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Band-notched UWB Annular Slot Antenna with
Enhanced Bandwidth by using EBG Via Holes

Ayman Ayd R. Saad, Deena A. Salem, and Elsayed Esam M. Khaled

Abstract—In this paper, a design of a proximity-fed planar
annular slot antenna with standard band-notched characteristic for
ultra-wideband (UWB) applications is demonstrated. The band-notch
is realized by nearly a half-wavelength split-ring parasitic element
printed around the radiating patch. The patch is excited via a
proximity-fed strip line with an arrangement of EBG via holes. The
voltage standing wave ratio (VSWR) of the proposed antenna is less
than 2.0 in the frequency band from 2.82 to 10.74 GHz, while
showing a very sharp band-rejection performance at 5.51 GHz which
preserved for IEEE 802.11a and HIPERLANY/2 services. The antenna
is designed, simulated, and implemented. Measured data and
simulated results show good agreements along with equivalent
circuit results which obtained using Vector Fitting technique. The
proposed antenna provides good gain flatness, high efficiency and
omnidirectional field pattern over its whole frequency band
excluding the rejected band. The results show that the proposed
antenna is suitable for UWB applications.

Keywords—proximity-fed, slot antenna, ultra-wideband, band-
notched, equivalent circuit, vector fitting

l. INTRODUCTION

LTRA-WIDEBAND (UWB) antennas designs are

increased substantially since the Federal Communication

Commission (FCC) in USA allow using the 3.1-10.6
GHz band for UWB communication [1]. The use of the 5.15-
5.825 GHz band that is limited by IEEE 802.11a standard for
wireless LAN systems causes a frequency interference with
some UWB applications which share parts of the same
spectrum. To prevent such interference a band-notch filter in
the UWB system is necessary. Adding a filter to the UWB
system increases the complexity of the system. A better
design of the system is to have a frequency band-notch
characteristic provided by the UWB antenna itself. Several
UWB antennas with band-notched characteristic have been
reported [2]-[10].
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Fig. 1 Geometry of proposed planar annular slot antenna with split-
ring parasitic element (L =30 mm, W =30 mm,R=12mm,r=6
mm, Ly =11.5 mm, W= 3 mm, r,= 6.75 mm, g = 4.0 mm, r,= 0.25
mm, s = 1.5 mm).

In this paper a simple annular slot antenna based on
proximity-feeding technique with an arrangement of EBG via
holes having band-notched characteristic for UWB
applications is adopted. A band-notch filtering at 5.51 GHz is
achieved by inserting a split-ring parasitic element around the
radiating patch of the antenna. The performance of the
proposed antenna is confirmed by simulation and
measurement results. Details of the antenna structure and
design methodology are described in Section Il. Design
results of the proposed antenna parameters and characteristics
are obtained and discussed in Section Ill. The equivalent
circuit of proposed antenna is synthesized in Section IV. This
work is concluded with a brief summary in Section V.

1. ANTENNA DESIGN AND STRUCTURE

Based on several parametric studies, the optimized antenna
is designed as depicted in Fig. 1. The prototype antenna is
fabricated on a 30 (L) x 30 (W) mm? FR4 substrate with
relative permittivity 4.7, a loss tangent tan 6 = 0.02, and a
thickness h = 1.5 mm. A circular radiating patch of radius r =
6.0 mm is placed non-concentrically inside a circular slot of
radius R = 12.0 mm etched off the ground plane. This circular
slot represents a ground plane aperture (GPA). The centers of
the circular patch and the circular GPA are on the same
vertical symmetric line of the substrate. The distance between
the lower edge of the circular patch and the lower edge of the
circular slot is 1.0 mm. The circular patch is excited using a
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50 Q proximity-feed microstrip line placed on the other side
of the substrate, with width W= 3.0 mm and length, L;=11.5
mm [11]. A photograph of the implemented prototype antenna
is shown in Fig. 2(a).

Front-view Back-view
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Fig. 2 Photograph of the implemented antennas. (a) Prototype
antenna. (b) Proposed antenna with EBG via holes and split-ring
parasitic element

To enhance the impedance bandwidth of the specified
prototype antenna ten circular electromagnetic band gap
(EBG) via holes of radius r, = 0.25 mm are connecting the
radiating patch and the microstrip feed-line through the
substrate to achieve high magnetic coupling between the
microstrip feed line and the radiating patch. The vertical
distance between the centers of consecutive holes is s = 1.5
mm. A strip of width 0.5 mm is considered around the holes
to the left, upper, and right edges of the microstrip line. To
achieve the band-notch performance a split-ring parasitic
element of external radius r, = 6.75 mm and with uniform
width of 0.5 mm is inserted around the patch with a uniform
separation of 0.25 mm between the patch and the parasitic
ring. As shown in Fig. 1 a gap g = 4.0 mm is left between the
two ends of the split-ring to fit the band-notch. A photograph
of the implemented proposed antenna with EBG via holes and
split-ring parasitic element is shown in Fig. 2(b).

I11.  RESULTS AND DISCUSSIONS

The proposed antenna is simulated and fabricated. The
VSWR characteristics are measured using an Agilent HP8719
network analyzer. Fig. 3 shows the measured and simulated
VSWR characteristics for the optimized dimensions for
different cases of antenna design; without and with the EBG
via holes, and with the split-ring parasitic element. The
measured data agree well with the simulated results over the
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frequency band of interestt The measured VSWR
characteristics of the prototype antenna range from 2.85 to
7.95 GHz for VSWR < 2 which is less than the frequency
spectrum (3.1-10.6 GHz) allocated by FCC for UWB
communication. It is apparent that, the bandwidth of the
prototype antenna is more enhanced by using the EBG via
holes which ranges from 2.85 to beyond 14 GHz for VSWR<
2 that satisfy the UWB spectrum. Also, Fig. 3 shows that the
split-ring parasitic element achieves a sharp band rejection at
frequency 5.51 GHz that is suitable to avoid a frequency
interference with the existed narrowband services such as
IEEE 802.11a and HIPERLAN/2.
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Fig. 3 Simulated and measured VSWR characteristics versus
frequency for the proposed antenna. (a) With and without EBG via
holes. (b) With EBG via holes and split-ring parasitic element.

Fig. 4 illustrates the effects of the parameters of the EBG
via holes on the prototype antenna bandwidth. Fig. 4(a) shows
the VSWR characteristics versus frequency for various
numbers of holes. It is observed that as the number of EBG
via holes increases the bandwidth of the antenna increases as
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well. Fig. 4(b) shows the effects of the radius of the uniform
holes on VSWR characteristic. As the radius of the holes
increases the bandwidth increases. Fig. 5 shows the input
impedance of prototype proposed antenna with and without
EBG via holes (without the split-ring resonator). It is apparent
that the input impedance of the proposed antenna with EBG
via holes is more adjusted and better than that of the antenna
without the EBG holes.
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Fig. 4. Simulated VSWR characteristics versus frequency for the
proposed antenna with EBG via holes and without the split-ring
parasitic element. (a) For different numbers of holes. (b) For
different holes radius.

The parameters of the split-ring parasitic element are
analyzed in terms of the notch frequency and bandwidth. Fig.
6 shows the VSWR characteristic versus frequency with
different external radius rpand gap length g of the split-ring
parasitic element. Fig. 6(a) shows that as r, increases the
band-notch shifted toward the low frequencies and the
antenna bandwidth decreases. Fig. 6(b) illustrates that as the g
increases which means that the circumference length of the
split-ring decreases, the notched band shifts toward the high
frequencies. It is noticed that the bandwidth of the notch-
frequency function can be easily tuned by adjusting the radius
of the ring and the length of its gap. The electrical length of a
split-ring parasitic element is approximately a wavelength at
the center frequency of the band notch (5.51 GHz). This novel
band-notched UWB antenna has the capability to provide easy
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tuning of the bandwidth with good and suitable band rejection
function.
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Fig. 5. Simulated input impedance of the prototype antenna versus frequency.
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Fig. 6 Simulated VSWR characteristics versus frequency for the
proposed antenna with the EBG via holes and with the split-ring
parasitic element. (a) For different values of the split-ring external
radius, r,. (b) For different values of the gap length, g.
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Fig. 7 shows the excited surface current distribution at the
notch frequency of 5.51 GHz. As can be seen, there are
dominant current flows on the split-ring strip and their
direction is opposite with respect to the patch currents flow.
This current distribution causes the antenna to be
nonresponsive at the notch frequency.

Front-view Back-view
Fig. 7 Simulated surface current distribution at the center rejected
frequency 5.51 GHz for the proposed antenna with split-ring band-
notch parasitic element.

The simulated radiation patterns of the proposed antenna
in the y-z and x-z planes at frequencies 3.5 and 8 GHz are
illustrated in Fig. 8. The radiation patterns are nearly
omnidirectional in the y-z plane (E-plane), and quasi-
omnidirectional in x-z plane (H-plane). The split-ring parasitic
element has negligible effects on the radiation patterns of the
antenna since both frequencies (3.5 and 8 GHz) are in the
antenna pass bands. Fig. 9 presents the maximum gain of the
proposed antenna with and without the band-notch function.
The gain decreases drastically to nearly -8 dBi at the notched
frequency band of 5.51 GHz. Stable antenna gain is achieved
in the antenna’s pass bands. From the simulation it is found
that the radiation efficiency of this antenna is ranges from
76% to 95% overall the whole UWB frequency band, except
for the notched band.
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Fig. 8 Simulated radiation patterns of E, (dash line) and E, (sold
line) in the y-z and x-z planes for the proposed antenna at, (a) 3.5
GHz. (b) 8 GHz.
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Fig. 9 Simulated antenna peak gain versus frequency for the
proposed antenna with and without split-ring band-notch parasitic
element.

IV. EQUIVELANT CIRCUIT SYNTHESISED

For further comprehension of the proposed antenna
performance, a SPICE—compatible circuit modelling method
is applied. The method establishes the antenna lumped-
element equivalent circuit model. The method is described as
follows: First, obtain the simulated response of the input
admittance or impedance of the proposed antenna in the
frequency range of interest. There is no rule for the number of
frequency points that should be sampled, but it is suggested to
use no less than 100 points. Second, the simulated response of
the input admittance is fitted by means of the Vector Fitting
(VF) technique to obtain a rational function. Finally, the
rational function is introduced into a SPICE-compatible
equivalent circuit and the synthesized component values are
obtained.

The rational function approximation of a certain frequency
domain response F(s) can be expressed as [12]:

N resy
F(s) Zk:l ey

where res, and p, denote the k-th residues and poles,
respectively which are either real quantities or complex pairs
(a complex number and its conjugate) of N identical set of
poles (order of approximation), s = jw represents the complex
frequency, and d and e are higher order coefficients (optional).
All coefficients in (1) should be calculated so that an
approximation of F(s) is obtained over a given frequency
interval. In general, VVF solves this problem sequentially as a
linear problem in two stages: poles identification and residues
identification [12].

In the beginning, (1) is nonlinear since the unknown poles,
Px, are in the denominator. To convert this function into a
linear one that could be solved with straightforward
techniques, the poles are transformed into known quantities
by giving them values at the beginning of the fitting process.
These are called starting poles p, , and they exist only at the

start of the evaluation. These starting poles allow, res, d, and
e to be obtained by linearly solving the matrix equation, Ax =

+d +se

€]
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B, as described in [12]. After the first iteration, the starting
poles are replaced by this new set of poles and resy, d, and e
are solved again and the process continues in an iterative
manner depending on the number of iterations desired in the
fitting. The details of this procedure can be found in [12].

After the final py, resy, d, and e parameters have been
obtained, these values are correlated to an equivalent circuit
considers branches to represent either real poles or complex
pairs poles or both. Only a specific modeling can consider
branches to represent the equivalent circuit. When an
equivalent circuit is created, the number of passive elements
used is dependent on the order of the approximation.

Without loss of generality, F(s) is applied to be admittance—
type function, Y(s) for the proposed antenna. The constant
term d and the s—proportional parameter can be synthesized
with a resistance, Ry, and a capacitance, C,, respectively
whose values are calculated as [13]:

@

The equivalent circuit for the remaining part of

N res
F(S) Zkzl S — I;k

— Equivalent Circuit for Real Poles:
Each real pole (for k = 1 to N) can be expressed as:

can be evaluated as [13]:

resy
S— Pk

F(s)= (3)

Let us consider the series RL circuit represented in Fig. 10(a)
to synthesized a function F(s) with a real pole. The RL
admittance of a series RL circuit is:

1
I(s) __ 1 L
Y = = = 4
()= ) Ryl LR @
L
Its pole and residue are:
Ry 1
=— %, res, =— 5
Py L =L (%)

Given N set of poles and residues extracted by a fitting
procedure, it is straightforward obtaining the corresponding
couple of R and L parameters:

Lk :_l y R = _pk
res,

(6)

res,

— Equivalent Circuit for Complex Pole Pairs:

Let resy, res,, p; and p, be pairs of complex and conjugate
residues and poles, respectively. The corresponding transfer
function F(s) can be expressed as:

res, 4 res,

S—Pp1 S—P2

_ (res,+res, )s —(res, p, + res,p,)
s? _(pl + pz)S + P1P2

F(s)=

7
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Let us consider the RLC circuit represented in Fig. 10(b). It
is a combination of a simple series LR circuit and a parallel
CR circuit to synthesize a function F(s) with a complex pole
pairs. The admittance of the combinational circuit can be
written in terms of its residues and poles as:

I(s) 1

- (8)
V(s) L[52+[R+ 1

Yac(8)=

)

Compared with (7), the following correspondences can be
established:

1
res, +res, = —
L

( ) R L
— + R B ——
P+ P2 L "RC ©)

1

R
L LC

I
1F2 R'C

—(res;p, +res,p )—L
1M2 2M R'LC

The previous nonlinear set of equations can be solved in a
closed form providing the following circuit parameters:

_ 1
res; +res,

res; + res
C- 1 +TeS,

resy Py +1eSyPg
res; +res,

res; Py +1e€soPq
resy +1r€s,

res; p, + res, pl}

P1P2 +{—(P1+ P2 )+ res, + res,

1
= x| (Pt Py)+
res; +res,
. i res; +res,
C resyp, +res,pg

R

(10)
The procedures to extract such elements can be
synthesized as described in [14].

The process can be started by N = 2 which is the minimum
order of approximation. The complete synthesis SPICE-
compatible equivalent circuit for input admittance of an
antenna when N = 2 can provide either two real poles or one
complex pair (a pole of order N = 1 is called a simple pole).
Increasing the order of the approximation N will increase
number of either the resultant real poles or the complex pairs.
Only a specific modelling can consider branches to represent
either real poles or complex poles or both.

R I(s) L R Is) L .
—{ """ W‘:T:I—
- V(s) ) V(s) C

(a) (b)

Fig. 10 (a) Equivalent RL circuit for real poles synthesis. (b)
Equivalent RLC circuit for complex pair poles synthesis.
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For the case of UWB antennas if the process is started
with N = 2 the Y(s) resulted will only fitted with one complex
conjugate which causes that one of the resonance peaks being
fitted. Because of the fitted resonance peaks depend on the
location of the two starting poles, the resulting approximation
for Y(s) will be extremely inaccurate and the root-mean-
square (rms) error becomes large. Increasing the set of initial
poles will provide fitting for more resonance peaks. For the
proposed antenna with EBG via holes and split-ring parasitic
element the set of the initial poles is found to be 17 linearly
spaced complex pairs (N = 34) and with 3 iterations to
achieve a very accurate approximation fitting. The rational
function approximation of Y(s) using VF (poles and residues)
is listed in Table 1. The fitting procedure provides 2 real poles
and 16 complex conjugate pairs. Fig. 11 shows the magnitude
and phase errors between the simulated results and the results
using VF procedure. As clearly seen in Fig. 11, the proposed
synthesis allows a satisfactory approximation of the input
admittance, and the rms error on the magnitude is 1.6542e—
005. Table 2 shows the component values for the equivalent
circuit of the proposed antenna. Consequently, the equivalent
circuit model for the input admittance of the proposed antenna
for N = 34 is synthesized as shown in Fig. 12. The VSWR
characteristics of the proposed antenna are shown in Fig. 13.
Very good agreement between the simulated results and the
equivalent circuit results along with the measured data is
observed.

TABLE 1
THE RATIONAL FUNCTION APPROXIMATION OF THE INPUT
ADMITTANCE Y (S) OF THE PROPOSED ANTENNA WITH EBG VIA
HOLES AND SPLIT—RING PARASITIC ELEMENT

Type and No. of The Rational Function Approximation of Y(s)
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Fig. 11 Approximation of input admittance of the proposed antenna
with EBG via holes and split-ring parasitic element. (a) Magnitude

poles -
Poles (le+11) Residues (Le+8) Functions. (b) Phase angles.
Real 1 -0.0783 0.0685
Real 2 ~1.2050 29.0022 TABLE 2
Complex 1 0.0036 + 0.1453i 07973 + 01193i SYNTHESIZED COMPONENT VALUES FOR THE PROPOSED ANTENNA
P — — - ! d = = ! WITH EBG VIA HOLES AND SPLIT—RING PARASITIC ELEMENT
Complex 2 -0.0172 & 0.2079i —0.0002 * 0.0008i Type _ -
Complex 3 00439 + 0.2165i 0.6496 + 0.2508i and The Equivalent Circuit Parameters
Complex 4 -0.0180 £ 0.2667i 0.0012 F 0.0005i No. ]
y — - of L (H) R(Q) C(F) R(Q)
Complex 5 -0.0527 + 0.3351i 0.3734 F 1.4656i poles
Complex 6 -0.0401 * 0.3626i 0.2905 * 1.1645i R1 1.4599e-007  1.1431e+003
Complex 7 -0.0142 + 0.3951i 0.0005 F 0.0001i R2 -10867e-009  -130.9469
Complex 8 n - n - C1 6.2712e—009 15.8919 7.3876e-013 —746.1545
P —0.0328 T 0.4528i 1.0448 T 0.3480i C2  —2.5000e—005 2036000 544386018 —2.1642e+006
Complex 9 -0.0140 * 0.4985i —0.0005 F 0.0003i Cc3 7.6970e—009 98.1274 2.4122e-013  —1.0446e+003
Complex 10 ~0.0748 * 0.5212i 0.1319 * 0.1038i C4 4.1667e-006 —3.8802e+004  2.8750e-016 2.6937e+005
) — ) C5 1.3390e—008  —1.6906e+003  4.0538e-015  1.8033e+003
Complex 11 — + |
P 0.0050 0'59°6f °'°0°1j 0'0001_' C6 1.7212e-008  2.5708e+003  2.5889e-015  —2.7328e+003
Complex 12 -0.0550 & 0.6555i 0.6972 F 0.2632i C7 100006005 —6.4820e+004 615966017  1.7416e+006
Complex 13 -0.0122 £ 0.6778i -0.0001 F 0.0003i C8  4.7856e-009 87.8722 9.1740e—014 —923.6199
Complex 14 20,0103 + 0.7062i 06840 + 0.1279i C9  -1.0000e-005 —313100 —2.9580e-017  1.1854e+006
Complex 15 00559 £ 078951 11352 T 004771 C10  3.7908e-008  1.8384e+003  5.9970e-015  —4.9722e+003
P = — Y. 76901 : + 0.0477 C11 -5.0000e-005 —2978000 —2.8669e-018  5.9564e+006
Complex 16 -0.0569 * 0.9168i 1.1789 * 0.9457i C12  7.1715e-009 —138.0220 2.8404e—014  1.1640e+003
d =0.0096, e = 1.4425e-14 C13  -5.0000e-005 -1.0228e+007 -1.1817e-018  4.1869e+006
C14  7.3099e-009 104.0579 2.6504e—014  —3.0990e+003
C15  4.4045e-009 10.0097 3.6361e—014  3.0876e+003
C16  4.2412e-009 336.0533 1.7068e-014 -863.4438
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Ro=90.9091 Q, Co=1.4425e-14 F
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Fig. 12 Equivalent circuit synthesis of the proposed antenna with
EBG via holes and split-ring parasitic element for N = 34.
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Fig. 13 VSWR characteristics as a function of frequency for the
proposed antenna with EBG via holes and split-ring parasitic
element.

It is noted that the VVF technique guarantees stable poles and
enforcing passivity. With stable poles and passivity enforced,
the resulting equivalent circuit may still have unphysical
circuit elements (negative resistance, capacitance and
inductance), as shown in Table 2, even though we use low
order of approximation. But we will never get an unstable
simulation since the circuit as a whole will always consume
power, whatever we connect to it [15]. However, numbers and
values of the negative elements depended on the frequency
range of the function to be fitted as well as the order of
approximation used in that fitting. Higher accuracy can be
easily involved by increasing the order of the approximation.
But the complexity of the equivalent circuit will also be
increased at the same time.

For instant, due to ultra—wide bandwidth, the resulting
equivalent circuit may still have more negative circuit
elements with large values, but the whole equivalent circuit
will  be passive. A  circuit having  negative
capacitance/inductance can present, by duality, another
inductance/capacitance element. In a negative capacitance the
current will be 180° opposite in phase to the current in a
positive capacitance. Instead of leading the voltage by 90° it
will lag the voltage, as in an inductor. Therefore a negative
capacitance acts like an inductance in which the impedance
has a reverse dependence on frequency; decreasing instead of
increasing like a real inductance. Similarly a negative
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inductance acts like a capacitance that has impedance which
increases with frequency [16].

Finally, the major limitation of this approach is the fact
that this technique is not systematic. In other words, the
method does not contain a physics—based approach.
Nevertheless, it is stressed that this technique can be used as a
tool to aid engineers in designing an actual passive circuit that
can be used to mimic the scattering parameter response of a
UWB antenna [17]. In spite of this, good agreement between
the simulated results and the fitted data with acceptable
equivalent model behavior are obtained. The validity of the
modeling method is verified and high accurate results are
achieved. The provided circuit model is useful to consider the
effect of the proposed antenna when integrated with the whole
communication system. It also helps designers to predict the
communication system performance.

V. CONCLUSION

New and simple design of a band-notched UWB annular
slot antenna with proximity-fed technique has been proposed
and implemented. Electromagnetic Band Gap (EBG) via holes
etched in the feeding line is used to improve the input
impedance of the prototype antenna at high frequency bands.
Band-notched characteristic is achieved by adding split-ring
parasitic element around the radiating patch. The proposed
antenna has a frequency band of 2.82-10.74 GHz for VSWR
less than 2.0 with a rejection band at 5.51 GHz, which is
complement with the IEEE 802.11a and HIPERLAN/2
services. The results show that the proposed design of the
antenna with a band-notch function provides sufficient
antenna performances such as, wide impedance bandwidth,
suitable band rejection, high gain, and omnidirectional
radiation pattern.
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