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ABSTRACT In this paper, we present a method for reducing the quantization lobe in a 1-bit beam steering
planar array antenna. The method is inspired by reflectarray feeding in such a way that as we move away
from the center of the array, the phase becomes more negative. This type of element phasing disturbs the
periodicity of the quantization phase error and therefore suppresses the quantization lobe. Each 1-bit antenna
element has two phase states (0 and 180◦) that are provided through two symmetrical feeding points and are
controlled with two PIN diodes. The planar array is fed by a series microstrip line network. One prototype of
the proposed planar array with 8×8 elements was fabricated and tested at 3.4 GHz, which showed ameasured
scan range between −45◦ and +45◦ with a maximum quantization lobe level of −9 dB and a gain variation
of 1.5 dB. The proposed 1-bit beam scanning antenna has a much simpler feeding network than other planar
array antennas. The overall thickness of the proposed array antenna is only 0.045λo, which has a much lower
profile than 1-bit reconfigurable reflectarray and transmitarray antennas with the same specifications. This
proposed antenna is a usable and suitable candidate for wireless communication applications.

INDEX TERMS 1-Bit quantization lobe, reconfigurable antenna, planar array, microstrip antenna, beam
steering.

I. INTRODUCTION
Beam scanning array antennas are an essential part of wire-
less communication, 5G networks, imaging systems, etc. [1].
Conventional phased arrays have a high cost, complexity
in the feeding network, high weight, and large size due to
the number of phase shifters required for every antenna ele-
ment [2]. Electronically reconfigurable array antennas that
have recently been noticed can be a suitable alternative to
phased array antennas due to their lower complexity. In these
antennas, the phase delays applied to each element are quan-
tized into a number of discrete phases, and these phases
are electronically controlled using switches such as liquid
crystal [3], varactor [4], and PIN [5] diodes. In this case,
the desired phase is replaced with its nearest quantized phase
available. Digitally reconfigurable arrays are divided into two
types: 3D structures and planar structures.

Reflectarrays [6], [7], [8] and transmitarrays [9], [10],
[11], [12] are 3D structures that consist of a horn antenna as
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a feed and reflective or transmissive array elements. In [6],
a 14 × 14 1-bit reflectarray was designed based on PIN
diode with a scanning range of ±60◦ for X band. In [8],
Luyen et al. presented a newmethod for achieving 2-bit phase
quantization for beam-steerable reflectarrays by exploiting
four distinct reflection modes of a unit cell. Simulations
predict good performance in the scan range of ±45◦ in the
H-plane, with a maximum gain variation of 3.0 dB over
the frequency range of 9-11 GHz. In [11], a 1-bit 20 × 20
circularly-polarized reconfigurable TA in the Ka-band
was designed with a scanning range of ±60◦. In [12],
a 2-bit 14 × 14 TA was presented with a 19.8 dB max gain
and ±60◦ beam scanning. These structures are bulky, with
a thickness of several wavelengths, and therefore cannot be
used in space-limited applications such as satellite commu-
nication. In addition, the feeding structure in reflectarray
and transmitarray antennas has illuminating and spillover
losses, which lead to the reduction of aperture efficiency in
these antennas. In addition to these cases, losses due to the
blockage of the feed horn are also present in reflectarray
antennas.
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FIGURE 1. (a) Excitation phase obtained from (1) for the direction of (θ0, 0), (b) phase delay obtained from (3) and (c) total phase after quantization.

The second type of digitally reconfigurable arrays is pla-
nar arrays that are fed by a microstrip line network, and
unlike 3D structures, they are low profile and simple struc-
tures [13], [14], [15], [16]. A planar 4-bit reconfigurable
antenna array based on the design philosophy of information
metasurfaces was proposed in [16] with a scanning range
of± 45◦ range and a 13.4dB gain in broadside. In [15], a 2-bit
8-element planar traveling wave array antenna was presented
that steers one beam. The measured results show that the
proposed array can scan from −49◦ to +49◦ and maintains
an acceptable 3 dB AR bandwidth in the desired band around
3.65 GHz.

To decrease the complexity, weight, and size of the array,
it is preferable to reduce the number of bits.

In digitally controlled array antennas that use two-bit phase
shifting and above, a single beam is always created in the
radiation pattern. But when the phase shifting is of 1-bit
type, single-beam can only be achieved if there is an intrinsic
pseudo-random distribution of the phase quantization error.
The phase quantization error is defined as the difference in
the ideal and discretized phase of the elements. In reflectarray
and transmitarray antennas this pseudo-random distribution
is created automatically due to the different spatial paths
from the feeding source to each element. But in conventional
planar arrays with 1-bit phase shifting, due to the lack of this
random phasing, we always see two beams with the same
amplitude [17].

In [18], a wideband 1-bit 4 × 4 digital-controllable patch
array antenna with dynamic beam manipulation capability
was developed. In [19], a low-profile and high-gain pattern
reconfigurable 1-bit planar array antenna based on digital
coding characterization was presented. In both works, two
beams are scanned simultaneously; therefore, they are not
suitable for scanning applications because of the quantization
lobe error.

To the best of our knowledge, few works have been
done on 1-bit single-beam planar array antennas until
now. In [20], a new architecture for low-cost single-beam
planar array antennas suitable for linear-polarized satel-
lite communication systems was presented. The approach
is based on the use of 1-bit phase controls that can be

implemented using discrete components and on an aperiodic
sunflower-like arrangement of the elements. A 48-element
prototype has been designed, built, and measured at Ku-band
with a scanning range of ±30◦. However, the presented
array and proposed feeding network are very complex to
implement.

In this paper, a 1-bit planar array antenna with single-beam
scanning in a wide angular range is proposed. The idea
behind this work is to assign to each element a predeter-
mined phase inspired by reflectarray feeding. The distribution
of this predetermined phase is such that the phase delay
further increases as the distance from the center of the struc-
ture increases. The proposed antenna consists of two layers,
with the antenna elements placed in the upper layer and
the feeding network placed in the lower layer. The feeding
network is of series-fed type, and the predetermined phases
are implemented using delay lines included in the feeding
network. This feeding network is much simpler than the feed-
ing networks used in other planar array antennas. The overall
thickness of the proposed planar array antenna is 0.045λo,
which indicates that the antenna is very low profile.

II. THEORETICAL BACKGROUND
Let us consider a conventional 1-bit planar array antenna
consistingM ×N elements that are excited with a microstrip
feeding network. To achieve a main beam in the direction of
(θ0, ϕ0), the required phase of the mnth element is given by:

8mn = −ksinθ0(xmcosϕ0 + ynsinϕ0) (1)

where k is the free space wavenumber and (xm, yn) is the
coordinate of each element. A schematic of the excitation
phase 8mn for the main beam direction of (θ0, 0) is shown
in Figure 1(a). In 1-bit phase shifting, the required phase of
each element is quantized to 0◦ and 180◦ by the following
relation:

8q
mn =

{
0◦(0), −90◦

≤ 8mn ≤ 90◦

180◦(1), otherwise
(2)

without losing the generality of the problem, it is assumed
that the direction of the main beam is (30◦, 0◦) and M=N=8.
In this case, the phase distribution of the conventional
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FIGURE 2. Distribution of quantization phase for the scan angle of
(30◦,0◦) obtained from (3) with a) 8c =0◦, b) 8c =15◦, c) 8c =30◦,
d) 8c =60◦.

1-bit planar array, which is obtained using Equations 1 and 2,
is shown in Figure 2(a). The radiation pattern of this phase
distribution is obtained from the array factor theory and is
shown in Figure 3(a). As can be seen, a secondary beam
of the same magnitude as the main beam appears in the
opposite direction called the quantization lobe. This is due
to the periodicity of the phase distribution along x-direction.

Now, a compensating phase inspired by reflectarray anten-
nas is added to the elements in such a way that the phase
delay further increases as the distance from the center of
the structure increases, and the elements that are at the same
radial distance from the center of the array get the same phase,
as shown in Figure 1(b). In this case, the total phase of each
element is as follows:

8Total
mn = −ksinθ (xmcosϕ + ynsinϕ) − 8comp

mn

8comp
mn = −n× 8c, n =

⌊ rmn
P

⌋
(3)

where ⌊·⌋ is the floor (round down) operator, 8c is a constant
phase, rmn =

√
x2m + y2n and P is inter-element spacing.

A schematic of phase delay 8
comp
mn is shown in Figure 1(b).

When this distribution phase is quantized, the periodicity of
the distribution of quantized phases is broken and therefore
the quantization lobe is reduced. To verify the proposed
method, we change 8c from 0◦ and investigate its effect on
the quantized phase distribution and radiation pattern. In this
case, the array factor of the planar array is given by

AF(θ, ϕ)

=
1
MN

M∑
m=1

N∑
n=1

exp
[
jk0(xm sin θ cosϕ + yn sin θ cosϕ)
+j(8q

mn + 8
comp
mn )

]
(4)

FIGURE 3. The radiation pattern of 8 × 8 planar array for the scan angle
of θ =30◦, φ =0◦ obtained from (3), (4) with (a) 8c =0◦, (b) 8c =15◦,
(c) 8c =30◦, and (d) 8c =60◦.

First, 8c is selected 15◦ and the quantized phase distribu-
tion and radiation pattern are plotted as shown in Figure 2(b)
and 3(b), respectively. As can be seen, the periodicity of
the phase distribution along x-direction is slightly broken
that causes the quantization lobe level (QLL) to be reduced
by 1.5dB. When 8c increases to 30◦, the quantized phase
distribution changes further, resulting in a QLL of −6.5dB
as depicted in Figures 2(c) and 3(c), respectively. By increas-
ing 8c again to 60◦, the quantization lobe decreases notice-
ably and reaches the value of QLL=-11.6 dB, as shown
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in Figure 3(d). This results from the highly non-periodic
phase distribution shown in Figure 2(d). When 8c is 60◦, the
full range of phase (0◦-360◦) is utilized by the elements in the
8× 8 array antenna. Therefore, by increasing the phase more
than 60◦, there is no further improvement in quantization lobe
reduction.

To illustrate the capability of the design for beam scanning,
the performance of the design for other main beam directions
and 8c =60◦ is evaluated. The normalized radiation pattern
of the array for the main beam direction of 20◦ is presented in
Figure 4, which shows a QLL of−11.8 dB. Thus, it is evident
that the proposed technique has excellent quantization lobe
reduction capabilities irrespective of the directions of the
main beam.

FIGURE 4. The radiation pattern of the proposed planar array for the scan
angle of θ =20◦, φ =0◦ with 8c =60◦.

A critical issue in phased array antennas is scan blind-
ness. If an infinite array structure is capable of supporting
a guided wave (here, a patch array in which the guided
wave mode is the surface wave mode that is supported by
the dielectric substrate layer), then under certain Floquet
excitations, the propagation constant of a surface wave mode
coincides with that of a Floquet mode. In this case, these
two modes couple strongly, leading to a resonance and
subsequent scan blindness [21], [23]. The scan blindness phe-
nomenon in the phased array antennas occurs under following
conditions [21], [22], [23]:

• The array must have a Floquet excitation, that is, the
elements should be excited with uniform amplitudes and
linearly progressed phase.

• The element must reside in an infinite array environ-
ment. But the analysis of finite arrays shows that even
small arrays (3×3 or 7×7) can have dips in the element
pattern where the infinite array has a scan blindness, and
that this effect becomes more pronounced as array size
increases.

But in the proposed 1-bit digitally reconfigurable array,
the required phase of each element to scan the beam to a
specific angle is first summed with a compensating phase
inspired by reflectarray antennas (8comp

mn ). This compensating
phase is added in such a way that the phase delay increases
further as the distance from the center of the structure
increases, and the elements that are at the same radial distance
from the center of the array get the same phase. Next, the
sum of these two phases is quantized into 0◦ and 180◦.

Consequently, the quantized phase and therefore the excita-
tion phase of the elements, which is the sum of the quantized
phase and the compensating phase, are distributed as a
non-linear phase progression across the aperture of the array,
preventing Floquet excitation and avoiding the scan blindness
phenomenon.

III. DESIGN AND SIMULATION OF 1-BIT PLANAR ARRAY
A. 1-BIT ELEMENT
The configuration of the proposed 1-bit linear polarization
element is schematically illustrated in Figure 5. The ele-
ment consists of two layers of F4B substrate (εr = 2.56,
tan δ = 0.002) with the dimensions of Ws×Ls. The patch
element with the dimensions of Wp×Lp is located on the
top layer and the transmission line as well as two PIN diodes
are located on the bottom layer. The ground plane is located
between two layers. The height of the top and bottom layers
are h1 =3 mm and h2 =1 mm, respectively. The dimensions
of the antenna element structure are presented in Table 1. The
thickness of the patch and ground layers is 0.035mm and the
ground plane is defected at two points to excite the patch
using two vias with the radius of R. The input impedance of
this 1-bit element is 50�.

Two PIN diodes on the bottom layer provide a 1-bit phase
state for each element of the array antenna. By changing
the ON/OFF state of the diodes, a 180◦ phase difference
is obtained between the current excitation on the antenna
elements by two via feeds. In simulations, the PIN diode is
modeled as a lumped element. ON state is modeled as a 5 �

resistor and the OFF state is modeled as a 0.05 PF capacitor.
Figure 6(a) shows the current distribution on the patch layer
by via1, and Figure 6(b) is the current distribution by via2.
The current directions of the ‘‘0’’ and ‘‘1’’ states are exactly
opposite, which means that there is a 180◦ phase difference
between the two vias.

FIGURE 5. The geometry of the proposed 1-bit element, (a) top layer,
(b) bottom layer, (c) ground plane, and (d) Cross-sectional topology.

The full-wave simulations and optimizations of antenna
parameters are carried out by CST studio software. The return
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TABLE 1. Geometrical parameters of single antenna structure (unit: mm).

loss of the 1-bit antenna element is shown in Figure 7(a).
As can be seen, the operation frequency of the patch is
3.4GHz. The radiation properties of the element at 3.4 GHz
are plotted in Figure 7(b) that shows the realized gain of
6.25 dB and the difference between co- and cross-polar radi-
ations is at least 35 dB. Figure 7(c) shows the maximum
realized gain in the range of 3.2GHz to 3.6GHz. As shown,
in the range of 3.25 to 3.5 GHz, the gain is above 6 dB.

FIGURE 6. The surface current distribution of the proposed patch
antenna element (a) Excited through feeding point V1(state 1), (b) Excited
through feeding point V2(state 0).

Here, to realize the delay phases associated with each
element, meander lines are used, as shown in Figure 8.
By changing the length of the1L we can provide the specific
phase delay. This length is calculated from (5). For example,
for 8c = 60◦ the length of the line is 1L=8mm.

8comp
mn =

β

1Lmn
, β =

2π
λg

(5)

B. FEEDING NETWORK
The feeding network used in this design must be capable
of providing delay lines that correspond to the phase delay
of each element. With a corporate feeding network, each
element is fed separately, but the side elements of the array
have large phase delays and therefore require large delay
lines. This can cause space limitations during implementa-
tion. However, with a series feeding network, this issue is
resolved because the large phase delays of the side elements
are divided along the feeding network. This feeding network
for the 1× 4 array is shown in Figure 9(a). As we move from
port 1 to port 5, the phase of each antenna element becomes
more negative, such that the phase delay of port 2 is 0, port 3
is −8c, port 4 is −28c, and port 5 is −38c. Impedance
matching at the branching point of the antenna elements is
achieved using quarter wavelength lines.

Due to the symmetry of the structure, the feeding network
of the 8 × 8 planar array can be formed by putting this
1×4 array together. The simulated S parameters of the 5-port
network for the 1× 4 array are presented in Figure 9(b). It is
clear from the figure that the input power is divided almost
equally between the four antenna elements.

FIGURE 7. (a) Simulated S11 parameter, (b) radiation pattern in xoz plane
at 3.4GHZ, and (c) max gain over frequency.

FIGURE 8. 1-bit phase shifter and phase delay line.

C. 1-BIT PLANAR ARRAY ANTENNA DESIGN
After designing the 1-bit antenna element, a 8×8 planar 1-bit
array antenna with the proposed method is designed in this
part. The top and bottom layers of the planar array antenna
are shown in Figures 10(a), and (b), respectively. In the series
feeding network, for the elements to be excited in phase, the
length of the microstrip line between two adjacent elements
must be λg. On the other hand, since in microstrip structures
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FIGURE 9. (a) Geometry of the 1-by-4 series-fed array with the phase
delay line, and (b) Simulated S-parameters of the power divider.

FIGURE 10. The geometry of 8∗8 1-bit array antenna (a) top face array
antenna, and (b) bottom face feeding network.

λg < λ0, it is guaranteed that no grating lobe will be created
up to a certain scanning angle. Therefore the inter-element
spacing of 60 mm is adjusted.

FIGURE 11. Quantized total phase distribution (a) (θ =0◦, φ =0◦),
(b) (θ =15◦, φ =0◦), (c) (θ =30◦, φ =0◦), and (d) (θ =45◦, φ =0◦).

FIGURE 12. (a) Simulated S11 of 8∗8 array antenna,(b) Simulated
co-polarized radiation patterns of the planar array antenna for three
beam scanning of θ = (0, 15, 30) ◦.

Figure 10(b) displays the series feeding network of the
8 × 8 planar array antenna with delay lines. To obtain the
desired 8 × 8 array, the series feeding network is used to
connect four 1 × 4 arrays to realize a 4 × 4 array. Finally,
four 4 × 4 array are connected using a 1:4 power divider.
For steering the beam first we should calculate the

phase of each element for the specified direction using
equation (3) and then convert them to discrete values.
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FIGURE 13. The simulation of the normalized (a) co-polarization and
(b) cross-polarization radiation patterns of the planar array antenna for
four beam scanning of θ = (0, 15, 30, 45) ◦.

Distribution of phase for θ = 0◦, 15◦, 30◦, 45◦ are displayed
in Figure 10. Figure 12(a) shows the return loss of the
planar array antenna which is below −10 dB at the operating
frequency of 3.4 GHz. Figure 12(b) shows the simulated
realized gain patterns for the co-polarization component in
the three beam scanning scenarios where the main beams are
at θ = 0◦, 15◦, 30◦.
The realized gain values at 0◦, 15◦, and 30◦ are 19.6dB,

18.2dB, and 17.3dB, respectively, and the side lobe level in
all these scanning angles is below −10 dB. Beyond 30◦, the
radiation patterns are unacceptable because of the high side
lobes.

To achieve a greater scanning angle, the distance between
the elements, and therefore the wavelength, should be
reduced. This is possible by increasing the dielectric constant
of the substrate. To verify this, the design is repeated for an
FR4 substrate with εr = 4.3 and tan δ = 0.02. In this case,
the inter-element spacing is selected as 48 mm. The simula-
tion of the normalized co-polarization and cross-polarization
radiation patterns of the planar array at different scanning
angles is shown in Figure 13. As can be seen, in this case,
the acceptable scanning angular range increases up to 45◦.
The realized gain values at 0◦, 15◦, 30◦, and 45◦ are 11dB,
10.6dB, 9.8 dB, and 9.62 dB, respectively. The decrease in
gain relative to F4B substrate is due to the high losses of the
FR4 substrate.

IV. EXPERIMENTAL RESULTS
To verify the design a prototype of the proposed 8× 8 recon-
figurable 1-bit array antenna was fabricated and tested.

FIGURE 14. Photograph of the proposed 8 × 8 reconfigurable 1-bit array
(a) front view (array antenna), and (b) back view (power divider).

TABLE 2. The comparison between simulated and measured radiation
pattern parameters in scanning angles of 0◦ and 30◦.

The substrate used was FR4 due to its low cost and availabil-
ity. Two layers of FR4 substrate with thicknesses of 3.2 mm
and 1mm, respectively, were utilized to fabricate the planar
array. This structure includes 8 × 8 antenna elements, and
the dimensions of the array are 380× 380 mm2. The top and
bottom layers were connected with via holes with diameters
of 1mm. The photograph of the fabricated planar array pro-
totype is shown in Figure 14. The input port of the array is
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TABLE 3. Comparisons between the proposed 1-bit planar array and the arrays in the references.

FIGURE 15. Simulated and measured results of S11.

FIGURE 16. Simulated and measured normalized pattern for the scan
angle of (a) (0, 0), and (b) (30◦, 0) at 3.4GHz.

fed by an SMA connector. The ON/OFF states of PIN diodes
that configure 0◦ and 180◦ phase shifts were implemented by
the presence/absence of copper traces with widths of 0.3 mm
on the bottom metallic layer. The measurement was done for
two scanning angles of 0◦ and 30◦ at a frequency of 3.4 GHz.
The simulation results were also added for comparison.

Figure 15 shows the simulated and measured results of
return loss at 3-4 GHz. As can be seen, it is lower than
−10 dB in the operating frequency of 3.4 GHz. The results
of the radiation pattern for co-polarization at scanning angles
of 0◦ and 30◦ are shown in Figure 16(a) and (b), respectively.
The comparison between simulated and measured radiation
pattern parameters is represented in Table 2. The difference
between simulation and experimental results can be partly
attributed to fabrication tolerances, uncertainties in measure-
ments, and the dielectric properties of the FR4 material used
for constructing the planar array antenna prototypes. Other
reasons for the differences are the loss of the feeding SMA
connector, the phase distribution of the power divider, and
the phase quantization error.

A comparison of the performance of the proposed design
with the existing arrays in the literature is provided in Table 3.
As can be seen, the proposed structure does not have the dis-
advantages of the feed horn of transmitarray and reflectarray
antennas, and it is much simpler than the feeding network of
existing planar array structures. Additionally, when compared
in terms of thickness, the proposed structure is very low
profile.

V. CONCLUSION
In this paper, we presented a method for quantization lobe
reduction in a 1-bit beam steering planar array antenna
inspired by reflectarray feeding. In this technique, a predeter-
mined phase is fed to each antenna element. The distribution
of this predetermined phase is such that the further away from
the center of the structure, the phase delay further increases.
Each 1-bit element has a two-phase state (0/180◦) that is
controlled by two PIN diodes. For feeding the 8 × 8.1-bit
array antenna, a series feeding line was used with U shape
phase delay line for the realization of predetermined phases.
Finally, the proposed array was fabricated and measured. The
results show that the proposed array has a scan range between
−45◦ and +45◦ with a maximum quantization lobe level of
−9 dB and a gain variation of 1.5 dB. This work has a simpler
feeding network than other 1-bit planar array antennas, which
leads to the reduction of errors in the beam steering pattern.
It also has a much smaller thickness than one-bit reflectarray
antennas.
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