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ABSTRACT A dual-band mm-wave compact antenna is proposed in this paper. A quarter-wave half-slot

resonator is used instead of a half-wave slot to achieve miniaturization of the antenna size. The antenna

consists of two stacked half-slot resonators to radiate at two frequencies, f1 = 24 GHz and f2 = 28.5 GHz,

with the same microstrip line feed. By using this stacked structure, a dual-band is obtained and the two

resonant frequencies become independently matched with a minor effect on each other. Measurements show

the proposed antenna has an impedance bandwidths of 6.3% and 15% at f1 and f2, respectively; furthermore,

the antenna has good radiation characteristics. The antenna gains in addition to the radiation efficiencies

at f1 and f2, are 3.5dBi, 92%, 4dBi, and 95% respectively. The equivalent circuit model for the proposed

antenna is introduced to show the electrical behavior of the antenna. Finally, the antenna design is inserted

in multiple-input multiple-output (MIMO) system. The proposed antenna is analyzed and optimized using

ANSYS HFSS EM simulator and its equivalent circuit is performed by Agilent Advanced Design System

(ADS). The simulated as well as measured results show good agreement. The designated antenna resembles

good candidate for 5G wireless communication systems.

INDEX TERMS Compact antenna, dual frequency, independent matching, multiple-input multiple-output

(MIMO), quarter-wave half-slot resonator (QWHSR), stacked structure.

I. INTRODUCTION

The existing mobile communication spectrum at low fre-

quency bands is facing many problems concerning the com-

munication speed like having low bit rate and cannot keep

up with the tremendous development in the communica-

tion sector in the near future. Therefore, many research

works tended to study the feasibility of using 5G wire-

less communication [1]–[7]. Consequently, many antenna

designs are introduced at 5G mm-waves [8]–[12]. In [8],

a 5G broadband printed dipole antenna is presented. The

single element antenna, with 10 × 4.5 mm2 antenna size,

The associate editor coordinating the review of this manuscript and
approving it for publication was Sandra Costanzo.

radiates from 26.5 − 38.2 GHz with average gain around

5 dBi. A wide band high gain antenna array was intro-

duced [9], four elements antenna array which works over

a band from 23 GHz to 32 GHz with an antenna array

gain between 10 − 12 dBi for 5.35 × 21.4 mm2 array size.

A single element is also introduced to get a gain of 5.3 dBi

at center frequency of 31.5 GHz with 5 × 5 mm2 antenna

size [10]. In [11], a single band vertically stacked folded

dipole antenna for mm-wave applications is introduced. The

antenna’s dimensions are 5 × 5 mm2 which is designed at

28 GHz with a peak gain of 5.67 dBi. Reflectarrays with

high gain and high efficiency for 5G communications are

summarized in [12]. In [13], eight elements Vivaldi antenna
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FIGURE 1. Equivalent model of full and half slots.

array with dimensions of 28.82 × 60 mm2 is introduced to

work with 5Gmmwave applications. Also a single band tilted

combined beam antenna for 28GHz band was presented [14].

There are several studies for applying 5G anten-

nas in MIMO systems [15]–[18]. A broadband circu-

larly polarized (CP) Fabry–Perot resonant antenna for the

fifth-generation (5G) wireless multipleinput-multiple-output

(MIMO) is proposed in [15]. Coupling reduction is intro-

duced in [16], [17] for 5G millimeter wave MIMO dielectric

resonator antennas. In [18], a different configurations of 2×2

MIMO antenna arrays where eight types of antenna arrays are

discussed with different polarizations.

In this work, a compact dual-band QWHSR antenna

is designed which is an extension of a previous single

band half-slot antenna [19]. Starting from the conventional

half-wave slot antenna, where it is an inverse case of the strip

patch antenna; therefore, there is a magnetic wall at the center

of the slot, so the equivalent model for this full slot resonator

can be represented by two parallel LC resonance circuits as

shown in Fig. 1 (a). Hence, in case of the full slot antenna,

the total equivalent inductance is equal L/2 while the total

capacitance becomes 2 × C as depicted in Fig. 1 (b). Con-

sequently, by implementing QWHSR antenna which means

the equivalent capacitance will be halved; On the other

hand, the equivalent inductance will be doubled as illustrated

in Fig. 1 (c). Therefore, the resonant frequency should be the

same. In fact, the resonant frequency is slightly decreased

owing to confining the field on only half slot resonator.

In the presented paper, a QWHSR antenna is designed to

achieve a small size with dual band operation at millimeter

wave frequency range. The antenna has a stacked structure

to achieve an independent matching dual band. At the last

section of the paper, a study of 2 × 2 MIMO system using

four elements of proposed antenna is introduced

II. ANTENNA GEOMETRY

The proposed stacked antenna comprises a common transmis-

sion line, with a width of 0.2mm, which excites two ground

FIGURE 2. Antenna geometry; L = 1.5mm, W = 3.2mm, W1 = 0.3mm,
L1 = 0.3mm, L2 = 0.5mm, L3 = 1.3mm, LShift = 0.4mm.

planes, the lower one contains a half slot with two slits inside

as shown in Fig. 2; this half slot in addition to the two

slits are designed to resonate at the lower frequency band.

While, the upper ground plane has another rectangular half

slot which is assigned for the higher frequency band. The

two ground planes are connected from their edges. An open-

circuited series stub shown in Fig. 2 is used for adjusting the

antenna matching at the two frequency bands. The proposed

antenna is designed on Rogers Duroid RO3003 with a relative

permittivity (ǫr ) of 3, substrate thickness (h) of 0.76 mm,

a dielectric loss tangent (tanδ) of 0.0013 and a copper thick-

ness (t) of 0.017 mm. The antenna geometrical parameters

are illustrated in Fig. 2.

Due to the small dimensions of the proposed antenna,

2.7 mm× 3.2mm, hence the transmission line is extended by

λg/2 to fix theK connector during the antennameasurements,

where λg is the guided wavelength and this extension means

moving one complete cycle on the Smith chart, so the antenna

input impedance should be the same value. The proposed

antenna has dual-band of operation, so in the measurement it

is difficult to achieve the matching at the two bands simulta-

neously after adding a certain length for connector soldering.

Therefore, a dual band matching circuit is required for the

measurements. In order to overcome this issue, the measure-

ment process was simplified by dividing it into two steps,

the first step is by extending the feeding line by λg/2 at the

first resonant frequency (f1) where λg/2|f1 = Lext1 = 3.6mm.

Then, after measuring the antenna characteristics (S11 and

radiation patterns), the transmission line is shortened to give

the extended length at λg/2 of the second higher resonating

frequency to complete the antenna measurements in this case,

where λg/2|f2 = Lext2 = 3mm. Fig. 3 shows a photo of both
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FIGURE 3. Photos of the fabricated antenna.

FIGURE 4. Simulated and measured |S11| results.

FIGURE 5. Input impedance of proposed antenna.

sides of the fabricated antenna prototype; the feeding line is

confined between the two ground planes. The fabrication is

accomplished by using CNC machine which gives an accu-

rate dimensions at this high frequency range of operation.

III. RESULTS AND DISCUSSION

A. ANTENNA S-PARAMETERS

The simulated results using HFSS as well as the measured

results of the antenna reflection coefficient for the proposed

antenna at the two resonant frequencies are shown in Fig. 4.

The first resonant frequency is f1 = 24 GHz with the

measured bandwidth of 1.53GHz, while the higher resonant

frequency is f2 = 28.5 GHz with bandwidth of 4.5GHz.

The real and imaginary parts of the antenna input impedance

are depicted in Fig. 5. For the sake of obtaining the opti-

FIGURE 6. Parametric study for the different antenna parameters
(a) effect of L1 (b) L2 (c) LShift (d) L3.

mal parameters affecting the performance characteristics of

the proposed antenna in terms of impedance matching and

operating bandwidth, the optimization of the key parameters

are performed by ANSYS high-frequency structure simula-

tor (HFSS). Figs. 6(a) and (b) show the effect of chang-

ing the slits’ lengths of the half slot located on ground (1)

(L1 and L2). The figures clear that by changing the lengths

L1 and L2, this affects only on the first resonant frequency

without significant impact on f2. Similarly, L3 only affects

on the higher resonant frequency. Therefore, the two bands

are controlled independently. Fig. 6(d) reveals the effect of

changing the length of the upper half slot on the higher oper-

ating frequency (f2), as evident from the figure, by increasing

the upper half slot length, f2 is decreased; L3 is changing

from 1mm to 2mm, while its resonant frequency is varied

from 25.5GHz to 32.5GHz without affecting on f1. Another

point to consider is that the length of slit (1), L1, has more

effect than L2, this is because slit (1) is near to the half slot

end where the confined field is concentrated as shown from

the surface current distribution illustrated in Fig. 9(a). Also,

the distance between the two slits, LShift , is studied, at the

small values of LShift which means a large coupling between

the two slits, then the first operating frequency decreases as

depicted in Fig. 6(c). By choosing a suitable design param-

eters, the required dual-band frequencies as well as a wide

bandwidth are obtained with minimum reflection coefficients

at the two frequencies. The matching at the two bands can

be adjusted by connecting a series stub with the feed line;

Fig. 7 shows the effect of changing the stub length (LStub).

To examine the effect of changing the substrate thickness

on reflection coefficient |S11|, a study of using a different

thickness values are carried out as shown in Fig. 8. Substrate
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FIGURE 7. Effect of changing the open-circuited series stub.

FIGURE 8. Effect of changing the substrate thickness on |S11|.

FIGURE 9. Surface current distribution at (a) f1 and (b) f2.

thickness (h) is changed by step 0.2 mm on a range from

0.2 to 1.4 mm. As cleared form the figure, good matching

at the two frequencies (f1 and f2) is between h = 0.6 mm and

h = 0.8 mm. Hence, h = 0.75 mm is chosen as the best

point between them, for commercial material availability,

the antenna is designed on standard Rogers Duroid substrate

with a thickness of h = 0.76 mm. Moreover, the surface cur-

rent distribution of the proposed antenna at the two frequen-

cies is illustrated in Fig. 9 that clarify the field distribution for

each resonator at f1 and f2.

B. ANTENNA RADIATION CHARACTERISTICS

The 2D normalized co-polarization and cross polarization

of the radiation patterns in E-plane and H-plane at f1 and

f2 are illustrated in Fig. 10 and Fig. 11, respectively. 3D of

FIGURE 10. Simulated 2D radiation patterns of E-plane and H-plane at f1
(a) E-plane and (b) H-plane.

FIGURE 11. Simulated 2D radiation patterns of E-plane and H-plane at f2
(a) E-plane and (b) H-plane.

FIGURE 12. 3D radiation pattern at (a) f1 and (b) f2.

the antenna radiation patterns at two operating frequencies

(f1 and f2) is revealed in Fig. 12 in order to show the direc-

tional characteristics (end-fire) of the proposed Open-ended

quarter-wave half-slot resonator.

Due to the limitations in our experiments of the radiation

characteristics at this high frequency band, the antenna’s

radiation patterns was measured using the system shown

in Fig. 13. Anritsu 37269D Vector Network Analyzer was

used in the measurements. The radiation pattern is measured

manually by measuring the |S21| at every 30◦ degrees rotation
for the proposed antenna in the Azimuth plane. A reference
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FIGURE 13. Radiation pattern measurement setup.

FIGURE 14. Peak realized gain as well as radiation and total efficiency
versus frequency.

horn antenna (FMI 22240-20) is used as transmitter, while the

proposed antenna is used as a receiver. Due to the low accu-

racy of the manual measurements, the radiation patterns are

also verified with CST Microwave Studio simulator. Figs. 10

and 11 show that there is a good agreement between the two

EM simulators results. The measured antenna gain has been

calculated using Friis transmission equation:

|S21| =
Pr

Pt
= GtGr (

λ

4πr
)2 (1)

where Pr is the received power, Pt is the transmitted power,

Gt is the gain of the transmitting antenna, Gr is the gain of

the receiving antenna, r is the distance between the receiving

and transmitting antennas, λ is the free-space wavelength and

|S21| is the measured transmission coefficient between the

two ports of the VNA (port 1 and Port 2).

The measured antenna gains at the two frequencies are

3.5 dBi and 4 dBi at f1 and f2, respectively. Also, the simulated

radiation efficiencies are 92% and 95% at the same fre-

quencies. Fig. 14 illustrates the values of peak realized gain,

in dB, in addition to the values of the antenna radiation

FIGURE 15. Antenna equivalent circuit, where the optimized circuit
values are C1 = 1.97 pF , L1 + L′

1
= 23 pH , R1 = 56.5�, C2 = 0.714 pF ,

L2 = 42 pH , R2 = 55.4�, L3 = 18 pH , C3 = 0.1 fF and C4 = 3.6 pF .

TABLE 1. Elements values of equivalent circuit.

efficiency and total efficiency versus a range of frequency

from 23 to 35GHz. Total efficiency is the radiation efficiency

multiplied by the mismatch efficiency that is represented

in the reflection coefficient. Therefore, the values of the

total efficiency is close to that of the radiation efficiency

at the operating frequencies. On the other hand, due to

the mismatching at other frequencies, it has low values of

efficiency.

IV. EQUIVALENT CIRCUIT OF THE PROPOSED ANTENNA

The most challenge of designing the equivalent circuit is how

to find an accurate model of the proposed antenna at the two

resonance frequencies. Fig. 15 shows the equivalent circuit

that used to model the electrical attitude of the proposed

antenna. R, L, andC are used to implement the equivalent cir-

cuit model. As shown in Fig. 15, each QWHSR can be repre-

sented by a parallel RLC resonator; the resonance frequency

of each one can be determined from equation (2). Firstly, each

resonator is studied separately. S-parameters are calculated

from Agilent ADS simulator for each resonator separetely,

then the two resonators are combined in series. The initial

values of L and C for each resonator can be calculated from

equations (3) and (4) [20]. Where, Cp is the capacitance in

picofarad and Lp is the inductance in nanohenry. The resonant

and cutoff frequencies (f0 and fc in gigahertz, respectively)

are determined from the HFSS simulator. Table 1 summa-

rizes the initial values of C and L at the two operating

frequencies.

fr =
1

25
√
LC

(2)

Cp =
5fc

5[f 20 − f 2c ]
pF (3)

Lp =
250

cp[5f0]2
nH (4)
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TABLE 2. Comparison with some published work.

FIGURE 16. Effect of the coupling between slit (1) and slit (2).

The loss resistance can be determined from the quality factor

(Q)-frequency bandwidth relationship (BW) as:

Q =
ω0

BW
= ω0RC (5)

Where, the half power frequency bandwidth is evaluated

from:

BW =
1

RC
(6)

Then, the loss resistance (R) for each resonator can be deter-

mined from equation (7)

R =
1

BW × C
(7)

After combining the two resonators, taking into account the

effect of losses resistances (R1 and R2) and the discontinu-

ities at the two half slots edges (represented in a parallel

capacitor (C3)) in addition to making optimization, the final

equivalent circuit can be obtained. The effect of the changing

in the inductive coupling between slit (1) and slit (2) is

studied in ADS simulator as shown in Fig. 16, where L ′
1

FIGURE 17. Simulated, measured and ADS results of |S11|.

part refers to the value of the inductance due to the cou-

pling between the slits. The simulated results of HFSS and

ADS antenna equivalent circuit in addition to the measured

results of the antenna reflection coefficient at the two resonant

frequencies are shown in Fig. 17. Table 2 gives a com-

parison of the proposed antenna with published mm-waves

antennas.

V. 2 × 2 MIMO SYSTEM FOR THE

PROPOSED QWHS ANTENNA

MIMO antenna arrays are used for multiplexing and diver-

sity in order to improve the signal-to-interference ratio and

achieve high reliability of the communication system. Four

elements MIMO array is tested using the proposed antenna

element to get a good results and high isolation. A structure

of 2 × 2 MIMO system, which is illustrated in Fig. 18,

displays the position and the feeding of four QWHSR anten-

nas. K connector model, which support the operation up to

40GHz, is used in the simulation to get more accurate results.

Fig. 19 shows the effect of the coupling between Ant. 1 and

other three antennas (Ant.2, Ant.3 and Ant.4), Ant.2 has

the largest coupling effect because it is the nearest antenna.

VOLUME 7, 2019 130787
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FIGURE 18. 2 × 2 MIMO system for the QWHS antenna.

FIGURE 19. S-parameters for the proposed MIMO system.

FIGURE 20. Radiation characteristics of the MIMO system.

However, in general the coupling characteristics are accept-

able for MIMO system operation. The simulated results of

radiation characteristics also are displayed in Fig. 20, antenna

realized gain is slightly improved due to the large area of

the ground plane to reach 4.7 dB and 4.9 dB at 24 GHz and

28 GHz, respectively.

VI. CONCLUSION

A new compact dual-band quarter-wave half-slot antenna

for quasi-millimeter wave applications is discussed in this

paper; The antenna works at 24GHz and 28.5GHz frequency

bands with gains and radiation efficiencies of 3.5 dBi, 92%,

4 dBi, and 95% at f1 and f2, respectively. Antenna equivalent

circuit is introduced to show the electrical behavior of the

proposed design for active devices integration purposes. The

proposed antenna is a good candidate for 5G wireless com-

munication applications. The proposed antenna is employed

in MIMO array composed of four elements. MIMO systems

gives good results for the s-parameters as well as the radiation

characteristics.
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