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PAPER

A 2-D Amplifying Array Using Multi-Ported Aperture-Coupled
Patch Antennas

Tan-Hsiung HO†, Wei-Jen CHEN†, and Shyh-Jong CHUNG†a), Members

SUMMARY This paper proposes a new circuit-fed 2-D amplifying ar-
ray architecture using the multi-ported aperture-coupled patch antennas.
The power distribution achieved by this array is formed by stacking three
kinds of basic cells repeatedly. Each cell, which serves as a radiator and
also a power relay, has a multi-ported patch antenna and one or two am-
plifiers. The signal transmission coefficient of the cell from the input port
to the output port is designed with a power level of 0 dB and a phase of
360◦. An X-band 4 × 3 element array with uniform amplitude distribution
is demonstrated. The measured results, such as the antenna gain and the
radiation patterns, agree very well with the predicted ones, due to the pre-
cision design of the basic cells. The measured gain of the antenna array is
27.7 dBiA at the frequency of 10.4 GHz on the H-plane, with a half-power
beamwidth of 14◦ in the H-plane and 16◦ in the E-plane.
key words: amplifying array, active antenna, multi-ported patch antenna,
high gain antenna

1. Introduction

Microstrip antenna arrays are popular for various applica-
tions due to the benefits of compact size and high circuit
integrality. The microstrip patch antenna is particularly
compatible with modern monolithic integrated circuit (MIC)
technology, and solid-state devices have been used to com-
bine several component functions at the terminals of the
patch antenna. The integrated antennas can reduce the size,
weight, and cost of many transmitting and receiving sys-
tems. These active integrated antennas are ideal for spatial
and quasi-optical power combination for high power appli-
cations. The planar architecture, because of its low pro-
file and weight, is attractive for such applications as air-
borne radar and satellite communications [1]–[5]. Among
these studies, a conventional parallel-fed network is com-
monly used to distribute the input power to each antenna
element, and a solid-state amplifier can be embedded in
the front of each element to amplify the distributed power.
This design is simple but lots of power dividers are required
for a large array. Furthermore, there is a high transmis-
sion loss for a huge array due to the losses from the ex-
tremely long feed lines, and eventually a gain saturation ef-
fect would be occurred when the array size is large enough.
In [1], a distributive amplify array is introduced using the
horn antenna. Which overcomes the problem caused by the
power distribution network but it costs large space. Another
one-dimensional series-fed amplifying antenna array using
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a patch antenna coupler, which has the advantages of easy
bias and no power divider required, is proposed [6]. How-
ever, this series-fed one is difficult to be extended to two di-
mensions on the same circuit layer since there is no enough
area to contain the extended active and passive elements.

In this paper, a new 2-D amplifying antenna array using
multi-ported aperture coupled patch antennas is proposed.
Figure 1 illustrates the architecture of the array, which is
composed of antenna elements, couplers, and amplifiers.
For the entire circuit layout, since the antennas and circuits
have to be fabricated on different substrate layers with an or-
derly arrangement, the aperture-coupled structure is adopted
[7]. Although the architecture of the array seems very com-
plicated, it is methodically constructed by three simple and
basic cells, which are one-, two-, and three-ported. The
one-ported cell, composed of a traditional one-port aperture-
coupled antenna with a feed microstrip line, is used for ter-
minating each row of the array. The other two basic cells
integrate two elements, i.e., an amplifier and a radiating ele-
ment with one or two couplers. Assembling the three basic
cells and then connecting each other in sequence can im-
plement an M×N two-dimensional array with unlimited ex-
tension, as illustrated in Fig. 2. When the power is fed to
the first element through the array input port, with most of
the power radiated by the first three-port antenna, part of
the power is spared by the aperture couplers to the vicin-
ity. The coupled power is amplified by a FET amplifier and
then fed to the next antenna element. One of the output ports
from the three-ported cell can be connected to another three-

Fig. 1 Diagram of the proposed 2-D amplifying array.
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ported cell to create a new branch while the other one should
be connected to a two-ported cell to start the power distri-
bution on a row. The two-ported cell is similar to the three-
ported cell but only one output port, which radiates most of
the input power and amplifies the remnant power. Eventu-
ally, the powers are terminated at the one-ported cell at the
end of each row. To form an array with a uniform power
distribution, the first step is to design the two- and three-
ported basic cells with transmission gain and phase delay
equal to 0 dB and multiple of 360◦ respectively. The trans-
mission gain and phase can be achieved by carefully tuning
the power gain provided by the amplifier and the lengths
of the microstrip lines connecting to the adjacent antennas.
After that cascade the well designed cells in sequence (as
shown in Fig. 2), a 2-D amplifying array with any size can
achieve effortlessly.

Based on this excitation technique, a 4 × 3 two-
dimensional amplifying array is formed and demonstrated.
Compared with the conventional amplifying array, the pro-
posed one is more compact and no bulky power-divider net-
work is needed. For a large-sized amplifying array, the mu-
tual coupling between antenna elements and feed circuits
may induce the spurious radiation, which degrades the side-
lobe levels and increases the cross polarization. By adopting
the aperture-coupled structure, the patch antennas are com-
pletely shielded from the feeds, so the effect can be elimi-
nated. In addition, even through the array size is large, there
is no gain saturation effect resulted from the extremely long
feed line losses. Moreover, by using the modular approach
described above, a beam-shaped and high gain amplifying
array can be constructed quickly after stacking the building
blocks.

Fig. 2 Architecture of the proposed 2-D amplifying array with an
arbitrary extension constructed by stacking three basic cells.

2. Multi-Ported Patch Antennas

The 2D amplifying array is formed by three kinds of basic
cells. Within each basic cell, the radiating element is co-
designed with each cell to radiate some power to the space.
In this paper, an aperture-coupled patch antenna is proposed
because of the benefits of lower circuit radiation and easier
circuit placement and routing. The antenna patches are built
on a 31-mil Duroid 5870 (εr = 2.33) substrate, where the
copper on the bottom plane is completely removed, and the
microstrip circuits are formed on a 20-mil Duroid 5880 (εr

= 2.2) substrate. In the following, the design and implemen-
tation of each component is to be depicted.

2.1 Two-Port Aperture-Coupled Microstrip Antenna

The sketch of the two-port antenna is shown in Fig. 3(a).
The patch antenna and microstrip lines are fabricated on the
different substrates separated by a common ground. Within
this layout, there are two slots on the ground. The slot in
the center feeds the power into the antenna while the other
one placed under the edge of the patch couples a little power

Fig. 3 Configurations of (a) the 2-ported and (b) 3-ported aperture
coupled patch antennas.
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from the patch and deliver it to the following cells. The feed-
ing port is placed below the center of the patch for maximal
power coupling. A conventional one-port aperture-coupled
antenna can be designed first to verify that the coupling port
weakly influences the performance of the patch and feed line
[8]. 50-ohm microstrip lines with the width w50 (=1.57 mm)
are used to feed the antenna and extract slightly the power
from the patch through the feeding and coupling apertures.
The length and width of the coupling slot will influence
the center frequency and bandwidth slightly. The slots are
designed to be with the same length of 4.5 mm, which is
approximate to a quarter of the wavelength within the sub-
strate, and width of 0.58 mm. The location of the coupling
slot on the ground plane may influence the resonant con-
dition and thus change the resonant frequency of antenna.
The coupling slot was placed with a little area overlap under
the patch (the space between two slots ds were fixed to be
1.05 mm) to minimize the influence by additional slot. Both
the microstrip lines symmetrically cross over the center of
the apertures with matching stubs of length l f and lc. A full-
wave EM simulator IE3D [9] is adopted for simulation of
this structure. The designed length (L) and width (W) of the
patch antenna with an aperture coupler, for an operating fre-
quency at 10 GHz, are 8 and 7.5 mm respectively. Although
placing an extra coupling slot on the ground plane would in-
fluence the resonant condition and thus change the resonant
frequency of antenna, this effect is small (since the coupling
is weak) and can be simply compensated by finely tuning
the lengths of the patch and feed matching stubs. Adjust-
ing the stub length of the feeding port and the length of the
patch can dominate the input matching and the resonant fre-
quency, while varying the stub length of the coupling port
can control the level of the coupling energy. The designed
lengths of the stubs of the feeding and coupling ports are 1.8
and 1.77 mm, respectively.

The fabricated two-port antenna shows a resonant fre-
quency at 10.03 GHz with a 10 dB return-loss bandwidth of
4.3%. The measured coupling coefficient (|S21|) reaches
a maximum of −8.5 dB around the resonant frequency.
For verification, the measured result is obtained using the
TRL calibration technique. The antenna gain is 6.2 dBi
at 10 GHz, which is quiet similar to the simulated result
(6.4 dBi). The 3-dB beamwidth of the E-plane is 78.5◦, and
that of H-plane is 83.2◦, as shown in Fig. 4(a).

2.2 Three-Port Aperture-Coupled Microstrip Antenna

The geometry of the three-port aperture-coupled antenna is
shown in Fig. 3(b). Compared with the traditional one-port
aperture-coupled antenna, the three-port one has two extra
slots on the ground plane, which are located under the left
and right non-radiation edges of the patch, respectively. For
this three-port antenna with dual aperture couplers, the mag-
nitude of the coupling coefficient of port-2 is identical to
that of port-3 due to the symmetry of the two coupling slots.
However, the phase difference between these two coupling
coefficients is out-of-phase since the two coupled microstrip

Fig. 4 Measured E- and H-plane radiation patterns of (a) the 2-ported
and (b) 3-ported aperture coupled patch antennas.

lines are placed upside-down. In contrast to the two-port
antenna, although the existence of the extra slot would in-
fluence the matching and coupling coefficients of the an-
tenna, repeatedly, the effect is small and can be compensated
by carefully tuning the matching stubs of the feeding and
coupling ports. After tuning, the stub lengths of the feed-
ing and coupling ports are 2.06 and 2.34 mm, respectively.
The fabricated prototype presents a resonant frequency at
10.03 GHz and a 10-dB return-loss bandwidth of 4.5%. The
measured coupling coefficients (|S21| and |S31|) of the three-
port antenna are quite the same as each other with a level
of −9 dB around the resonant frequency, and the difference
between the measured phase delays (∠S21 and ∠S31) is ap-
proximately 180◦. The antenna gain is 5.91 dBi measured at
10 GHz, which is a little lower than that of the two-port an-
tenna. The gain reduction may be caused due to the power
coupling resulted from the extra aperture coupler. The 3-
dB beamwidths of the E- and H- plane are 98.1◦ and 70.2◦,
respectively, as shown in Fig. 4(b).

The antenna gain of both two- and three-ported aper-
ture coupled antenna are a little lower than that of the con-
ventional one. The gain reduction is caused due to the power
coupling resulted from the extra aperture coupler. The pur-
pose of designing the two- and three-port aperture-coupled
antennas is to control power coupling from the input port to
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the coupling port. Different levels of the power coupling can
be achieved by varying the length (lc) of the coupled line
so as to make the basic cells, which are composed of the
antenna and amplifier to meet the requirement of the trans-
ducer gain and phase delay.

3. Design of Unit Cells

As shown in Fig. 1, the proposed amplifying array is con-
structed using three kinds of basic cells, which are three-,
two-, and single-port cells. The three-port cell is a three-
port sub-circuit which has one input and two output ports.
The three-port cell acts as a branch knot which is placed
near the feed point of the array to generate a new branch.
A portion of the power radiates in this element and the re-
maining portions are delivered to the output port after am-
plifying. The two-port cell acts as a signal relay to extend
a branch. Similar to the three-port cell, the two-port cell ra-
diates some power to space and passes the remains to the
following cells after amplifying. The transmission gain and
phase delay through the three- and two-port cells should be
critically designed to be unitary and a multiple of 360◦.

Figure 5 depicts the geometry of the two- and three-

Fig. 5 Geometry of the (a) 2-ported and (b) 3-ported basic cells.

port basic cells. Each cell combines the FET amplifier and
relative multi-ported antennas. The FET amplifier is de-
signed with the device NE32584C at the bias condition of
VDS = 2 V and ID = 20 mA. The measured gain has a level
of 9.5 dB at 10 GHz with approximately 0.5-dB gain flat-
ness from 9.24 GHz to 10.56 GHz. The return loss at the
center frequency is better than −35 dB. The measured phase
delay with additional 1-mm extension at both input and out-
put ports is 69◦, which shows a good agreement with the
simulation one.

To meet the requirement of a uniform power distribu-
tion, the stub length at the coupling port of the aperture-
coupled antenna could be adjusted to obtain a suitable cou-
pling level. For broadside radiation, the signal phases at
the feed points of all the patch antennas should be the
same. This is accomplished by designing the lengths of the
feed lines connecting to adjacent antennas so that the signal
phase delay would be equal to a multiple of 360◦.

Figure 6 and Fig. 7 give the measured transmission gain
of the two- and three-ported basic cells, respectively. The
phase delay is contributed by the antenna, the FET amplifier,
and two extra sections of microstrip lines (before and after
the amplifier). The phase delays through the first two com-
ponents are fixed from the above design, while the two extra

Fig. 6 The measured transmission gain of the 2-ported basic cell.

Fig. 7 The measured transmission gain of the 3-ported basic cell.
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microstrip lines can be tuned to satisfy the phase require-
ment by adjusting the lengths. Both the basic cells have a
transmission gain of 0-dB with a maximum error of 0.7 dB
around the resonant frequency. The measured phase delay
(∠S21) of the two-port element, after incorporating the ef-
fect of the extended input feed line, corresponds to the phase
difference of −8.8◦ between the feed points of the first and
second antenna elements. Also, the relative phase delays
(∠S21 and ∠S31) of the three-port element are −2.4◦ and
2.5◦ around 10 GHz, which correspond to the phase differ-
ences from input port to the second and third ports, respec-
tively.

4. 2-D Amplifying Array

Cascading and connecting the basic cells designed above
can construct the entire amplifying antenna array. The two-
dimensional array is implemented with 4 × 3 antenna el-
ements. These elements are equally spaced along x- and
y-axis with a distance (d) of 26.25 mm, which is 0.91 wave-
length at 10.4 GHz. Figure 8 shows the top-view and
bottom-view photos of the fabricated array. The antennas
are placed on the top side while other components such as
the amplifiers, transmission lines, and the bias network are
placed on the bottom side. The return loss, antenna gain,
and the radiation patterns are measured. Figure 9 illustrates

Fig. 8 (a) The top-view and (b) bottom-view of the fabricated amplifying
array.

the measurement results for the return loss, which is be-
low 10 dB in the frequency range from 10 to 10.7 GHz and
shows a resonant frequency of 10.33 GHz. The center fre-
quency shift is mainly contributed by the coupling of adja-
cent elements.

The gain and radiation patterns of the amplifying array
are measured using an X-band standard horn antenna with a
gain of 15.9 dBi at 10.4 GHz [10]. The receiving horn con-
nected to a power meter is placed at a distance of 220 cm,
which is in the far-field zone of the array. The arrangement
for the measurement is exhibited in Fig. 10. Since the two-
dimensional array is formed along the E-plane and H-plane
of the antenna element, both the E-plane and H-plane pat-
terns are concerned and measured. Figure 11 depicts the
results. For comparison, the calculated radiation patterns
are also shown, which are obtained by multiplying the array
factor through the element pattern of a single patch antenna
[11], [12]:

|EE (θ)| =
∣∣∣∣∣
1
3

EnE (θ)
(
1 + e jkd sin θ + e j2kd sin θ

)∣∣∣∣∣
for E-plane (1)

Fig. 9 Measured return loss as a function of the frequency for the
fabricated 2-D amplifying array.

Fig. 10 Arrangement for measuring the antenna gain and radiation
patterns of the amplifying array.
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Fig. 11 (a) E-plane and (b) H-plane radiation patterns of the 4 × 3 2-D
amplifying array. VDS = 2 V, ID = 20 mA, f = 10.4 GHz.

|EH (θ)|=
∣∣∣∣∣
1
4

EnH (θ)
(
1+e jkd sin θ+e j2kd sin θ+e j3kd sin θ

)∣∣∣∣∣
for H-plane (2)

where EnE(θ) and EnH(θ) denote the normalized E- and H-
plane patterns of single patch antenna, respectively, while
EE(θ) and EH(θ) express the normalized radiation patterns
of the antenna array. For the authenticity of pattern predic-
tion, the patterns of EnE(θ) and EnH(θ) are substituted by
the measured patterns of the two- and three-port antennas
instead of the calculated ones.

The measured E-plane pattern of the array in Fig. 11(a)
possess a 3-dB beamwidth of 16◦ and a first side-lobe level
of −8 dB, which are close to the calculation ones (18◦ and
−12 dB, respectively). The measured H-plane pattern in
Fig. 11(b) has a beamwidth of 14◦ and a side-lobe level
of −11 dB, also in the good agreements with the predicted
ones (14◦ and −12 dB). The maximum gain measured is
27.7 dBiA on the H-plane at 10.4 GHz with 2◦ shift from the
broadside direction. This value is very close to the calcu-
lated array gain 27.5 dBiA, which is 21.6 dB higher than the
gain of a single three-port patch antenna. The main beam
shift on both E- and H- plane is because of the transmis-
sion phase delay through the three- and two-ported cells re-
spectively. The side-lobe level is higher than the predicted

Fig. 12 The antenna gain of the 2-D amplifying array measured at
broadside as a function of frequency.

one because of the divergence of amplitude at each element.
Since the radiation pattern of each cell is not exactly the
same, which result in the asymmetrical pattern in both the
calculated and measured one. The cross-polarization levels
of the measured E- and H-plane are 25 dB lower than the
co-polarization levels.

Compare to a conventional array without amplifying
that gain is 10 log(n), the gain of proposed one is 20 log(n)
because of the power at each radiating element is equal to
the input of array.

Figure 12 presents the measured frequency response
of the array gain at broadside direction. The gain reaches
to a maximum around 10.4 GHz and decreases as the op-
erating frequency shifts from the center frequency because
the phase delay of the transmission lines between adjacent
antenna elements is designed to be a multiple of 360◦ at
10.4 GHz. The waves radiated from antenna elements are
in-phase and then accumulate together at a broadside point
in the far field only at this frequency. At other frequencies,
each succeeding element has a phase delay relative to the
preceding one, so that the beam is steered as the operating
frequency varies, which results in the reduction of broadside
gain.

5. Conclusion

An X-band 4×3 circuit-fed two-dimensional amplifying ar-
ray using the multi-ported aperture-coupled patch antenna
is proposed and demonstrated. This array is constructed us-
ing three kinds of basic cells and stacking the cells in se-
quence without designing the feeding network. With this
design, as the array size increases, there is no gain sat-
uration effect resulted from the extremely long feed line
losses. The return loss of the demonstrated one has a center
frequency at 10.33 GHz and 6.8% 10-dB return-loss band-
width. The peak gain of the amplifying array comes to
27.7 dBiA in the H-plane with a 2◦ shift from the broadside
direction at 10.4 GHz, which is very close to the predicted
one of 27.5 dBiA, The E-plane patterns of the array possess
a half-power beamwidth of 16◦ and a first side-lobe level
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of −8 dB, while the H-plane pattern possesses those of 14◦
and −11 dB, respectively. All agrees very well with the cal-
culated ones. The proposed antenna array architecture has
the advantages of high transmitting power, no power divider
needed, compact, easy bias/construction by stacking the ba-
sic cells, and better array efficiency. The amplifying array
architecture can readily utilized in many radar and point to
point communication applications.
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