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ABSTRACT In this article, a novel and simple design approach of millimeter-wave (mm-wave) low side- and
back-lobe substrate integrated waveguide (SIW) filtenna array is investigated by using predefined filtering
power divider (FPD). The FPD consists of two coupled SIW cavities operating at TE101 and TE301 modes,
respectively. The TE301 mode divides the energy from Cavity 1 into three parts equally and three outputs are
loaded to Cavity 2 for power distribution, making the FPD design simplified. Based on this, the predefined
power splitting ratio (1:1:1 and 1:3:1) of the FPDs can be obtained easily by controlling the output external
quality factor (Qe). Accordingly, the side and back lobes of the filtenna array are suppressed by using the
proposed FPD with predefined power splitting ratio of 1:3:1. To verify the proposed approach, a 3 × 3
filtenna array prototype centered at 27.2 GHz is designed, fabricated and measured. The measured results
show an impedance bandwidth (|S11| <−10 dB) of 1.8 %. The filtenna array performs good gain-passband
selectivity with an in-band peak gain of 11.1 dBi, and the side lobe is suppressed more than 20 dB while the
front-to-back ratio is over 30 dB. Good agreement is achieved between simulated and measured results.

INDEX TERMS Substrate integrated waveguide (SIW), filtering power divider (FPD), slot antenna array,
millimeter-wave (mm-wave), side lobe, back lobe.

I. INTRODUCTION
Millimeter-wave (mm-wave) bands have attracted extensive
attention in fifth-generation (5G) communications to provide
ultra-fast data rate, low latency and significantly improved
spectral efficiency [1], [2]. High gain is generally desirable
for the mm-wave antenna to increase transmission distance
and the antenna array is commonly applied and has been
subject of increased amounts of interest [3]–[7]. Meanwhile,
filters are usually used to suppress out-of-band noise due to
the high stability required in mm-wave communication front
end [8]. To improve the performance of mm-wave system,
antenna array and filter as two adjacent elements generally
are co-designed recently, which is helpful for achieving the
target specifications easily.

The associate editor coordinating the review of this manuscript and

approving it for publication was Giorgio Montisci .

The fusion design of antenna array and filter can not only
reduce the loss but also optimize the overall performance
of the mm-wave front end. To date, filtenna array based on
microstrip lines [9], [10], metallic waveguides [11], [12],
and substrate integrated waveguide (SIW) [13]–[18] have
been developed formm-wave applications. The patch antenna
array achieving the filtering response is realized by vertically
coupledmicrostrip resonator and U-slot resonator [9]. But the
loss for the open transmission structure such as microstrip
resonator is usually serious in mm-wave band. The filter-
ing reflectarray designed by metal waveguide in [11] can
effectively achieve high gain, but it is bulky and difficult
to integrate with planar circuits. The SIW can be treated
as a bridge between the microstrip line and waveguide in
terms of loss and volume. In [13] and [14], the feeding
networks of filtenna arrays composed of vertically stacked
SIW cavities are designed by the traditional synthesis method
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FIGURE 1. The proposed 1-to-3 FPD. (a) Configuration (Design
parameters: d = 0.3, p = 0.5, a1 = 5.5, b1 = 4.84, a2 = 16.3, b2 = 4.9,
W50 = 1.48, W1 = 1.08, L1 = 0.51, W2 =W4 = 2.23, W3 = 2.86,
Wslot = 0.2 and Wk = 2.07. Unit: mm.). (b) Operational topology.

of coupling matrix. However, most of the above mm-wave
filtenna arrays are designed with multi-layer structure, which
increases the manufacturing cost and complexity. Moreover,
the majority of these designs [9]–[18] have high side-lobe
levels due to adopting the feeding network with uniform
power distribution.

On the other hand, side-lobe level is a key performance
characteristics of antenna radiation pattern, which can reduce
the waste of radiation energy and suppress electromagnetic
interference [19], [20]. A feeding network with unequal
power division ratio is one of the important methods to
reduce the side lobe of antenna array. The pattern synthesis
such as Dolph-Chebyshev distribution [19], Taylor distribu-
tion [21] and binomial distribution [22] have been commonly
used to reduce the side-lobe level of antenna array. In [23],
the feeding network of the X-band filtenna array realizes
nonuniform excitation by adjusting the coupling intensity
between the last two resonators to achieve low side-lobe
level. In mm-wave band, the low side-lobe performance of
antenna arrays [24]–[29] is realized by the feeding network
with unequal division ratio. However, it is difficult for them
to provide filtering response. In [30], a C-band 4-way filtering

FIGURE 2. Simulated TE301 mode E-field distribution of SIW cavity.

power divider (FPD) with predefined division ratio based
on half-mode SIW (HMSIW) is presented, where the four
outputs are loaded to a single HMSIW resonator. Though
the compact size is obtained, its topology is not suitable for
applying inmm-wave band because themm-wave SIW cavity
is too small to be loaded by multiple outputs. Accordingly,
there is few mm-wave filtenna array with low side lobe are
reported so far due to the absence of good FPD with flexible
power splitting ratio. In [31], the mm-wave filtenna array
achieves low side-lobe level by reducing the distance between
the radiating slots, but its design is with low flexibility and
only applies to the linear array.

In this paper, a low side- and back-lobe SIW filtenna array
with a planar single-layer structure is proposed. The filtenna
array is fed by a 1-to-3 SIW FPD with predefined power
splitting ratio. In the SIW FPD, both power distribution and
filtering response are fulfilled at the same time by using the
coupling scheme between TE101 mode and TE301 mode cavi-
ties. Each part of TE301 mode answers for one output, and the
desired power splitting ratio of the three outputs is determined
only by their external quality factor (Qe) ratio. Accordingly,
the predefined power splitting ratio (1:1:1 and 1:3:1) of the
FPDs can be obtained easily, and then the FPD with splitting
ratio of 1:3:1 is used as the feeding network of slot antenna
array. To the best of author knowledge, the feeding network
with unequal power splitting ratio is applied for the first time
to reduce the side and back lobes of mm-wave filtenna array.

II. DESIGN OF THE MM-WAVE FILTENNA ARRAY
A. DESIGN OF THE FPD USING HYBRID TE101/TE301
MODE SIW CAVITIES
Fig. 1(a) shows the geometric configuration of the proposed
1-to-3 FPD, which consists of two coupled SIW resonators
(Cavities 1 and 2). Port 1 represents the input while Ports 2,
3 and 4 represent outputs. A 50-� grounded coplanar waveg-
uide (GCPW) feeding line is used to excite the TE101 modes
in Cavity 1. The proposed FPD is designed on a single-layer
printed circuit board (PCB), i.e Rogers RT/Duroid 5880 with
a relative permittivity of 2.2, a loss tangent of 0.0009 and a
thickness of 20 mil. Fig. 1(b) shows the fusion design topol-
ogy of the proposed FPD. S1 represents the source (corre-
sponding to Port 1) while L2, L3 and L4 denote the three loads
(corresponding to Port 2, Port 3 and Port 4, respectively),
where MS1, M12, M2L2, M2L3 and M2L4 indicated by solid
line are the main-coupling items, while M1L3 expressed by
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FIGURE 3. Coupling coefficient K12 versus the width Wk of coupling
window.

dash line is the cross-coupling item. It can be seen from
Fig. 1(a) that R1 is closer to L3 as compared with L2 and L4.
Therefore, there is a cross coupling between R1 and L3. The
coupling matrix M can be expressed as follows:

M=



S 1 2 L2 L3 L4
S 0 MS1 0 0 0 0

1 MS1 0 M12 0 M1L3 0

2 0 M12 0 M2L2 M2L3 M2L4
L2 0 0 M2L2 0 0 0
L3 0 M1L3 M2L3 0 0 0
L4 0 0 M2L4 0 0 0


(1)

The employed SIW Cavities 1 and 2 are designed to res-
onate at TE101 and TE301 modes, respectively. Cavity 1 is
coupled with Cavity 2 through the coupling window, and the
energy from Cavity 1 is equally divided into three parts by
the TE301 mode in Cavity 2. All three outputs are located
at the position of the strongest electric field of TE301 mode.
Accordingly, both power distribution and filtering response
are fulfilled at the same time by using the coupling scheme
between TE101 mode and TE301 mode cavities. The E-field
distribution of the operating TE301 mode of Cavity 2 is given
in Fig. 2. The plus (+) and minus (-) signs indicate the
orientation of the E-field. It can be seen that the phase in the
middle of TE301 mode is opposite to the two sides.
The resonant frequency of TEm0q-mode can be easily deter-

mined by (2) [32]

fTEm0q =
c

2
√
µrεr

√(m
a

)2
+

(q
b

)2
(2)

where c is the velocity of light in vacuum, µr and εr are the
relative permeability and relative permittivity of the dielectric
substrate, m and q are the mode indices along the respective
x-axis and y-axis directions. a and b denote the length and
width of the SIW cavity, respectively.

FIGURE 4. The extracted Qe. (a) Qe versus L1 with different W1. (b) Qe
versus Wj2 for the loads.

Assuming that the multiport network in Fig. 1(b) is loss-
less, and P1 and Pi (i = 2, 3 or 4) represent the input power of
Cavity 1 and the dissipated power of each output of Cavity 2,
we can obtain the P1 = P2+ P3 + P4. The power splitting
ratio and the dissipated power of each output are defined as

P2: P3: P4 = α2: α3: α4 (3)

Pi =
αi
4∑
i=2
αi

P1 (4)

According to the definition of theQe, the inputQes and the
QeLi of each output can be expressed as

Qes = ω0
Wa

P1
(5)

QeLi = ω0
Wa

Pi
(6)

whereWa andω0 represent the average energy storage and the
resonant frequency of the employed resonator, respectively.

Accordingly, we can obtain each output QeLi

QeLi =

4∑
i=2
αi

αi
Qes (7)
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FIGURE 5. Simulated results of the proposed FPD with predefined power
splitting ratio of 1:1:1. (a) Magnitude (Simulated and matrix response).
(b) Phase-frequency response.

It is can be found the Qe ratio obtained in this way is consis-
tent with the relationship between the Qe and power splitting
ratio in [33]. For example, when the in-band splitting ratio is
set as α2: α3: α4 = 1:1:1, the three outputQe is equal and can
be calculated as QeL2 = QeL3 = QeL4 = 3Qes.
Based on the above discussion, the design process of the

proposed second-order FPD can be divided into two steps,
which can be synthesized independently. In the first step,
according to the specification of filtering, the desired input
Qes and coupling coefficient K12 can be determined by the
lumped parameters of a lowpass prototype.

Qes =
g0g1
FBW

(8)

K12 =
FBW
√
g1g2

(9)

The second step is to split in-band power by controlling
each outputQe by using (7). To demonstrate the above derived
theory, two design examples with predefined splitting ratios
are designed.

The first example is an mm-wave 1-to-3 FPD with split-
ting ratio 1:1:1, and the passband response is with center

FIGURE 6. Simulated results of the proposed FPD with predefined power
splitting ratio of 1:3:1. (a) Magnitude (Simulated and matrix response).
(b) Phase-frequency response.

frequency f0 = 27.2 GHz and 0.1-dB-ripple fractional
bandwidth (FBW) of about 1.65% in this design. (g0 =
1, g1 = 0.8431, and g2 = 0.6220). Thus, the desired input
Qes = 51.1 and K12 = 0.023, meanwhile, the output QeLi =
3Qes = 153.3.

Fig. 3 shows the design curve of K12 of the proposed FPD,
which can be used to determine the window length Wk . The
main-coupling parametersM12 andMS1 can be obtained by

M12 =
K12

FBW
(10)

MS1 =
1

FBW · Qes
(11)

According to (7), in order to achieve the splitting ratio of
1:1:1, there must be

M2Li =
1

√
FBW · QeLi

(i = 2, 3, 4) (12)

The coupling matrix M1 of the proposed 1:1:1 FPD is syn-
thesized as shown in (13), as shown at the bottom of the next
page.

Fig. 4(a) shows the curve of input Qes against L1 and W1
when other parameters are fixed. It is found that when theQes
decreases as L1 orW1 is increased. In other words, the Qes is
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reduced when the coupling strength between the Cavity 1 and
the feeding line increases. For the three outputs, it can be seen
from Fig. 2 that the energies of the three parts of TE301 mode
are equal so that only one output Qe needs to be extracted in
this design, as shown in Fig. 4(b), where the output is located
at the center of the SIW Cavity 2. The value of Qe decreases
as Wj2 increases. The Qe values of the other outputs (Ports 2
and 4) are referred to Fig. 4(b). As a result, the three output
coupling windows (W2, W3 and W4) are equal in this case.
Accordingly, the final dimensions of the proposed FPD can
be determined after fine tuning.

Fig. 5 shows the simulated results of the FPD, verifying
the simple design procedure is effective. It can be seen the
matrix response and simulated result match each other in the
passband. Owing to cross coupling, a transmission zero is
generated on the side of the lower stopband of S31.
For further demonstration, a FPD with unequal splitting

ratio of 1:3:1 is designed, which will be used as a feeding
network of filtenna array for achieving low side lobe. This
FPD has the same filtering specifications as the first example
above. Thus, the desired input Qes = 51.1 and K12 = 0.023,
meanwhile, the output QeL2 = QeL4 = 255.5, and QeL3 =
85.2. The coupling matrixM2 to achieve the division ratio of
1:3:1 can be synthesized in (14), as shown at the bottom of
the page, where MS1 in the coupling matrix M2 is consistent
with that in (10), the other main-coupling parameters can be
expressed as

M2Li =
1

√
FBW · 5Qes

(i = 2, 4) (15)

M2L3 =
1√

FBW · 53Qes
(16)

The simulated results of the FPD with splitting ratio
of 1:3:1 are shown in Fig. 6. According to the unequal
power splitting ratio of 1:3:1, the ideal S21, S31, and S41 are
−6.99 dB, −2.22 dB and −6.99 dB, respectively. As can be
seen from Fig. 6(a), the simulated results show that the FPD
centered at f0 owns a 3-dB FBW of 2.24%. The simulated

FIGURE 7. Configuration of the 1 × 3 slot subarray. (Design parameters:
l = 18.0, w = 5.43, ws = 0.3, s0 = 0.25, ls = 4.33, g1 = 5.2 and
g0 = 2.75. Unit: mm.)

FIGURE 8. Simulated results of the 1 × 3 SIW slot subarray. (a) |S11|.
(b) Radiation patterns (E-plane: black curves, H-plane: blue curves).

reflection coefficient (|S11|) is better than 20 dB within the
passband, and the simulated insertion loss for the three paths
is about 1.2 dB (not including 1:3:1 power division loss). And
a transmission zero is generated at 24.6 GHz in the lower
stopband of S31 due to the cross coupling (M1L3). Fig. 5(b)
and Fig. 6(b) show the phase-frequency responses of the
outputs. As expected, Port 2 and Port 4 are in-phase and Port 3
is out-of-phase. This method of using Qe to control power
distribution is independent of the output phase of the FPD.

B. DESIGN OF THE SIW SLOT ANTENNA ARRAY
Fig. 7 illustrates the 1 × 3 SIW slot subarray that is fed
with a waveguide port. The structure of SIW slot array in
longitudinal direction is similar to that of the conventional

M1 =



S 1 2 L2 L3 L4
S 0 1.0890 0 0 0 0
1 1.0890 0 1.3810 0 −0.0900 0
2 0 1.3810 0 0.6287 0.6287 0.6287
L2 0 0 0.6287 0 0 0
L3 0 −0.0900 0.6287 0 0 0
L4 0 0 0.6287 0 0 0


(13)

M2 =



S 1 2 L2 L3 L4
S 0 1.0890 0 0 0 0
1 1.0890 0 1.3810 0 −0.0900 0
2 0 1.3810 0 0.4870 0.8435 0.4870
L2 0 0 0.4870 0 0 0
L3 0 −0.0900 0.8435 0 0 0
L4 0 0 0.4870 0 0 0


(14)
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FIGURE 9. The proposed 3 × 3 SIW slot array. (a) Configuration.
(b) Simulated radiation patterns of the 3 × 3 antenna array in E-plane
with different incident power ratio at f0.

waveguide slot array [34]. In SIW slot array structures, the
calculation of parameters is slightly different from that of
rectangular waveguide due to the built-in medium [35]. The
initial antenna width w is about 0.5λ0(λ0 is free space wave-
length at f0). In this design, three longitudinal slots are inter-
mittently placed at the two sides of the center line. In order
to obtain the low side lobes of both E- and H -planes in the
final filtenna array, the adjacent slots along the y-axis are
spaced at about half of guided wavelength (λg/2) for achiev-
ing zero side lobe of H -plane [28], as shown in Fig. 8, at the
expense of slight gain reduction. The distance between the
last slot along the y-axis is λg/4 from the right short plane for
matching. As can be seen from Fig. 8 (a), the simulated FBW
(|S11| < −10 dB) of the 1 × 3 subarray at f0 = 27.2 GHz is
5.9 % (26.39 - 27.99 GHz). The simulated radiation patterns
are presented in Fig. 8(b).

On this basis, the 1 × 3 subarray in Fig. 8 is used to
construct a 3 × 3 slot antenna array, which is realized by
placing 3 subarrays along the x-axis for constructing an array
in E-plane. The specific configuration of 3 × 3 antenna

TABLE 1. Side- and back-lobe comparison of 3 × 3 antenna array with
different power ratio.

array is shown in Fig. 8 (a), where inputs are Port 2, 3 and
4 correspond to the outputs of FPD in Fig. 1. To radiate
in-phase, the slots of the Subarray 2 should be positioned
alternately opposite to slots in Subarrays 1 and 3 (with respect
to the central red line) because the phase difference between
Port 3 and Port 2/Port 4 is 180◦, as can be seen from Fig. 6(b).
The excitation powers of the three inputs of the 3× 3 antenna
array are P2, P3 and P4 respectively. The simulated radiation
patterns of the antenna array in E-plane with different power
ratios at f0 are given in Fig. 9 (b) (here the proposed FPD is not
included). It confirms the side-lobe level suppression when
high energy is placed on the middle subarray. In addition,
it can be seen that the utilization of unequal power distribution
results in a low back-lobe antenna array. This is because the
middle subarray (Subarray 2) shown in Fig. 9 acquiring the
highest power owns the largest reflecting ground plane. It can
be seen from Fig. 10 that the E-field in the middle subarray of
slot antenna array is strongest due to the power division ratio
of FPD is set as 1:3:1. Table 1 shows the influence of power
splitting ratio on side and back lobes of antenna array in
E-plane. Both side- and back-lobes are suppressed more than
25 dB when the power division ratio is set as 1:3:1. Fig. 10
shows the photograph of the implemented 3 × 3 filtenna
array prototype. The occupied area of the filtenna array is
28.9 mm × 17.5 mm (2.62 λ0× 1.59 λ0). The 1-to-3 SIW
FPD provides three paths to directly excite the proposed 3 ×
3 antenna array, showing simple design procedure.

III. RESULTS AND DISCUSSION
The radiation performance is measured using the mm-
wave antenna measurement system in a chamber as shown
in Fig. 12. The input signal is generated by an Agilent
signal generator E8257D and is fed to a standard horn
antenna (26.5-40 GHz). The employed spectrum analyzer is
Agilent E4447A.

Fig. 13 exhibits the simulated and measured |S11| and
gain of the proposed 3 × 3 filtenna array. It can be
found that the measured FBW (|S11| <−10 dB) is 1.8 %
(26.87 - 27.35 GHz). The measured peak gain is 11.1 dBi,
and the in-band gain curve is flat. As can be seen, the out-
of-band rejection of the gain is good in this design. The
suppression is more than 13.5 dB at stopband frequency
above 28 GHz while it reaches 26 dB at the stopband
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TABLE 2. Comparison of the proposed filtenna array with other previous designs.

FIGURE 10. Simulated E-field distribution of the proposed SIW filtenna
array at f0.

FIGURE 11. Photograph of the proposed SIW filtenna array.

below 26 GHz. Fig. 14 shows the simulated and measured
radiation patterns of the proposed 3 × 3 filtenna array at f0.
The cross-polarization (x-pol) levels are lower than −20 dB
in both E-plane and H-plane. All side-lobe levels of the
measured realized radiation patterns are less than −20 dB.
Themeasured front-to-back-ratio (FTBR) ismore than 30 dB,

FIGURE 12. The measurement setup for the proposed antenna array.

indicating that unequal power division feeding technique is a
feasible approach to reduce both side- and back-lobe levels
simultaneously. It is well known that the mm-wave antenna
is very sensitive to the fabrication and implementation errors
and the testing environment such as turntable and cable will
also affect the radiation patterns. As shown in Fig. 14, the
average error between the measured and simulated radiation
patterns is only 0.5 dB within the 3 dB beamwidths of E- and
H-planes, showing good consistency.Meanwhile, the average
error becomes large (the maximum difference is 5.8 dB) at
beam pointing angles of 30◦ to 90◦ and 270◦ to 330◦. This
is because the signal received by the spectrum analyzer in
Fig. 12 is very small due to the short wavelength ofmillimeter
waves at these angles, and then the spectrum analyzer records
the received RF power, whose fluctuation is large but the
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FIGURE 13. Comparison of the measured and simulated gain curves and
|S11| responses of the proposed filtenna array.

FIGURE 14. Simulated and measured filtenna array radiation
patterns at f0.

power difference is small. As a whole, the measured radiation
patterns of the proposed antenna array agree well with the
simulated ones, which verify the proposed design concept
effectively.

The comparisons of the proposed filtenna array with pre-
viously reported counterparts are summarized and listed in
Table 2. Benefiting from the adoption of the unequal power
division ratio, the filtenna array has the lowest side and back
lobes as compared with the reported filtenna arrays using
equal power dividers [12]–[15]. In [12], the filtenna array
has higher gain, but the low-loss waveguide structure is used,
which is bulky and not suitable to integrate with planar cir-
cuits. In [13], it is reasonable that the gain roll-off (ξ ) of the
filtenna array is high due to the four resonators are applied
in achieving bandpass response. It can also be seen from [24]
and [29] that the feeding network with unequal power ratio
are effective in reducing the sidelobe of antenna array, but
neither of these two designs can provide filtering response.

IV. CONCLUSION
In this article, a single-layer low side- and back-lobe
mm-wave SIW filtenna array fed by FPD with predefined
power splitting ratio has been presented, and the design pro-
cedure and parametric studies have been given in detail. The
SIW filtenna array is realized in a simple and straightforward

way by directly connecting the FPD to the antenna array,
achieving low side and back lobes. The proposed 3 × 3
filtenna array has several advantages such as simple structure,
easy fabrication, and high performance. Therefore, it would
be an attractive candidate for the applications in mm-wave
wireless communication systems.
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