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Abstract: A novel differential quasi-Yagi antenna is first presented and compared with a normal single-ended counterpart. The simulated
and measured results show that the differential quasi-Yagi antenna outperforms the conventional single-ended one. The differential quasi-
Yagi antenna is then used as an element for linear arrays. A study of the coupling mechanism between the two differential and the two single-
ended quasi-Yagi antennas is conducted, which reveals that the TE; mode is the dominant mode, and the driver is the decisive part to account
for the mutual coupling. Next, the effects of four decoupling structures are respectively evaluated between the two differential quasi-Yagi an-
tennas. Finally, the arrays with simple but effective decoupling structures are fabricated and measured. The measured results demonstrate
that the simple slit or air-hole decoupling structure can reduce the coupling level from —18 dB to =25 dB and meanwhile maintain the imped-
ance matching and radiation patterns of the array over the broad bandwidth. The differential quasi-Yagi antenna should be a promising an-

tenna candidate for many applications.
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1 Introduction
ith the trend toward the system-on-chip (SoC) and
system-in-package (SiP) solutions of radio and ra-
dar transceivers, differential antennas are getting
popular for their advantages such as low cross-
polarization, common-mode rejection, symmetrical radiation
pattern, and seamless integration with differential circuits' ~*.
A quasi-Yagi antenna was originally proposed as a single-
ended antenna” although the driver is differential. Now, the
quasi-Yagi antenna is an important type of antennas for end-
fire radiation. However, most reported quasi-Yagi antennas

578 They need to use baluns or

are single-ended antennas
complicated feeding networks to convert differential drivers to
single-ended inputs, which greatly increases design complex-
ity and degrades antenna performance. In addition, the cou-
pling between two conventional single-ended quasi-Yagi an-
tennas was examined for the design of quasi-Yagi arrays. How-
ever, the dominant electromagnetic mechanism and the key
structural part for coupling are not clear.

To our best knowledge, the first differential quasi-Yagi an-

' was implemented in a thin cavity-down ceramic ball

tenna
grid array package in low temperature co-fired ceramic
(LTCC) technology. It achieved a 10 dB impedance band-
width of 2.3 GHz from 60.6 GHz to 62.9 GHz and a peak gain

of 6 dBi at 62 GHz. The bandwidth was too narrow for 60 GHz

radios, which typically require the bandwidth of 7 GHz from
57 GHz to 64 GHz. Furthermore, there has been no differen-
tial quasi-Yagi array reported up to now.

In this paper, we present the design, analysis, and mea-
surement of a differential quasi-Yagi antenna and array on
high dielectric constant substrates. We design the differen-
tial quasi-Yagi antenna and discuss the simulated and mea-
sured results in Section 2. We describe the differential quasi-
Yagi linear arrays, study the coupling mechanism between
the two differential quasi-Yagi antennas, evaluate the effects
of decoupling structures, and discuss the simulated and mea-
sured results in Section 3. Finally, we draw the conclusion in
Section 4.

2 Differential Quasi-Yagi Antenna

Fig. 1 shows the structure and dimensions of the differential
quasi-Yagi antenna proposed in this paper. Note that the an-
tenna consists of three elements, namely a driver, a reflector,
and a director. The driver is fed by a differential coplanar
strip (CPS) line, which is gradually transformed into two
single-ended tapered coupled microstrip lines (TCML). More
commonly, there are more than one director to improve the an-
tenna gain. The driver and director are horizontally printed on
the top surface of a substrate of dielectric constant &, loss tan-
gent O, length [, width w,, and thickness h. The reflector is
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TCML: tapered coupled microstrip line

CPS: differential coplanar strip

A Figure 1. Structure and dimensions of the differential quasi-Yagi antenna

usually printed on the bottom surface of the substrate, which
has another function as the ground plane.

The design procedure of the differential quasi-Yagi antenna
is as follows. It starts with choosing a substrate for the maxi-
mum excitation of the surface wave of the TE; mode by an
electric dipole on the substrate at the central frequency of the
operating band. ALEXOPOULOS et al. examined how the sub-
strate affects the excitation of surface waves!"”. They found
that the surface wave of the TE; mode can be maximumly ex-
cited if the critical value of the substrate electrical thickness
is satisfied. Using the method described in the classical pa-
per'”. LEONG and ITOH showed that the critical values for
the electrical thickness are 0.03, 0.05, and 0.08 for the sub-
strates with &, =10.2, 4, and 2.2, respectively[s]. Then, the ini-
tial values are set for the length [ and width w, of the director,
the distance d, between the director and the driver, the length
[, and width w, of the driver, and the distance d, from the
driver to the reflector. For simplicity, the same width of 0.02A,,
can be chosen for the driver and director. The length of the
driver is about 0.45A,. The length of the director should be
shorter than that of the driver and can be 0.3A,. The distances
between the director and driver and between the driver and re-
flector are about 0.3A, and 0.25A,, respectively. Next, the
width w, and spacing g, of the CPS line can be estimated with
the available empirical formula. Finally, the optimum values
for the above design parameters can be obtained from High
Frequency Structure Simulator (HFSS) simulations.

Fig. 2 shows the photo of the differential quasi-Yagi an-
tenna designed and fabricated on a substrate of dielectric con-
stant £, = 10.2 and thickness h=0.635 mm at X-band frequen-
cies. The fabricated dimensions are w, =15 mm, w,=4.4 mm,
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A Figure 2. Photo of the differential quasi-Yagi antenna

wy=w,=0.6 mm, w,=1.5 mm, [ =17 mm, [;=3.2 mm, /,=8.7 mm,
[, =1.3 mm, [; =3.9 mm, d, = 3.3 mm, d,=3.2 mm, d,=6.1 mm,
2,=0.3 mm, and g,=0.6 mm.

Fig. 3 shows the simulated electric field distributions on the
top and bottom surfaces of the differential quasi-Yagi antenna.
As expected, the surface wave of the TE; mode is indeed
strongly excited and propagated in the directions normal to the
driver. On the one hand, since the polarization direction of the
electric field on the driver is the same as that of the electric
field on the director, there will be a strong coupling between
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A Figure 3. Electric field distribution on the (a) top and (b) bottom surfaces



them. Thereby, the surface wave of the TE; mode is guided to
radiate in the end-fire direction. On the other hand, due to the
existence of the ground plane or the reflector, the surface wave
of the TE, mode cannot be propagated in the grounded sub-
strate region and will be reflected, which further strengthens
the radiation in the end-fire direction.

It should be pointed out that the surface wave of the TM,
mode is quite weakly excited, which can propagate along the
axial directions of the driver in both the grounded and un-
grounded substrate regions. It causes cross-polarized radia-
tion and deteriorates antenna gain and front-to-back ratio.
Therefore, in designing a quasi-Yagi antenna, the major con-
cern is how to excite the surface waves of the TE, mode to the
greatest extent and the surface waves of the TM;, mode to the
lowest extent.

Fig. 4 shows the simulated and measured 1S, | of the dif-
ferential quasi-Yagi antenna as a function of frequency from
7 GHz to 15 GHz. It is evident
from the figure that although there
are differences between the simu-
lated and measured values, the an-
tenna achieves acceptable match-
ing from 7.5 GHz to 14.8 GHz or a
fractional bandwidth of 66% for a
voltage standing wave ratio < 2 at
11.15 GHz. Fig. 5 shows the simu-
lated and measured radiation pat-
terns at 8.2 GHz, 10.6 GHz, and
12.3 GHz. As expected, the an-
tenna radiates an end-fire beam.
Fig. 6 shows the simulated and
measured gain values. The mea-

sured gain values fluctuate be-
tween 3.7 dBi and 5.4 dBi from
8 GHz to 12.3 GHz. The simu-
lated radiation efficiency is 94%
at 10 GHz. The simulated radia-
tion efficiency at frequencies be-
low 8 GHz and above 13.5 GHz drops quickly, which explains
why the gain drops.

Table 1 lists the bandwidth, gain, efficiency, cross-
polarization (X-pol), and front-to-back ratio (FBR) for the
single-ended and differential quasi-Yagi antennas at 10 GHz.
It should be mentioned that these quasi-Yagi antennas have
the same size and are fabricated with the same material. Note
from the table that the differential quasi-Yagi antenna outper-
forms the single-ended counterparts.

3 Differential Quasi-Yagi Array

The application of the differential quasi-Yagi antenna as an
array element is explored in this section. We limit our effort to
E-plane linear arrays because we target their potential use in

portable and mobile devices'" ™',
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A Figure 4. Simulated and measured IS, | of the differential quasi-
Yagi antenna

A Figure 5. Simulated and measured E- and H-plane radiation patterns of differential quasi-Yagi antennas
at (a) 8.2 GHz, (b) 10.6 GHz, and (c) 12.3 GHz
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A Figure 6. Simulated and measured gain values of the differential
quasi-Yagi antenna
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VTable 1. Single-ended and differential quasi-Yagi antennas

Reference Bandwidth/%  Gain/dBi  Efficiency/%  X-pol/dB  FBR/dB
Ref. [7] 48 4.6 93 -12 12
This work 73 44 94 -21 15

FBR: front-to-back ratio ~ X-pol: cross-polarization
3.1 Linear Arrays

Fig. 7 shows the top views of the two- and four-element E-
plane linear differential quasi-Yagi arrays. The differential
quasi-Yagi element is the same as the differential quasi-Yagi
antenna presented in the previous section. The distance be-
tween the two adjacent elements is d.

3.2 Coupling Mechanism

The mutual coupling between elements needs to be consid-
ered especially in the design of a phased array because strong
mutual coupling may cause scan blindness. The mutual cou-
pling is determined by the transmission coefficient 1S,,| or IS,
of an array. DEAL et al.” determined the E-plane mutual cou-
pling between two single-ended quasi-Yagi antennas imple-
mented on the same substrate to be below — 18 dB and, in most
cases, below — 20 dB for the center-to-center spacing equal to
or greater than the half wavelength at 10 GHz".. They also made
an effort to identify the source of mutual coupling and con-
cluded from their measurements of the testing structures that,
for a 15-mm-array spacing that corresponds to the half wave-
length at the central frequency of 10 GHz, mutual coupling is
almost solely due to coupling through the air'”’,

To get a deeper insight into the coupling mechanism, we
have conducted a simulated study of mutual coupling between
two single-ended and two differential quasi-Yagi antennas, re-
spectively. First, we keep the drivers, the substrate, and the
truncated ground plane but remove all the other building
blocks. Fig. 8(a) shows the simulated electric field distribution

g —
(a)
1 2 3 4
(b)

A Figure 7. Structures of the E-plane linear differential quasi-Yagi ar-
rays of (a) two elements and (b) four elements
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on the top surface of the substrate for the case with one driver
fed by a lumped port and the other driver matched to a load at
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A Figure 8. Simulated electric field distributions: (a) only driver, (b)
driver and director, (c) driver, director and differential coplanar strip
(CPS), (d) driver, director, CPS and balun, and (e) driver, director,
CPS and tapered coupled microstrip line (TCML)



10 GHz. It is evident from the figure that the surface wave of
the TE, mode has been strongly excited and trapped in the un-
grounded substrate region. It is important to note that the
grounded substrate region cuts off the surface wave of the TE,
mode and forces it to be reflected to the ungrounded substrate
region. The reflected surface wave of the TE; mode is an im-
portant source of mutual coupling. Then, we add two directors
in the model, and the simulated electric field distribution on
the top surface of the substrate at 10 GHz is shown in Fig. 8
(b). Tt is seen that there is a strong desirable coupling between
the excited driver and its director due to the surface wave of
the TE; mode for end-fire radiation. There seems no effect by
the directors on the coupling between the two drivers. Next, we
add CPS lines in the model and move the lumped port to the
CPS input and the matched load to the other CPS input. Fig. 8
(c) shows the simulated electric field distribution on the top
surface of the substrate at 10 GHz. Note that the CPS lines en-
hance the coupling between the two drivers. Finally, we add in
the model baluns to realize the single-ended quasi-Yagi array
and TCML to realize a differential quasi-Yagi array, respec-
tively. Figs. 8(d) and 8(e) show the simulated electric field dis-
tributions on the top surfaces of the substrates at 10 GHz for
the cases of the single-ended and differential quasi-Yagi ar-
rays, respectively. Note that the coupling is stronger for the
differential than for the single-ended quasi-Yagi array.

Fig. 9 shows the simulated IS ;| and IS,,,,| as a function of
frequency for the cases in Figs. 8(a) and 8(b) with a spacing
of 15 mm between the two elements. As expected, the cou-
pling level over the acceptable matching band from 9 GHz to
11.5 GHz is almost the same between the two cases with and
without the directors. Fig. 10 shows the simulated 1S, and
IS,,;»;| as a function of frequency for the case in Fig. 8(c) with a
spacing of 15 mm between the two elements. Note that the
CPS extends the matching band to 15 GHz and reduces the
coupling level over a wider bandwidth.

Fig. 11 shows the simulated 1S,,| and 1S,,| as a function of
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cases in Figs. 8(a) and 8(b)
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frequency for the single-ended quasi-Yagi array of Fig. 8(d)
with a spacing of 15 mm between the two elements. Fig. 12
shows the simulated IS,,,| and IS,,,| as a function of fre-
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A Figure 10. Simulated IS, ,| and IS ,,,| as a function of frequency for
the case in Fig. 8(c)
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A Figure 11. Simulated IS | and IS, | as a function of frequency for the
single-ended quasi-Yagi array with the spacing of 15 mm between the
two elements
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A Figure 12. Simulated IS, ,| and IS ,,,| as a function of frequency for
the single-ended quasi-Yagi array with a spacing of 15 mm between the
two elements
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quency for the differential quasi-Yagi array in Fig. 8(e) with a
spacing of 15 mm between the two elements. Note that the
matching band is from 7.9 GHz to 12.2 GHz and from 8.0 GHz
to 14.0 GHz, respectively, for the single-ended and differen-
tial quasi-Yagi arrays. The maximum coupling level is almost
the same for the two cases over the respective impedance

bandwidths.

3.3 Decoupling Structures and Effects

It is seen from Fig. 12 that the simulated mutual coupling
level for the center-to-center spacing of 15 mm, which is equal
to the half wavelength at 10 GHz, is - 18 dB. For a multiple-
input and multiple-output (MIMO) array, the mutual coupling
level of — 25 dB is desirable. Hence, there is a need to further
reduce the mutual coupling. A few decoupling structures such
(31 split-ring resonator!', slit, and air
holes have been attempted. The idea to add a meta-surface as
a superstrate to reduce the mutual coupling has not been ad-
opted to keep the low profile of the differential quasi-Yagi ar-
ray"”!. The simulated decoupling effects of the above struc-
tures are summarized as follows. For the case of the neutraliza-
tion line, the coupling level is greatly reduced to =25 dB but
the radiation patterns are distorted, and the gain is reduced by
2 dB at 10 GHz. For the case of the split-ring resonator, it fails to
reduce the coupling level but increase the gain by 0.2 - 0.7 dB
over the impedance bandwidth. For the cases of slit and air
holes, they are very effective to reduce the mutual coupling to
—25 dB and meanwhile do not affect the impedance bandwidth
and radiation patterns. Hence, the E-plane linear arrays with
the slit and air holes are fabricated and measured.

as the neutralization line

3.4 Results and Discussion

Fig. 13 shows the photos of the two-element differential
quasi-Yagi arrays without any decoupling structure, with the
slit, and with the air holes. The two differential quasi-Yagi an-
tenna elements are separated by 15 mm and fed with the Sub-
miniature version A (SMA)-connected coaxial cables. The slit
is a 2 mm wide cut in between the two elements and after the
truncated ground plane. The air holes that have the same di-
ameter of 0.5 mm are punched in between the two elements
and after the truncated ground plane with an optimized pat-
tern. It should be mentioned that the details of the SMAs and
coaxial cables are unknown. The irregular solder joints and
curved coaxial cables are hard to be modelled exactly. Hence,

- i =
— o e
: : u y

(a) (b) (c)

A Figure 13. Photos of the two-element differential quasi-Yagi arrays:
(a) solid, (b) slit, and (c) air holes

42 | ZTE COMMUNICATIONS
September 2023 Vol. 21 No. 3

only measured results are discussed.

Fig. 14 shows the measured 1S,,,,| and 1S, as a function
of frequency for the two-element differential quasi-Yagi arrays
without any decoupling structure, with the slit, and with the
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ATFigure 14. Measured IS, | and IS, | as a function of frequency for the
differential quasi-Yagi antennas: (a) solid, (b) slit, and (c) air holes



air holes, respectively. Measured results have confirmed that
the simple decoupling structures are quite effective to reduce
the mutual coupling level below —25 dB.

Fig. 15 shows the photo of the four-element differential
quasi-Yagi array without any decoupling structure. The two ad-
jacent differential quasi-Yagi antenna elements are separated
by 0.5 free space wavelength at 10 GHz.

Fig. 16 shows the measured 1S,,,,l and 1S,,,,| as a function
of frequency for the top two differential quasi-Yagi elements.
The measured impedance bandwidth is from 7.6 GHz to
14.3 GHz. The mutual coupling level is below —20 dB over
the impedance bandwidth.

Fig. 17 shows the simulated and calculated radiation pat-
terns for the four-element differential quasi-Yagi array at
10 GHz. Due to limitations of our testing facilities, we could
not measure the array patterns. We measured the element pat-
tern and obtained the calculated patterns by considering the
array factor. It is seen that the calculated and simulated pat-
terns agree quite well for the main lobes. There are differences
between the calculated and simulated side lobes.
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A Figure 15. Photo of the four-element differential quasi-Yagi array
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the four-element differential quasi-Yagi array
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A Figure 17. Simulated and calculated E-plane radiation patterns of the
four-element differential quasi-Yagi array at (a) 8.2 GHz, (b) 8.7 GHz,
(¢) 10.6 GHz, and (d) 12.3 GHz

4 Conclusions

In this paper, a novel differential quasi-Yagi antenna is pre-
sented and compared with a normal single-ended counterpart
for the first time. It is found that the differential quasi-Yagi an-
tenna outperforms the conventional single-ended one. The dif-
ferential quasi-Yagi antenna is then used as an element for E-
plane linear arrays. A study of the coupling mechanism be-
tween the two differential quasi-Yagi antennas is conducted.
The driver is identified to be the decisive part for the mutual
coupling. Four decoupling structures and their effects are
evaluated. The arrays with simple but effective decoupling
structures are fabricated and measured. The measured results
demonstrate that the coupling levels of these arrays can be re-
duced to less than - 25 dB over the broad bandwidth and the
simple slit or air-hole decoupling structure has a negligible ef-
fect on the impedance matching and radiation patterns of the
arrays. It is anticipated that the differential quasi-Yagi an-
tenna, as a promising antenna candidate, should find wide ap-
plications in wireless communication systems, power combin-
ing, phased, active, imaging, and MIMO arrays.
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