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Abstract—in this paper, a novel broad-band planar antenna coplanar waveguide (CPW) feeding offer wider bandwidth,
based on the classic Yagi-Uda dipole antenna is presented, andput require additional design considerations and structural
its usefulness as an array antenna is explored. This "quasi-Yagi” . mplexity such as using cavities or reflectors to overcome the
antenna is realized on a high dielectric-constant substrate, and is - . L . .
completely compatible with microstrip circuitry and solid-state problem of b|d|rect|0nal. rad_latlon _[4]' Alternatively, endfire
devices. This antenna achieves a measured 48% frequency band-antennas such as the Vivaldi and linearly tapered slot antenna
width for voltage standing-wave ratio < 2, better than a 12-dB (LTSA) are traveling-wave-type structures that can achieve
front-to-back ratio, smaller than —15 dB cross polarization, and  proad instantaneous bandwidth [5]. However, they usually have
3-5-dBi absolute gain. Mutual coupling of the antenna in an |5qer electrical size than resonant-type patches or slots and
array environment is investigated. Finally, three simple arrays often suffer from the excitation of substrate modes, which can
are presented, demonstrating the usefulness of the antenna as an > - !
array element. This novel antenna should find wide application result in reduced efficiency, strong crosstalk between antennas
in wireless communication systems, power combining, phasedin an array environment, and perturbed radiation patterns.
arrays, and active arrays, as well as millimeter-wave imaging Antennas on high-permittivity electrically thick substrates
arrays. can suffer from substantial problems with undesired substrate

Index Terms—Planar antennas, quasi-Yagi antenna, spatial modes [6]. Additionally, tapered slot antennas also require
power combining. either microstrip-to-slot or CPW-to-slot transitions as part

of the feeding network, which not only increases the design
I. INTRODUCTION complexity but also imposgs a Iimi§ on thg frequenf:y response.
) o The Yagi—Uda antenna, first published in an English language
A RRAY antennas in today’s communications systems mygjyrnal in 1928 [7], has been used extensively as an endfire
be cost effective, yet highly flexible. Designers are inyntenna. However, only limited success has been achieved at
creasingly being drawn to planar antennas because of their IgWapting this antenna to microwave/millimeter-wave opera-
profile, low cost, light weight, and their ease of integration intQon. \We have recently proposed and demonstrated a novel
planar arrays. These antennas are highly compatible with solLiﬁlﬂ-p|anar quasi-Yagi antenna that has both the compactness
state electronics with the potential for very attractive solutions resonant-type antennas and broad-band characteristics of a
for phased-array antennas, power-combining arrays, and Myyeling-wave radiator. The antenna was first demonstrated by
tiple-beam communications antennas. In this paper, we presepkedaet al. [8] and further optimized for increased bandwidth
new planar antenna array elementbased on the classic Yagi-ffjaThe antenna is realized on a high dielectric-constant sub-
dipole antenna, which we refer to as a quasi-Yagi antenna, afifhte with a microstrip feed. Unlike the traditional Yagi-Uda
apply this antenna to several simple arrays. ~ dipole design, we employ the truncated microstrip ground

Existing antennas for planar arrays suffer from a variefjane as the reflecting element, thus eliminating the need for a
of disadvantages. Microstrip patch antgn_nas are typicall¥flector dipole, resulting in a very compact designXo/2 by
narrow-band and have relatively low efficiency due to ag, /2 for entire substrate) compatible with any microstrip-based
undesired substrate mode excited if high d'e|eCt“C'C°”Sta}anolithic-microwaveintegrated-circuit (MMIC) circuitry.
substrates are used [1]. Although broad-band performance cafrhe quasi-Yagi antenna has several advantages over more tra-
be achieved by using more complicated schemes, such asdfi@nal wire antennas radiating in free space. First, the pres-
aperture-coupled patch antenna [2], these multilayer desigfie of the substrate provides mechanical support for the an-
add to the complexity in the antenna configuration and manigmna and planar transmission-line compatibility. Wire-type an-
facturing difficulties, as well as degraded backside radiatiogannas in free space are extremely fragile at high frequencies
The efficiency of the patch antenna can be also improved Riq difficult to feed. Secondly, use of a high-permittivity sub-
chemical etching of the substrate at the expense of additiogghte means that the antenna will be extremely compactin terms
fabrication cost [3]. Slot antennas with either microstrip o4 free-space wavelengths. As will be shown in this paper, a

center-to-center array spacing &f/2 is easily achieved with
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Ground Plane

(Backside) 2 Wy+S; Fig. 2. Photograph of aiX -band quasi-Yagi antenna.

with very little undesiredI'M, content [11], which can con-
tribute to cross polarization. The truncated ground plane acts
as an ideal reflector for thi¥'E, mode, which is completely
cutoff in the grounded dielectric slab region. In fact, the cutoff
frequency for this mode is 39 GHz, which is much higher than
the operating frequency of the antenna. The dipole elements of
the quasi-Yagi antenna are strongly coupled by Th&, sur-

4 = / face wave, which has the same polarization and direction as the
Microstrip Feed dipole radiation fields.
As with the classic Yagi-Uda antenna, proper design requires
Fig. 1. Schematic of the quasi-Yagi antenna. careful optimization of the driver, director, and reflector param-

eters, which include element spacing, length, and width. While
g)gpay seem counter-intuitive that a broad-band antenna will re-
quire careful optimization, thigs essential if desirable radia-
tion characteristics are to be maintained across the entire oper-
ea&ing bandwidth. Therefore, we define the bandwidth not only
Rderms of its matched characteristics, but also in terms of ra-
ation characteristics such as cross polarization, front-to-back

its performance in an array environment. We have achieved
tremely broad bandwidth (measured 48% for VSWR), good

radiation profile (front-to-back ratio-12 dB, cross polarization
< —12 dB), and moderate gain (3-5 dBi). It should be not
that the qualities are maintained across the entire matched ba

width. Furthermore, the mutual coupling between neighbori tio, and relatively flat gain. It is also found that the choice
elements of a quasi-Yagi antenna array is found to be very low, ' ratively gain.
substrate is critical for performance of the antenna. The de-

as will be discussed in more detail in Section . Finally, severd) . . o : . ;
simple arrays are presented, which demonstrate the usefulidgg requires a high-permittivity design with r_noderate thick-
of the quasi-Yagi antenna as an array element. ness. This is because the fundamental operation of the antenna
relies on surface-wave effects, which are strongly a function of
the chosen substrate. Through trial and error it has been found
Il. QUASI-YAGI ANTENNA that fjielectric yvith a permittivity of 19.2 and thicknegs of 0.635
mm is almost ideal foX -band operation. When scaling the an-
Fig. 1 shows the layout of the uniplanar quasi-Yagi antenni@&nna to other frequency bands, it is necessary to scale the thick-
The antenna is fabricated on a single substrate (0.635-mm-thidss of the antenna accordingly.
Duroid ¢, = 10.2 for the z-band prototype) with metalliza- The antenna’s dimensions are (unit: millimeter):
tion on both sides. The top metallization consists of a microstrip; = Wy = Wy = Wy = Wy = Wy = 0.6, Wy = 1.2,
feed, a broad-band microstrip-to-coplanar stripline (CPS) bali¥; = S5 = S = 0.3, Ly = 3.3, Lo = Ly = 1.5, L3 = 4.8,
previously reported in [10], and two dipole elements, one df, = 1.8, S;er = 3.9, Sair = 3, Seup, = 1.5, Lqyi = 8.7, and
which is the driver element fed by the CPS and the second dipdlg,, = 3.3. In this optimized quasi-Yagi design, the length of
being the parasitic director. The metallization on the bottothe antenna’s director element is shorter than the conventional
plane is a truncated microstrip ground, which serves as the ¥agi—Uda antenna design and contributes to the broad-band
flector element for the antenna. The parasitic director elemerttaracteristics of the antenna. The total area of the substrate
on the top plane simultaneously directs the antenna propagai®rapproximatelyAo/2 by A\o/2 at the center frequency. A
toward the endfire direction, and acts as an impedance-matchpiptograph of theX-band quasi-Yagi antenna is shown in
parasitic element. Fig. 2.
One of the most unique and effective features of this antenndn practice, we have found that the bandwidth of the mi-
is the use of the truncated ground plane as the reflector elemenbstrip—CPS transition does not limit the frequency response
The driven printed dipole is used to generatéa surface wave of the antenna. This is explored by looking at the response of
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Fig. 3. FDTD simulation and measured input return-loss characteristic of t
prototype quasi-Yagi antenna.

the antenna for both microstrip—CPS feeding and with ideal e 270

citation of the antenna. In both cases, the bandwidth of the an-

tenna is quite similar and varies By5%, depending on the de- Fig. 4. FDTD simulation results of th&- and H -plane co-polarization and
. . . . . cross-polarization radiation patterns of the antenna at 9.5 GHz.

sign. Moreover, microstrip—CPS feeding is an extremely prac-

tical way of achieving excitation of the antenna while main-

taining a high degree of compatibility with other types of com

ponents such as amplifiers or phase shifters.

By choosing the antenna parameters properly, the quasi-Y:
antenna demonstrates broad-band (40%-50% for VSW
< 2) characteristics with modest gaifrs4 dBi) or narrower
bandwidth (10%-20% for VSWR< 2) with higher gains
(~6.5 dBi). The current design features one director elemer
Incorporating additional elements has the potential for ir
creasing gain or bandwidth. However, this also increases t
number of design parameters as well as the complexity
design optimization, and has not been investigated extensive
The finite-difference time-domain (FDTD) simulation and
measured results of the return loss of the broad-band version
the antenna are shown in Fig. 3. The simulated and measu
bandwidths are exceptionally wide for such a compact desi
and are 43% and 48%, respectively (VSWR?2). All data
presented in this paper is based on this design.

Fig. 4 shows the simulatedZ- and H-plane radiation
patterns of both the co-polarization and cross polarization Rig. 5. MeasuredE- and H-plane co-polarization and cross-polarization
9.5 GHz. The figure indicates well-defined endfire radiatioffdiation patterns of the antenna at 9.5 GHz.
patterns with a front-to-back ratio ef16 dB and the maximum
cross-polarization level 018 dB. Further simulations revealfor all frequencies. The measured radiation patterns of the
the radiation pattern is quite stable as the frequency chande®ad-band quasi-Yagi antenna at 9.5 GHz are shown in Fig. 5
with the front-to-back ratio>15 dB and cross polarizationand are in close agreement with the simulated patterns shown in
level < —12 dB across the entire frequency band between 8—&R). 4. As can be seen, the broad-band quasi-Yagi antenna has
GHz. This is contrary to many other broad-band planar antenam&road single-beam pattern in both theand H -plane cuts.
designs, where increased bandwidth is usually realized at thé\dditionally, the gain of the antenna has been determined
expense of degradation in either backside radiation or crdssth experimentally and through simulation, as shown in Fig. 6.
polarization. The solid line is the measured result and the dashed line is the

The radiation patterns have been measured at three differginulation result obtained by HP’'s HFSS. To measure the gain
frequencies: 7.5, 9.5, and 11.3 GHz, approximately corref the antenna, a pair of identical quasi-Yagi antennas is used
sponding to the lower end, center, and upper end frequenciesstboth transmit and receive antennas in an anechoic chamber.
the operating band of the antenna. The front—back ratio is bet@mce the input and output power of the antenna are measured,
than 12 dB and the cross polarization is better thai®2 dB the gain is given by the Friis transmission formula [12]. The
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6 card. Heat dissipation, often a problem in large planar 2-D ar-
rays, can also be addressed by adding additional heat sinking to
§ s /’ e the microstrip ground plane. The stacked card array also readily
IR R AR FPPEPE — \ allows air cooling or routing for liquid coolant. For these rea-
4 ;//\\ / sons, we believe that the quasi-Yagi antenna will prove to be a
@ \/ valuable array antenna.
z 3 In this section, we explore the quasi-Yagi antenna in an array
B —— Measurement environment. First, mutual coupling, a crucial factor in array
2 === == Simulation antennas, is explored. Two passive quasi-Yagi arrays are then
i presented. The first array has an endfire pattern and should be
10 useful as a building block in larger 2-D arrays. The second array
' uses delay lines to realize a progressive phase shift. The resultis
0 — S a tilted fanbeam pattern with possible applications as a basesta-

7.5 8 8.5 9 9.5 10 10.5 1 1.5

tion antenna. In the final section, an active eight-element array
Frequency (GHz)

is presented.

Fig. 6. Simulation and measured results of the antenna’s 9-dBi absolute gain.
A. Mutual-Coupling Characteristics

One important parameter in this context is the mutual cou-
pling between elements within an array environment, which
may not only complicate the array design, but also causes the
scan-blindness problem in many existing planar antenna arrays
[14]. Despite its very compact design, the quasi-Yagi antenna
demonstrates relatively low mutual coupling when placed in an
array environment, as compared to patch or LTSA antennas with
the same array spacing [15], [16], as will be shown. Two types
of coupling were measured in this paper. The first case, i.e., hor-
izontal coupling, is the coupling between two adjacent elements
on the same substrate. The second case, i.e., vertical coupling, is
the coupling between two elements on adjacent cards coupling
through the air. The mutual coupling is determined by the mea-
sured direct transmission coefficiefit; of the arrays.

Horizontal coupling was experimentally determined as a
Fig. 7. Proposed card-based architecture of 2-D array using quasi-Yéignction of array spacing by fabricating 15 antennas, each
antenna. with a different spacing to its neighbor on a single substrate.

Minimum center-to-center spacing was extremely close, i.e.,
input return loss and cable losses have been calibrated outlOfmm. Maximum center-to-center spacing was 25 mm. The
the measurement. However, no attempt was made to calibrasults are shown in Fig. 8(a)—(c), where coupling at specific
out the connector or microstrip feed losses. From the plot, tfrequencies in the lower, middle, and upper operating bands of
measured gain varies from 3.4 to 5.1 dBi, while the simulateble antenna are shown as a function of frequency. From this,
gain varies from 4.5 to 5.1 dBi for the entire passband. In gewe seen that a horizontal center-to-center spacing greater than
eral, fair agreement is observed. Additionally, the variation if5 mm, which corresponds t,/2 at the center frequency of
gain is relatively small across the wide operating bandwidth tife antenna, insure that coupling will be belew8 dB and, in

the antenna. most cases, below 20 dB.
Additional efforts were made to identify the source of mu-
[ll. PLANAR QUASI-YAGI ANTENNA ARRAYS tual coupling for the horizontal case. Possible mechanisms in-

. . clude free-space coupling, coupling by surface waves excited

: ' by the feed networks of adjacent elements, and surface-wave
cluding broa.\d.—band perform:.;mce,. broad-element pattgrn, %Ev)q.lpling through the antennas. To test this, four test structures
e_xceller_1t efﬂmency,_the q%‘as"Yag' antenna can be easily CWere developed. Each of these consisted of eight quasi-Yagi an-
figured into a two-dimensional (2-D) array by simply stackingannas spaced 15 mm apart. The first structure consisted of stan-
multiple cards of sub-arrays. This will form a sharp main beagyq quasi-Yagi antennas. The second structure tested feed-net-
useful for adaptive arrays for communications, spatial powgjork coupling by etching a 2-mm gap in the ground plane be-
combining or phased array radar, or millimeter-wave imaging,een adjacent antennas to suppress any surface waves between
[13]. This conceptual architecture is shown in Fig. 7. Due {em. The third structure tested antenna—antenna coupling by
the linear design of each card, minimal difficulties with signajoiding a 2-mm gap in the dielectric material after the trun-
routing will occur. Additionally, since the antennais completelgated ground plane, which should disrupt any surface waves
compatible with microstrip circuitry, components such as anpropagating in this region. Finally, a fourth test structure was
plifiers and phase shifters can be easily incorporated into eamnstructed, combining the ground-plane etching of the second
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fixture and the dielectric voiding of the third structure. Mutual  -15
coupling of the inner two elements was measured with a net: ~
work analyzer. The remaining six outer elements were termi- o N\ / N
nated with 502 loads to simulate an array environment. ltwas & | / ,,,,, \"\\ .,
. . . . T s s ‘s PL N
found that mutual coupling in all four case were virtually iden- 3 | \ . N"'\—.-a-r“ Y
tical, with only minor deviations observed. From this, we con- %_'25 Y [ N ;' \lT
clude that, for 15-mme-array spacing, mutual coupling is almost 3 -
sole]y due to cpupling th_rough the air. . . ‘f_“-ao - | . —ywe
Finally, vertical coupling was experimentally determined. 2 Pl | 20.0mm
In this case, four cards, each with three elements horizontally =, | =
spaced by 15 mm, were tested with center-to-center horizonte | | =
spacings of 15 and 20 mm. The results are shown in Fig. 9 P I N o g
From this, we see that vertical coupling is somewhat strongel “75 8 85 9 95 10 105 11 115 12
than horizontal coupling for comparable center-to-center Frequency (GHz)

spacing. This is due to the broadéf-plane pattern of the

quasi_Yagi element. Maximum coupling for 15-mm Spacingig-?’- Vertical mutual coupling as a function of frequency for 15- and 20-mm

is —17.5 dB at 8.5 GHz and-16.5 dB at 10 GHz for the SPacng.

20-mm case. However, the mutual coupling is bele®0 dB

for two-thirds of the bandwidth shown in Fig. 9 for both casesantenna. Two arrays are built, the first with the main beam at

endfire direction of the quasi-Yagi elements, and the second

uses microstrip delay lines so that the main beam is tilted to
A simple equal-amplitude eight-element linear array igpproximately 12 from endfire. Each array has a fanbeam

used to demonstrate the viability of the quasi-Yagi as an arrpgittern, which makes it applicable to mobile communications.

B. Passive Quasi-Yagi Arrays
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fanbeam radiation pattern.
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_________

However, we believe that the single-substrate design can be R
integrated into large 2-D arrays for radar, communications, T e
and quasi-optical power-combining applications. We believe 3 ’
this card-based scheme should be an extremely cost-effective
solution to alleviate routing and heat-sinking problems associ-
ated with typical 2-D arrays. The low mutual coupling between
adjacent quasi-Yagi elements and the narrow physical width of
the antenna gives great flexibility in array spacing not available
with other endfire antennas, such as the Vivaldi, which are
typically much wider.

Each array is fabricated on a single piece of RT/Duroid with
e, = 10.2 and a substrate thickness of 0.635 mm. A photograph T
of the tilted beam array is shown in Fig. 10. The width of each Theean
board is approximately 13.5 cm. The only difference between 270
the two arrays is the inclusion of microstrip delay lines on the o _ , , S
tilted beam array to realize a progressive phase delay betw&é’nlz' Radiation properties of eight-element endfire quasi-Yagi array.
elements and, hence, a beam tilted away from the endfire direc-
tion. Each array utilizes a simple corporate feed with binary dianges from 19to 17 in this frequency range. Additionally,
viders composed of T-junctions and quarter-wave transformelft¢ sidelobe levels range froml1l to —14 dB. This may be
The overall insertion loss, including connector loss, has belfproved using a more sophisticated beamforming technique
measured to be aboutl dB for the array without the additionalsuch as the Chebyshev distribution rather than the simple
microstrip delay lines of the tilted array. This was measured i§ilual-amplitude distribution used with this proof-of-concept
constructing two 1-8 dividers back-to-back and taking half ttray at the cost of increased beamwidth.
total insertion loss. The measurédparameters of each array ) ] )
are shown in Fig. 11. In both cases, the bandwidth (vSw® ~C- Active Quasi-Yagi Array
is approximately the same as the bandwidth of the quasi-YagiActive arrays or arrays with amplifiers incorporated directly
element, i.e., about 50%. at the antenna platform have received a good deal of attention

The radiation patterns of each antenna has been meastuneckcent years. In the case of a transmit array, the power am-
across the operating bandwidth in an anechoic chamber. Raghilifier (PA) is placed directly at the antenna to avoid the losses
tion patterns for the endfire array at 9 GHz is shown in Fig. 12ssociated with the feed network or other components (such as
For this particular frequency, the front-to-back ratio of thphase shifters). The increase in system efficiency can be dra-
endfire array was found to be better than 20 dB. Additionallypatic, thus allowing smaller and lighter heat sinking and bat-
the cross polarization in the main beam is better thd® dB. teries. Low-noise amplifiers (LNA'S) can be incorporated di-
One of the first sidelobes is slightly higher than the expectedctly at the antenna platform of a receive array for increased
—13.5 dB for this type of array, i.e., aboutl2 dB. The other sensitivity. In this section, amplifiers are incorporated into the
first sidelobe is slightly lower than expected, i.e.15.5 dB. linear eight-element array to form an active transmit array.

This discrepancy is due to either small error in the feed networkThe completed array is shown in Fig. 14. For simplicity,
or measurement error in the anechoic chamber. matched GaAs FET gain block amplifiers are used as the

The radiation patterns of the tilted beam array were alsmtive device. By placing the amplifiers directly at the antenna,
measured. Thé&-plane of the tilted beam antenna is shown ithe combining losses are essentially limited to that of the
Fig. 13 at 8, 10, and 11.7 GHz. The measured 3-dB beamwidihasi-Yagi. Input return loss of the completed active array is

180 oo

- E-cross
H-co
------ H-cross
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Fig. 16. Measured gain of active and passive endfire quais-Yagi arrays.

Fig. 14. Photograph of eight-element active quasi-Yagi array.

The discrepancy between expected gain and measured gain is
0.6 dB at9 GHz, 0.3 dB at 9.5 GHz, and 0.5 dB at 10 GHz. This

shown in Fig. 15. Due to the internal matching of the G ow figure gives credence to both the design and measurement
FET amplifiers, the bandwidth of the active array is larger than gure g 9

that of the passive eight-element array (VSWR2), and is procedure.
60%, quite large for a planar active antenna array. However, the
increased bandwidth is added at the lower frequency end where
the quasi-Yagi's cross-polarization and front-to-back ratio In this paper, a very compact and simple planar antenna based
deteriorates. Therefore, the increased input match probablya modification of the classic Yagi—Uda antenna has been pre-
does not translate into increased usable bandwidth in this casented, as well as several arrays using this antenna as a radiating
The radiation patterns were measured in the operating rangel@ment. The antenna achieves extremely wide frequency band-
the quasi-Yagi antenna and were seen to be virtually identiegildth and good radiation characteristics in terms of beam pat-
to those of the passive array, as shown in Fig. 12. tern, front-to-back ratio, cross polarization, and low mutual cou-
Finally, the gain of the passive and active arrays has begling. The antenna experimentally demonstrated a bandwidth of
measured from 8 to 11.7 GHz, and is shown in Fig. 16. TH8% for the VSWR< 2, better than 12-dB front-to-back ratio,
gain was measured using the gain substitution method wittaad gain between 3-5 dBi. Additionally, mutual coupling has
standard gain horn. The difference in the gain between the thheen measured. Horizontal coupling of antennas on the same
plots corresponds to the gain of the amplifier. The gain changashstrate was found to be belowl8 dB for center-to-center
by about 3 dB in this bandwidth. Average gain is about 12 dBpacing greater than 15 mmy(/2 at the center frequency) and
for the passive array and 23 dBi for the active array. The gainbstter than-20 dB for most frequencies. Additionally, investi-
also very close to its expected value, which can be computeddations reveal that horizontal mutual coupling is almost solely
knowing the gain of the array factor, the element gain (shown due to air coupling. Vertical coupling was found to be somewhat
Fig. 6), and approximately the losses of the feed network, whistronger than horizontal coupling, due to the broaHeplane
were determined to be aboutl dB, including connector loss. pattern of the antenna and reached a peak valu€l@f5 dB for

IV. CONCLUSION
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a vertical spacing of 15 mm andl6.5 dB for a vertical spacing
of 20 mm.

The excellent radiation properties and compact size of this ¢
tenna make it ideal as either a standalone antenna with a br:
pattern or as an array element. We have presented three sin
arrays using the quasi-Yagi antenna. All three eight-element
rays are fabricated on a single card, which can be used
building block of a larger 2-D array or standalone as a base
tion antenna with a fanbeam radiation pattern. We are currently, owave photonics.
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