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Frequency-Scanning Phased-Array Feed Network
Based on Composite Right/Left-Handed

Transmission Lines
Jun H. Choi, Student Member, IEEE, Jim S. Sun, Student Member, IEEE, and Tatsuo Itoh, Life Fellow, IEEE

Abstract—This paper presents an all-passive phased-array feed
network based on composite right/left handed (CRLH) transmis-
sion lines (TLs). A CRLH TL enables systematic engineering of
the phase response providing phase advance in addition to phase
delay. When utilized in a phased-array feed network, an all-pas-
sive 1-D frequency-scanning array can be designed with a large
scanning angle range toward both positive and negative elevation
angles. This unique feature cannot be realized using conventional
delay lines or dispersive lines that do not contain left-handed
properties. Also, unlike the previously studied CRLH-based
leaky-wave antennas that provide similar 1-D continuous fre-
quency-scanning functionality, the proposed method completely
decouples the radiating antenna element from the array factor;
thereby providing extra design freedom and enhanced radiation
performance. To validate the added advantage, we use the pro-
posed CRLH-based phased-array feed network to demonstrate
simultaneous controllability of the radiated polarization and array
current amplitude distribution.

Index Terms—Antenna array, composite right/left-handed
(CRLH), feed network, frequency scanning, phased array,
quasi-Yagi antenna.

I. INTRODUCTION

C OMPOSITE right/left-handed (CRLH) based frequency-
scanning antennas have attracted much attention in recent

years. Unlike the previous generation of frequency-scanning
leaky-wave antennas (LWAs) that could only scan toward one
direction with respect to broadside (excluding broadside radia-
tion) [1], [2], the CRLH concept enable full frequency-scanning
capability from backfire-to-endfire including broadside while
operating in the dominant mode. Popular CRLH-based LWAs
can be analyzed using antenna array theory [3]. The antenna
is composed of periodic structures with unit dimensions much
smaller than the guided wavelength. When the antenna is fed
from one end of the leaky-wave mechanism, each antenna ele-
ment contributes a small portion of the radiated power. Careful
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design of the antenna structure essentially provides both neg-
ative and positive phase progressions between each unit ele-
ment as frequency is varied within the radiating frequency band.
Since the introduction of CRLH-based LWAs in 2002 [4], [5],
researchers have focused on improving antenna functionalities
and performances. For example, common and differential mode
feeding is added to control and improve the radiated far-field po-
larization [6]. Amplifiers are inserted to control the amplitude
distribution and increase the radiated gain toward broadside ra-
diation [7]. Substrate integrated waveguide (SIW) is utilized to
increase the quality factor of the antennas [8]. Despite each
novel approach, CRLH-based LWAs have an inherent drawback
that arises from closely coupled linkage between the radiating
antenna elements and the array factor (AF). In order for CRLH
LWAs to provide smooth frequency-scanning operation, a very
specific structural form must be retained, but in doing so, inde-
pendent control of the antenna parameters, such as polarization
and amplitude distribution, are sacrificed.
This paper presents a different approach in designing a fre-

quency-scanning radiating circuit. The proposed method also
uses the CRLH concept, but rather than integrating the approach
into the antennas, the phase engineering concept of the CRLH
TL is applied to the phased-array feed network, which is com-
pletely decoupled from the radiating elements. In doing so, inde-
pendent design controllability can be obtained to easily alter ra-
diated polarization type, polarization orientation, and cross-po-
larization level. Furthermore, when combined with power di-
viders that allow simple power ratio adjustments, current am-
plitude distribution of the array can be easily manipulated to
control the directivity and main-lobe level to SLL of the radi-
ated pattern. To the authors’ knowledge, an all-passive full fre-
quency-scanning radiating circuit that allows independent con-
trollability of polarization, phase, and amplitude distribution has
not yet been demonstrated. To address the similarities and differ-
ences with the CRLHLWA,we present a brief review of the con-
ventional CRLH LWA, followed by the new design approach
for frequency-scanning arrays based on the CRLH transmission
line (TL). Finally, the improved radiated performances of the
proposed system are highlighted and validated with measured
results.

II. CONVENTIONAL CRLH LWA

CRLH LWAs are composed of periodic unit cells containing
reactive parameters that provide both negative and positive
propagation constant values as a function of scanned fre-
quency. The equivalent-circuit model of the unit cell is shown

0018-9480/$31.00 © 2013 IEEE
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Fig. 1. CRLH unit-cell. (a) Equivalent-circuit model comprised of the left-hand
and right-hand reactance values and (b) dispersion diagram.

in Fig. 1(a). For frequencies where , the
guided mode couples to air and radiates with a main beam at
an angle

(1)

where is the frequency-dependent propagation constant
and is the free-space wavenumber. Under the balanced con-
dition

(2)

a smooth transition from backfire to endfire can be obtained
without introducing the undesired bandgap frequency region
[9]. A typical dispersion diagram of a balanced CRLH LWA
is shown in Fig. 1(b). In sum, operating the CRLH structure
between the radiation frequency region , the
structure behaves as an antenna with a main beam that scans
along the elevation angles as the frequency is varied. How-
ever, most planar types of CRLH LWAs [10], [11] suffer from
the difficulties in controlling radiated polarization characteris-
tics and from the nonideal exponentially decaying amplitude
distribution profile. For TL-based CRLH LWA structures, non-
ideal polarization traits have been remedied by combining a
set of antennas side-by-side and feeding common/differential
mode signals [6]. Different structural types such as the SIW
have demonstrated relatively better polarization characteristics
for a particular -plane orientation [8]. However, in all cases,
directivity/sidelobe level (SLL) controllability remains unre-
solved. To add the amplitude controllability and increase direc-
tivity, unidirectional amplifiers have been added to the CRLH
LWA [7]. In doing so, tapered amplitude distribution has been
provided for broadside radiation, but frequency-scanning capa-
bility has not been demonstrated. Also, integrating amplifiers
adds both design and fabrication complexity, in addition to for-
feiting bilateral (Tx. and Rx.) operation. However, to simulta-
neously address polarization and amplitude distribution proper-
ties, CRLH TLs may be used in the form of a phased-array feed
network, as described in the following.

III. PHASED-ARRAY NETWORK BASED ON CRLH TLs

The essential property required in continuous frequency scan-
ning is obtained by gradually increasing the relative phase pro-

Fig. 2. Ideal phase response of four-element linear phased-array feed network
needed for continuous 1-D frequency scanning.

gression between the antenna elements toward both negative
and positive directions as frequency is shifted away from the
center frequency (Fig. 2). The equation for the main beam
angle describing the phased array has the same form as that of
the CRLH LWA

(3)

Here, if the progressive phase shifting between the
antenna elements can be both negative/positive and dispersive

for a fixed inter-element spacing , the same full
1-D frequency-scanning feature obtained in CRLH LWAs can
also be achieved, but all in passive phased-array form. The
above requirements can be satisfied using a nonradiating CRLH
TL (realized using lumped components) based phased-array
network. Unlike the conventional TLs, the CRLH TL allows
simpler systematic manipulation of the phase response be-
tween the input and output ports of the line. The equivalent
circuit model is the same as that of the CRLH LWA, but when
lumped devices are used, radiation is suppressed. The phase
response between the input and output ports of a given CRLH
TL is a sum of the left-handed (LH) phase response and the
right-handed (RH) phase response created by the constituent
reactance values comprising the LH and RH portions of the
CRLH TL as follows:

(4)

The above concepts have been extensively researched in de-
signing dual-band microwave circuits [12]–[14], but have not
been applied for broadband frequency-scanning phased-array
networks. In [15], brief introduction of the capability in uti-
lizing CRLH lines as frequency-scanning phased-array feed net-
work has been demonstrated. This paper is an expansion of
[15], where a larger scanning angle is provided by eliminating
the CRLH lines in one of the feeding path and also amplitude
distribution is examined to demonstrate main-lobe-to-sidelobe
controllability. Unlike [7], bilateral operation is allowed in this
system since only passive elements are utilized to control the ra-
diated parameters. A systematic approach of providing the de-
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Fig. 3. -band single element quasi-Yagi antenna. (a) Photograph of the fab-
ricated antenna. (b) Simulated and measured reflection coefficient plots.

sired phase response for the two frequency points are shown in
the following equations [9]:

(5)

where is the number of unit-cells and and are the
desired phase values at frequencies and , respectively.
With the proper reactance values, the zero phase-response
point can be shifted from dc to an arbitrary frequency point

and the phase slope can also be manipulated to adjust
the desired phase values at the two far ends of the frequency
points ( and ). Although the phase response becomes
nonlinear as the frequency moves away from the center point,
sufficient linear response is observed for usable frequency
band. Ultimately, for every added antenna element, the phase
response of the CRLH lines should be designed so the phase
difference ( ) between every adja-
cent pair of feed lines are equal to each other at each frequency
point within the operating frequency band. To obtain full 1-D
frequency scanning, the final phase response should resemble
Fig. 2. CRLH dispersive lines only contribute to the phase
component of the array system. Slight amplitude perturbation
may be created between the lines due to the lossy nature of
lumped elements, but the amplitude imbalance can be easily
compensated by adding an unequal power divider in the first
power division step. This technique is applied in the fabricated
circuits, as will be shown in Section IV-C.

Fig. 4. Four-element linear phased array using quasi-Yagi antennas in collinear
configuration. (a) Collinear configuration. (b) Reflection coefficient and mutual
coupling values.

Fig. 5. Four-element linear phased array using quasi-Yagi antennas in side-by-
side configuration. (a) Side-by-side configuration. (b) Reflection coefficient and
mutual coupling values.

Fig. 6. Illustrative layout of the feed lines for four-element phased array.

IV. IMPLEMENTATION OF CRLH-BASED PHASED ARRAY

When the CRLH lines are combined with proper power di-
viders, a more versatile frequency-scanning phased-array feed
network can be designed. As noted in Section III, the phase
component is mainly dictated by the dispersive CRLH lines.
On the other hand, amplitude distribution can be controlled by
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Fig. 7. Simulated andmeasured phase response of CRLH dispersive lines only.

Fig. 8. Measured transmission coefficients and reflection coefficients of CRLH
dispersive lines only.

Fig. 9. Photograph of the fabricated linear 1-D phased-array feed network
based on CRLH TLs with uniform amplitude distribution.

the power dividers and radiated polarization properties depend
purely on the antenna elements used along with the proposed
network. Therefore, independent design freedom is allowed
by simply selecting and combining the independent functional

Fig. 10. Measured: (a) -parameters and (b) phase response of CRLH phased-
array feed network with uniform amplitude distribution.

Fig. 11. Photograph of the fabricated linear 1-D phased-array feed network
based on CRLH TLs with tapered amplitude distribution.

Fig. 12. Measured: (a) -parameters and (b) phase response of CRLH phased-
array feed network with tapered amplitude distribution.

blocks (power divider, dispersive feed lines, and antenna el-
ements) to meet most design specifications, such as the type
and orientation of the radiated polarization, cross-polarization
levels, main-lobe level to SLL, and frequency-scanning range.
In the following sections, two sets of frequency-scanning
phased-array feed networks based on CRLH dispersive lines
are designed using quasi-Yagi antennas to demonstrate the
versatility and simplicity in designing and controlling the radi-
ated properties of the antenna array. First, a CRLH array feed
network is designed to provide uniform amplitude distribution
for maximum directivity, and the second network is fed with
tapered amplitude distribution to examine the SLL control-
lability of the radiated pattern. Also, for each feed network,
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Fig. 13. Measured normalized -plane co-pol (black) and cross-pol (gray) patterns in decibel scale for frequencies: 1.8, 2.0, 2.3, and 2.5 GHz.

Fig. 14. Measured normalized -plane co-pol (black) and cross-pol (gray) patterns in decibel scale for frequencies: 1.8, 2.0, 2.3, and 2.5 GHz.

quasi-Yagi antennas are oriented to collinear and side-by-side
configurations to show simple polarization controllability of
the array system.

A. Wideband Quasi-Yagi Antenna

Quasi-Yagi antennas have been extensively studied both as
a single element and in an array. In both cases, these linearly
polarized antennas provide good polarization selectivity, can
be designed electrically small, provide directive radiation
beam pattern, and offer sufficient bandwidth needed for the
frequency-scanning operation [16]–[18]. Both simulated and
measured results show reflection coefficient values below
10 dB throughout the operating band: to GHz

(Fig. 3). When starting the phased-array network design,
inter-element spacing needs to be carefully determined for
a given antenna element to satisfy both maximum tolerable
mutual coupling levels between the antennas and to avoid the
onset of the grating lobe [19]. Generally the inter-element
spacing is set to

(6)

However, undesired mutual coupling between the antenna el-
ements at the lower frequencies will limit close placement. Prior
to finalizing the inter-element spacing, a mutual coupling study
is carried out using full-wave simulation to ensure the levels are
kept under reasonable value. In the proposed design, inter-ele-
ment spacing of mm ( and )
is used. In both collinear and side-by-side four-element linear
array configuration, reflection coefficient and mutual coupling
levels are maintained below 10 dB, as shown in Figs. 4 and 5.
Extra optimization may further enhance both levels.

Fig. 15. Measured directivity and gain of the quasi-Yagi antenna.

B. CRLH-Based Phase Advance/Delay Lines For
Frequency-Scanning Phased-Array Network

Once the inter-element value is determined, required phase
values can be calculated to direct the main beam toward the de-
sired directions. A detailed systematic design guide of CRLH
feed lines are explained in [20]. Although the design guides are
geared toward designing dual-band phased array, the same pro-
cedure also applies to the frequency-scanning phased array. The
required relative phase values at the two end frequencies for the
desired main beam angles can be obtained based on the array
theory as follows:

(7)

For demonstrational purpose, the CRLH feed networks are
designed to scan from to between the fre-
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Fig. 16. Measured four-element array normalized -plane co-pol (black) and cross-pol (gray) radiation patterns in decibel scale for frequencies from 1.8 to
2.5 GHz using uniform amplitude CRLH phased-array feed network in collinear configuration.

Fig. 17. Measured four-element array normalized -plane co-pol (black) and cross-pol (gray) radiation patterns in decibel scale for frequencies from 1.8 to
2.5 GHz using uniform amplitude CRLH phased-array feed network in side-by-side configuration.

quencies GHz to GHz. Unlike the pre-
vious CRLH-based phased-array feed network designs [15] and
[20], in order to minimize the number of the total lumped ele-
ment used, phase reference line (line 1) does not have the CRLH
components. Instead, if a conventional microstrip line is used
for the first antenna element (Fig. 6), the calculated reactance
values of the first CRLH lines (line 2, feeding the second an-
tenna element) using (5) are nH, pF,

nH, and pF with . Three unit-cells
are needed to push the high- and low-pass cutoff frequencies
outside the operating frequency band [13]. These ideal reac-
tance values will generate the phase response of
and at the two far-end frequency points and
, thereby directing the main beams to 30 and 30 , re-

spectively. For every added antenna element, the same CRLH

sections (in this case, three unit-cells composed of the same re-
actance values) can be added in a cascaded fashion to ensure
the same progressive phase shifting for each operating fre-
quency point within the operating bandwidth. To further reduce
the total number of lumped elements and provide better tuning
capability, hybrid implementation is used to realize the CRLH
lines [13]. RH and LH portions are realized using microstrip
lines and lumped elements, respectively. In the final fabricated
circuits, nH and pF are used, and right-hand
microstrip line lengths for each paths are adjusted accordingly to
provide the required phase response for the design frequencies
(4). The measured phase response of the phase advance/delay
lines match well to the desired simulated data (Fig. 7). In both
simulated and measured results, the ports are de-embedded to
in and out positions, as shown in Fig. 6. Once the
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phase engineered CRLH dispersive lines are designed, they are
combined into two sets of feed networks based on a corporate
feeding scheme. One of the circuits uses equal power dividers to
provide uniform amplitude distribution that provides maximum
directivity, while the other feed network is designed to provide
tapered current amplitude distribution to minimize the SLL.

C. CRLH Feed Network With Uniform Amplitude Distribution

For a given array size and dimension, uniform current am-
plitude distribution provides the highest directivity owing to
the space-angle Fourier relationship [21]. A simple corporate
feeding network can be used to provide uniform amplitude dis-
tribution. Asmentioned in Section IV-B, a longer CRLH path in-
troduces more loss, thereby creating amplitude imbalance at the
output ports of the feed network. This result is shown in Fig. 8,
where larger insertion losses are produced for longer CRLH
lines. Measured results show around 0.2-dB loss per CRLH
unit-cell. This loss may be reduced using high lumped el-
ements, but it cannot be completely eliminated. However, the
amplitude imbalance can be minimized by adding an unequal
power divider at the first power division stage. Using a 1-dB
power divider, the power imbalance is reduced from 2 to 1 dB
and 1 to 0 dB at and , respectively. The fabricated uni-
form amplitude CRLH-based phased-array network is shown
in Fig. 9. Simulated and measured -parameters and phase-re-
sponse plots are shown in Fig. 10. Meandered lines are used
to efficiently use the substrate area and miniaturize the overall
circuit dimension. The entire circuit is fabricated on Rogers
RT/Duroid 5880 ( , mil) substrates.

D. CRLH Feed Network With Tapered Amplitude Distribution

Although uniform amplitude distribution provides the
highest directivity, it suffers from undesired larger SLL. To
reduce the SLL, tapered amplitude may be used. Theoretically,
binomial distribution may be used to completely eliminate
the sidelobes; however, it requires a relatively more drastic
amplitude tapering requirement. For a four-element equally
spaced linear array, the binomial current amplitude distribution
of 1:3:3:1 (power distribution of 1:9:9:1) is needed to obtain the
minimum SLL. Although binomial distribution is achievable,
to relax design and fabrication complexity, Dolph–Chebyshev
distribution is selected. Sidelobes are not completely elimi-
nated, but SLL can be suppressed below the pre-specified level.
Standard Doph–Chebyshev synthesis with a four-element
equally spaced linear array for SLL of 26 dB requires current
amplitude distribution of 1:2.13:2.13:1 [22]. To ease both the
design procedure and fabrication process, a Wilkinson power
divider is designed to provide current amplitude distribution
of 1:2:2:1 (power distribution of 1:4:4:1) [23], [24]. The fabri-
cated tapered amplitude CRLH-based phased-array network is
shown in Fig. 11. Simulated and measured -parameters and
phase-response plots are shown in Fig. 12. Adding a 4:1 divider
in the second stage shows excellent matching and desired
dividing ration of 6 dB between the inner (ports 3 and 4) and
outer (ports 2 and 5) ports.

Fig. 18. Measured four-element array normalized co-pol (black) and cross-pol
(gray) radiation patterns in decibel scale for frequency GHz using uni-
form amplitude CRLH phased-array feed network for: (a) collinear ( -plane)
and (b) side-by-side configuration ( -plane).

Fig. 19. Measured directivity and gain of uniform amplitude CRLH phased
array.

V. RADIATION PATTERNS: MEASUREMENT
SETUP AND RESULTS

A. Radiated Measurement Setup

Radiation patterns and directivity for quasi-Yagi antennas and
phased-array antennas using both a uniform amplitude and ta-
pered amplitude CRLH phased-array network are measured in
the near-field chamber with a WR-430 waveguide probe. The
radiated gain values for each circuit are computed based on the
gain comparison method using a standard gain horn antenna
with a gain of 16 dBi.

B. Measured Results For Quasi-Yagi Antenna Only

The quasi-Yagi antenna has a quasi-dipole radiation pattern
that resembles a doughnut-shaped radiation pattern. However,
the ground plane on the backside acts as a reflector to en-
hance the directivity toward the opposite direction. Co-pol and
cross-pol radiation patterns for both - and -plane radiation
patterns are shown in Figs. 13 and 14, respectively. Measured
directivity and gain plots are shown in Fig. 15.
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Fig. 20. Measured four-element array normalized -plane co-pol (black) and cross-pol (gray) radiation patterns in decibel scale for frequencies from 1.8 to
2.5 GHz using tapered amplitude CRLH phased-array feed network in collinear configuration.

Fig. 21. Measured four-element array normalized -plane co-pol (black) and cross-pol (gray) radiation patterns in decibel scale for frequencies from 1.8 to
2.5 GHz using tapered amplitude CRLH phased-array feed network in side-by-side configuration.

C. Measured Results Using CRLH Feed Network With
Uniform Amplitude Distribution

The measured radiation patterns for both antenna orientations
using uniform amplitude distribution show good polarization
properties with the scan directions that match well to the de-
signed angles. Measured main beam angles for collinear config-
uration along the scan angle are and for
and , respectively (Fig. 16). For side-by-side configura-

tion, the measured main beam angles steered to and
for and , respectively (Fig. 17). The -field is

oriented parallel to the scanning angle in the collinear configura-
tion and the -plane is orthogonally oriented in the side-by-side
configuration. The SLL is around 10 dB below the main lobe.
The cross-pol level is below 20 dB throughout the entire scan
frequency for both -plane and -plane patterns. Similar to the

CRLH LWAs, a fan-beam radiation pattern is generated. How-
ever, the beamwidth in the plane orthogonal to the array scan-
ning direction may also be controlled by selecting antennas that
are electrically long or orienting the antenna to align the ele-
ment pattern null location along the -direction, similar to the
orientation shown in Fig. 5(a). For a quasi-Yagi antenna, the nar-
rower beamwidth can be observed when the array is arranged in
a side-by-side configuration (Fig. 18). Measured directivity and
gain values are shown in Fig. 19. Compared to the tapered am-
plitude case, a uniform amplitude CRLH phased-array antenna
shows more of a directive radiation pattern.

D. Measured Results Using CRLH Feed Network With
Tapered Amplitude Distribution

Although the main beam width is wider than that of the equal
amplitude case, the SLL are much reduced in the tapered ampli-
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Fig. 22. Measured four-element array normalized co-pol (black) and cross-pol
(gray) radiation patterns in decibel scale for frequency GHz using tapered
amplitude CRLH phased-array feed network for: (a) collinear ( -plane) and
(b) side-by-side configuration ( -plane).

Fig. 23. Measured directivity and gain of tapered amplitude CRLH phased
array.

tude case. The SLL is below 20 dB near the center frequency,
but tend to be relaxed as the frequency shifts away from the de-
signed center frequency. Early onset of the grating lobe shown
at GHz in Figs. 20 and 21 is due to widening of the main
lobe (in the AF universal pattern) resulting from tapered ampli-
tude distribution. If desired, this grating lobe may be eliminated
by placing the antenna elements closer to each other. Similar to
the uniform amplitude case, the cross-pol level is suppressed
below 20 dB throughout the scan frequency. Measured main
beam angles for collinear configuration are and

for and , respectively. For the side-by-side
configuration, the measured main beam angles are
and for and , respectively. The beamwidth
in Fig. 22 is also narrower for the side-by-side configurations.
Measured directivity and gain values are shown in Fig. 23.

VI. CONCLUSION

An all-passive frequency-scanning phased array based on the
CRLH feed network provides versatile design freedom that al-
lows easy controllability of radiated parameters including: po-
larization type, polarization orientation, cross-pol level, direc-
tivity, and SLL. The entire circuit can be built using passive
components on planar substrates. It can direct the main beam to-
ward the desired elevation angles while allowing bidirectional

operation. A simple systematic design approach provides ex-
cellent measurement results that match well with the predicted
values. The proposed CRLH phased-array network may also be
used with any off-the-shelf wideband antennas. Although this
method will not replace the CRLH LWA, it may provide bene-
fits for other applications that require more sensitive control of
the frequency-scanning antenna radiation patterns.
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