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Abstract
This paper introduces a technique to obtain the broadband characteristics of circularly polarized antennas using an L-shaped probe. A
waveguide antenna is suitable for obtaining high gain and handling convenience in some applications; however, the asymmetrical structure of the L-shaped probe results in cross-polarization and frequency dependence on the field distribution of higher-order modes
(HOM). In addition to the basic characteristics of a waveguide antenna with an L-shaped probe, the author discusses some techniques to
reduce the HOM and cross-polarization. As a result, the 3-dB axial ratio (AR) is obtained with the fundamental mode even when the
frequency is expanded to the region for HOM of TM. This reduction is mainly due to the cutoff structure to the TM mode around the
short wall of the waveguide. Furthermore, some aperture modification techniques can reduce the cross-polarization in a wide range of
angles in the radiation pattern. Such techniques and their mechanisms are discussed in this paper. The obtained performance shows that
the proposed antennas have a wide range of angles of 3-dB AR in the radiation pattern, broadband characteristics in impedance and AR,
and low variation in group velocity.
Key Words: Broadband Characteristics, Circular Polarization, L-Shaped Probe, Waveguide Antenna.

I. INTRODUCTION
Circularly polarized (CP) antennas have been widely used
in many applications such as global positioning systems, satellite communication, RADAR, radio astronomy, and
RFID systems. Circular polarization affords two main advantages in such applications: it avoids polarization misalignment as the electric field (E-field) rotates, and it reduces
multipath fading because as long as the incident wave angle
is less than the Brewster angle, the reflected CP wave has
reversed rotation direction, resulting in cross-polarization
(XPOL) [1–3].
CP radiation can be obtained under the condition that two

orthogonal modes are generated with equal amplitude and
90° phase difference. For example, two typical methods, the
one- and two-point feeding methods, are well known to circularly polarize patch antennas. In addition, the normal and
axial modes of helix antennas are well known [4, 5]. The
spiral antenna technique is well known as a broadband CP
antenna using a travelling wave [6–8]; however, the dispersive characteristics must be considered when a pulse signal is
required for RADAR and UWB systems [9]. Signal processing can be used to avoid the effect of the characteristics.
However, such processing is not suitable for high-speed communications. Therefore, wideband CP antennas with nondispersive characteristics are required.
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For this purpose, broadband CP antennas require broadband impedance and axial ratio (AR) characteristics as well
as constant gain and group delay characteristics. In addition,
it is important to avoid multipaths. Furthermore, low XPOL
resulting in low AR is needed over a wide range of angles in
the radiation pattern.
Recently, several techniques for obtaining CP radiation in
a wideband have been studied. Some give low Q value to
obtain wideband 3-dB AR bandwidth and impedance [10–
12]. A study showed that a metasurface structure called an
artificial ground structure (AGS) that consists of a periodic
structure on a planar substrate can work as an artificial magnetic conductor [13] and a polarizer [14]. The AGS can extend the AR bandwidth of CP patch antennas [15, 16].
High-gain antennas with broadband AR have also attracted research interest. The author has proposed some broadband CP waveguide antennas using an L-shaped probe [17,
18]. By using the fundamental mode, 3-dB AR bandwidth
of around 24% can be achieved easily. This AR bandwidth
can be extended by suppressing higher-order modes. Some
broadband waveguide CP antennas using an L-shaped probe
have been presented in [19–21]. Compared to these planar
slot structures, waveguide antennas can achieve broadband
performance and high gain and easily yield circular polarization covering a wide azimuth range in the radiation pattern.
The author has discussed how such antennas can achieve the
required performance mentioned above [22–25].
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Fig. 1. Antenna structure. (a) Bird's-eye view, (b) side view of the
waveguide and (c) front view of the waveguide.

Ⅱ. REDUCTION OF HIGHER-ORDER MODES
An L-shaped probe used to feed the waveguide antenna
causes circular polarization with wideband characteristics. Fig.
1 shows an example of a waveguide antenna with a horn and
an L-shaped feeding probe. In this structure, the horn antenna was designed using conventional formulas for obtaining
an antenna gain of 17 dBi. In addition, an L-shaped probe
was installed to generating circular polarization.
In Fig. 1, a metallic ring is embedded deep inside the
waveguide. Fig. 2 shows the AR characteristics in the antenna boresight. If this metallic ring is removed, the 3-dB AR
bandwidth in the boresight will be about 25% [17, 18]. In the
frequency between around the cutoff frequency of TE11 (6.51
GHz) and the first higher-order mode (HOM) of TM01
(8.51 GHz) modes, the AR exceeds 3 dB. The proposed antenna has an asymmetrical structure in the cross section;
therefore, the HOM can easily exist in the waveguide, and
the field distribution depends on the frequency. Therefore, in
the frequency region of the HOM, maintaining low AR is
difficult. For wideband CP antennas, it is important to reduce HOM. For example, in the case of CP antennas, having
2

Fig. 2. Axial ratio characteristics in the boresight direction.

a symmetrical structure such as 4-point feeding can reduce
the HOM of TM21 modes even though TE11 is the fundamental mode.
Therefore, for expanding the wideband AR characteristics,
the HOM should be removed. For this purpose, we use the
embedded metallic ring. By choosing the dimensions of w
and t, AR can be reduced effectively in the frequency region
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(a)

Fig. 3. Electric field distributions in waveguide (a) with and (b) without
ring structure.
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Fig. 5. Radiation patterns in (a) xy-plane and (b) xz-plane at 9 GHz.
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Fig. 4. S11 characteristics with and without ring.

of >8.51 GHz. This is probably because HOM of the TM01
mode is removed.
To confirm this behavior, we examine the distribution of
the E-field at 9 GHz (HOM band) as shown in Fig. 3. In
the waveguide with no ring, shown in Fig. 3(a), the E-field in
some parts has components parallel to the propagation direction. This indicates that the field includes the TM01 mode
considering the frequency. On the other hand, when the metallic ring is installed as shown in Fig. 3(b), the E-field in all
parts has no component parallel to the propagation direction.
We understand that only the TE mode can exist in the waveguide, which contributes to generate CP. CP from the Lshaped probe is generated on the principle that the phase of
the current on the probe side along x lags by 90° compared to
that along z. This situation can be observed by covering a
wideband of 35.9% for 3-dB AR when w = 7 mm and t =
4.5 mm, as shown in Fig. 2. On the other hand, the ring has
only a small effect on the S11 characteristics, as shown in Fig.
4. Furthermore, as shown in Fig. 5, the antenna gain is

around 17 dBic (simulated) and 15 dBic (measured) with
sufficiently low XPOL.

Ⅲ. ENHANCEMENT OF AR BANDWIDTH AND
ANGLE OF CP RADIATION
This section discusses some techniques to enhance the AR
and angle of CP radiation in radiation patterns. For this purposes, HOM should be reduced. This is an important problem in broadband antennas with an asymmetrical structure,
like this structure including the L-shaped probe, because the
field of the HOM depends on the frequency. When designing a broadband antenna, it is important to keep a certain
field with respect to the frequency. On the other hand, the
field of HOM depends on frequency, resulting in limiting the
constant characteristics in terms of frequency.
Fig. 6 shows a broadband waveguide antenna structure using the L-shaped probe, where we have installed a step in the
aperture. Fig. 7 shows the effect of the aperture step. Fig. 7(a)
shows an E-field distribution at 10 GHz in the structure in
which the aperture step is removed. In this figure, we see that
some E-field vectors have a component parallel to the propagation direction. This indicates that the HOM of the TM
mode is included. On the other hand, Fig. 7(b) shows that
installing an aperture step in around a location where the
3
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Fig. 8. Axial ratio characteristics in the boresight direction of the antennas with stepped and non-stepped aperture.

Fig. 6. Structure of antenna [18].
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Fig. 9. Radiation pattern of antenna with stepped aperture at 7.5 GHz
in (a) xy-plane and (b) zx-plane.
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330
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Fig. 7. Effect of aperture step on E-field distribution. (a) Non-stepped
aperture antenna and (b) stepped aperture.
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TM mode seems strong can control the E-field distribution
and make all E-fields directed normal to the wall. This indicates that the HOM of the TM mode has vanished.
Choosing the location of the aperture step is important for
this improvement. For building this stepped structure, we
choose a location where the TM mode seems strong. If we
simply install the step near the aperture, a similar effect will
not be produced. In fact, the effect of the aperture step can be
seen in the AR characteristics. Fig. 8 shows the AR characteristics for structures with both stepped and non-stepped
apertures. AR is seen to be improved at higher frequencies
around 10 GHz because the HOM has been reduced around
this frequency.

Simulated (LHCP)
Measured (LHCP)

60
90

240

120
150

210

(b)

Fig. 10. Radiation pattern of antenna with stepped aperture at 10.25
GHz in (a) xy-plane and (b) zx-plane.

Fig. 9 shows the radiation patterns at 7.25 GHz. At around this frequency, the XPOL has been reduced sufficiently.
For up to around 9.5 GHz, the radiation patterns show similar XPOL. However, at around 10.25 GHz, the XPOL is
enhanced in a wide range of angles, as shown in Fig. 10.
As mentioned in the introduction, a wide range of CP radiation is required for applications such as RADAR. Such
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applications also require high gain. Therefore, a waveguide
CP antenna is discussed in the next section.

Ⅳ. SUPPRESSION OF CROSS-POLARIZATION OVER
A WIDE RANGE OF ANGLES

Fig. 11 shows another circular waveguide antenna structure with a curved short wall [25]. The curved short wall has
a parabolic surface with x = 0.08(y2 + z2) mm. In this structure, the position of the short wall along the x-axis affects the
impedance matching. Therefore, the center position of the
curved short wall, the deepest point from the aperture, should
be optimized along the x-axis. This parabolic wall serves to
suppress XPOL over a wide range of angles in the radiation
pattern because the distance between the wall and the bent
point of the L-shaped probe can be almost constant with
respect to any angle centered on the bent point. This suppresses XPOL. Furthermore, the parabolic wall can also suppress the HOM of the TM01 mode because the parabolic
shape can give a cut-off frequency for the HOM near the
wall.
Fig. 12 shows the S11 characteristics. The -10 dB S11 band-

Fig. 11. Waveguide antenna using an L-shaped probe and parabolic
short wall [25].
0

S11 [dB]

[24]
-5

proposed

-10
-15
-20
6

7

8

10
9
Frequency [GHz]

11

12

Fig. 12. Comparison of S11 characteristics of antennas with both parabolic and ring walls.

Fig. 13. E-field distribution with magnitude expression in the xy-plane
at 7.5 GHz. (a) ωt=0° for D=29.8 mm, (b) ωt=90° for D=
29.8 mm, (c) ωt=0° for D=27.6 mm, and (d) ωt=90° for D
= 27.6 mm.

Fig. 14. Comparison of radiation patterns at (a) 8 GHz and (b) 9 GHz.

width of the proposed and previous antennas are 40.7%
(6.85–10.35 GHz) and 43.7% (6.8–10.6 GHz), respectively.
The S11 bandwidth of the proposed antenna is slightly narrow at higher frequency, even though the probes shown in
both Figs. 13 and 14 are identical.
Fig. 15 shows the 3-dB AR characteristics. The AR bandwidth of the proposed antenna is narrower than that of the
previous antenna; however, the AR value is lower than that of
the previous antenna. This result indicates that XPOL in the
boresight direction decreases.
Next, the reason why the AR at low frequency is reduced
when the aperture is smaller is discussed. Fig. 13 shows the

5
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Axial Ratio [dB]

Fig. 15. Comparison of axial ratio (AR) characteristics.

The simulation and experimental results of the proposed
antenna are compared. Fig. 16 shows a photograph of the
fabricated antenna. The antenna is made of aluminum, and
the L-shaped probe is made of copper.
The measured and simulated S11 are similar, as shown in
Fig. 17, around 43% at -10 dB; however, the measured 3-dB
AR bandwidth is slightly narrower than the simulated one, as
shown in Fig. 18.
Fig. 19 shows the simulated and measured radiation patterns at 8 and 9 GHz. The measured and simulated results
show good agreement at 8 GHz. The measured and simulated

(a)

(b)

Fig. 16. Photos of fabricated antenna. (a) 3D view and (b) L-shaped
probe inside the antenna.

9
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6
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4
3
2
1
0

Measured
Simulated

6

7

8

9

Frequency[GHz]

10

11

Fig. 18. Simulated and measured results of axial ratio characteristics
along the boresight.

Fig. 17. Measured and simulated S11 characteristics.

strength of the E-field distributions in the xy-plane at ωt = 0
(reference) and 90° for D = 29.8 mm and 27.6 mm, where ωt
is the phase of the input signal. When D = 29.8 mm, the Efield intensity is not constant at the center of the aperture;
specifically, the E-field is strong at the center when ωt = 0°
but only approximately half as weak when ωt = 90°. We consider that such behavior leads to an increase in AR. On the
other hand, for D = 27.6 mm, the strength of the E-field is
constant at the aperture.
Fig. 14 shows the radiation patterns at 8 and 9 GHz. This
figure shows a reduction in XPOL at both the boresight and
off-boresight. Therefore, the angle range in which CP is generated is wider than that of the previous antenna.
6

Fig. 19. Radiation patterns.
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Fig. 20. Group delay characteristics.

XPOL differ slightly; however, XPOL compared to that in
[24], as shown in Fig. 8, is kept sufficiently low over a wide
range of angles. Furthermore, Fig. 20 shows the mea-sured
group delay characteristics in the boresight. The group delay
remains almost constant with less than 1-ns variation. This
indicates that the proposed antenna could be applied for
UWB-high band applications.

Ⅴ. CONCLUSIONS
The author has presented some recent results on broadband CP waveguide antennas using an L-shaped probe. This
type of antenna can achieve high gain and constant group
velocity in addition to wideband 3-dB AR and impedance
characteristics. However, the L-shaped structure has an asymmetrical structure, resulting in high XPOL. The author has
shown that XPOL can be reduced by using some techniques.
This is partly due to the reduction of HOM, which has an
asymmetrical, frequency-dependent distribution. Low XPOL
results in a wide range of angles in the radiation pattern. The
proposed antenna has 3-dB AR of around 45%, and the azimuth range for 3-dB AR is 100°–170° depending on frequency. Expanding the AR bandwidth while retaining the
above advantageous characteristics is important for covering
the UWB full band.
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Abstract
In this work, a broadband composite right/left-handed (CRLH) half-mode substrate integrated waveguide (HMSIW) quadrature Wilkinson power divider is proposed. The proposed CRLH-HMSIW quadrature power divider includes a microstrip Wilkinson power divider on the transition structure between the microstrip and HMSIW, and two thru transmission lines for the HMSIW and the CRLHHMSIW. The measured amplitude, phase difference and isolation between the two output ports of the proposed structure have 1 dB,
±5° and less than -15 dB in a wide frequency range of 4.1–6.68 GHz with 47.9% bandwidth, respectively.
Key Words: Composite Right/Left-Handed (CRLH), Half-Mode Substrate Integrated Waveguide (HMSIW), Quadrature Power Divider.

I. INTRODUCTION
Quadrature Wilkinson power dividers have typically been adopted to realize balanced amplifiers and as image-rejection mixers
in microwave circuit design. Structurally, quadrature Wilkinson
power dividers are designed to integrated the Wilkinson power
divider with a 90° phase-adjusting circuit. Numerous studies
have been devoted to the design of these 90° phase-adjusting
circuits [1–5]. Low-pass and high-pass filters were implemented with Wilkinson power divider to obtain a 90° phase difference between output ports [1]. The phase compensated transmission lines [2] or the all-pass active filters [3] were introduced
for achieving wideband 90° phase difference. The metamaterial-

based quadrature power divider has also been reported for realizing broad-bandwidth [4]. On the other hand, a substrate integrated waveguide (SIW)-based quadrature power divider using
lumped elements has also been described [5].
The SIW is one of the planar waveguides, constructed with
two parallel via fences or bar vias between metal layers at the top
and the bottom of the printed circuit board (PCB). The SIW
has two distinct merits: it enables the taking of traditional waveguide components to PCB-based planar components, and reduces the hollow waveguide size by using the dielectric constant
of the PCB [5–7]. However, the reported SIW quadrature
power divider [5] has a narrow band with a 90° phase difference
because the lumped elements on the transition structure have
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Fig. 1. Proposed HMSIW quadrature power divider using CRLHHMSIW.

Fig. 2. Phase responses of the proposed CRLH-HMSIW and the
HMSIW.

limitations with respect to their ability to achieve the broadband
90° phase difference.
In this paper, we propose a broadband half-mode SIW (HMSIW) quadrature Wilkinson power divider using composite right and left-handed (CRLH) transmission line (TL). The
HMSIW is one of the SIW, and is half size of the SIW. The
proposed CRLH-HMSIW is conducted with two lumped
shunt inductors and a surface mount technology (SMT) series
capacitor on the edge of the HMSIW, and the broadband Wilkinson power divider [8] is integrated with the transition structure.

Ⅱ. DESIGN PROCEDURE
Fig. 1 presents the proposed HMSIW quadrature power divider using CRLH-HMSIW. The SIW or HMSIW requires a
transition circuit for use with other planar circuit devices based
on microstrip (MS) or coplanar waveguide (CPW) [5, 6]. The
broadband MS Wilkinson power divider was designed and integrated with the transition structure between MS and HMSIW for achieving a highly integrated SIW circuit. To obtain
broad-bandwidth, a tapered line was adopted for input/output
matching of the power divider [9]. The fundamental mode of
SIW is the TE1,0 mode and its higher order mode starts with
the TE2,0 mode. However, the fundamental mode of the
HMSIW is the TE0.5,0 mode, with the first higher order being
the TE1.5,0 mode. The TE1.5,0 mode has a frequency range that
is three times that of the fundamental mode; therefore, the
bandwidth for HMSIW is wider than that of SIW [9].
The proposed power divider splits the power to the phase adjust circuit, the proposed CRLH-HMSIW and the HMSIW.
Fig. 2 shows the phase responses of the proposed CRLH-HMSIW and the HMSIW. The proposed CRLH-HMSIW phase
response was designed to have 90° synchronization with the
HMSIW from f1 to f2, since CRLH TLs lead the phase compared with right-handed (RH) TLs. The power divider was
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Fig. 3. (a) The unit cell of the proposed CRLH-HMSIW. (b) Equivalent circuit model of the unit cell.

designed at f0.
To design the proposed structure, the phase response between ϕHMSIW1 and ϕHMSIW2 should be selected appropriately by the length of the HMSIW. The left-handed (LH) and
RH phases of the CRLH-HMSIW should be calculated according to previously described methods [4, 10].
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∙ .
Fig. 3(a) and (b) refer to the unit cell of the proposed
CRLH-HMSIW and the equivalent circuit model of the unit
cell. The LH section of the proposed CRLH-HMSIW has a
controllable shunt inductor, LL for LLvia inductance. The LLvia,
LL and CLcap values are concerned with Q from the formula (1)
and (2). The Q is derived as in [4].
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(3)

√

where N is the number of the LH unit cell.
After solving the formulas (1) and (2), the P and Q are obtained as shown in [4].
(4)
(5)
The design procedures can be summarized as follows:
1) Design of the broadband MS Wilkinson power divider at
f0.
2) Choice of the frequency range, f1 to f2, and calculation of
the ϕCRLH1 and ϕCRLH2 by using

∅

∅

90°

(6)

∅

∅

90°

(7)

3) Solve formulas (4) and (5) using the parameters of the f1, f2,
ϕCRLH1 and ϕCRLH2
4) Calculate the
∅
/ for obtaining HMSIW
length
5) Extract the L and C with LC product by using formula (3)
and formula (8), as in [10]
(8)
where Z0 is the characteristic impedance.
6) Solve formula (9) to obtain
as in [10]. If
< f0,
the design is completed. If it is not satisfied, choose a larger N and proceed again from step 5.
(9)

Fig. 4. Demonstration of the proposed HMSIW quadrature power
divider.

Ⅲ. EXPERIMENTAL RESULTS
The demonstrated HMSIW quadrature power divider is
shown in Fig. 4. Three target frequencies, f1 = 4.5 GHz, f0 =
5.5 GHz, and f2 = 6.5 GHz are chosen to achieve broad bandwidth.
The demonstration was designed on a Taconic TLX-8 substrate (dielectric constant = 2.55, height = 0.508 mm). The
HMSIW in the proposed structure has characteristic impedance
(Z0) of the power-current (ZPI) definition of 13 Ω, which was
calculated by using ANSYS HFSS ver. 14 simulation. Note that
the traditional CRLH TLs can be analyzed by using the TL
theory on the strip-like lines [11]. In the example provided here,
the characteristic impedance of the ZPI definition is most appropriate for the strip-like lines [12]. Therefore, the ZPI definition
is used for calculating the L and C values in the proposed structure.
To realize the CRLH-HMSIW, two PCB-embedded inductors and a Murata 0201-sized SMT capacitor are utilized.
This demonstration implements the calculated design parameters from Section II with the LH section parameters being N =
1, CLcap = 0.8 pF and LL = 1.3 nH. Note that total inductor value (sum of 2LL and 2LLvia) of the LH section needs 0.13 nH
through the formula (8). However, the value calculated from the
simulation tool was LLvia = 0.07 nH. Therefore, LL = 1.3 nH is
necessary to meet the target, 0.13 nH inductance of the LH
section.
The 50-Ω chip resistor on the input transition structure was
attached for obtaining isolation between the output ports [8].
For measurement, the transition structures between HMSIW
and MS were utilized, and the SMA connectors were soldered
on the edge of the MS line. The measured S-parameters were
carried out by using a vector network analyzer, Agilent N5230A.
Fig. 5(a) and (b) show the simulated and measured Sparameters of the insertion losses (|S21|, |S31|), in and out return
loss (|S11|, |S22|, and |S33|), and isolation (|S23|). The measured
|S21|, |S31| show -4 ± 0.5 dB on the frequency range from 4.14
to 6.74 GHz, and the measured |S11|, |S22|, and |S33| are better
than -10 dB from 4.1 to 6.68 GHz. The |S23| is less than -20
dB between output ports from 4.39 to 6.68 GHz. In Fig. 6(a),
the measured amplitude imbalance is within 1 dB from 4.23 to
6.82 GHz, except that it reaches 0.56 dB at 5.39 GHz, and the
measured phase difference shows 90° ± 5° from 3.84 to 6.68
GHz.
The performance comparison between the conventional SIW
quadrature power divider [5] and the proposed HMSIW quadrature power divider is shown in Table 1. The proposed structure has more wide-bandwidth than [5], with better isolation
performance.
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Table 1. Performance comparison
Relative
bandwidth
(%)

Phase
error (°)

Amplitude
imbalance
(dB)

Isolation
(dB)

[5]

18.4

±5

1

-15

This work

47.9

±5

1

-20

* Relative bandwidth = (frequency range/center frequency) × 100%.

IV. CONCLUSION
In this paper, a broadband HMSIW quadrature Wilkinson
power divider using CRLH TL is presented. The proposed
structure shows good amplitude imbalance, within 1 dB, 90°
phase difference, and excellent isolation performance between
output ports. The measurement results show good agreements
with the simulation.
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Switching System Applications
Seok-Jae Lee1 ∙ Won-Sang Yoon2 ∙ Sang-Min Han1,*

Abstract
In this paper, a planar directional beam-switchable antenna with four orthogonal beam directions is proposed. The proposed antenna is
designed with two crossed active elements and two parasitic elements for each direction. The design methodology is described on the
basis of the Yagi-Uda method for the active and parasitic elements, respectively. By adjusting the effective electric lengths of the parasitic
elements, the roles of a director and a reflector are exchanged with each other. The planar four-way beam-switchable Yagi-Uda antenna is
implemented. From the experimental results. The proposed design method is verified for orthogonal radiation beam switching.
Key Words: Beam-Steering Antennas, ESPAR, Planar Dipoles, Reconfigurable Antennas, Yagi-Uda Antennas.

I. INTRODUCTION
Wireless communication systems issue various requirements
of high mobility, high speed data streaming, huge access capacity, and compact hardware systems. Various approaches, such as
multiple access algorithms, system specifications, hardware architectures, and so on, have been studied. Among the system
schemes, space diversity using switching beam control is one of
the most promising candidates to efficiently increase channel
capacity. However, it has the limitations of high antenna complexity and a large form factor of the beam-switchable antennas
at mobile terminals [1–4]. An Electrically Steerable Parasitic
Array Radiator (ESPAR) antenna has been developed for a
compact and simple beam controllable antenna design, and one
active element and parasitic elements are used to adjust the
beam direction. The ESPAR antenna is a type of reactively
steerable array antenna and a single-port array antenna with
only one central active element surrounded by several reactively

controlled parasitic radiating elements. The ESPAR antenna
pattern is controlled by adjusting the reactance load values, including capacitance and inductance [1–6]. The ESPAR antenna has been developed using various parasitic structures, such
as monopoles [5], dipoles [6], and patch antennas [7]. However,
due to the three-dimensional form-factor, the antenna cannot
be integrated with other circuits on a planar substrate. Moreover,
as it has only one parasitic element for each direction, its directivity and beamwidth are limited and uncontrollable. An
additional parasitic element can increase the antenna gain and
front-to-back ratio (F/B), which operates based on the YagiUda antenna [8, 9].
In this paper, a new beam-switchable antenna is designed
with a planar architecture based on the Yagi-Uda design methodology [2, 10, 11]. The proposed antenna is able to control
bi-directional beams by switching the roles of parasitic antenna
elements from reflectors to directors and vice versa. The function of the parasitic element can be changed by adjusting the
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value of reactance mounted on each parasitic element. Therefore,
the proposed planar beam-switchable antenna is designed to
operate with bi-directional beam control. Moreover, it has excellent capabilities to achieve a small form factor and to be integrable in planar subsystems.
This paper is organized as follows. Section II describes the
proposed antenna architecture. In Section III, the design methodology of the planar Yagi-Uda antenna is explained for the
active and parasitic elements, respectively. Section IV presents
the implementation and performance evaluation of the proposed antenna. Finally, the feasibility and technical applications
are discussed in the conclusion.
Ⅱ. DESIGN METHODOLOGY OF THE PLANAR
YAGI-UDA ANTENNA
The proposed beam-switchable antenna is designed with the
Yagi-Uda method at 2.4 GHz. Whereas a conventional ESPAR antenna has a single parasitic element for each beam direction, the proposed antenna has additional parasitic antenna
elements to achieve higher directivity. The Yagi-Uda array antenna was developed by Uda and Yagi in the 1926 and 1928.
The Yagi-Uda antenna consists of several linear dipole elements.
Whereas the only one dipole is excited from an RF source called
a driven element (active element), the other ones are called directors or reflectors (parasitic element) in which microwave currents are induced by mutual coupling. As the Yagi-Uda antenna
is designed to act as a longitudinal array [8, 9], the parasitic
elements located in beam direction act as directors and those in
the opposite side as reflectors.
Fig. 1 shows the layout of the proposed planar beam-switchable antenna. The antenna system consists of one active element and four parasitic elements that are arranged with two
elements for each bi-direction. The parasitic elements are designed for switchable functions of directors and reflectors. These
roles are controlled by changing the reactance of elements. For
the purpose of adjusting the element reactance, switchable capacitance is mounted at the center of two monopoles in each
parasitic element. The arrangement with flexible directors and

Fig. 1. Configuration of the proposed planar beam-steerable Yagi-Uda
antenna.

reflectors make it possible for the antenna to increase the array
antenna directivity and to switch beam directions.
The Yagi-Uda array is designed by adjusting the lengths of
the reflectors and directors and the spacing between elements.
In general, the lengths of the reflectors are a little longer than
those of the directors. The proposed antenna system controls
the effective electric length of the parasitic elements. As the
number of elements determines the antenna directivity, the array with two directors is efficient for an antenna directivity and
an F/B. The number of reflectors is normally not a significant
factor that contributes to the antenna directivity. Therefore, the
proposed antenna is designed with two parasitic elements for
each beam direction under considering the full system form
factor. The spacing between antenna elements is optimized at
the region of 0.25  to 0.4 . In general, the element spacing of
a quarter wavelength gets about 9–10 dB.
Ⅲ. PLANAR BEAM-SWITCHABLE ANTENNA DESIGN
1. Active Element Design
The active element of the planar beam-switchable antenna is
designed with a planar dipole on a FR4 substrate with a thickness of 1.0 mm and a dielectric constant of 4.4. The dipole antenna is aligned on a strip line without a ground plane on the
back side, and excited by balanced coaxial feed lines through the
back side of the substrate. As the dipole conductor is not aligned
in the air, the effective /2-dipole is designed, which measures
the effective electrical length on an epoxy substrate. The electromagnetic field simulator, HFSS (High Frequency Structure
Simulator; ANSYS Inc., Canonsburg, PA, USA) is utilized for
the optimum design. The active dipole is implemented with a
width of 1.5 mm, total length of 47 mm (0.376 0), and separation between monopoles of 2.0 mm; thus 47 mm on the substrate acts as a /2-dipole.
The implemented active element was measured for bandwidths and radiation patterns. Fig. 2 shows the simulated and
measured results of the active element. The return loss measured by a vector network analyzer (Agilent E5071C) indicates
a center frequency of 2.24 GHz and a bandwidth of 2.10–2.45
GHz, which refers to a return loss of -10 dB. The planar dipole
with a length of 0.376 0 conducts /2-dipole at 2.4 GHz, and
thus the physical length of 37 mm is an effective length of /2.
To check the dipole operation of the active element, radiation
patterns are measured in an anechoic chamber. Fig. 3 shows the
measured radiation patterns for the E-plane and H-plane at
2.47 GHz. From the experimental results, the active element
shows omni-directional patterns and a maximum gain of 2.647
dBi.
2. Parasitic Element Design
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reactive components using the Advanced Design System (ADS),
Keysight Technologies Ltd. Fig. 4 presents the effective electric
length of the antenna elements. The electric length variation is
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by mounting a capacitor of 1.5 pF. The backward-direction
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as that of the active element with large capacitance. The second
parasitic element is designed with a physically shorter electric
length of 45 mm compared with that of the first parasitic element at 47 mm. The separation between all antenna elements is
set to 37 mm of 0.376 0 at 2.4 GHz.
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Fig. 3. Measured radiation patterns of the active dipole element. (a) Eplane and (b) H-plane.

The parasitic element is designed with controllable dipoles
including adjustable reactive components. As the reactive element mounted on a line antenna shortens or extends the antenna length, the parasitic element can switch its role from a director to a reflector or vice versa.
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Fig. 4. Electrical lengths of the parasitic elements with and without
reactive components.
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In this section, the four-way beam-switchable antenna is implemented and evaluated with the composite of two bi-directional Yagi-Uda antennas. The orthogonal antenna configuration is presented in Fig. 5. The parasitic elements are arranged
for directors and reflectors using the Yagi-Uda antenna methodology. The first and second parasitic elements are designed
with lengths of 47 mm and 45 mm, respectively. The distance d
between all elements is 37 mm, which is assigned from the distance between the waveguides of Yagi-Uda antennas of about
0.3 –0.4 . The crossed active elements are excited for each
desired beam direction by switching feedlines. The beam direction of the proposed planar beam-switchable antenna is controlled by adjusting the reactance of parasitic elements. The
switchable capacitance is mounted at the center of the dipole
pad. The additional capacitances of C0 = 1.5 pF are mounted
for the director parasitic elements for the 0° direction beam,
and the capacitors of (i.e., C1 = C2 = C3) 0.1 μF are used for the
reflector ones. The size of the antenna is W1 × W2 = 189.8 mm
× 189.8 mm.
The performances of the proposed planar beam-switchable
antenna were experimented and evaluated in an anechoic chamber. To evaluate the performance, return losses, radiation patterns, and beam direction switching are measured. The return
losses of the proposed planar beam-switchable antenna are presented in Fig. 6. The center frequency of the planar dipole antenna is 2.3 GHz. The 10-dB bandwidth is 2.2-2.32 GHz. The
design results shows that the center frequency shifted by about
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Fig. 7. Measured radiation patterns of the planar beam-switchable antenna for the +x-direction beam. (a) x-y plane and (b) x-z plane.
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0.1 GHz because of the coupling effect between elements.
The radiation patterns are measured for the planar beamswitchable antenna on an x-y plane and an x-z plane as shown
in Fig. 7. The antenna beam is confirm to align to the 0 direction. The gain presents a maximum gain of 10.74 dBi, a F/B of
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Fig. 8. Radiation patterns according to the beam directions of the proposed planar beam-switchable antenna. (a) 0, (b) 90, (c) 180,
and (d) 270.

about 14.7 dB, and a half-power beamwidth of 59.8. The evaluation of the beam-steering performance is presented in Fig. 8.
The gain of antenna in 0, 90, 180, and 270 directions is
10.74, 10.45, 10.67, and 10.7 dBi, respectively. The antenna
beam is adjusted by switching the reactance mounted on each
parasitic element. From the experimental results, the implemented planar beam-switchable antenna appears to have excellent directivity and beam-steering performance to the desired
directions.
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Fig. 5. Proposed four-way planar Yagi-Uda antenna. (a) Layout of the
proposed antenna. (b) Photograph of the fabricated antenna.
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Ⅴ. CONCLUSION
3.5

Frequency (GHz)

Fig. 6. Simulated and measured return losses of the proposed planar
beam-switchable antenna.

In this paper, the planar beam-switchable antenna has been
proposed using the Yagi-Uda array design methodology for
space diversity applications. The proposed antenna is imple-
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mented on a planar substrate with bi-directional beam-switching characteristics, whereas the conventional beam-switchable
antenna requires 3-D space. Two orthogonally arranged arrays
operate the bi-directional beam switching by adjusting the reactance of the parasitic elements. The measured results verified
the beam switching to be aligned to the antenna direction. For a
system applied by practical switches and bias lines, a symmetrical and aligned layout and a high isolation of the switch should
be considered to maintain proper antenna beam patterns.
Therefore, the proposed planar beam-switchable antenna can be
implemented in a single fabrication process with other PCB
components and is an excellent candidate for mobile wireless
communication terminals.
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Abstract
A fully integrated dual-band CMOS power amplifier (PA) is developed for 802.11n WLAN applications using wafer-level package
(WLP) technology. This paper presents a detailed design for the optimal impedance of dual-band PA (2 GHz/5 GHz PA) output transformers with low loss, which is provided by using 2:2 and 2:1 output transformers for the 2 GHz PA and the 5 GHz PA, respectively. In
addition, several design issues in the dual-band PA design using WLP technology are addressed, and a design method is proposed. All
considerations for the design of dual-band WLP PA are fully reflected in the design procedure. The 2 GHz WLP CMOS PA produces a
saturated power of 26.3 dBm with a peak power-added efficiency (PAE) of 32.9%. The 5 GHz WLP CMOS PA produces a saturated
power of 24.7 dBm with a PAE of 22.2%. The PA is tested using an 802.11n signal, which satisfies the stringent error vector magnitude
(EVM) and mask requirements. It achieved an EVM of -28 dB at an output power of 19.5 dBm with a PAE of 13.1% at 2.45 GHz and
an EVM of -28 dB at an output power of 18.1 dBm with a PAE of 8.9% at 5.8 GHz.
Key Words: CMOS, Integrated Circuit, Power Amplifier, Transformer, WLAN.

I. INTRODUCTION
The rapid development of handheld devices has necessitated
the transmission and reception of high data-rate signals. Despite the developments in wireless communication technologies,
the design of CMOS power amplifiers (PA) continues to pose
challenges in the design of wireless transceivers because of the
low breakdown voltage in CMOS devices, the no-substrate viahole in the CMOS process, and the low quality of the passive
components. In addition, in WLAN applications, especially
those meeting the IEEE 802.11n standard, a highly linear PA
is required because of the high peak-to-average power ratio
(PAPR) and the wide data bandwidth signal. Therefore, PAs

are required to operate in a large back-off point from the in a
saturation power region, resulting in decreased efficiency [1].
Hence, the design of WLAN PAs using CMOS technology is
a challenging task.
Current communication standards require that PAs support
dual or multi-bands. Therefore, the demand for dual-band PAs
has increased. In 802.11n applications, 2 GHz and 5 GHz
bands must be supported. In dual-band operation, the design of
the output transformer is crucial because it must provide optimal impedance with low loss performance. However, no detailed design for the optimization of dual-band PA (2 GHz/5
GHz PA) output transformers has been reported. In wafer-level
package (WLP) technology, an integrated circuit is used as the
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wafer level. WLP is essentially a true chip-scale package technology because the resulting package is almost the same size as
the die [2]. Because WLP is intrinsically a chip-size package, its
primary advantage is its small form factor. Another advantage is
its low packaging cost compared to die-level packaging [3].
WLP technology also allows the chip to be reliably attached
directly to a printed circuit board (PCB) [4]. However, unlike
other packaging methods, it is difficult to design a dual-band
PA in a compact die area using WLP technology because there
are several limitations in the usage of WLP technology in RF
PA designs. Without proper design considerations, the required
die area is greatly increased because of the minimum distance
rule between the balls and their large diameter. Although a dual-band PA using WLP technology was developed in [5], the
considerations and details related to the design of a dual-band
PA using WLP technology have not been addressed.
In this work, several design issues in a dual-band PA using
WLP technology are addressed and a design method is proposed. In addition, a detailed design for the optimal impedance
of dual-band PA (2 GHz/5 GHz PA) output transformers with
low loss is presented. In the optimal dual-band operation presented here, the selection of the number of turns in the primary
and secondary windings of the output transformers is investigated to provide optimal impedance. We design and implement a
fully integrated dual-band CMOS PA for 802.11n applications
using WLP technology. The fully integrated 2 GHz CMOS
PA exhibits a 19.5-dBm output power and a PAE of 13.1% at
the -28 dB error vector magnitude (EVM) point; the 5 GHz
CMOS PA achieves an 18.1-dBm output power and a PAE of
8.9% at the -28 dB EVM point.
II. OUTPUT TRANSFORMER DESIGN FOR
THE DUAL-BAND CMOS PA

The output transformer is a major component affecting the
overall performance of the PA. In designing a highly efficient
linear PA, the selection of the optimal impedance is crucial. In
the initial design stage, load-pull simulations are typically performed to find the optimal region of the input impedance in the
transformers (ZIN). Therefore, an output transformer is required
to provide the corresponding optimal impedance region with
low loss performance.
Fig. 1(a) depicts the layouts of 1:2 and 2:2 transformers. The
equivalent model of a magnetic-coupled transformer is shown in
Fig. 1(b). L1 is the net inductance of the primary winding and
L2 is the net inductance of the secondary winding. R1 and R2 are
the net resistances of the primary and secondary windings, respectively. Considering the effect of the voltage induced through mutual coupling,

(a)

(b)
Fig. 1. (a) Exemplary layouts for 2:2 and 1:2 transformers, (b) equivalent circuit model for a magnetic-coupled transformer.
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where M represents the mutual inductance between the primary
and secondary windings. ZIN is the input impedance of the
transformer, and Rload is the output impedance of the transformer. Rload is typically 50 Ω. From (2) and (3), ZIN is given by
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2 2
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Because the R2 and L2 of the 1:2 transformer almost equal
those of the 2:2 transformer, the differences in R1 and L1 determine the input impedance (RIN) provided by the transformer.
Because the R1 and L1 of the 1:2 transformer are lower than
those of the 2:2 transformer, the 1:2 transformer provides a low
RIN compared to the 2:2 transformer. Fig. 2 illustrates the simulated RIN and the minimum insertion loss. The minimum insertion loss, which is the inverse of the maximum available gain,
was previously used to evaluate the passive loss performance [6].
The two transformers are the same size. A 30-μm metal width
is used in the transformer design. Both transformers have simi-
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output transformer was lower than that in the 2 GHz PA output transformer. Therefore, in this design, the 2:2 transformer
was selected for the 2 GHz PA operation [8], and the 1:2 transformer was chosen for the 5 GHz PA operation.
The layouts of the output transformer in each band are
shown in Fig. 3. The sizes of the transformers are optimized for
each target frequency. The output transformers are designed
with a 3.4-μm Cu metal layer. However, EM simulations, optimum metal width, spacing, and the size are selected for both 2
GHz and 5 GHz PA output transformers. The windings of the
2:2 transformer used in the 2 GHz PA are 30 μm wide and
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Fig. 2. (a) Simulated RIN of the 2:2 and 1:2 transformers, (b) simulated
minimum insertion loss of the 2:2 and 1:2 transformers.
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only for PAE & POUT
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Fig. 3. (a) 2 GHz PA output transformer with input and output capacitors, (b) 5 GHz PA output transformer with input and
output capacitors.

lar minimum insertion losses. Fig. 2(a) shows that the RIN of the
1:2 transformer is lower than that of the 2:2 transformer. The
power generated by the device is inversely proportional to RIN
[7]. Therefore, the power generated by the 1:2 transformer is
higher. In a 5 GHz PA operation, the passive loss is usually
higher, and its operation has a larger impact on the device’s parasitic structure than the 2 GHz operation has. Thus, the power
generated by the device should be higher to compensate for the
effects of high frequency. In addition, the load-pull simulations
validated that the optimum region of ZIN in the 5 GHz PA
22
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Fig. 4. (a) Simulated minimum insertion loss of the 2-GHz and 5GHz output transformers, (b) optimum ZIN of 2 GHz PA output transformer, (c) optimum ZIN of 5 GHz PA output transformer.
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spaced at 10-μm intervals. The windings of the 1:2 transformer
used in the 5 GHz PA are 15 μm wide and spaced at 5-μm intervals. Typically, for high target frequencies, the optimal size for
maximizing passive efficiency is smaller in on-chip transformer
designs. Increasing the size of the transformer increases the Q of
the transformer at lower frequencies, while it can degrade the Q
of the transformer at higher frequencies mainly because of the
large coupling between the transformer and the lossy substrate.
Therefore, the optimized size of the 5 GHz output transformer
is much smaller than that of the 2 GHz output transformer. The
size of the 2:2 transformer is 495 μm × 495 μm, whereas that of
the 1:2 transformer is 235 μm × 235 μm. Fig. 4(a) shows the
minimum insertion loss in the output transformers. With the
proper section of transformer size, the peak of the minimum
insertion loss is located on the target frequencies. When each
transformer is plugged into the power stage circuit, input and
output capacitors are added in parallel, as shown in Fig. 3, to
provide the optimal performances of not only PAE and output
power but also linearity. Through a careful process of the iteration of the total circuit simulation to maximize overall performance, the optimal ZIN of the 2-GHz/5-GHz PA output transformers are selected, as shown in Fig. 4(b) and (c).
III. WLAN DUAL-BAND WLP PA DESIGN
Among the most recent packaging solutions, WLP is the preferred method because the packaging size is small and the required cost is low. Careful considerations are required for a dualband PA design using WLP technology in order to minimize
the required die area. To save the die area, a method placing an
active device or passive transformers under the WLP balls can
be considered. Placing active devices that operate at low frequency, such as digital circuits, under WLP balls may not cause
any difference in performance. However, placing active devices
or passive transformers that operate at 2 GHz or 5 GHz frequency ranges causes the performance degradations because of
the electric and magnetic coupling between the active devices
and the WLP balls. In particular, the passive transformer should
be kept outside the area of the balls in order to minimize their
impact. Because the increasing distance between the designed
transformer and the balls also increases the required die area, the
selection of the proper distance is importance to save the die
area without causing the performance to degrade. Based on EM
simulations, a minimum distance of 40-μm between the transformers and balls was chosen in this work.
Fig. 5 shows the schematic of the PAs. Both the 2 GHz and
the 5 GHz PAs have differential amplifiers with a cascode
structure. To achieve a high gain, the 2 GHz PA has two stages
(i.e., the driver stage and the power stage), and the 5 GHz PA
has three stages (i.e., driver stage 1, driver stage 2, and the power

Fig. 5. Schematic of the fully integrated 2 GHz and 5 GHz CMOS
PA.

(a)

(b)

Fig. 6. (a) Typical WLP ball structure with PCB and die, (b) equivalent WLP ball model.

Fig. 7. Die photograph of the fabricated dual-band PA.

stage). An adaptive bias circuit is added to improve the EVM
performance of the 2 GHz and 5 GHz PAs [9]. Fig. 6(a) shows
23
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including the WLP balls and routings applied to capture interactions and parasitic effects.
IV. MEASUREMENT RESULTS

Fig. 8. (a) Full EM model for 2-GHz inter-stage including wafer-level
package (WLP) balls and routings, (b) full EM model for 2GHz output stage including WLP balls and routings.
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a WLP structure with PCB and die. In the initial design stage,
its equivalent ball model is used for total circuit simulations. Fig.
6(b) shows the equivalent WLP ball model. Because the diameter of ball is 130 μm, and the minimum distance between two
balls is 300 μm in this work, the increased number of balls increases the required die area. Thus, the number of balls required
in the dual-band PA design should be reduced by sharing. Fig.
7 shows a die photograph of the fabricated dual-band PA. As
shown in Fig. 7, the power stages (2G PA) in the 2 GHz PA
and the power stages (5G PA) in the 5 GHz PA share the PA
VDD ball. In addition, the driver stage (2G DA) in the 2 GHz
PA and the driver stage 1/driver stage 2 (5G DA1/DA2) in the
5 GHz PA share the DA VDD ball. In the driver stage design,
the DA GND ball is also shared by 2G DA and 5G DA1/
DA2. In this case, the performance is significantly compromised by the presence of connection routings. The parasitic
effects in the connection routings and the balls are caused mostly by magnetic and capacitive coupling. Therefore, proper EM
modeling is required to capture these couplings. Through full
EM simulations, all transformers (input/inter-stage/output transformer) were re-modeled, including the surrounding balls and
the closed signal/VDD/ground routings. All coupling effects are
captured and included in the circuit simulations. Fig. 8 shows
examples of a 2-GHz inter-stage/output-stage transformer,

Gain [dB]

(b)
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(a)

The fully integrated 802.11n CMOS PA was fabricated using a standard process of 65 nm CMOS. The size of the chip,
including the test pads, was 2.04 mm2, as shown in Fig. 7. During the measurement procedure, the losses in the PCB trace
were carefully de-embedded, but the pad and bond wire losses
were not de-embedded. Fig. 9(a) shows the measured gain and
the PAE versus the output power at 2.45 GHz. The input signal
was a single-tone continuous wave (CW) at 2.45 GHz. With a
3.3-V supply, the measurement results showed a 27.7 dB power
gain. The saturated output power was approximately 26.3 dBm
with a 32.9% PAE.
Fig. 9(b) shows the measured EVM and PAE versus the output power at 2.45 GHz using an MCS7 802.11n signal (64QAM 65 Mbps with a 20-MHz BW and 9.6 dB PAPR). In
the 802.11n standard, the specification for EVM is typically
required to be below -28 dB. At the -25 dB EVM point, the
output power was 20.3 dBm with a 15% PAE. At the -28 dB
EVM point, the output power was 19.5 dBm with a 13.1%
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Fig. 9. (a) Measured gain and PAE for the 2.45 GHz continuous wave
signal, (b) measured EVM and PAE for the 802.11n signal at
2.45 GHz.
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Fig. 10. Output spectrum of the PA for a 2.45 GHz 802.11n signal at
a POUT of 19.5 dBm.
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PAE. The measured output spectrum for the 2.45 GHz MCS7
802.11n signal is shown in Fig. 10. The output spectrum satisfied the mask specification at an output power of 19.5 dBm
with a -28 dB EVM. Fig. 11(a) shows the measured gain and
PAE versus the output power at 5.8 GHz. The input signal was
a CW of 5.8 GHz. With a 3.3 V supply, the measured gain was
approximately 40 dB. The saturated output power was 24.7
dBm with a 22.2% PAE. Fig. 11(b) shows the measured EVM
and PAE versus the output power at 5.8 GHz using an MCS7
802.11n signal (64-QAM 65 Mbps with a 20-MHz BW and
9.6 dB PAPR). At the -25 dB EVM point, the output power
was 18.8 dBm with a 9.8% PAE. At the -28 dB EVM point,
the output power was 18.1 dBm with an 8.9% PAE. The measured output spectrum for a 5.8 GHz MCS7 802.11n signal is
shown in Fig. 12. The output spectrum satisfied the mask specification at an output power of 18.1 dBm with a -28 dB EVM.
Table 1 shows the comparison with a recently reported dualband 802.11b/g/a CMOS PA. The PAPR of the 802.11n
MCS7 in HT20 was 0.5 dB higher than that of the 802.11g or
the 802.11a [11]. Therefore, the PA that uses an 802.11n signal
should operate more linearly than the PA that uses an 802.11g/a
signal. Without applying predistortion, the performance of the
implemented 802.11n CMOS PA was comparable to those re-
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Fig. 11. (a) Measured gain and PAE for the 5.8 GHz continuous wave
signal, (b) measured EVM and PAE for the 802.11n signal at
5.8 GHz.

ported in [5, 10].
V. CONCLUSION
In this work, we developed a fully integrated dual-band
CMOS PA for 802.11n WLAN applications using WLP technology. The output transformer structures were investigated and

Table 1. Comparison with recently reported WLAN WLP CMOS PAs
Ref.

Technology

WLP

802.11b/g/a

-28 dB EVM

Psat (dBm)

Signal

POUT (dBm)

2 GHz

5 GHz

2 GHz

5 GHz

29

26

20.8a

17.3a

N/A

N/A

[5]

45 nm CMOS

Yes

[10]

55 nm CMOS

No

802.11 LG54M
(54 Mbps)

27

26

20.8a

18.4a

This work

65 nm CMOS

Yes

802.11n
(65 Mbps)

26.3

24.7

19.5

18.1

(54 Mbps)

PAE (%)
2 GHz

13.1

5 GHz

8.9

PA = power amplifier, WLP = wafer-level package, EVM = error vector magnitude.
a
With predistortion.

25

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 17, NO. 1, JAN. 2017

Fig. 12. Output spectrum of the PA for a 5.8 GHz 802.11n signal at a
POUT of 18.1 dBm.

optimized for optimal dual-band operations. A 2:2 output
transformer was chosen as the output transformer for the 2
GHz PA, and a 1:2 output transformer was chosen as the output transformer for the 5 GHz PA. The 2 GHz CMOS PA
produced a saturated output power of 26.3 dBm with a 32.9%
PAE. The 2 GHz PA achieved -28 dB EVM at an output power of 19.5 dBm with a 13.1% PAE. It also satisfied the mask
requirements without the need to apply predistortion. The 5
GHz CMOS PA produced a saturated output power of 24.7
dBm with a 22.2% PAE. The 5 GHz PA achieved -28 dB
EVM at an output power of 18.1 dBm with an 8.9% PAE. It
also satisfied the mask requirements without the need to apply
predistortion.
This work was supported by a 2-year Research Grant of
Pusan National University.
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Half-Mode Substrate Integrated Waveguide Amplifier
Using Lumped-Element Transition
Dong-Sik Eom ∙ Hai-Young Lee*

Abstract
This paper proposes a half-mode substrate integrated waveguide (HMSIW) amplifier using lumped-element transition. The input and
output impedances of this amplifier are matched by the lumped-element transition structure. This structure provides compact impedance
and mode matching circuits between the HMSIW and a stand-alone amplifier. Surface mount technology inductors and capacitors are
implemented to realize the lumped-element transition. A prototype of the proposed HMSIW amplifier shows 15 dB gain with 3 dB
bandwidth of 4 to 7.05 GHz in a simulation and measurement.
Key Words: Amplifier, Half-Mode Substrate Integrated Waveguide (HMSIW), Lumped Element, Substrate Integrated Waveguide
(SIW), Transition.

I. INTRODUCTION
A substrate integrated waveguide (SIW) is a well-known type
of planar formed waveguide on a printed circuit board (PCB).
An SIW is formed with two parallel metallic via holes or
grooves in the PCB. Compared with traditional, bulky waveguide, an SIW provides easy-to-fabricate structures, small-sized
circuits, and good integration with planar circuits. Studies have
already developed various passive and active SIW circuits and
devices [1–10]. Of these active SIW amplifiers [1–4] are complicated to design because the signal and ground of the SIW are
electrically shorted by metalized via holes or grooves, and they
need input and output impedance matching as well as mode
conversion circuits between the amplifier and the SIW. A mode
conversion circuit, also called the transition structure between
the SIW and the planar transmission lines—microstrip (MS),
coplanar waveguide (CPW) or conductor-backed coplanar waveguide (CBCPW)—is needed because the SIW and planar

transmission lines have different mode characteristic.
An X-band SIW amplifier using a DC-decoupled transition
structure between the SIW and the MS was firstly proposed [1].
However, the DC-decoupled transition structure has to be designed very carefully, because the mode and impedance matching properties are very sensitive to the coupling factor of the
DC-decoupled transition. SIW power amplifiers using CBCPW-to-SIW and MS-to-SIW transitions were proposed to
realize an input/output matching network in the SIW [2, 3].
However, it is hard to tune the matching network after PCB
fabrication, and the transition length between the SIW and the
CBCPW or MS remains long. Note that the long transition
structure may cause unwanted coupling and radiation around
the circuits [7]. A corrugated SIW distributed amplifier was also
reported; however, its performance was not optimized [4].
This study proposes a half-mode SIW (HMSIW) amplifier
using HMSIW-to-MS lumped-element transition. The proposed structure was developed using an HMSIW platform that
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reduces the SIW structure size by half, and it supports the
TE0.5,0 half-mode [8]. The lumped-element transition structure
was realized using a surface mount technology (SMT) inductor
and capacitor to reduce the length of the conventional transition
structure [9, 10]. The proposed structure is easy to design and
enables tuning of the amplifier input/output matching network
by using lumped-element transition after PCB fabrication.
II. HMSIW TRANSITION TO MICROSTRIP AND
HMSIW AMPLIFIER DESIGN
Fig. 1(a) and (b) show the conventional and incomplete transition structures, MS-HMSIW-MS [5] and MS-HMSIW,
respectively, on the Taconic TLX substrate (dielectric constant
= 2.55, height = 0.508 mm). These transition structures were
verified by simulation using ANSYS HFSS ver. 14. Note that
ports 1 and 2 in Fig. 1(a) and (b) were excited as a 50-Ω lumped
port, and not a wave port in the HFSS simulation.
Fig. 2 shows simulation results of the MS-HMSIW-MS and
MS-HMSIW structures. In Fig. 2(a), the simulated return losses of the MS-HMSIW-MS are under -15 dB from 4.13 to 6.8
GHz, and in Fig. 2(b), the MS-HMSIW-MS structure shows
good matching at 50 Ω from the Smith chart. Note that the
simulated HMSIW length is λc/4 ≈ 30 mm. Fig. 2(c) shows the
simulated return losses of the incomplete MS-HMSIW transition. However, the incomplete transition structure shows return
losses of around -8 dB at ports 1 and 2 because the port-2 impedance is not located on 50 ohm. The port-2 impedance is
located at 24.86 + j12.63 Ω at 6 GHz, as seen in the Smith
chart in Fig. 2(d). To match the port-2 impedance to 50 Ω, a
lumped-element matching circuit is used.
Murata SMT 0.2 nH series inductor with 0603 mm2 size and
a 0.4-pF shunt capacitor were used between the HMSIW and

Fig. 1. (a) Conventional MS-HMSIW-MS transition structure. (b)
Incomplete MS-HMSIW transition structure.
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Fig. 2. (a) Simulated return loss of conventional MS-HMSIW-MS
transition. (b) Smith chart of simulated reflection coefficient of
conventional transition. (c) Simulated return loss of incomplete
MS-HMSIW transition. (d) Smith chart of simulated reflection coefficient of incomplete transition.

the MS, as shown in Fig. 3(a). Note that the shunt capacitor is
bridged with the MS-edge and the extended top-grounded
metal pad. The 0.2 nH series inductor moved the 24.86 +
j12.63 Ω impedance to 25.1 + j24.77 Ω at 6 GHz, and the 0.4
pF shunt capacitor changed the 25.1 + j24.77 Ω impedance to
50 Ω, as shown in Fig. 3(b). As a result, the return losses improved after evaluating the proposed lumped-element transition,

Fig. 3. (a) Lumped-element matching circuit between HMSIW and
MS. (b) Simulated port-2 reflection coefficient after lumpedelement matching. (c) Simulated return losses after lumpedelement matching.
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as shown in Fig. 3(c). Note that the 50 Ω lumped-port was induced to ports 1 and 2 in the HFSS simulation, as shown in Fig.
3(a).
The back-to-back transitions of conventional [5] and lumped-element transition [9] structures were designed and compared to verify the performance, as shown in Fig. 4(a) and (b).
The lumped-element transition has a short transition length
compared with the conventional transition, as shown in Fig.
4(a). The 0.2 nH series SMT inductor and 0.4 pH shunt capacitor were attached on the matching section. SMA connectors
were soldered to the edge of the MS line for the measurement.
The measurements were conducted using the Agilent N5230A
vector network analyzer. Fig. 4(b) shows the measured Sparameters of the conventional and lumped-element transition
structures. The measured insertion loss of the lumped-element
structure remains within 0.7 dB from 4.15 to 6.88 GHz. The
measured return loss is below -15 dB from 4.2 to 6.7 GHz. The
return loss bandwidth of the lumped-element transition structure is narrower than that of the conventional structure because
lumped-element matching provides a narrower bandwidth than
distributed matching of the tapered line [11]. However, the
lumped-element transition structure provides a physically short
transition length and shows insertion loss similar to that of the

Fig. 5. Building blocks of proposed HMSIW amplifier.

conventional structure in the pass-band.
Fig. 5 shows the proposed HMSIW amplifier design and its
building blocks. The amplifier is bridged with the HMSIW
through the SMT matching section, which plays a role in the
HMSIW-to-MS transition and input/output matching networks of the amplifier. Mini-circuit GALI-33+ amplifier was
implemented to demonstrate the proposed HMSIW amplifier,
and the input and output of the amplifier have 50 pF DC-block
capacitors. The input and output impedances of the GALI33+ amplifier are 50 Ω. Note that if the input/output of the
amplifier are not 50 Ω, the input/output impedances of the amplifier should be matched with the HMSIW by changing the
values of the lumped-elements.
III. EXPERIMENTAL RESULTS
Fig. 6 shows the proposed HMSIW amplifier. This amplifier
is biased at 4.3 V with dc current of 45 mA. The proposed am-

Fig. 6. Proposed HMSIW amplifier.

Fig. 4. (a) Back-to-back transition structure of conventional and lumped-element designs. (b) Measured S-parameters of conventional and the proposed designs.

Fig. 7. Measured S-parameters of proposed HMSIW amplifier and
stand-alone amplifier.
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plifier was simulated and measured. Fig. 7 shows the simulated
and measured small-signal gain and return loss of the proposedstructure compared with that of the measured stand-alone
amplifier. The proposed amplifier has 15 dB gain with 3 dB
bandwidth from 4 to 7.05 GHz. The measured return loss is as
low as 10 dB from 4.04 to 6.99 GHz. The measured results
show good agreement with the simulation results.
IV. CONCLUSION
This study proposes an HMSIW amplifier with a lumpedelement transition circuit. The lumped-element transition structure has short transition length, and it may reduce the possible
radiation to nearby devices compared with the conventional
transition structure. The proposed HMSIW amplifier was designed, simulated, and measured. The results indicate that it is
promising for small-sized SIW circuit integration.
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Design of an Active Tunable Bandpass Filter for
Spectrum Sensing Application in the TVWS Band
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Abstract
In this paper, we propose an active tunable bandpass filter (BPF) for efficient spectrum sensing in the TV White Space (TVWS) band.
By designing a narrow bandwidth, it is possible to improve the sensing probability. The basic circuit configuration involves switching the
PIN diode compromising capacitor bank to change the capacitance of the LC resonant circuit. To cover the whole TVWS band effectively, we add a varactor diode, and the bandwidth is set to 25-MHz. We improve the insertion loss by using the active capacitance circuit.
The tunable BPF in the TVWS band with a 20-MHz interval is designed to have 11 channels with a bandwidth of 25 MHz and a low
insertion loss of 1.7–2.0 dB.
Key Words: Active Filter, Negative Resistance, Tunable Bandpass Filter (BPF), TV White Space.

I. INTRODUCTION
Recently, broad frequency bandwidth has become in demand
as data traffic has increased owing to a large number of multimedia data transmissions. However, as the available frequency
bandwidth is limited, the securing of a new bandwidth or the
identification of new ways of using existing bandwidth efficiently is needed. When sharing TV White Space (TVWS), in the
case of the latter, spectrum sensing should be done to determine
the unoccupied frequency bandwidth, avoiding primary users.
The research regarding this problem has been actively ongoing
and many methods of spectrum sensing were proposed [1]. In
order to acquire a high tuning speed as well as the accuracy, we
propose a narrowband tunable bandpass filter, which is used to
scan TVWS at a higher speed.
Up to now, diverse tunable filters have been proposed [2–10].
However, most designs suffer from narrow tuning ranges, un-

equal tuning bandwidths, or high insertion loss for narrow passband bandwidth. Hence, the tunable bandpass filters (BPF)
design methods are not suitable for use in the TVWS band
(470–698 MHz). Therefore, in this paper, we propose an efficient method, which covers a wide frequency range with narrow
tuning bandwidths.
The tunable filter suggested in this paper switches 11 LC
tank circuits through PIN diode to cover the whole TVWS
band. In addition, while maintaining a constant bandwidth
from 480 MHz to 680 MHz, it can be tuned at intervals of 20
MHz. With one varactor diode added, minute frequency tuning
becomes possible. For efficient spectrum sensing, we have to
design a BPF with a narrow bandwidth in order to reduce the
noise floor. In such case the large insertion loss is inevitable due
to the low Q resonant section. By adding the active capacitance
circuit designed in broadband [11], we can effectively reduce the
insertion loss.
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cy as well as the bandwidth will be changed. In order to maintain the bandwidth constant by compensating the capacitance
variation, one can replace
by parallel LC circuit. Then one
can derive the following relation:

1

where

and

,

(3)

is the coupling elements in Fig. 1, and

. Next we derive the detailed condition for the constant bandwidth within the tuning frequency range. The maximum and minimum values of the bandwidth within the tuning
range is derived as

Fig. 1. The circuit of the proposed tunable BPF.

1

II. DESIGN PROCEDURES
The tunable BPF proposed in this paper is derived from
Chebyshev filter response, which is composed of lumped element resonators and an L-coupled structure is used [12] as shown in Fig. 1.
1. Tuning Method (Composition of Resonator)
The proposed filter uses the PIN diodes and a varactor diode
to vary the capacitive loading on the LC resonant section of Fig.
1 to change the center frequency of the filter. The voltages applied to the PIN diodes which are operating as on/off switches
connected to capacitors, allow the resonator to have an appropriate capacitance. The parasitic capacitance introduced by PIN
diodes are added to the existing capacitor bank which results in
the lowering the center frequency of the filter. For a minute
frequency tuning a varactor diode is employed. In this way, one
can tune each of the 11 channels at 20-MHz spacing in the
480–680 MHz band.
2. Design of the Constant Bandwidth Filter
When we design a BPF using lumped elements, the values of
L and C of the resonant circuit can be arbitrarily determined as
long as their product falls on the resonant frequency. However,
the degree of coupling also depends on the LC product. In such
a case the J-inverter value
is configured by inductor
as
.

,

1

.

(4)
(5)

Since the above two bandwidths are supposed to be the same,
one can obtain the constant bandwidth condition as
,
.

(6)
(7)

Thus when the inverter that connects the resonators is replaced by an LC parallel circuit as in Fig. 1, it is possible to
maintain a constant bandwidth. In Fig. 2 we plotted the constant bandwidth condition together with the conventional Lcoupled case, both of which were simulated through MATLAB.
Fig. 3 shows the measured frequency characteristics of the
designed tunable BPF which the center frequency
of the 11
channels is also given in this figure and the 3-dB bandwidth of
each channel was measured as 25 MHz. The BPF was constructed on the FR-4 substrate (ε = 4.3) of a 1.6-mm thickness.
The measured insertion loss lies between lies between 2.8 and

(1)

And the filter bandwidth can be expressed as
√
√

,

(2)

where C is the capacitance value of the resonator, which refers
to the total capacitance including the capacitor bank. In addiand
refers to a low-pass filter prototype element
tion,
values. In case the value of C changes in (2), the center frequen-

Fig. 2. Simulated bandwidth using MATLAB calculation (capacitance
versus bandwidth).

35

JOURNAL OF ELECTROMAGNETIC ENGINEERING AND SCIENCE, VOL. 17, NO. 1, JAN. 2017

as the frequency goes higher, the value of the negative resistance
must also be larger as the frequency goes higher, as shown in
Fig. 4. In Fig. 5 the capacitor
is inserted for the coupling
between the tunable BPF and the active capacitance circuit.
This capacitor affects the magnitude and phase variation of the
reflection coefficient of the negative circuit.
Therefore, we chose the magnitude of the negative resistance
in such a way that the accompanied capacitor does not affect the
resonant frequencies very much [11].
IV. SIMULATED AND MEASURED RESULTS
Fig. 3. Measured S-parameters of the proposed tunable BPF.

(a)

(b)

Fig. 4. (a) Measured frequency response of the active capacitance circuit and (b) its input impedance variations (black solid line is
unit circle).

Fig. 5. The active capacitance circuit employed.

6.1 dB. As the frequency becomes higher, the insertion loss
increases, because the Q of the resonator is reduced.
III. DESIGN OF ACTIVE TUNABLE BPF
Since the quality factor of the resonant circuit is low, the proposed tunable BPF suffers a relatively high insertion loss. Therefore, we added an active capacitance circuit that compensates
for the insertion loss. We modified the active capacitance circuit
given in [11] in order to acquire the negative resistance within
the wide TVWS band. Since the insertion loss becomes larger
36

By combining the active capacitance circuit and the resonator
of the tunable BPF, we can design the active tunable BPF, as
shown in Fig. 6. In this process, about 0.1 pF from the active
capacitance circuit element from the active circuit is added to
the resonator so that the resonant frequency of the filter is shifted 4.8 MHz. In this paper, a varactor diode was also used to
compensate for this frequency shifts. Also, the capacitance from
the PIN diode and substrate cannot be ignored so that we
should be considered before synthesizing. We measured the
parasitic capacitance of the PIN diode and the substrate and
included it to the capacitor bank.
A comparison of the simulated and the measured results for 3
selected channels is shown in Fig. 7. The simulation results are
obtained by Keysight Technologies’ Advanced Design System
(ADS) 2014.
In the proposed active tunable BPF, we use the BFP620 BJT
of Infineon Corporation in order to obtain the negative resistance, and the design values of the lumped elements are presented in Table 1. The filter was fabricated on the FR-4 substrate with a thickness of 1.6 mm, a dielectric constant of 4.3,
and a tangent loss of 0.022. Fig. 3 shows the frequency responses of the designed tunable BPF without the compensation of
the loss by the active circuit. In this case the maximum insertion
loss within the whole tuning range reaches 6.07 dB. Contrary,
Fig. 8(a) and (b) show the filter performances which is compensated by the active circuit. By adding the active capacitance circuit, the insertion loss has been measured less than 2.0 dB within the whole tuning range. The 1-dB bandwidth for each tuning
frequency is a 25-MHz bandwidth within a tolerance of approximately 5%. The measured characteristics of BPF with active capacitance compensation show that the tenability remains
almost the same as the one given in Fig. 3. The PIN diode used
in this design is M/A-COM’s MA4P504-1072T, and the bias
voltage for the PIN diode is applied to a 1.1 V. The varactor
diode is Toshiba’s 1SV270. By adding the active capacitance
circuit, much more efficient and accurate spectrum sensing is
available. The measured OIP3 at each tuning frequency of the
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(a)

Fig. 6. The designed circuit of proposed active tunable BPF.

(b)
Fig. 7. Comparison of frequency characteristics (|
3-selected channels.

| and |

|) for

Table 1. Element values of the designed circuit

Element

Value

Element

5 pF
2.5 pF
3 pF
4 pF
0.25 pF
82 pF

Value
9.5 nH
50 nH
132 nH
3 pF
9 pF
27 pF

TVWS band has values of 19.33–20.83 dB. Compared to the
typical OIP3 of BFP620 used to constitute the active capacitance circuit, it can be seen as a reasonable value.
The center frequency of the tunable bandpass filter is controlled by MATLAB and the value of the required capacitor
value for each tuning channel is constituted by a lookup table.
V. CONCLUSION
In this paper, we present an active tunable BPF that has a
constant bandwidth and 11 channels to cover the TVWS (470–
690 MHz) band for the efficient spectrum sensing application.
The designed tunable BPF employs the lumped elements, and

Fig. 8. Measured S-parameters of the proposed active capacitance tunable BPF. (a) | | and (b) | | in dB.

the frequency tuning is done by switching the capacitance in the
capacitor bank comprised of PIN diodes and a varactor diode.
In order to reduce the insertion loss, the active capacitance circuit was coupled to the tunable BPF. Simulated and measured
results confirmed the performances of the tunable BPF having a
small insertion loss of less than 2 dB in the wide TVWS band.

This research was supported by the Ministry of Science,
ICT & Future Planning (MSIP), Korea, in the ICT R&D
Program 2014 (No. B0101-14-0171).
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Co-Simulation for Systematic and Statistical Correction
of Multi-Digital-to-Analog-Convertor Systems
Youngcheol Park1,* ∙ Hoijin Yoon2

Abstract
In this paper, a systematic and statistical calibration technique was implemented to calibrate a high-speed signal converting system containing multiple digital-to-analog converters (DACs). The systematic error (especially the imbalance between DACs) in the current combining network of the multi-DAC system was modeled and corrected by calculating the path coefficients for individual DACs with wideband reference signals. Furthermore, by applying a Kalman filter to suppress noise from quantization and clock jitter, accurate coefficients
with minimum noise were identified. For correcting an arbitrary waveform generator with two DACs, a co-simulation platform was implemented to estimate the system degradation and its corrected performance. Simulation results showed that after correction with 4.8
Gbps QAM signal, the signal-to-noise-ratio improved by approximately 4.5 dB and the error-vector-magnitude improved from 4.1% to
1.12% over 0.96 GHz bandwidth.
Key Words: Digital-to-Analog-Converter, Millimeter-Wave, Quadrature Modulation, Signal Generator, Wireless System.

I. INTRODUCTION
To realize the deployment of 5G systems, methods to calibrate signal generators with wide bandwidths are being studied
[1, 2]. The high-speed signals required for 5G systems are generally synthesized by incorporating medium-speed digital-toanalog converters (DACs) as if the overall speed reaches multiple times the speed of an individual DAC [3]. Many methods
are available for increasing the sampling speed. One such method is called time interleaving (TI), in which the output of
each DAC in the time domain is combined. It is used in many
converting devices such as analog-to-digital converters (ADCs)
and DACs [4, 5]. These systems require a high-speed clock to
drive the output switch in such a way that the output current of
the low-speed DAC is directed alternatingly toward the output

port; as a result, the final combined current is equivalently composed in accordance with the high-speed sampling clock.
However, in practice, TI devices cause additional errors owing to the non-idealities of the additional process. For example,
in TI DACs and ADCs, clock jitter causes random phase errors
in the equivalent sampling pulse train, resulting in irregular
spurs in the frequency domain [6]. In addition, because high
sampling speed in digital converters is often achieved at the expense of the bit resolution, the quantization error cannot be
ignored as a random noise source, especially when digital converters with speeds exceeding hundreds of mega samples per
second are concerned [7]. On the other hand, systematic errors
such as the non-uniform analog characteristic between the lowspeed DACs also degrade the signal quality. Finally, because the
calibration process is based on discrete Fourier transform (DFT),
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it is critical to maintain synchronization between the measurement equipment and to carefully design the reference waveform;
otherwise, unintended artifacts are introduced from the windowing and picket-fence effects [8].
The author has proposed correction methods for a TI DAC
system [2, 9]. However, it showed somewhat limited performance, presumably owing to the residual random noise and lack
of accurate de-embedding. In this paper, we addressed these
issues by using a novel noise model and Kalman filtering for
correcting the statistical error. Furthermore, a co-simulation
platform was implemented to enable systematic non-ideality correction across the time, frequency, and constellation domains.

Various methods can be used to combine the output of each
converter. Among these, the TI technique is widely used because it affords high combining ratio [4–7]. Whereas TI ADCs
incorporate tens of ADCs, commercial TI DACs mostly use a
combination of only two DACs [4].
In the TI architecture, the band-limited output waveform x(t)
is expressed by its discrete form with sampling period Ts:
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where M is the number of TI DACs.
As a result, its Fourier transform is
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where Hk(ω) represents the response at the kth Nyquist zone.
Therefore, the non-uniform path coefficients cm are found
through a comparison with Xk Nyquist zone responses.
Furthermore, Hk(ω) can be found by dividing Xk by X(ω-ωk)
in (5).
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III. CORRECTION BY KALMAN FILTERING
The finite resolution of DACs causes quantization noise at
the output. The rms noise voltage at the combined output is
approximated as
2

VQNoise , rms 2 

M  V pp 


12  2 N 1  ,

(6)

where N is the number of bits in a DAC, and Vpp is the fullscale voltage.
Furthermore, jitter in the sampling clock causes noise power,
which is estimated as follows [5]:
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This is the result of TI combination, from which the mth individual DAC output is expressed as follows (Fig. 1):
x m t  

X SUM    c1 X 1      cM X M  

In addition, X(ω)SUM is expressed as the sum of Nyquist zone
images Xk as follows:

II. COMBINING OUTPUT WAVEFORMS

x discrete t  

where X(ω) is the Fourier transform of x(t).
Therefore, the TI output X(ω)SUM is the sum of each DAC
output, and each DAC path has a non-uniform transfer coefficient cm as follows:

(3)

1
Vskew , rms 2  V pp 2 2 t 2 ,
8

(7)

where σt2 is the variance of the timing jitter.
Square-summing these noise voltages gives the total random
noise voltage as
VNoise _ total, rms 2  VQNoise, rms 2  Vskew, rms 2 .

Fig. 1. Time-interleaving digital-to-analog converting system.
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(8)

Because this noise is random and white over the entire sampling frequency, a Kalman filter is applied to reduce the noise
power.
A Kalman filter is effective for estimating the state of a discrete-time controlled process x under a linear stochastic differ-
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IV. MEASUREMENT AND CO-SIMULATION

Fig. 2. Operation of Kalman filter [10].

ence equation [10]:
xk  Axk 1  Buk 1  wk 1 ,

(9)

and the measurement equation
z k  Hxk  v k ,

(10)

where the process noise covariance Q and measurement noise
covariance R affect the states of x and the measurement state z.
The process noise w and measurement noise v are assumed
to be independent, white, and normally distributed:
pw ~ N 0, Q  and pv  ~ N 0, R  .

(11)

The path coefficients in Section II are identified by carefully
designed waveforms that occupy the frequency band of interest.
In this regard, a high-speed 64 quadrature-amplitude-modulated (QAM) waveform was synthesized at 2 GHz with speed
of 4.8 Gbps and signal-to-noise-ratio exceeding 43 dB. For
identifying the path coefficients, a commercial arbitrary signal
generator (AWG) with two 8-bit TI DACs was measured using the QAM waveform and a digitizer.
Furthermore, to estimate the signal quality degradation from
the random noise and systematic non-ideality, a TI DAC system with the same configuration was modeled and implemented on a simulation platform. The simulator calculates the errorvector-magnitude (EVM) as a metric of the signal quality. Fig.
3 shows the implemented system with the QAM reference
source and the RF up-converter to 2 GHz. By applying the
Kalman filter to the measured waveforms, an accurate set of
path coefficients was obtained, and it was loaded on the simulation platform to represent the system non-ideality. The Kalman
gain was tuned to converge within five measurements. The filter
coefficient was used to correct the system non-idealities
throughout TI paths. Fig. 4 shows the spectrum of the reference
TP
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The error covariance matrix is defined from ek as follows:

 

It is then used to update the Kalman gain of state k, Kk, that
minimizes the error.
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Fig. 2 shows the complete Kalman filter update operation.
For applying the Kalman filter to the TI DAC system, the state
vector x was defined as a DFT coefficient of length L, and the
measurement vector z was defined as the time domain voltage
from the measurement equipment. The measurement noise
covariance matrix is defined from the root-sum-squared values
of (6) and (7).
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Fig. 3. Co-simulation setup representing non-ideal degradation in time
interleaving (TI) DAC systems including quantization noise,
TI mismatch, and correction filter.
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(a)

(b)

Fig. 5. Constellation of 64 QAM signal from co-simulation of time
interleaving DAC system with (a) random and systematic error
sources (b) after correction filter is applied.

This paper presented systematic and stochastic methods for
the correction of multi-gigabit-per-second signals with AWGs
that include TI DACs. BY using Kalman filtering, accurate
system coefficients between each DAC are identified, and then,
correction filter coefficients to overcome non-uniform path responses are calculated. Through a co-simulation of the AWG
system, we improved the EVM from 4.1% to 1.13% for a 4.8
Gsps, 64-QAM modulated signal with 2-GHz carrier frequency. As an extension of this study, this approach could be useful
to calibrate multiple TI converting systems to compensate for
both systematic and stochastic error sources.
This work was supported by the Hankuk University of
Foreign Studies Research Fund.
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Abstract
A compact planar microstrip-fed ultra-wideband (UWB) antenna with a dual band-notched for UWB application is presented and analyzed. By inserting a U-shaped slot and inverted U-shaped slot into the pot-shaped radiator, two notched bands are achieved. By optimizing the width and length of the U-shaped slots and inverted U-shaped slot, a desired bandwidth of voltage standing wave ratio (VSWR)
less than 2.0 can be achieved, ranging from UWB bands with notched dual bands. The proposed antenna is fabricated on an inexpensive
FR-4 substrate with overall dimensions of 28.0 mm × 39.5 mm. The measured results confirm that the proposed antenna covers from
1.775 to over 13.075 GHz with two rejection bands of around 3.325–3.925 GHz and 5.3125–6.025 GHz. In addition, the proposed antenna showed good radiation characteristics and gains in the UWB bands.
Key Words: Dual Band Notched, Pot-Shaped Model, U-Shaped Slot and Inverted U-Shaped Slot, UWB Application.

I. INTRODUCTION
Since its approval for use in communications by the Federal Communications Commission in 2002, the ultra-wideband (UWB) has received substantial attention from both
the academic and industrial sectors [1]. UWB applications
have become the focus of short range, high speed wireless
communication because of its many advantages-high speed
data rate, high precision ranging, low power consumption,
and great capacity. Research activity on UWB systems continues to grow rapidly, and many different prototypes of
UWB antennas have been proposed and developed [2–4].
The antenna plays an important role as a key component
that determines the RF performance of the end-product.
Therefore, the increasing popularity of UWB communications has created a need for a UWB antenna with a low

profile, low weight, low cost, easy fabrication, the ability to
be flush-mounted, and simplicity in structure. Conversely,
the frequency range for UWB systems will cause interference with existing narrowband wireless communication systems. As an example, the wireless local area network for IEEE 802.11a operates at 5.15–5.35 GHz and 5.725–5.725 GHz;
while the IEEE 802.16 system operates at 3.3–3.7 GHz.
Therefore, compact UWB antennas with dual band-notched characteristics capable of avoiding any potential interference are required. Recently, a number of band-notched
UWB antennas have been discussed, and several methods
have been used to create antennas with band notched characteristics [5–13]. In particular, pot-shaped patch antennas for
wideband application have been studied [14, 15]. Pot-shaped
UWB antennas [14] and dual band notched pot-shaped
UWB antennas [15] have been researched.
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In this paper, a novel dual band-notched UWB antenna is
proposed with a band-notched design process. The proposed
antenna is fed by a microstrip feed line. By inserting a Ushaped slot and an inverted U-shaped slot into the pot-shaped radiator and tuning the relevant parameters, two notched
band applications are achieved. The dual band-notched antenna is fabricated and experimentally verified. A parametric
study is performed by observing the effect of the different
geometrical parameters on the performance of the proposed
antenna. The measured gain and radiation patterns are presented.

Fig. 2. Design evolution of the proposed antennas: (a) antenna Ⅰ, (b)
antenna Ⅱ, and (c) antenna Ⅲ.

II. ANTENNA DESIGN
Fig. 1 shows the geometrical configuration of the proposed antenna. The antenna is designed and fabricated on a
RF4 substrate with a dielectric constant and dielectric loss
tangent of 4.4 and 0.02, respectively, and a thickness of 1.0
mm. The total size of the substrate and the ground plane of
the proposed antenna are 25.0 mm × 39.5 mm (W1 × L1)
and 25.0 mm × 10.0 mm (W1 × L7), respectively. The proposed antenna consists of a pot-shaped radiating patch and
50 Ω feed line. The pot-shaped model is composed of a circular shaped radiator with a radius of 10 mm and an ellipses
shaped radiator, where the major axis and minor axis of the
ellipse is 9.0 mm and 6.3 mm, respectively. The radiating
element was placed on the same side as the feeding strip, and
the ground plane was placed on the other side of the substrate. The size of the proposed antenna is somewhat bigger
than the dimensions given in the published paper. The patch
size of the proposed antenna is 28.0 mm × 34.5 mm. The
patch sizes in the published papers [7, 10, 12] are 10.0 mm
× 16.0 mm, 26.0 mm × 16.5 mm, and 25.0 mm × 25.0 mm,
respectively.

Fig. 1. The configuration of proposed antenna.

Fig. 3. Simulated VSWR characteristics for the evolution of the proposed antennas shown in Fig. 2.

The geometry for a U-shaped slot in the pot-shaped patch
in order to obtain 3.5 GHz band-notched characteristics, an
inverted U-shaped slot in in the pot-shaped patch in order to
obtain 5.5 GHz band-notched characteristics, and the proposed antenna structure are shown in Fig. 2. Voltage standing wave ratio (VSWR) characteristics for the structures
shown in Fig. 2 are compared in Fig. 3. As shown in Fig. 3,
we insert a U-shaped slot and an inverted U-shaped slot in
the pot-shaped patch, and a dual band-notched function can
be achieved.
The design of the proposed antenna is in accordance with
the described guidelines followed for optimization with the
commercially available software Ansoft HFSS version 1.0
(ANSYS Inc., Canonsburg, PA, USA)-a full-wave commercial EM software capable of simulating a finite substrate and
a finite ground structure. Parameter studies are conducted to
provide more detailed information about the antenna and
optimization. By adjusting the lengths, widths, and locations
of the U-shaped slot and the inverted U-shaped slot, we can
obtain the optimized antenna dimensions. From the simulated results, the VSWR curves for the proposed antenna with
various parameters Ls1 and Ls2 are given in Figs. 4 and 5.
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mm; L 7 = 10.0 mm; L 7 = 2.0 mm; W1 = 25.0 mm; W 2 =
11.0 mm; W 3 = 1.5 mm; W 4 = 3.0 mm; Ls1 = 6.4 mm; Lt1 =
14.1 mm; Ls2 = 5.5 mm; Lt2 = 6.6 mm; Ws1 = 0.3 mm; Ws2 =
0.3 mm; and h = 1.0 mm. From the simulation results, the
impedance bandwidth has the frequency band of 2.46 to over
14.80 GHz with two rejection bands around 3.256–3.925
GHz and 5.125–5.913 GHz.
III. MEASUREMENT
A photograph of the fabricated proposed antenna with dual band-notched characteristics is illustrated in Fig. 6. Fig.
6(a) and (b) show the front and back view of the fabricated
Fig. 4. Simulated VSWR characteristics of the proposed antenna with
different values of Ls1.

(a)

(b)

Fig. 6. Prototype of the proposed dual band notched UWB antenna. (a)
front view and (b) back view.

Fig. 5. Simulated VSWR characteristics of the proposed antenna with
different values of Ls2.

As shown in Fig. 4, the length of Ls1 has a great effect on the
lower notched band. With the Ls1 increase, the lower notched band of the antenna shifts down, while the higher
notched band changes slightly. The results clearly indicate
that the notched frequency of the antenna (Fig. 2(a)) can be
effectively controlled by adjusting the length of Ls1 of the Ushaped slot in the pot-shaped radiator. Fig. 5 shows that
when the parameter Ls2 increases, the higher notched band of
the proposed antenna clearly shifts, while the lower notched
band changes only slightly. The results indicate that the
notched frequency of the antenna (Fig. 2(a)) can be effectively controlled by adjusting the length of Ls2 of an inverted Ushaped slot in the pot-shaped radiator.
The values of the design parameters shown in Fig. 1 were
calculated using the optimized Ansoft HFSS. Thus, the dimensions of the proposed antenna were set as follows: R 1 =
10.0 mm; R2 = 9.0 mm; R 3 = 6.3 mm; L1 = 39.5 mm; L 2 =
6.5 mm; L 3 = 6.5 mm; L 4 = 7.5 mm; L 5 = 7.8 mm; L 6 = 1.2
46

Fig. 7. Simulated and measured VSWR vs. frequencies of the proposed
antenna.

(a)

(b)

Fig. 8. Simulated surface current distributions at two different frequencies. (a) 3.66 GHz and (b) 5.68 GHz.
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antenna, respectively. Fig. 7 plots the simulated and measured VSWR as a function of frequency for the proposed
antenna. The VSWR of the proposed antenna is measured
using the Anritsu MS4644A vector network analyzer. The
measurement demonstrates that the proposed antenna exhibits
dual-notched frequency bands of 3.325.2–3.925 GHz and

5.3125–6.025 GHz, while maintaining a wideband performance from 1.775.5 to 13.075 GHz for VSWR ≤ 2, covering the entire UWB frequency band (3.1–10.3 GHz).
The measured notched band shows an upwards shift from
the simulated results. The difference is mainly accounted for
by the effect of the SMA and possible numerical errors. As

(a)

(b)

(c)

(d)

(e)

(f)

Fig. 9. Radiation patterns of the proposed antenna for the UWB operation frequencies in (a, c, e) the E-plane at 3.1 GHz, 6.1 GHz, 9.1 GHz and
(b, d, f) the H-plane at 3.1 GHz, 6.1 GHz, 9.1 GHz, respectively.
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the simulation used a waveguide port, and since an SMA
connector was used for the measurement, a difference appeared between the measurement and simulation results.
To better understand the band-notched behavior of the
antenna, the simulated surface current distributions on the
proposed antenna are presented and discussed. Fig. 8 depicts
the current distribution of the proposed antenna at 3.66 and
5.68 GHz. It is seen that dense currents are distributed
around the U-shaped slots at notch frequencies of 3.66 and
5.68 GHz, which may cause impedance variations in forming
the notch bands. At the operating frequency of 3.66 and 5.68
GHz, the current distributions are mostly concentrated on
the U-shaped slot and the inverted U-shaped slot in the potshaped antenna, causing the notched bands.
The radiation characteristics of the proposed antenna are
measured. All the results are tested using ACE. The measured far-field radiation pattern of the proposed antenna at
frequencies of 3.1 GHz, 6.1 GHz, and 9.1 GHz in the two
principles-E plane (xz-plane) and H plane (yz-plane)-are
shown in Fig. 9. It is seen that the radiation patterns in the
E-plane are bidirectional radiation for operating at all frequencies, and the radiation patterns in the H-plane as somewhat omni-directional.
Furthermore, Fig. 10 presents the measured peak gain variations against the frequency of the proposed antenna with
and without the U slots on the radiating patch. As observed,
a sharp gain reduction is obtained at the 3.5 GHz band and
5.5 GHz band. The proposed antenna successfully performed with the rejection in 3.5 and 5.5 GHz notched
bands. The gains range from 1.183 to 5.8 dBi over the operating band of 3.1–10.6 GHz, except the 3.3–3.7 GHz band
with the lowest point of -3.693 dBi at 3.6 GHz and the 5–6
GHz band with the lowest point of -4.988 dBi at 5.6 GHz.
IV. CONCLUSION
In this article, a simple pot-shaped planar UWB antenna
with dual band-notched characteristics has been presented,
and its characteristics are investigated. By adjusting the
lengths, widths, and locations of a U-shaped slot and an inverted U-shaped slot, we can obtain the optimized antenna
dimensions. Furthermore, the results of the studies on the
simulated surface current distributions at the dual bandnotched frequencies are discussed herein. The fabricated antenna has a frequency band of 1.775 to over 13.075 GHz
with two rejection bands of 3.325.2–3.925 GHz and 5.3125–
6.025 GHz, while maintaining a wideband performance
from 1.775.5 to 13.075 GHz for VSWR ≤ 2, covering the
entire UWB frequency band (3.1–10.3 GHz). The proposed
UWB antenna also exhibits omni-directionality in the H48

Fig. 10. Measured antenna peak gains for the following operating frequencies.

plane and a monopole-like pattern in the E-plane. The gains
range from 1.183 to 5.8 dBi over the operating band of 3.1–
10.6 GHz, except the 3.3–3.7 GHz band with the lowest
point of -3.693 dBi at 3.6 GHz and the 5–6 GHz band
with the lowest point of -4.988 dBi at 5.6 GHz. The compact size and viable antenna characteristics of the presented
antenna make it appropriate for UWB system applications.
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