 3 (3-ELEMENT CROSS-LINE
SUBARRAY)
Subarray Type 3 is used for adjusting the array pattern in the
y − z plane (ϕ = 90◦). The index of the center element is
located at the x-axis and coincides with the n = n(3) element
in the full array. Meanwhile, the other two subarray elements
are located above and below the center element, that is, along
the local y′-axis parallel to the y-axis of the full array. In this
manner, a planar array with a width of three elements is
realized. The index of the center element n = n(3) is a specific

FIGURE 5. Three-element cross-line subarray configuration (Subarray
Type 3). All elements are located at y-axis and have equal phase feeding
using a 1-to-3 power divider. The center element located at y ′23,n
corresponds with the location n = n(3) in the full array.

value in the numbering of the fed antenna elements in the
full array. In this subsection, we focus on the applicability
of this subarray when integrated into a linear array along
the x-axis. As demonstrated in Section 4, the improved gain
and patterns characteristics of a linear array along the x-axis
are obtained by using in-line and cross-line subarrays. Since
scanning is done in the x − z plane, the cross-line subarrays
have no scanning duties. However, by integrating the extra
cross-line subarray elements, the beamwidth of the eleva-
tion pattern perpendicular to the linear array axis becomes
narrower. The configuration of this subarray, with P3,n =
3, is presented in Fig. 5. The center element is located at
y′23,n = 0 which determines the actual element location in the
phased array. The other two elements are located at y′13,n and
y′33,n , in the coordinate system of this subarray. The subarray
has a symmetric amplitude distribution, and all elements get
equal phase feeding. A directive gain increment can be so
obtained thanks to these ’extra’ elements. For optimizing
linear arrays along the x-axis, this subarray can be integrated
in all parts (especially in the center part) of a linear array.
For this non-scanning subarray, the subarray pattern has a ϑ
dependence similar to the element cos(ϑ)-pattern. The pattern
of the 3-element cross-line subarray, E3,n(ϑ, ϕ),

E3,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
3∑

p3,n=1

B(3)p3,n

× exp
[
jβ0y′p3,nsin(ϑ)sin(ϕ)

]
(8)

where B(3)p3,n and y
′
p3,n are the amplitude and element location

of the p3,n-th element along the y-axis. The cosine theta
function indicates the element pattern. The amplitudes are
realized by a symmetric 1-to-3 power divider, for realizing
maximum directive gain and narrower patterns in the plane
perpendicular to the array length. However, it should be noted
that this type of subarray can also be used for realizing
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a lower amplitude value without adding attenuators. Such
lower amplitude can be obtained by adjusting the power
divider ratio of the output branches while keeping a unit input
power. An example of this application will be discussed and
presented in the next section.

When this subarray is integrated in the full array, (8)
becomes,

E3,n(ϑ, ϕ, ϑ0, ϕ0)

= cos(ϑ)Anexp [j (ξn(ϑ, ϕ)+ qn(ϑ0, ϕ0))]

×

3∑
p3,n=1

B(3)p3,nexp
[
j
(
β0y′p3,nsin(ϑ)cos(ϕ)

)]
(9)

where n = n(3) indicating that the n(3)-th element in the full
array is substituted by subarray Type 3. The phase center of
the subarray is adjusted by a phase shifter value qn, while the
center input amplitude equals An.

D. SUBARRAY TYPE 4
The last set of subarrays in our toolbox are those of the
Type 4 family, the functionality of which is described as fol-
lows. In a linear array with uniform amplitudes and equidis-
tant spacing, a high SLL occurs in wide-angular scanning
applications. This high SLL can be suppressed by destroying
the periodicity of the inter-element spacing [1]–[33], i.e., by
using spatial tapering. From the so-obtained spatial tapering,
a virtual specific amplitude tapering can be realized by vary-
ing the spacing between successive elements. For example,
as part of a Taylor distribution tapering, we can use stretching
of the inter-element spacing around the center element of the
linear array up to a maximum spacing. The variation from
maximum to minimum spacing determines the equivalent
variation in amplitude tapering from minimum to maximum
amplitude.

Subarray Type 4 is basically a linear array with individual
feeding. In-line integration of different Type 4 subarrays
(Types 4a, 4b, and 4c) constitutes the linear array with N −
L individually fed elements in the 4c-4b-4a-4b’-4c’ order,
where 4b’ and 4c’ are the version of 4b and 4c flipped along
the x-axis, respectively. Subarrays 4a, 4b, and 4c employ
different spatial stretching in such a way that the integration
of all subarrays Type 4 creates ’virtual’ amplitude tapering
that follows the Taylor distribution over the composite linear
array consisting of subarrays Types 1, 2, and 4. Furthermore,
the integration with Type 3 subarrays will transform the linear
array into a planar array. The three subarray Types 4, are
summarized in the following subsection.

As indicated, there are limitations for determining the
inter-element spacing, the minimum value being equal to
the physical antenna size, while the maximum spacing dmax
relative to wavelength is derived from the constraint to avoid
grating lobes in an equidistant scanning array. For maximum
scan angle, ϑ0_max , the maximum spacing dmax gives the

FIGURE 6. Subarray Type 4a, consists of P4a number of elements fed with
individual uniform amplitude values and inter-element spacing variation.
This subarray is symmetrically located at the center part of the array with
maximum uniform amplitude. Each subarray element associated with an
isolated element in the full linear array.

lowest value in the virtual amplitude taper where [41],

dmax(ϑ0) =
1

1+ (sin(ϑ0_max))
(10)

1) SUBARRAY TYPE 4a
Subarray Type 4a is an in-line linear array located at the
center part of the full linear array, with spatial tapering that
is symmetrical around its center, which coincides with the
center of the full array. The subarray represents the dense
part of the linear array with individual element feeding of
uniform amplitudes, so that only a phase control per element
is necessary. It is given phase shift factor per xn location and
per ’isolated’ element in the full array, which depends on ϑ0
and ϕ0 when scanning in the xz-plane is considered. This type
of subarray, positioned in the center part of the full linear
array, also serves to provide one level of spatial tapering. The
configuration of subarray Type 4a is shown in Fig. 6. It can
be seen that the first element in the local coordinate system is
located at x ′14a,n , while the last element is located at x ′P4a,n . The
symmetry of its structure implies that x ′14a,n = −x

′
P4a,n

and
x ′(P4a,n+1)/2 = 0, assuming the subarray has an odd number of
elements. The radiation pattern of this subarray, E4a,n(ϑ, ϕ),
is formulated as,

E4a,n(ϑ, ϕ, ϑ0, ϕ0) = An(4a)cos(ϑ)
n=n(4a)+P4a∑
n=n(4a)

Bn(4a)

× exp
[
j
(
β0x ′p4asin(ϑ)cos(ϕ)+ qn(ϑ0, ϕ0)

)]
(11)

where Bn(4a) is the amplitude of the n-th element in the
subarray Type 4a, which is identical for all elements of the
subarray, while An(4a) is the amplitude of the center element.
The element positions along the x ′-axis need to be optimized
to produce a pattern with lower SLL. Besides that, the origin
of the local coordinate system coincides with the origin of the
full array. The maximum spacing is already obtained in (10),
while theminimum spacing is determined by the physical size
of the antenna. It is noted that (11) gives also the subarray
pattern because the subarray center coincides with the origin
of the coordinate system of the full array.
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FIGURE 7. Subarray Type 4b consists of P4b number of elements fed with
individual uniform amplitude values and inter-element spacing variation.
This subarray is located at both the left and right sides of subarray
Type 4a, with a lower uniform amplitude realized by the power divider of
subarray Type 3 but different power division. The p4b-th element
determines an isolated element in the full linear array.

2) SUBARRAY TYPE 4b
As in the case of subarray Type 4a, subarray Type 4b elements
have equal amplitudes, and the virtual amplitude tapering
comes from varying the spacing between successive ele-
ments. The stretched elements are located along the x ′-axis,
but unlike the Type 4a subarray, the Type 4b subarray is not
symmetrical and is positionally shifted relative to the center
of the x-axis. In such away, this subarray can be considered as
the left and right extension of subarray Type 4a at the center
of the full array to lower the virtual amplitude tapering at both
sides of the array; in this way, the resulting virtual amplitude
over the combination of Type 4a and 4b subarrays fits better
to the Taylor distribution. It means that the element with
the maximum virtual amplitude tapering value in subarray
Type 4b must ’match’ with the element with the minimum
virtual amplitude tapering value in subarray Type 4a. For
matching the slope of the Taylor distribution, the amplitude
transition between these 2 subarrays should be optimally
followed. The maximum amplitude in subarray Type 4b is
also determined by the spacing between this subarray and
subarray Type 4a. The lower amplitude value can be realized
by using a power divider with a required power division in
the cross-line 3 elements Type 3 subarray. Later in the next
section, we show that the different amplitudes between the
Type 4a subarray at the center and the Type 4b extensions can
be achieved by integrating cross-line subarrays Type 3 with
two different directive gains obtained by applying power
dividers with different power divisions.

The non-equidistant element locations, along the x-axis,
should improve the suppression of the high SLL of the
scanned array pattern in the ϕ = 0◦-plane. The subarray
elements are given phase shift factors that are determined by
the subarray element locations xn as part of the ’linear array’
elements in the full array and which depend on ϑ0 and ϕ0
when scanning in the xz-plane is considered. Due to the use of
equal amplitudes, this subarray requires only phase controls
for the elements. The configuration of subarray Type 4b is
shown in Fig. 7. The elements are located at xn = x ′p4b in the
coordinate systems of the full array and subarray respectively,
with n = n(4b) + p4b and p4b = 1, 2, . . . ,P4b. The radiation

pattern of this subarray, E4b,n(ϑ, ϕ), can be expressed as,

E4b,n(ϑ, ϕ, ϑ0, ϕ0) = An(4b)+P4bcos(ϑ)
P4b∑
p4b=1

Bn(4b)

× exp
[
j
(
β0x ′p4bsin(ϑ)cos(ϕ)+ qn(ϑ0, ϕ0)

)]
(12)

where the amplitude and location of the p4b,n-th element are
indicated by Bn(4b) and x

′
p4b , respectively. The amplitude value

is uniform for all elements, while the inter-element spacing
needs to be optimized to lower SLL. As discussed in the
previous subsection, the maximum and minimum spacing
is determined by (10) and the physical size of the antenna,
respectively. We learned in our analysis with a sufficiently
large number of elements (in the order of 20 or more), that it is
allowed to have one element, at each side, which has spacing
beyond the maximum spacing defined in (10).

3) SUBARRAY TYPE 4c
Subarray Type 4c provides the final amplitude matching over
the array along the x-axis by integrating this linear array at
the edges of the combination of one linear subarray Type 4a
and two linear subarrays Type 4b. This subarray Type 4c
consists of P4c elements with amplitude and phase control
to obtain the required amplitude taper and phase shift for
beam steering. For this array, it is assumed that all elements
are located at a λ/2-grid, along a shifted axis relative to the
x-axis. This grid is chosen to avoid high side lobes atϑ-angles
far away from the ϑ0 angle.
The amplitude function over the outer area of an array is

important for realizing a low SLL in the array patterns. When
the amplitude function is similar to a required amplitude
tapering distribution, i.e. Taylor distribution, low SLL can
be obtained in the full array pattern. Therefore, this sub-
array uses amplitude and phase control at each element to
produce a certain tapering value, particularly an amplitude
value below 1. The maximum tapering value at each side is
derived from the lowest amplitude of subarray Type 4b and
from the spacing with subarray Type 4b. This subarray will
be the matching part between the subarrays with stretching
(Types 4a and 4b) and the edge parts of the full linear array
part consisting of subarrays Type 1 and Type 2. All elements
are given phase shift factors corresponding to the ’real’ ele-
ment locations in the full array configuration, which depend
on ϑ0 and ϕ0 when scanning in the xz-plane is considered. It is
shown in Fig. 8 that the first element of subarray Type 4c is
located at x ′14c , while the last, i.e., P4c-th element is located at
x ′P4c in the coordinate systems of the full array and subarray
respectively, with n = n(4c) + p4c and p4c = 1, 2, . . . ,P4c.
All elements are fed via attenuators for realizing the targeted
amplitude tapering. The radiation pattern of this subarray,
E4c,n(ϑ, ϕ, ϑ0, ϕ0), is formulated as,

E4c,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
P4c∑
p4c=1

Bn(4c)

× exp
[
j
(
β0x ′p4csin(ϑ)cos(ϕ)qn(ϑ0, ϕ0)

)]
(13)
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TABLE 1. Recapitulation of subarray types in the toolbox.

FIGURE 8. Subarray Type 4c consists of P4c number of elements fed with
individual amplitude via an attenuator and with equidistant spacing. The
p4c -th element corresponds with an isolated element located at xn in the
full linear array.

where Bn(4c) and x
′
p4c denote the amplitude and location of the

p4c-th element, respectively. The amplitude values need to be
optimized to produce a desired subarray pattern for lowering
SLL. This subarray also uses asymmetric element location in
the local coordinate due to its location as extensions in the
left and right sides of subarray Type 4b. In this subarray we
have solitary elements with no cross-line elements and each
element has a specific amplitude Bn(4c) .
The toolbox of subarray types and their major characteris-

tics as presented in this article, are summarized in Table 1.

III. SUBARRAY DESIGNS, PATTERN CHARACTERISTICS,
AND VALIDATION
A toolbox of subarrays for building a planar array con-
sisting of different types of subarrays with different pur-
poses has been introduced in the previous section. In this
section, the actual subarray designs and their pattern and
directive gain characteristics are detailed for use in the full
array application presented in Section IV. Focus is given to
azimuth scanning pattern of subarrays Type 1, 2, 4 and to
the non-scanning pattern of subarray Type 3. In the design,
a cos(ϑ) element pattern is used in the array pattern calcu-
lations. For subarrays Type 1 and Type 2a, the amplitudes
and phases have been determined and validated in our pre-
vious article [40]. These values were derived and realized
for increasing the SLC and for lowering the SLL in a linear
array. For the other subarray types, the amplitudes and phases
are optimized for use in the full planar array, presented in
Section IV. Therefore in this section the various subarray
designs and performances are presented while the realization
and experimental validation are conducted only for the sub-
arrays Type 3 with two types of amplitudes configuration.
Subarrays Type 4 does not need validations because they are
just linear arrays using individual feeding, and their designs
can be found in many array handbooks, e.g., [41].
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FIGURE 9. Pattern (ϕ = 0◦) of the subarray Type 1 (2 elements), with
B(1)

11,n
= B(1)

21,n
= 0.7, ψ(1)

11,n
= +70◦, ψ(1)

21,n
= −70◦, and λ/2-grid elements.

This subarray pattern is for positive scan angles application, while for the
negative scan angles the pattern is just its mirror around broadside.

A. SUBARRAY TYPE 1 (2-ELEMENT IN-lINe SUBARRAY)
Pattern characteristics of Subarray Type 1 will be shown for
positive scan angles, using a selected state of the 1-bit phase
shifters. The element amplitudes are B(1)p1,n = [0.7; 0.7], while
the phases are ψ (1)

p1,n = [+70◦;−70◦] for p1,n = 1, 2. These
amplitudes and phases are obtained from an equal-split power
divider, with a unit input power, and 1-bit phase switches with
a certain delay line at each input of each element. The values
have been optimized in [40] as a trade-off between SLC and
PSLL.

The scanned subarray patterns are plotted in Fig. 9,where
the subarray pattern does not depend on the scanning angle.
It can be seen that this subarray is not ϑ0 dependent because
there is no phase shifter with ϑ0 dependence inside the sub-
array. From the plot, we can identify a maximum directive
gain, Dmax = 9.8 dBi, at ϑ = 31◦. In addition, the PSLL
is obtained in the negative ϑ direction and is 4.1 dB below
the mainlobe level. It means that this subarray is optimum for
scanning around ϑ = 25◦ up to ϑ = 40◦ and the sidelobes
at the negative ϑ angles are suppressed. Latter in the full
array pattern construction, the maximum part of the subarray
pattern is for compensating the scan loss while the other side
is for lowering the far sidelobes.

B. SUBARRAY TYPE 2 (3-ELEMENT IN-lINe SUBARRAY)
1) SUBARRAY TYPE 2a
This subarray is again analyzed for positive scan angles. The
amplitude for the center element is, B(2a)22a,n

= 0.82, while for

the left and right sides the amplitudes are equal, B(2a)12a,n
=

B(2a)32a,n
= 0.41. This amplitude distribution is determined from

a symmetric power divider with a unit input power. The phase
of the center element is determined by the phase shift factor of
the center element in the full array configuration, while for the
left and right elements the subarray phase factors relative to
the center element are, ψ (2a)

12a,n
= +140◦ and ψ (2a)

32a,n
= −140◦,

FIGURE 10. Pattern (ϕ = 0◦) of the subarray Type 2a (3 elements), with
B(2a)

22a,n
= 0.82, B(2a)

12a,n
= B(2a)

32a,n
= 0.41, ψ(2a)

12a,n
= +140◦, ψ(2a)

32a,n
= −140◦,

and λ/2-grid elements. This subarray pattern is for positive scan angles
application, while for the negative scan angles the pattern is just its
mirror around broadside.

respectively. The amplitudes and phase factors are found from
a trade-off between SLC and PSLL [36].

The scanned subarray patterns are plotted in Fig. 10, where
the subarray pattern is not depending on the scanning angle.
The absence of phase shifters with ϑ0 dependence inside
the subarray implies that this subarray is not ϑ0 dependent.
A maximum directive gain Dmax = 11.1 dBi is obtained at
ϑ = 35◦, while the PSLL in the negative ϑ direction is 6.0 dB
below the main lobe level. This subarray gives an optimum
scanning performance from around ϑ = 30◦ upto ϑ = 45◦,
and the sidelobes at negative ϑ angles are suppressed. These
indicate that for full array pattern construction, the scan loss
can be compensated by the maximum part, while the far side-
lobes at the other side can also be obtained. The improvement
of Dmax and PSLL performances are obtained with one extra
element compared with the subarray Type 1.

2) SUBARRAY TYPE 2b
The overlapped subarrays (Type 2b) is ϑ0 dependent because
it has two feeding inputs. These two elements are at locations
in the full array and get phase shift factors corresponding to
the wanted scan angle. The amplitudes are, B(2b)22b,n

= B(2b)42b,n
=

0.82 and B(2b)12b,n
= B(2b)52b,n

= 0.41, while the phases are

(see equation(8)) ψ (2b)
12b,n

= +140◦, ψ (2b)
52b,n

= −140◦, and

ψ
(2b)
3_L2b,n

= −140◦, ψ (2b)
3_R2b,n

= +140◦, from the left and right
sides subarrays, respectively.

The scanned subarray patterns are plotted in Fig. 11.
For broadside scanning, the maximum directive gain, Dmax ,
of 12.1 dBi is obtained at ϑ = 53◦, while, the PSLL of
−3.4 dB below the mainlobe level is obtained at ϑ = −60◦.
For broadside scanning, both the maximum directive gain and
the high sidelobe are not desired, but they have limited effect
in the full array pattern when scanned to broadside direction
because these lobes are far away from broadside and naturally
suppressed by the full array and the element patterns. For 30◦
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FIGURE 11. Pattern (ϕ = 0◦) of the subarray Type 2b (5 elements), with
B(2b)

22b,n
= B(2b)

42b,n
= 0.82, B(2b)

12b,n
= B(2b)

52b,n
= 0.41, ψ(2b)

12b,n
= +140◦,

ψ
(2b)
3_L2b,n

= −140◦, ψ(2b)
3_R2b,n

= +140◦, ψ(2b)
52b,n

= −140◦, and λ/2-grid

elements. The patterns are for positive scan angles, ϑ0 = 0◦, +30◦,
and +60◦.

scanning, a 12.7 dBi directive gain, Dmax , is obtained at ϑ =
30◦, while for the PSLL of 8.6 dB below the main lobe level is
obtained at ϑ = −43◦. For 60◦ scanning, a 13.3 dBi directive
gain, Dmax , is obtained at ϑ = 60◦, while the PSLL of 8.0 dB
below the main lobe level is obtained at ϑ = −63◦. The
results for 30◦ and 60◦ scanning angles indicate that the full
array pattern exhibits a high gain at the direction of scanning
and good sidelobe suppression in the other directions. From
the analysis of the scanned patterns, it can be concluded that
this overlapped subarray with five elements is promising to
compensate the scan loss in the full array pattern, especially
in the 30◦ scanning where it has the highest directive gain.

C. SUBARRAY TYPE 3 (3-ELEMENT CROSS-LINE
SUBARRAY)
In this article, there are two configurations realized using the
same Type 3 subarray structure by applying different sets of
amplitudes for two different objectives. The first configura-
tion, referred to herein as Type 3a, is used to enhance the
directive gain without adding T/R modules and adjusting the
elevation pattern, whereas the second, called Type 3b, primar-
ily seeks to lower the amplitudes over the full array without
additional attenuators. It is immediately obvious that these
two configurations can be beneficial to realize a two-step
virtual amplitude tapering by employing the first at the center
of the full array and the second on the left and right of the
center subarray.

In Type 3a, the amplitude values of B(3)p3,n = [0.505; 0.7;
0.505] are used. These values are chosen because the corre-
sponding subarray pattern has a narrow elevation beamwidth
while keeping a unit input power, but the elevation beamwidth
is not the main subject in this article, only the azimuth pat-
tern characteristics while scanning gets maximum focus. The
amplitude values are realized by a symmetric power divider
with a unit input power, and all elements have equal phase
feeding.

FIGURE 12. Elevation pattern (ϕ = 90◦) of the subarray Type 3
(3 elements parallel to y-axis), with B(3)

p3,n
= [0.505;0.7;0.505] and

λ/2-grid elements. This subarray pattern is not ϑ0 dependent.

The scanned subarray pattern for ϕ = 90◦ is plotted
in Fig. 12, while the pattern ϕ = 0◦ is just a cosine theta
function. It is obvious that this subarray is not ϑ0 dependent
as it is oriented along the y′-axis. The maximum directive
gain is Dmax = 11.0 dBi, while the PSLL (at ϕ = 90◦) is
23.5 dB below the mainlobe level. It can be analyzed that,
with two extra elements without additional T/R modules,
on the top and bottom sides of the linear array along the
x-axis, the directive gain is increased significantly. In addi-
tion, the sidelobe in the elevation pattern can be substan-
tially suppressed. The elevation (ϕ = 90◦) beamwidth of
36◦ is suitable for surveillance applications, with azimuth
scanning in both negative and positive ϑ angles. It is noted
that the cross-line subarray pattern in the azimuth plane
(ϕ = 0◦) is just a cos(ϑ)-pattern, meaning that this subarray
is primarily used for adjusting the elevation pattern around
ϕ = 90◦.

The second configuration, Type 3b, with B(3)p3,n =

[0.23; 0.95; 0.23] is also examined. The amplitudes are cho-
sen by considering a lower total amplitude values compared
with the first configuration, Type 3a, to obtain a lower step
for realizing a reference amplitude distribution.

The scanned subarray pattern for ϕ = 90◦ is plotted
in Fig. 13, whereas the pattern at ϕ = 0◦ is the cosine
theta function. Also, here the pattern is not ϑ0 dependent.
As expected, a lower directive gain, Dmax = 9.7 dBi,
is obtained, compared with subarray Type 3a. Meanwhile,
there is no SLL in both azimuth and elevation patterns. The
elevation (ϕ = 90◦) beamwidth of 48◦ is wider than subarray
Type 3a, but still acceptable for surveillance applications,
with only scanning in both negative and positive ϑ angles.
The pattern in the azimuth plane (ϕ = 0◦), is again just a
cos(ϑ)-pattern.

These subarrays do not affect the sidelobes of the full
array in the azimuth plane because the subarray elements
are located along the y-axis. In the elevation plane, these
subarrays help to narrow the elevation beamwidth.
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FIGURE 13. Elevation pattern (ϕ = 90◦) of the subarray Type 3b
(3 elements parallel to y-axis), with B(3b)

p3b,n
= [0.23;0.95;0.23] and

λ/2-grid elements. This subarray pattern is not ϑ0 dependent.

TABLE 2. Location of the element of the subarray Type 4a in the left half
side of the configuration.

D. SUBARRAY TYPE 4
1) SUBARRAY TYPE 4a
In this subarray, an arbitrary P4a,n number of elements can be
used. For the final array discussed in Section IV, this subarray
has P4a,n = 13 elements, and therefore, the center element is
at subarray element number 7. The maximum spacing equals
0.53λ for avoiding grating lobe effects at a maximum scan
angle ϑ0_max = 60◦. The virtual amplitudes are determined
by positioning the elements at the locations for matching the
amplitudes with the wanted amplitude Taylor distribution.
We use herein the Taylor amplitude distribution for achieving
−30 dB SLL.

The element located in the left half of the subarray con-
figuration is presented in Table 2. It can be seen that the ele-
ment locations are stretched with spacing values from 0.47λ
up to 0.53λ. The minimum spacing depends on the actual
antenna physical size as used in the full array of Section IV,
which in our case, is 0.47λ. For elements number eight up
to 13, the spacing values are just the mirror of these values.
These spacing values are a substitution of the Taylor tapered
amplitude values, where the minimum spacing determines
the highest value over the array, i.e. 1. The transformation
of the amplitude distribution into the spacing is performed
following the procedure elaborated in [14] but in a reverse
way.

FIGURE 14. Scanned pattern (ϕ = 0◦) of the subarray Type 4a with
P4a,n = 13 equal amplitudes, and various inter-element spacing stretched
from 0.47λ up to 0.53λ. The patterns are obtained for positive scanning
angles, ϑ0 = 0◦, 30◦, and 60◦.

As shown in Table 2, the 6th and 7th elements use the mini-
mum spacing value, 0.47λ. It means that 0.47λ corresponds to
a relative amplitude of 1 for the 7th (center) element, while the
spacing of the last elements corresponds to the ratio of 0.47λ

0.53λ ,
which results in relative amplitude of 0.88 for the first (edge)
element. This lowering amplitude is applied to achieve the
maximum spatial stretching. Table 2 shows that the asso-
ciated equivalent amplitude of each element matches with
the reference Taylor amplitude, although in the application,
all elements are given equal input power. The configuration
of the last element should match the successive element in
subarray Type 4b, which means that the successive element
must have an associated virtual amplitude below 0.88.

The scanned subarray patterns are plotted in Fig. 14, where
the phase shift factor of each element is obtained from the
scan angle and the element location in the array configura-
tion. For broadside scanning, the maximum directive gain,
Dmax , of 14.1 dBi is obtained, while the PSLL is 13.8 dB
below the mainlobe level. It has been analyzed that a max-
imum directive gain is obtained due to the use of uniform
amplitude distribution, and a slightly lower PSLL is realized
compared with a Uniform Linear Array (ULA). For 30◦

scanning, the maximum directive gain,Dmax , of 14.0 dBi and
the PSLL of 12.6 dB below the mainlobe level are obtained.
The scannedmainlobe level is not much changed, only 0.1 dB
lower, compared with scanning at broadside direction, while
the PSLL is increased due to the scanned array. For 60◦

scanning, the maximum directive gain,Dmax , of 13.6 dBi and
a PSLL of 9.8 dB below the mainlobe level are achieved.
The mainlobe level gets −0.5 dB scan-loss only; the limited
scan-loss in this dense linear array with stretching comes
from the lowering in radiated power as a function of scan
angle. The obtained high sidelobe is a grating lobe effect due
to the scanning to a large scan angle of−60◦. In the construc-
tion of the full array pattern, this subarray is only for lowering
the sidelobes, particularly the near sidelobe due to spatial
stretching, and no effect on the scan loss compensation.
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FIGURE 15. Scanned pattern (ϕ = 0◦) of the subarray Type 4b with
P4b,n = 4 equal amplitudes, and various inter-element spacing stretched
from 0.47λ up to 0.53λ. The patterns are obtained for positive scanning
angles, ϑ0 = 0◦, 30◦, and 60◦.

2) SUBARRAY TYPE 4b
This subarray uses a smaller number of elements than the
previous configuration, subarray Type 4a. The number of
elements P4b,n = 4 is selected in this design for either
the left or right side. It means that there are two subarrays
Type 4b, with a total of eight elements, in the full array to
fill in the left and right sides. In this subsection, only the
4b-Type subarray on the left side of the Type 4a is discussed.
Following similar considerations, as for subarray Type 4a
the maximum spacing is 0.53λ, while the minimum spacing
is 0.47λ.

The element locations of this configuration are shown
in Table 3, and also the associated amplitude distribution
corresponding to the spatial stretching. These spacing values
are the substitution of the relative amplitude value, where the
minimum spacing determines the maximum relative value
over the four elements array, i.e. 1. In the application, this
maximum value, determined by element 4, is related to the
minimum value or the last edge element in the subarray
Type 4a. The minimum tapering value obtained in subarray
Type 4a is 0.88; it means that element 4 must have a tapering
value below 0.88. In our design we select an amplitude of
0.87, due to the use of a large spacing between element
4 of subarray 4b and the last element of subarray 4a. Then
the last element (element 1) has an associated amplitude of
0.74 corresponding to the spacing of 0.53λ. The associated
amplitude distribution obtained from the spatial stretching
also approximates well the reference Taylor distribution as
shown in Table 3. By matching the Taylor distribution with
the associated amplitude, especially in the transition between
subarrays Type 4a and 4b, the optimum spacing between the
last edge element of subarray Type 4a and the edge element of
subarray Type 4b has been obtained to be 0.56λ. As a result,
the approximation of the entire Taylor amplitude distribution
is accomplished only with spatial stretching and uniformly
fed elements.

TABLE 3. Locations of the elements of subarray Type 4b in the left side
configuration.

The scanned patterns of this subarray is plotted in Fig. 15,
where the phase shift factor of each element is derived
from the scan angle and the ’real’ element location in the
full array configuration. For broadside scanning, the maxi-
mum directive gain, Dmax , of 9.3 dBi is obtained, while the
PSLL is 14.4 dB below the mainlobe level. The maximum
directive gain is achieved due to the uniform amplitude dis-
tribution, and the pattern produces a slightly lower PSLL
compared with a ULA. For 30◦ scanning, the maximum
directive gain, Dmax , of 9.2 dBi and the PSLL of 10.3 dB
below the mainlobe level are obtained. The scanned main
lobe level is changing, only −0.1 dB lower, compared with
broadside direction, while the PSLL is increased due to the
scanning. For 60◦ scanning, the maximum directive gain,
Dmax , of 7.5 dBi and a PSLL of 4.5 dB below the main-
lobe level are obtained. The mainlobe level exhibits −1.8 dB
scan-loss only because the radiated power dependence on
the scan angle has been taken into account in the directive
gain calculation. The obtained high PSLL is a grating lobe
due to scanning to a large scan angle, 60◦. This subarray
has the same effect on the full array pattern construction as
subarray Type 4a, which can lower the near sidelobe due
to the spatial stretching located next to subarray Type 4a.
In general, the scan loss is still not compensated in this
linear array without the presence of subarrays Type 1 and
Type 2.

3) SUBARRAY TYPE 4c
In this design, the number of elements, P4c,n = 3,
is only 3, and only subarray located at the left edge side is
discussed here. The amplitude values are determined by
fitting the amplitudeswith the desired Taylor amplitude taper-
ing distribution at the same location. In this article, the ampli-
tude values of Bn(4c) = [0.9; 0.95; 1] are used because a flat
edge amplitude taper over linear arrays leads to low PSLL
in the broadside pattern. The subarray patterns are plotted
in Fig. 16, where the phase shift factor of each element is
obtained from the scan angle and the ’real’ element location in
the full array configuration. For broadside scanning, theDmax
of 8.2 dBi and a PSLL of 17.2 dB below the mainlobe level
are obtained. It can be analyzed that a low PSLL compared to
that of a ULA is obtained due to the use of tapered amplitudes.
For 30◦ scanning, Dmax = 8.0 dBi and PSLL is 9.5 dB below
the mainlobe level. As discussed before, the scanned direc-
tivity level is changing only 0.1 dB lower, while the PSLL is
increased with scanning. For 60◦ scanning, Dmax = 5.7 dBi
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FIGURE 16. Scanned pattern (ϕ = 0◦) of the subarray Type 4c with
P4c,n = 3, λ/2-grid elements and amplitude of B

n(4c) = [0.9;0.95;1] for
p4c,n = 1, 2, and 3. The patterns are obtained for positive scanning
angles, ϑ0 = 0◦, 30◦, and 60◦.

FIGURE 17. Realization of the power dividers for two subarray designs.
(a) Type 3a; (b) Type 3b.

and PSLL is 1.9 dB below the mainlobe. The mainlobe level
undergoes a −2.5 dB scan-loss due to the cos(ϑ)-pattern,
while the PSLL is higher than in the previous configuration.
This large scan-loss occurs due to the fact that only three
elements are used in this subarray. The contribution of this
subarray is mostly the same with two previous subarrays,
namely Type 4a and 4b, but this subarray uses amplitude
control to obtain lower amplitude level for SLL suppression
in the full array.

FIGURE 18. The measured S-parameters results of the power divider
designs in Fig. 17 Note that the correct phase values are realized by
adding coaxial cable extension with a certain length. (a) Subarray
Type 3a; (b) Subarray Type 3b.

E. REALIZATION AND EXPERIMENTAL VALIDATION OF
SUBARRAY TYPES 3a AND 3b
In this subsection, the subarray Type 3 is realized using CUP
antennas as elements and fed with microstrip-based power
dividers to produce the desired amplitude distribution. The
realized subarrays operate at a center frequency of 3GHz.
There are two designs that are realized

1) Subarray Type 3a with amplitude distribution of
B(3a)p3a,n = [0.505; 0.7; 0.505]; the sum of the amplitudes
equals 1.71.

2) Subarray Type 3b with amplitude distribution of
B(3b)p3b,n = [0.23; 0.95; 0.23]; the sum of the amplitudes
equals 1.41.

The realization of the power dividers for the subarrays
Type 3a and 3b are shown in Fig. 17a and Fig. 17b, respec-
tively. The power divider in Fig. 17a consists of two cascaded
quadrature couplers with port 1 as an input port, ports 3, 4, and
5 as output ports producing power of 0.49, 0.255, and 0.255,
respectively; port 3 feeds the center element, while port 4 and
5 feed the upper and lower elements, respectively. Ports 2 and
6 are isolated ports and loaded with 50� terminations. Power
divider in Fig. 17b is based on coupled line couplers with
port 1 as input port and ports 2, 4, 6 as output ports producing
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FIGURE 19. Fabricated modular cross-line subarrays: (a) Front (left) and
back (right) view of the subarray Type 3a; (b) Front (left) and back (right)
view of the subarray Type 3b.

powers of [0.05, 0.9, 0.05] by adjusting the spacing between
the lines. For each power divider, the output power sum-
mation provides a unit power at the subarray input ports.
Besides that, ports 3 and 5 are isolated and loaded with 50�
terminations.

The measured S-parameters of both couplers are presented
in Fig. 18. It can be seen that the measured return losses
|S11| for both couplers are below −15 dB at the opera-
tional frequency of 3GHz. The measured coupling losses
of the power divider for the Type 3a realization (presented
in Fig. 17a), |S31|, |S41| and |S51|, are flat around −4.7 dB,
−6.9 dB, and −6.7 dB, respectively. For the Type 3b design
(presented in Fig. 17b) the values of |S21|, |S41| and |S61| are
around −13.4 dB, −1.4 dB, and −13.4 dB, respectively. For
the phase measurement, additional coaxial cables are added
to produce the same phase at all output ports.

The realizations of subarrays Type 3a and Type 3b are
displayed in Fig. 19a, and Fig. 19b, respectively. The power
divider network is located behind the antennas and connected
via coaxial cables. The simulated patterns and measurement
results, at 3 GHz, of the fabricated subarrays, are shown
in Fig. 20. The magnitude pattern of the subarray Type 3a
shown in Fig. 20a indicates that the elevation pattern has
−20 dB SLL and narrower beam than the azimuth pattern,
whereas the magnitude patterns of the subarray Type 3b
shown in Fig. 20b indicates that the elevation pattern also has
a narrower beam than the azimuth pattern but not as much
as in the Type 3a design. All measured data are compared
with the patterns obtained from the theoretical calculation
by using the exact equation shown in the previous section.
The elevation patterns for both types are similar to the the-
oretical patterns. The deviation in amplitude is explained by

FIGURE 20. The magnitude pattern comparison between measurement
and theoretical calculation results in azimuth and elevation plane.
(a) Subarray Type 3a; (b) Subarray Type 3b.

limitations in the measurement set up, taking into consider-
ation the low directive gain of the subarray, the subarray’s
small ground plane relative to the wavelength, the difficulty
of absolute gain calibration of low gain antennas and antenna
measurement accuracies in the anechoic chamber.

In the case of the azimuth pattern, the measured results
for both types are slightly wider than the theoretical pattern;
the measured pattern loss at 60◦ is just 1 dB lower than the
theoretical pattern. The elevation and azimuth phase patterns
for both subarrays are also measured, which are found to
be flat around ϑ = 0◦. These measured outcomes of the
subarrays indicate their reliability when integrated in a phased
array.

IV. SUBARRAYS INTEGRATION FOR CONSTRUCTING THE
FULL PLANAR ARRAY
A. STEP-BY-STEP INTEGRATION
In the previous section, all subarrays in the toolbox have
been individually designed and optimized. In this section, all
designed subarrays in the toolbox are integrated to form a full
planar array with a maximum of 41 elements in length and a
maximum of 3 elements in width. For deriving the amplitude
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FIGURE 21. The amplitude divisions over the array of 41 elements.

tapering over the 41 elements, a linear array with a Taylor
tapering and −30 dB SLL is used in the start of the planar
array design.

As explained in the previous section, the 3-element
cross-line subarrays are used with equal input power, each
divided over the three elements. Amplitude control is realized
with a 1-to-3 power divider with a pre-defined division ratio.
Normalization is done so that for an output power ratio of
0.25, 0.5, 0.25 the sum amplitude is maximum and equals
√
0.25+

√
0.25+

√
0.5 = 1.71. It means that in the reference

linear array, the Taylor distribution should also be normalized
to a maximum amplitude of 1.71. In order to visualize the
optimum fit with the Taylor amplitude distribution, the array
division into subarrays is presented in Fig. 21. It can be
seen that the array is divided into 4 levels starting from the
center down to the edges. The first level to realize a uniform
amplitude of 1.71 is around the center part where 13-element
Subarray Type 4a in combination with cross-line Subarrays
Type 3a are used. All Type 4a elements, or the cross-line
Type 3a subarray feeds, use individual phase shifters only
as indicated in Section II-D, for scanning to a certain direc-
tion. In addition, symmetric spatial stretching is also used
to produce a ’virtual’ tapering which follows the Taylor
distribution.

The second level in the center part of the planar array
represents the extension of the first level located in the left
and right sides. It uses the spatially stretched 4 elements of
in-line subarray Type 4b, at each side, in combination with
the cross-line subarray Type 3b, to realize uniform amplitudes
of 1.41. All elements of Type 4b subarray (or the feeds
of the cross-line Type 3b subarrays) use individual phase
shifter as indicated in Section II-D, for scanning to a certain

direction. This second level of 1.41 can realize the requred
’virtual’ tapering by stretching, which otherwise cannot be
realized by stretching the elements using only the first level of
1.71 over the whole center part, without exceeding the maxi-
mum allowed spacing requirement. The spacing between the
in-line subarrays is calculated based on the reference Taylor
amplitude at the same location.

The next level in the center part is for matching the tapering
distribution between the center part and the edge parts. This
level uses 3-element subarray Type 4c, at each side, where
amplitude control is used to realize tapering values below the
amplitude level of 1. The use of attenuators can be substituted
with spatial stretching in case the tapering values are lower
than the maximum allowed spacing. All subarray 4c elements
use individual phase shifters, as indicated in Section II-D,
for scanning to a certain azimuth direction. In addition,
the spacing between this subarray and the one in the second
level is also calculated by considering the reference Taylor
amplitude at the same location. With the use of subarrays 3a,
3b, 4a, 4b, and 4c, the center part of the array has been built
up.

The edge parts of the planar array consist of subarrays
for compensating the scan-loss, i.e. those of Types 1 and 2.
The optimum configuration in this part is referring to the
configuration in [40], where the 2 elements subarray along
the x-axis is located next to the matching layer, while the
two 3 elements subarrays with one element in overlap (i.e.,
the 5 elements Type 2b) are located next to it. The individual
subarrays with 3 elements have one input at the subarray
center and have normalized input power. The location of the
inputs determines the location of the 3 elements subarrays in
the full array.
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Following the design strategy, each part is integrated step
by step from the center to the edges for analyzing the inte-
gration effect to the full array performance. The array per-
formance analysis is conducted for the scanning array and
results into the azimuth patterns for azimuth scan angles of
broadside, 30◦, and 60◦ scanning and the elevation pattern
for broadside scanning.

STEP 1: INTEGRATE SUBARRAYS TYPE 3a INTO THE
SUBARRAY TYPE 4a (THE FIRST LEVEL OF CENTER PART)
The first step is integrating the in-line subarray Type 4a with
stretching along the x-axis and cross-line subarray Type 3a
with a fixed λ/2-grid. It means that all elements of the
subarray Type 4a become the center elements of subarray
Type 3a. The number of elements used in subarray Type 4a is
13, which are fed with equal amplitudes of 1.71, for which
the spacing is stretched with a minimum of 0.47λ in the
middle up to 0.5359λ in the edges. For the azimuth pattern
and element spacing of 0.47λ the maximum amplitude in
the ϕ = 0◦ projection plane becomes 1.71, while for the
spacing of 0.5359λ the amplitude is 0.877 times 1.71. Subar-
ray Type 3 has λ/2-grid elements and located perpendicular
to the array x-axis and uses unequal amplitudes to produce
a lower SLL in the elevation pattern. The amplitude values
are then B(3a)p3a,n = [0.505; 0.7; 0.505] for p3a,n = 1, 2,
and 3. This amplitude distribution is realized by using an
equal-phase power divider without attenuators. It means that
the maximum amplitude value obtained by this subarray is
1.71, which is represented by the spacing of 0.47λ, while
the minimum amplitude is 1.5, represented by the spacing
of 0.5359λ.

The full array patterns, in azimuth and elevation, of this
configuration are shown in Fig. 22. It can be seen from the
azimuth pattern in Fig. 22a that the maximum directive gain
is high due to the gain of subarray Type 3b, particularly at
broadside direction. Meanwhile, for scanning to ϑ0 = 60◦,
it goes down significantly following the shape of the element
pattern. The PSLL of this configuration is located in the
first side lobe (FSLL), which goes up when the antenna is
scanned to ϑ0 = 60◦. A further SLL suppression is needed
for improving this array performance. The elevation pattern
shown in Fig. 22b indicates that the narrower elevation pattern
is obtained, due to the use of subarray Type 3b. The array
performance of the two Types of 3a and 4a subarrays is
summarized in Table 4, shown later in this section.

STEP 2: INTEGRATE SUBARRAYS TYPE 3b IN THE SUBARRAY
TYPE 4b (THE SECOND LEVEL OF CENTER PART)
In the second level on the left and right sides of the center
part, subarray Type 4b is integrated with subarrays Type 3b.
It means that all elements of the in-line subarray Type 4b
are substituted with cross-line subarray Type 3b, which have
amplitude of B(3b)p3b,n = [0.23; 0.95; 0.23] for p3b,n = 1, 2,
and 3. All elements of the subarray Type 3b are located at a
λ/2-grid perpendicular to the array x-axis. Subarray Type 4b
uses 4 elements at each left and right sides, and therefore
the total number of elements in the full array is then 21

FIGURE 22. Array patterns of the subarray Type 4a (P4a,n = 13, uniform
amplitudes, and stretched spacing) integrated with subarray Type 3a with
amplitude distribution of B(3a)

p3a,n
= [0.505;0.7;0.505] for p3a,n = 1, 2,

and 3. (a) azimuth pattern while scanning from broadside up to ϑ0 = 60◦;
(b) elevation pattern for broadside scanning.

elements. The inter-element spacing of these 4 elements are
also stretched, to follow a Taylor tapering, with a minimum
spacing of 0.47λ up to a maximum of 0.5359λ. The minimum
spacing is used by the element located next to the last element
of the first level, which is equivalent to an amplitude of
1.41. Meanwhile, the maximum spacing is used by the last
edge element, which results in an amplitude of 1.24. This
configuration is applied for both sides.

The array patterns of the configuration after steps 1 and 2
are presented in Fig. 23 It is noted for the azimuth pattern
(see Fig. 23a) that the maximum directive gain, obtained at
broadside scanning, is higher than the previous result due to
the use of extra elements at the edges. However, it still goes
down significantly when the antenna is scanned to ϑ0 = 60◦,
which means that there is still no compensation in the scan-
loss. It should also be noted that, the SLLs are lower than the
previous result because of the spatial stretching in the second
level. In the elevation pattern, Fig. 23b, it can be observed
that the HPBW at broadside scanning is also narrower than
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FIGURE 23. Array pattern of the subarray Type 4a (P4a,n = 13, uniform
amplitude, and stretched spacing) in combination with subarrayd Type 3a
and 3b and subarray Type 4b (P4b,n = 2× 4 for both sides, uniform
amplitude, and stretched spacing). The power division in subarray
Type 3b has an amplitude distribution of B(3b)

p3b,n
= [0.23;0.95;0.23] for

p3b,n = 1, 2, and 3. (a) azimuth pattern while scanning from broadside up
to ϑ0 = 60◦; (b) elevation pattern for broadside scanning.

before due to the larger array dimension after the addition of
subarrays Type 3b.

STEP 3: INTEGRATE SUBARRAYS TYPE 4c
After the first and second levels are integrated, the last subar-
ray of the center part, namely the matching subarray Type 4c,
is integrated in both left and right sides. This subarray is
used for lowering the tapering and as the matching layer
between the center part and the edge parts. There are 3 ele-
ments, located along the major array axis, with non-uniform
amplitudes. The amplitude values, for the left side subarray,
are Bn(4c) = [0.9; 0.95; 1]. This amplitude distribution is
selected to maintain slope similarity with the Taylor tapering.
Because one subarray element has an amplitude 1 there are
only 2 attenuators per subarray needed at each side. For the
right side, the amplitude values are just the mirror of it.

After integration of steps 1, 2, and 3, the azimuth patterns,
in Fig. 24a depict that the SLL is lower than the previous

FIGURE 24. Array pattern of the subarray Type 4a (P4a,n = 13, uniform
amplitude, and stretched spacing) in combination with subarrays Type 3a
and 3b and subarray Type 4b (P4b,n = 2× 4 for both sides, uniform
amplitude, and stretched spacing) in combination with subarray Type 3b,
and matching layer (P4c,n = 2× 3 for both sides). The amplitude of the
elements in the left side matching layer (subarray Type 4c) is
B

n(4c) = [0.9;0.95;1]. (a) azimuth pattern while scanning from broadside
up to ϑ0 = 60◦; (b) elevation pattern for broadside scanning.

configuration due to the use of the matching layer. However,
the maximum directive gain while scanning to a large scan
angle is still going down due to the element pattern, which
means that there is still no scan loss compensation.

STEP 4: INTEGRATE SUBARRAYS TYPE 1 AT THE INNER PART
OF THE EDGES
In the previous steps, subarray integration has been focused
on increasing of the maximum directive gain and also lower-
ing the SLL. In this step, the integration of subarrays Type 1 is
for compensating the scan-loss due to the element pattern.
This subarray is located at the edge part of the array con-
figuration next to the matching layer. Subarray Type 1 uses
amplitude of B(1)p1,n = [0.7; 0.7] for p1,n = 1 and 2, realized by
an equal-split power divider. For compensating the scan-loss
when the array is scanned to positive angles, this subarray
uses phase shift factors of +70◦ and −70◦ for the left and
right sides elements. When the array is scanned to negative
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FIGURE 25. Array pattern of the subarray Type 4a (P4a,n = 13, uniform
amplitude, and stretched spacing) in combination with subarrays Type 3a
and 3b and subarray Type 4b (P4b,n = 2× 4 for both sides, uniform
amplitude, and stretched spacing) in combination with subarray Type 3b,
and matching layer (P4c,n = 2× 3 for both sides), and subarray

Type 1 with amplitude of B(1)
p1,n

= [0.7;0.7] and phase shift factor of
ψ11,n

= [+70◦;−70◦] for p1,n = 1 and 2. This phase shift factor value is
used for positive scanning application. (a) azimuth pattern while
scanning from broadside up to ϑ0 = 60◦; (b) elevation pattern for
broadside scanning.

angles, these values become the opposite and are realized by
using 1-bit phase shifters.

After integration of steps 1 to 4, the azimuth pattern of
the full array at this stage, as given in Fig. 25a, shows that
the integration slightly affects the maximum directive gain
while scanning to ϑ0 = 60◦. It increases and, as a con-
sequence, the scan-loss is lower. In addition, the SLLs are
much lower than the previous configuration. It means that this
subarray integration is not only for increasing the SLC, but
can also lower the SLLwhile scanning. The elevation pattern,
in Fig. 25b, is not much affected.

STEP 5: INTEGRATE SUBARRAYS TYPE 2b AT THE OUTER
PART OF THE EDGES
The complete configuration by integrating the Type 2b sub-
arrays are shown now. The subarrays Type 2b are integrated

FIGURE 26. Array pattern of the subarray Type 4a (P4a,n = 13, uniform
amplitude, and stretched spacing) in combination with subarrays Type 3a
and 3b and subarray Type 4b (P4b,n = 2× 4 for both sides, uniform
amplitude, and stretched spacing) in combination with subarray Type 3b,
and matching layer (P4c,n = 2× 3 for both sides), and subarray Type 1,
and subarray Type 2b. The subarray Type 2b is constructed from two
overlapped subarrays Type 2a with amplitude of B(2a)

p2a,n
=

[0.41;0.82;0.41] and phase shift factor of ψ(2a)
p2a,n

=

[+140◦;0;−140◦] for p2a,n = 1, 2, and 3. This phase shift factor value is
used for positive scanning application. (a) azimuth pattern while
scanning from broadside up to ϑ0 = 60◦; (b) elevation pattern for
broadside scanning.

in the outer part of the edge of the full array configura-
tion. Like Type 1 subarrays, Type 2b subarrays are designed
for compensating the scan loss due to the element pattern.
A Type 2b subarray is constructed from two overlapped
subarrays Type 2a, where the right side element of the first
subarray coincides with the left side element of the second
subarray. These overlapped elements are fed from the left and
right sides. The subarray Type 2a in this configuration uses
amplitude of B(2a)p2a,n = [0.41; 0.82; 0.41] for p2a,n = 1, 2, and
3, and phase shift factor for the left and right sides elements
are +140◦ and −140◦, respectively. These phase shift values
are used when the array is scanned to positive angles. When
the array is scanned to negative angles, the phase shift values
become the opposite, with help from 1-bit phase shifters.
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FIGURE 27. Final array configuration with all integrated subarrays. This diagram provides an example of the general case given in Fig. 1.

TABLE 4. Summary of the array pattern performances for each integration step.

The full array pattern of this configuration are shown
in Fig. 26. It can be seen that the azimuth pattern while scan-
ning enjoys scan loss compensation. The maximum directive
gain when scanning from broadside up to 30◦ experiences
almost no degradation. Even for 60◦ scanning, the maxi-
mum directive gain exhibits lower loss than the previous
configuration. This is because the integration of subarrays
Type 2b in the left and right edges contributes significantly
to the compensation of the scan loss. Moreover, the SLLs
are still very low. The elevation pattern shown in Fig. 26b is
slightly changes compared with the previous configuration.

B. FINAL ARRAY CONFIGURATION AND PERFORMANCES
SUMMARY
The final array configuration after all subarrays in the toolbox
have been optimized and integrated is shown in Fig. 27 The
dark-blue elements represent the location of the elements
with actual feeding in the full array, while the light-blue
elements represent the elements that get feeding via the sub-
arrays. All elements with actual feeding are located along the
x-axis.

It can be observed from Fig. 27 that the integration of a
mirroring pair of Type 1 subarrays and another mirroring pair

of Type 2 into the full array removes eight feeding ports from
the initial 41-element linear array. As a consequence, the total
number of fed elements in the full array is only 33 with
33 K -bit phase shifters, 12 1-bit phase switches, and only
4 fixed attenuators. The attenuators adjust amplitudes of
elements 4, 5, 29, and 30 for realizing amplitude matching
between the center and edge parts. In addition, 21 fixed power
dividers feeding the 3-element subarrays perpendicular to the
array axis are used in the center part to make it comparable
with the proposed final array.

The summary of the array pattern for each integration
step is presented in Table 4, which shows how different
subarray types in the toolbox serve different purposes in
improving the array performance. The number of element
controls is also indicated in the table. The performance of
the new array is compared with the Taylor reference array.
This reference array has the same planar array configu-
ration (including the perpendicular subarrays) and uses a
−30 dB Taylor taper along the x-axis of a 41 elements linear
array.

It can be seen that the scan-loss at ϑ0 = 60◦ is −6.0 dB
before subarrays for SLC are integrated, which follows
cos(ϑ) pattern of the element (see Step 3 in Table 4). After
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integrating subarrays Type 1 in the left and right sides,
the scan-loss lowers to −5.6 dB (Step 4), which implies
0.4 dB SLC. The scan-loss goes further to only−4.5 dBwhen
the subarrays Type 2b are integrated in the left and right sides
(Step 5). When compared to the reference array, the obtained
SLC is better by 1.7 dB.

The use of subarrays Type 3a and 3b contribute to supe-
rior FSLL and PSLL performances after all subarrays are
integrated, where the PSLL while scanning to ϑ0 = 60◦

is −19.5 dB. When compared to the reference array, this
improved SLC and PSLL performance is very attractive
because the new design only uses 4 attenuators in the planar
array configuration, whereas the Taylor tapered linear array
requires 41 attenuators, i.e., as many as the elements.

To further demonstrate the superiority of our results, [43]
is selected to be a comparison in several aspects because it
optimizes the use of subarrays in the planar array configu-
ration. First of all, our design has capability to scan up to
ϑ0 = 60◦, while in [43] only up to ϑ0 = 40◦. Therefore,
the PSLL and scan-loss comparison are only conducted at
ϑ0 = 30◦. In addition, a design with 30% number of the
phase shifter is considered because our design has a similar
ratio. Our design gives PSLL and scan loss of −22.7 dB and
−0.1 dB, at ϑ0 = 30◦, respectively. Meanwhile, in [43],
−13.8 dB and −2.2 dB of PSLL and scan loss are obtained,
respectively. This indicates that our design is superior in
terms of scan-angles direction, PSLL, and SLC compared
with ’Case 1’ design in [43].

To conclude this section, it should be stressed that the
resulting configuration serves as an example on how to
exploit the different subarrays in the toolbox in designing
an array of desired characteristics. Given the dimension of
the initial linear array, the toolbox offers various possibilities
in the trade-off among multiple performance objectives that
include directive gain, sidelobe level, scan loss, elevation
beamwidth, and the number of feeds and controls. The ele-
mentary subarrays have been provided in the toolbox, whose
directive gains are given in Section II, while the design
method for each type of subarray is elaborated in Section III
and the integration steps into the full array are detailed above.

V. CONCLUSION
A planar array with improved SLL and SLC performance
constructed from the integration of both in-line and cross-line
subarrays have been reported. The array design focuses on
the trade-off optimization between SLL, SLC, reducing the
number of element controls, as well as maximizing the use of
phase-only elements for beam steering. The analysis of each
subarray type has been discussed in detail. The construction
of the planar array starts with the center part of the array by
integrating subarrays Type 4a and 4b with subarrays Type 3a
and 3b, respectively, and subarray Type 4c, in the center part.
All subarrays Type 4 are spatially stretched for suppressing
the SLL by following Taylor tapering distribution, while
subarrays Type 3 are for increasing the directive gain by

limiting the elevation beamwidth. In the edges of the center
part, subarrays with two elements (Type 1) and five elements
(Type 2b) are integrated as the extensions. These subarrays
help to lower the scan-loss in the maximum scan angle due to
the element pattern effect.

The constructed array has 83 elements in total; 21 elements
along the x-axis have 3 elements cross-line subarrays and
20 elements have not. A PSLL of −19.5 dB and a scan-loss
of −4.5 dB are obtained when the array with CUP antenna
as an element is scanned to a maximum scan angle of ±60◦.
This result becomes a reliable validation that a planar array
constructed from different subarrays can have trade-off per-
formances between SLL and scan loss, with a less number of
element control.

APPENDIX
With respect to Fig. 1, the pattern of the l-th subarray with Pl
elements and its center at (xn, yn) is given by the well-known
expression [41],

El,n(ϑ, ϕ, ϑ0, ϕ0) = cos(ϑ)
Pl,n∑
pl,n=1

B(l)pl,n

× exp
[
j
(
η(l)pl,n (ϑ, ϕ)+ ψ

(l)
pl,n (ϑ0, ϕ0)

)]
(A.1)

with ηpl,n(ϑ, ϕ) = β0 sin(ϑ)[x
′
pl,ncos(ϕ)+ [y′pl,nsin(ϕ)],

where n > N − L for the subarrays and n ≤ N − L for the

isolated elements, whereas B(l)pl,n is real and
∑Pl,n

pl,n=1

∣∣∣B(l)pl,n ∣∣∣2 =
1 for normalization of the power divider network used for
feeding the subarrays, it denotes the amplitude of excitation
of the pl-th element of the l-th subarray, β0 = 2π

λ
(λ is the

wavelength in free-space), (x ′pl,n , y
′
pl,n) gives the location of

the pl-th subarray element in the x ′, y′ coordinate system of
the l-th subarray, and ψ (l)

pl,n denotes the phase shift factor of
the pl-th subarray element in the l-th subarray.ψ (l)

pl,n should be
optimized for a certain scan angle (ϑ0, ϕ0) in order to allow
for an improved SLC as will be demonstrated in the later
sections.

Computing the directive gain of a radiating antenna array
requires solving the integration of far-field radiating power
density over a sphere. The analytical expression of the direc-
tive gain of a planar array with arbitrary element locations
and amplitudes has been derived in [42]. A novelty in this
article is the analytical expression that has been adjusted
for directive gain computation of such planar arrays with
integrated subarrays. For instance, the numerator of the direc-
tivity equation in [42] is re-written herein in more details
as the sum of two series representing the isolated elements
and the subarrays, respectively, whereas adjustments for the
denominator are described below. It is noted that the integral
equation determines the radiated power, depends on (ϑ0, ϕ0)
and takes the mutual coupling between all (non-overlapped
and overlapped) radiating elements into account. Taking all of
these into consideration, the expression of the directive gain
in [42] becomes as formulated in (A.2), as shown at the top
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D(ϑ0, ϕ0) = 2

∣∣∣∣∣N−L∑n=1 Ancos(ϑ)exp[j(ξn(ϑ, ϕ)+ qn(ϑ0, ϕ0))]+
N∑

n=N−L+1

L∑
l=1

AnEl,n(ϑ, ϕ, ϑ0, ϕ0)exp[j(ξl(ϑ, ϕ)+ ql(ϑ0, ϕ0))]

∣∣∣∣∣
2

N∑
m

N∑
n

Pl,n∑
pl,m

Pl,n∑
pl,n

AnAmB
(l)
pl,nB

(l)
pl,mexp[j1ψ + j1q]20.50(1.5)

J1.5(Zm,n)
Zm,n1.5

.

(A.2)

of the next page, where El,n(ϑ, ϕ, ϑ0, ϕ0) contains the phase
factor ψ (l)

pl,n of the subarrays for scan-loss compensation as
given in (1), and

ξn(ϑ, ϕ) = β0 sin(ϑ){xncos(ϕ)+ ynsin(ϕ)};

qn(ϑ0, ϕ0) = −β0 sin(ϑ0){xncos(ϕ0)+ ynsin(ϕ0)};

1ψ = ψ (l)
pl,n − ψ

(l)
pl,m;

1q = qn − qm;

Zm,n = β0{(xn − xm + x ′pl,n − x
′
pl,m )

2

+ (yn − ym + y′pl,n − y
′
pl,m )

2
}
1
2

The first series of the numerator on the right hand side
of (A.2) refers to the array pattern that includes all isolated
elements with cos(ϑ)–pattern, where 1 ≤ n ≤ N − L. An
and qn denote the amplitude and the phase shift factor of
the n-th isolated element in the array, respectively, the latter
being dependent on ϑ0 and ϕ0, while (xn, yn) determines the
location of the n-th isolated element in the x − y plane.

The second series of the numerator refers to the array
pattern of all subarrays, with the l-th subarray pattern denoted
by El,n(ϑ, ϕ, ϑ0, ϕ0). It is noted that the range of subarray
numbering equals 1 ≤ l ≤ L and that the input at the
center of the l-th subarray is related to the array index n via
n = N − L + l. Al and ql denote the amplitude and the
phase shift factor at the input of the l-th subarray, respectively,
the latter also dependent on ϑ0 and ϕ0.
Following further the expression in [42 eqn. (5)],

the denominator in (A.2) can be derived into three terms as,

1
3

N∑
n=1

An2 + 2
N∑
n=1

Pl,n−1∑
pl,m=1

Pl,n∑
pl,n=pl,m+1

An2B(l)pl,n
2
B(l)pl,m

2

× cos(1ψ)
(
sin(Zn,n)

Zn,n3
−
cos(Zn,n)

Zn,n2

)

+ 2
N−1∑
m=1

N∑
n=m+1

Pl,n−1∑
pl,m=1

Pl,n∑
pl,n=pl,m+1

AnAmB(l)pl,n
2
B(l)pl,m

2

× cos(1ψ +1q)
(
sin(Zm,n)

Zm,n3
−
cos(Zm,n)

Zm,n2

)
(A.3)

In (A.3), the series in the first term covers all the isolated
and the subarray center elements, where B(l)pl,n = 1 for n >
N − L. The second term includes the contribution to the
radiated power from isolated, center and non-isolated element
while taking the mutual coupling in the radiation pattern
between center and non-isolated elements into account. In the

third term, the double summations range from m = 1 up to
m = N − 1 and from n = m + 1 up to n = N . This term
describes the mutual coupling between isolated elements and
center plus non-isolated elements.

For n,m ≤ N − L, the amplitudes An and Am denote the
amplitudes of the n and m-th isolated elements at locations
(xm, ym) and (xn, yn), respectively. For, N − L + 1 ≤ m,
m + 1 < n < N , An and Am are the input amplitudes of
the n-th, m-th subarray respectively. As will be explained in
the next sub-sections describing different types of subarrays,
the phase factors qn and qm for subarrays also depend on the
subarray configuration integrated in the full array. It should
be noted that in the following discussions the numbering of
subarrays with center feeding may have one or two values
(n or n and n+1) for subarrays with one or two feeding inputs,
respectively.
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