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ABSTRACT In this paper, we present a novel method to tailor the radiation pattern of an antenna

element, such as a single element of an array, by maximizing its partial radiation efficiency in the desired
angular space. The tailored pattern of the single element is achieved by current distribution synthesis
using multiple feed points in the antenna. A method to determine and realize the currents at the feeds
is presented. The method is demonstrated by designing and manufacturing a four-element linear array
consisting of tailored antenna elements and comparing its performance to the reference case. The element
consists of four closely-spaced metallic patches placed on a substrate backed with a ground plane, and
each patch is separately fed. The initial four-port feed is reduced to a single feed with a feeding network
based on the determined currents. A conventional patch antenna is chosen as the reference. The simulated
and measured results show improvement in the realized gain in the desired angular space.
INDEX TERMS Antenna arrays, antenna efficiency, antenna feeds, antenna gain, antenna radiation pattern

synthesis, design methodology.

I. INTRODUCTION

NTENNA arrays are currently employed in a wide
range of applications because of their directive
properties. Examples of such applications include radars and
emerging 5G technology, where large arrays are deployed to
steer the radiation to a desired direction.
Traditionally, antenna array design has concentrated on
array-level design, so as to reduce mutual coupling between
elements, reduce the number of elements in the antenna array
and optimize the array pattern, that is, the resulting pattern
of the array. However, considering the single-element pattern
is equally important since it defines the limitations of the
antenna array. For example, a patch antenna has maximum
gain in the broadside direction with relatively narrow halfpower beamwidth. Hence, a patch antenna array suffers from
significant scan loss and even scan blindness at large steering
angles. Similarly, no canonical antenna in an array is well
suited for beam steering across an arbitrary angular space.
Currently, there are a variety of studies that consider
the element pattern as part of the array design. The first
design option is to widen the single-element pattern to
achieve larger steering range [1]–[6]. The other option is to

A

use pattern-reconfigurable elements [7]–[11] for larger beam
steering range in the vertical plane θ = [−90◦ , +90◦ ]. Arrays
with wide element patterns are limited to spacings below
0.5λ to avoid emergence of grating lobes [10]. They can
be avoided with pattern-reconfigurable elements since the
single element does not radiate towards the grating lobes,
which arise from the shape of the array factor.
However, in some cases the array does not necessarily
need to radiate across the entire vertical range. In cellular
communication, base station antennas typically serve users
below them. Then, only a steering range of θ = [0◦ , 90◦ ]
may suffice. One possible example of this steering range
requirement is an indoor access point antenna that should
provide coverage to the whole room. Another example
could be an outdoor base station antenna in a high-rise
tower that should provide an equi-flux footprint on the
ground. There are studies on finding the optimal steering angle (downtilt) for base station antennas [12]–[16].
This downtilt can improve energy efficiency [12], area
spectral efficiency [13], [14], and network coverage or
capacity [14]–[16]. The downtilt can be achieved either
mechanically or electronically. However, electrical tilt is
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more popular since it can be performed remotely thus saving time and costs by removing the need for tower climbs
and base station site visits [17]. Furthermore, there are methods [15], [16] that utilize dynamic antenna tilt to improve the
network performance. Additionally, larger steering angles are
required when the base station density increases [14], which
will be a growing trend due to 5G.
Since only a limited steering range is required,
the aforementioned arrays with pattern reconfigurable
elements [7]–[11] instead of arrays with wide element patterns [1]–[6] are a better choice for base
stations and other similar applications. Reconfigurable
elements allow concentrating the radiation only in
the steering range of interest, whereas elements with
wide element patterns are designed to radiate equally
in all directions. Thus, the element gain is possibly larger for arrays with reconfigurable elements.
However, these designs have been achieved through laborious electromagnetic simulations, and most of them
require tuning components thus increasing complexity,
introducing additional losses, and potentially causing
distortion.
The numerical electromagnetics community has established systematic computational methods considering the
radiation pattern or its derivatives (such as directivity) as
part of antenna design [18]–[20]. However, these methods
are based on finding the optimal surface current distribution of the antenna, which in practice is often difficult to
realize.
We propose a novel method enabling the design of a
multi-port antenna element with the desired radiation pattern by determining optimal port currents rather than optimal
surface currents. The actual realization of the port currents is straightforward as the practical demonstration shows.
The desired radiation pattern can be designed for maximal
gain in a certain direction or for the best gain coverage
over a certain angular range. In this paper, we choose to
demonstrate this method by designing the radiation pattern of an array element according to the steering-range
requirements of the base station antennas described and
use the element to build a linear array. The effectiveness
of the method is verified by comparing it to a reference antenna element, and array through simulations and
measurements.
II. METHOD AND THEORY

The basis of the method is introduced in [21], where, for
example, a rectangular metallic radiating region is divided
into multiple closely-spaced patches. Each patch has a feeding port, and the neighboring patches are connected to each
other through feeding ports as well. This multi-port structure is simulated, and the resulting scattering parameters and
port-specific electric fields are then used to solve the port
currents maximizing the radiation efficiency.
In this paper, we aim to maximize the partial radiation
efficiency, while systematically accounting for matching as
432

well. The difference between these two efficiencies is that
radiation efficiency accounts for radiated power in a full
solid angle, whereas partial radiation efficiency accounts for
that in a partial solid angle. In other words, radiation efficiency is a measure of how effectively an antenna radiates
overall, whereas partial radiation efficiency defines how well
an antenna radiates in a certain angular range. As is the case
in the base station antennas and also generally in antenna
arrays backed with a ground plane, for example, the radiated
power is useful only in a certain angular range. Typically, the
radiation towards the back side is considered unwanted, and
the goal is to maximize the radiated power in a solid angle
covering at most half a sphere. Hence, the partial radiation
efficiency is a better figure-of-merit in these cases than the
traditional radiation efficiency.
The radiation efficiency of an N-port multi-feed antenna
can be calculated with the following formula [21]:
ηrad =

Prad
IH Rrad I
 ,
= 2 H H
Pacc
I ZA + ZA I

(1)

where Prad is radiated power, Pacc is power accepted by
antenna, I is a column vector of length N containing complex
port currents, Rrad is the radiation matrix of size N × N, ZA
is the antenna impedance matrix of size N ×N, and H denotes
the Hermitian transpose. The radiation matrix is defined as

∗
1
 n (θ, φ)d,
 m (θ, φ) · K
(2)
K
(Rrad )mn =
η0
4π

 k (θ, φ) is a vector associating current ik at port k
where K
to the far field. Since (1) has the form of a Rayleigh quotient, the port currents maximizing the radiation efficiency
can be solved from the following generalized eigenvalue
problem [21]:

 
(3)
ηrad,max = 2max eig Rrad , ZH
A + ZA .
In this paper, we modify the radiation matrix to maximize
˜ instead of the
the partial radiation efficiency in solid angle 
full solid angle 4π . We denote this new radiation matrix,
having the same form as in (2), as Rrad,˜ , and the integrating
˜ instead of 4π . The port currents imax,k , where k
region is 
is the port number, inducing the maximum partial radiation
˜ can be solved similarly as in
efficiency over solid angle 
the case of the full solid angle. In our case, Rrad is replaced
with Rrad,˜ in (3).
Since we only maximize the partial radiation efficiency
˜ the matching network must be designed
in solid angle ,
to conjugately match the chosen port impedances Z0k to the
k to ensure a good total efficiency
active port impedances Zin
as well. When the port currents imax,k are solved from the
modified (3), the port voltages umax,k are also known based
on the antenna impedance matrix ZA . Hence, the active port
impedance for port k can be calculated as
N
ZA,kn · imax,n
umax,k
k
=
= n=1
.
(4)
Zin
imax,k
imax,k
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FIGURE 1. Schematic representation of voltages and currents on either side of the
matching network for the N-port antenna.

Since the port voltage and thus the active port impedance
of a multi-port antenna depends on the coupling parameters, the coupling between the ports is inherently accounted
for when each port is matched to the active port
impedance.
Although the antenna is fed simultaneously through
multiple ports, every port can be matched separately when
port currents and voltages are known. Fig. 1 shows the
schematic presentation of the matching networks and the
antenna with the previously determined currents imax,k . The
matching network of port k is expressed as an equivalent
circuit based on its 2 × 2 impedance matrix Zkm . Since the
currents at the antenna inputs are fixed, the active input
impedances are also fixed regardless of the changes in the
matching networks of the ports. Thus, each port can be
separately matched to the input impedance given by (4).
After the matching networks have been determined, the
remaining task is to find feeding signals that fulfill currents
imax,k at antenna inputs. The feeding signal at port k is
af,k

uf,k + Z k if,k
=  0  ,
2 Re Z0k

(5)

where if,k and uf,k are the feeding current and voltage, respectively. Based on Fig. 1, we can solve how feeding current
if,k , and voltage uf,k depend on imax,k and umax,k . Voltage
umax,k is expressed as


k
k
k
umax,k = −imax,k Zm,22
+ Zm,12
if,k − imax,k ,
− Zm,12
(6)
which can be used to solve the feeding current:
if,k =
VOLUME 2, 2021

1
k
Zm,12

umax,k +

k
Zm,22
k
Zm,12

imax,k .

(7)

FIGURE 2. Cross-section (a) and layers (ground (b), antenna (c), and signal (d)) of
the proposed antenna. All dimensions are in millimetres.

The feeding voltage uf,k is



k
k
k
+ Zm,12
if,k − imax,k
− Zm,12
uf,k = if,k Zm,11
=

k
Zm,11
k
Zm,12

umax,k +

k
k
Zm,22
Zm,11
k
Zm,12

k
imax,k − Zm,12
imax,k .

(8)

III. DESIGN OF A SINGLE ANTENNA ELEMENT

For conventional array elements, the goal is either to achieve
a wide element pattern in order to guarantee a larger beamsteering range or to design an element with a narrow beam to
maximize the array performance in the broadside direction.
However, we aim to maximize the array performance in
a pre-defined angular space by feeding a single multi-port
element with proper feeding signals. We use the modified (3)
to maximize partial radiation efficiency at 2.5 GHz in the
following angular space: θ = [0◦ , 90◦ ] and φ = [−45◦ , 45◦ ].
The proposed structure, shown in Fig. 2, consists of a
0.202-mm thick RO4450F substrate sandwiched between two
433
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TABLE 1. Port currents, port voltages and active port impedances.

0.762-mm thick RO4350B substrates. The antenna element
comprises four closely-spaced metallic square patches each
fed with a via from the outer corner. Each square patch
is 0.4 mm apart from the other, and their overall size
is 56 mm × 56 mm, whereas the ground plane size is
60 mm × 60 mm, corresponding to the half-wave length at
the design frequency of 2.5 GHz. The substrate is extended
by 0.5 mm in all directions to ease the manufacturing process. The separation between the patches and the ground is
0.964 mm. Fig. 2(d) shows the feeding side of the antenna
structure that consists of four matching networks and one
feeding network. The microstrip line section between the
antenna and matching input in the figure is considered to be
the matching network. The remaining microstrip lines form
the feeding network that reduces the initial four-port feed
to a single-port feed that is fed with a surface-mount SMA
connector.
These networks are obtained as follows. First, the antenna
structure is simulated without the networks such that each
patch is fed through a separate port located at the antenna
input in accordance with Fig. 2(d). The simulated impedance
matrix and element patterns are used in the modified (3)
to obtain the port currents that maximize the partial radiation efficiency in the pre-defined angular space. After this,
the port currents are used to determine the active port
impedances and voltages. These are shown in Table 1.
Then, microstrip matching networks are implemented to
match the active port impedances to the feeding network
output impedances, which is around 75 . Ports 1 and 4, and
ports 2 and 3 use the same matching network for simplicity.
This is a reasonable choice since the active port impedances
are almost equal for those ports.
At this stage, (5), (7), and (8) are used to calculate the
feeding signals at the input of the matching networks. Table 2
shows the feeding signal values. The majority of the energy
(81%) is fed into ports 1 and 4. The phase difference
between those ports is close to 180◦ , as is the case for
ports 2 and 3.
The feeding scheme also reveals the operating principle of
the proposed antenna. The four patches form a linear array
comprising two differentially fed antennas. The patches fed
by ports 1 and 4 form a single antenna, and the remaining patches the other. We can see that the phase difference
between these two antennas is around 90◦ .
Before designing the feeding network, we verified with
simulations that the microstrip network matches the active
input impedances close to 75 . When the antenna is connected to the matching network and fed with the computed
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TABLE 2. Feeding signal af,k /af,3 values.

FIGURE 3. Current distribution of the proposed antenna element at 2.5 GHz.

signals, the active reflection coefficients vary between
−38.7 dB and −27.7 dB.
The feeding network is implemented based on the signals
given in Table 2. The feeding network input impedance is
chosen as 50 , and the proper amplitude distribution at the
ports is achieved with three T-junction dividers. The first
T-junction divides the power between ports 1 and 4, and
2 and 3 properly, and the remaining T-junctions divide the
power equally between ports 1 and 4 or ports 2 and 3.
The phase difference is achieved by varying the length of
the microstrip between the matching network inputs and the
divider outputs.
Fig. 3 shows the current distribution of the single antenna
element with the matching and feeding network at 2.5 GHz.
The strongest currents lie at the left and right edges of
the element, and give a rise to y-polarized radiation. The
currents between the adjacent edges of the patches are in
opposite phase, and hence they cancel each other and do not
contribute to the radiated power.
The proposed single-antenna element is compared to
the conventional coaxially-fed patch antenna operating at
2.5 GHz, shown in Fig. 4. The reference antenna has the
same substrate structure as the proposed antenna, and it is
also fed with an SMA connector from the signal layer, as
shown in Fig. 4(b).
The single elements are also extended to four-element
arrays with the elements being along the x-axis. For the reference antenna the spacing is chosen as 0.5λ (60 mm) and
for the proposed antenna it is chosen as 0.6λ (72 mm). In
the proposed case, the empty 12-mm space is filled with the
substrate material leading to separate ground planes for the
VOLUME 2, 2021

FIGURE 4. Antenna (a) and signal (b) layer of the reference antenna. All dimensions
are in millimeters.

FIGURE 5. The manufactured proposed (top) and reference (bottom) antenna
elements and arrays.

FIGURE 6. Simulated and measured reflection coefficients (a) and total efficiencies

elements. In the reference case, the ground plane is uniform.
The spacing is a little larger to mitigate the effects of the
coupling for the proposed case. Whereas the conventional
patch antenna array with 0.6λ inter-element spacing would
result in the emergence of grating lobes at large beam steering angles, the proposed array does not. This is because
the single element does not radiate in the direction of the
possible grating lobes.
IV. RESULTS

In addition to simulations, both the single elements and
arrays were manufactured and measured. The manufactured antennas are shown in Fig. 5. Measurements were
carried out in the MVG StarLab 6-GHz system in Aalto
University. The arrays were measured for element patterns,
which were then numerically combined with appropriate
feeding signals to determine the realized gain patterns of
the arrays at different steering angles. The single-element
pattern was measured by exciting a single port of the
array while terminating the other ports with 50- loads.
Fig. 6 shows the simulated and measured reflection coefficient and total efficiency of the proposed and reference
antenna element both of which agree well with each other.
The figure shows that the −10 dB bandwidth is 81 MHz
for the simulated proposed element which is significantly
larger than that of the reference (27 MHz). Both the reference and proposed antenna elements are well matched at the
design frequency since their simulated reflection coefficients
at 2.5 GHz are −40 dB and −23 dB, respectively. The simulated total efficiencies of both elements are similar. The
VOLUME 2, 2021

(b) of the proposed and reference single antenna element.

reference has a total efficiency of 65 % whereas the proposed
is 4 percentage points less efficient at 2.5 GHz. However,
the proposed antenna radiates more efficiently than the reference in the optimized angular space (θ = [0◦ , 90◦ ] and
φ = [−45◦ , 45◦ ]). As a figure-of-merit, we use the partial total efficiency, which is the ratio between the radiated
power in the optimized angular space and the total input
power. The partial total efficiency of the proposed element (23 %) is 8 percentage points higher than that of the
reference.
The single-element realized gains for the proposed and
reference antenna are shown in Fig. 7. The simulated
reference antenna main lobe is pointed directly upwards and
has a magnitude of 4.8 dBi. The magnitude of the simulated main lobe is also the same for the proposed antenna.
However, the beam is tilted by about 28 degrees towards
the x-axis. This is more evident in Fig. 8 that shows the
cuts of the realized gain at φ = 0◦ and θ = 28◦ . The
proposed antenna has a physically larger aperture than the
reference, allowing steering the beam away from the broadside direction while maintaining a realized gain almost
equal to the reference. The figure shows that most of
the radiation is directed towards the pre-defined angular
space of θ = [0◦ , 90◦ ] for the proposed case, and that
the proposed element radiates more effectively in the range
φ = [−45◦ , 45◦ ] than the reference. The side lobe levels
of the reference and proposed antenna are also similar. The
level of both antennas is less than −15 dB. As can be seen
435

KORMILAINEN et al.: METHOD FOR TAILORING GAIN PATTERN OF SINGLE ANTENNA ELEMENT

FIGURE 7. 3D radiation patterns of the simulated (a) and measured (b) reference,
and simulated (c) and measured (d) proposed antenna.

FIGURE 8. Simulated and measured realized gain pattern cuts at φ = 0◦ (a) and
θ = 28◦ (b) of the reference and proposed antenna.

FIGURE 10. Simulated and measured realized gains of the reference and proposed
array in the xz-plane when the steering angle is optimized for (a) 0◦ , (b) 10◦ , (c) 20◦ ,
(d) 30◦ , and (e) 40◦ .

FIGURE 9. Simulated and measured realized gains of the proposed and reference
antenna array as a function of the optimized steering angle.

from Figs. 7 and 8, the measurements agree well with the
simulations.
The simulated and measured results for the arrays are
shown in Figs. 9–11. Both arrays are steered in the xzplane in the θ = [0◦ , 90◦ ] direction. The feeding signals
for different steering angles are calculated by maximizing
the realized gain of the array at the corresponding steering
angle using the presented method with slight modifications.
The feeding signals are calculated for simulated arrays, and
they are also used for their measured counterparts. The figures show that the measurement results agree well with the
simulated ones.
436

Mathematically, the realized gain can be maximized by
replacing Rrad and ZH +Z = ZH
acc Zacc in (3) with new matrices to obtain a new modification. Matrix Rrad is replaced
θ0 ,φ0
with matrix Rrad
computed at a single steering angle θ = θ0
and φ = φ0 . Since the product IH ZH
acc Zacc I is proportional
to the power accepted by the antenna, we must replace
Zacc with Ztot so that the product is proportional to the
total input power. This guarantees that the realized gain is
maximized in this modified (3). The total input power is
proportional to the product aH a, where a is a column vector
of length N containing the port feeding signals ak of the
array elements. This vector can be defined in terms of port
currents as
1
1
(9)
a = F(U + ZP I) = F(ZA + ZP )I = Ztot I,
2
2
are diagonal matrices of size
where both F and Z0 
N × N, where Fkk = ( Re{Z0k })−1 , and ZP,kk = Z0k .
VOLUME 2, 2021

Figs. 10 and 11 show the realized gain patterns of the
reference and proposed array in the xz-plane when the
steering angle is optimized for different angles. Note that
when the steering angle is optimized for 40◦ or less, the
mainlobe is approximately in the direction of the steering
angle. At larger angles, the mainlobe direction is not that
of the optimized steering angle since better realized gain is
achieved by smaller mainlobe angle. The figures show the
effects of the tilted element pattern on the array pattern.
At 0◦ , the proposed array pattern is not symmetric as in
the case of the reference. When the steering angle is 30◦ ,
the main beam of the proposed array is narrower and the
peak value is greater than for the reference array. The gain
patterns optimized for 90◦ show that, in the reference case,
a grating lobe exists at the opposite angle θ that does not
exist in the proposed case even though the element spacing
is 0.6λ.
V. CONCLUSION

FIGURE 11. Simulated and measured realized gains of the reference and proposed
array in the xz-plane when the steering angle is optimized for (a) 50◦ , (b) 60◦ , (c) 70◦ ,
(d) 80◦ , and (e) 90◦ .

In this paper, we introduce a method to design a multi-port
antenna element having the radiation pattern as the design
goal, and we show how the appropriate feeding signals,
and matching can be found. The advantage and design
process of the method was demonstrated with simulations
and measurements. The element designed with the method
radiates more effectively in the desired angular space than
the reference. Compared to the reference, the performance
of the proposed array increases most at larger steering
angles while maintaining an almost equal performance at
smaller angles. In the future, the aim is to develop a
method to design this single element as part of an antenna
array to further improve the operation. The challenge in
the future approach is finding a systematic approach to
include the effects of the neighboring elements in the design
process.
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