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ABSTRACT

This paper presents the design of dual band frequency reconfigurable fork shape planar dipole in the
Industrial, Scientific and Medical (ISM) band (2.4GHz and 5.2 GHz). The proposed antenna can be used
for WLAN applications. Antenna operates in dual as well as single band mode depending on switching
combination. The proposed antenna gives bandwidth of 12.5% and 6.7% for 2.4 GHz and 5.2 GHz
respectively in dual band mode while 15.5% for 2.4 GHz in single band mode. The performance of the
antenna is analyzed with a ground-free substrate and traditional Perfect Electric Conductor (PEC) ground
plane. The same antenna is mounted on a dual band slotted mushroom type Electromagnetic Bandgap
(EBG) surface which improves the return loss of the antenna in both bands by -25 dB w. r. t. the PEC
based dipole antenna. The proposed antenna can be used in WLAN applications. The simulations were
carried out in SEMCAD and CST MWS.
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at more than one resonant frequency. Planar or micro-strip

1. INTRODUCTION dipole can be optimized to operate in multiple bands. Pin

Planar or micro-strip dipole antenna is widely used in
Wireless Local Area Network (WLAN) communications [1].
The WLAN is standardized which put demand for antennas
to provide inter-operability across the ISM frequency band.
Planar dipole is metal conducting micro-strip, centrally
interrupted with gap and feeding element, printed on one side
of substrate [2, 3]. These dipoles can be used in a wide range
of applications due to their advantages like conformability,
light weight and low cost [1, 4]. In many applications a single
antenna is required to transmit/receive electromagnetic waves

diodes [5], varactors [6, 7] and optical switches [8] can be
used to design frequency reconfigurable planar dipoles.
Although planar dipoles are low profile but they do not
efficiently radiates in the vicinity of the PEC or metal ground
plane. This is due to the fact that if the height of the radiating
element (antenna) above the metal ground is less than one
fourth of the wavelength, the image currents are out of phase
with antenna currents, resulting in destructive interference.
As a result the antenna return loss is dropped dramatically.
The problem is addressed by using an artificial ground plane
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(EBG) [9-11] to improve the radiation performance of the
planar dipole.

EBG structures are artificial periodic or aperiodic meta-
material structures that assist or prohibit the propagation of
electromagnetic waves for specific bands of frequency for all
incident angles and polarization [12]. These structures exhibit
the property of surface wave suppression and in-phase
reflection for certain frequency bands of frequencies called
‘surface wave bandgap’ and ‘reflection phase bandwidth’
respectively. In this paper the in-phase reflection
characteristics of the dual band EBG surface as a ground
plane are wused to design a low-profile frequency
reconfigurable dipole.

In this article a frequency reconfigurable planar fork shaped
dipole operating in WLAN bands is designed using optical
switches and a multi-band EBG surface as a ground plane.
The performance of the proposed antenna is compared with
the planar dipole with a PEC ground plane at height of less
than quarter of wavelength.

The rest of the paper is divided in the following sections;
Section 2 presents the design methodology of the planar
dipole and dual band EBG structure. The results are discussed
in section 3. Section 4 concludes the paper.

2. DESIGN METHODOLOGY

2.1 Design of the planar dipole on traditional substrate
The geometry of the fork shape planar dipole is shown in
Fig. 1. The substrate material is 1.6 mm thick FR-4 with a
relative permittivity of 4.4. The total length of the dipole, L
(43 mm) gives resonance at the lower frequency (i.e. 2.4
GHz). W (3.33 mm) represents the total width of the dipole.
The dipole consists of two forks type structure placed back to
back. Each fork consists of two arms of same widths W;=w5
(12.11 mm). In reconfigurable antenna designs, switches are
used to alter the radiation characteristics (frequency in this
case). Two slots (s;, s2) of 1 mm length in the lower arms of
dipole, are introduced to insert the switches for frequency
reconfigurable operation. The shorter dipole arms of length
Lz (6.4 mm) results in resonance at higher frequency (5.2
GHz), depending on the status of the switch. Two forks of the
dipole are separated with feed gap of G (1.5 mm). The
antenna is fed SMA coaxial port.

The magnitudes of the above resonant lengths for the dual
frequencies were determined by using the theory of the
transmission line model [4]. The resonant lengths (L, L3) for
2.4 GHz and 5.2 GHz bands are optimized in terms of guided

wavelength 1, 4cH; and As,gn, respectively which depend on
the effective relative permittivity [4]:

Li = L, = Ao4cr:/4 1)
Ls = As2cH: /4 (2)

The guided wavelength at the resonant frequency is

C
";l'.nlr'r CHzx = 5Te (3)

¢ = Velocity of light (m/s)
f /= Resonating frequency (2.4 or 5.2 GHz) and

Er+1

.

ge = THELEL s 128 W (8)
& = Effective permittivity

&r = Relative permittivity

t = Thickness of substrate (mm)

w= width of the dipole (mm)
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Fig. 1: Proposed dual band frequency reconfigurable dipole planar layout (top
and side view) (L =43 mm, G = 1.5 mm, W=3.33, wl=w2=1.11, mm L3 = 6.4
mm, s1=1mm, s2=4 mm).

2.2 Design of planar dipole on artificial ground plane

To design a low-profile, dual band planar dipole, a
mushroom type [9] EBG structure is used to achieve in-phase
reflection [10, 11] in the desired frequency bands (i.e. 2.4 and
5.2 GHz). The dimensions of the square unit cell for dual
band operation (Fig. 2) are obtained using the well-known
Sievenpiper [9] mushroom type EBG equations. Resonant
frequency of the EBG surface is given by:

Fermm ©)

Where, C is the surface capacitance due to fringing between
the neighboring unit cells, given by:

_ Wen{ise —1 fx+g
C=——cosh™|—
——cos { Z ) (6)
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Where x=a or x=ly is the width of patch for in-phase
reflection at 2.4 and 5.2 GHz respectively. The surface
inductance L is proportional to length of metal via (or
thickness t of the substrate), i.e.

L=ut )

Where, u = pgpu,.. A 1.6 mm thick FR-4 is used as substrate.
Cylindrical metal via of radius 0.5 mm are used to connect
the center of the patch to the bottom ground. The larger patch
(2 =0.2135,:4,= 19 mm) gives in-phase reflection at
2.4 GHz as shown in Fig. 3. The gap between the neighboring
EBG patches is g = 0.024, 4 zz-=1mm. The width of the
smaller patch is opt 1,=11.95 mm which gives in-phase
reflection at 5.2 GHz. The slot or separation between smaller
patch and larger patch is b = 0.5 mm.

Patc

Via“ Ground

Fig. 2: Top and side view of unit cell of dual band EBG, a= 19 mm, g=1 mm,
1,=11.95 mm, b=0.5 mm

EBG unit cells are periodically arranged along x and vy
dimensions in order to form the ground plane of a given size.
In this paper the performance of the antenna is studied at
various heights from the dual-band EBG ground planes of
different sizes {i.e. 5 x 5 EBG (100 x 100 mm), 9 x 9 EBG
(160 x 160 mm) and 15 x 15 EBG (300 x 300 mm)}. Fig. 4
shows the top and side views for 5x5 EBG cell structure. The
proposed antenna with long /4 ‘bazooka’ balun [4] is fed via
a coaxial cable. The length of the balun is 31.25 mm. Lower
part of bazooka balun is connected with outer conductor of
coaxial cable while the upper part is left open in order to
provide very high impedance [4].
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g. 3: Response for frequency bandgap of proposed EBG unit cell
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Fig. 4: Top and side view of planar dipole mounted at a height h from a 5x5
dual band EBG cell structure

3 RESULTSAnalysis of planar dipole on ground-free
substrate (no conducting ground plane)

The switching modes outlined in Table 1 are used to
reconfigure the frequency of the dipole (Fig. 1). When both
switches are OFF dipole operates in dual band at 2.4 GHz and
5.2 GHz with a return loss of -22.6 dB and -20 dB
respectively. The -10 dB return loss bandwidth at 2.4 and 5.2
GHz is 12.5% and 6.7% respectively.

TABLE 1: SWITCHING MODES FOR FREQUENCY RECONFIGURABLE OPERATION

S.No Switchl Switch2 Frequency Mode
1 ON ON Single band (2.4GHz)
2 OFF OFF Dual band (2.4 and 5.2GHz)

When both switches are ON dipole operates in single band
(2.4 GHz) mode. The return loss and bandwidth in this mode
is -24.5 dB and 15.5 % respectively (Figure 5).
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antenna is mounted on an EBG ground plane. The
degradation in the return loss and -10 dB bandwidth at 2.4
and 5.2 GHz is due out of phase reflection of image currents.

-10 |

-15 |

== == Switches OFF

Return Loss (dB)

-20 4 Switches ON

25 2.4GHz 5.2GHz

-30

Frequency {GHz)

Fig. 5: Without EBG, when both switches are OFF and ON (L =43 mm, G = 1.5 S T ' '

mm, W = 3.33, wl=w2=1.11, mm L3 = 6.4 mm, s1=1mm, s2=4 mm). 2

The E and H-plane gain patterns of the planar dipole for 2.4 % -4

and 5.2 GHz bands for a given status of the switches is Lf % |

portrayed in Fig. 6. When both switches are OFF antenna 5

operates in dual band mode with an E-plane gain of 2.1 dB € 8 i

for 2.4 GHz band while 1.79 dB for 5.2 GHz band. The 10 2.38GH:z

planar dipole operates in single band mode with a gain of 2.2 H 4.84 GHz

dB when the switches are closed. The H-plane gain remains 1 2 3 4 S 6 7
unchanged for both bands irrespective of the status of the Frequency (GHz)

switches. Fig. 8: Return loss of the dipole with a PEC ground plane at N=0.1044; 4GH;

3.3 Parametric analysis of planar dipole with 9x9 EBG
plane at different heights

Dual band mode: The return loss for the antenna, mounted at
different heights (h=0.0625X;.46Hz, 0.088A;.46Hz 0.1042546Hz,
0.125X,.46H,) above a 9 x 9 EBG ground plane, in dual band
mode is illustrated in Fig. 9.

..............
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%‘ 15 Wl e h=0.0625A
m—— H- Plane (Switches ON, 2.4 GHz) E-Plane (Switches ON, 2.4 GHz) E
8 0 4 h=0.104A
= === H-Plane (Switches OFF, 2.4 GHz) === - E-Plane (Switches OFF, 2.4 GHz) £
2 h=0.088A
H-Plane (Swithes OFF,5.2 GHz) ~ ==«===+ E-Plane (Switches OFF, 5.2 GHz) £ 25 1
Fig. 6: Comparison of (E, H) —plane radiation pattern of dipole antenna (Fig. 1) h=0.1254 5.3 GHz
at 2.4 and 5.2 GHz for ON and OFF switching modes -30 1 ’
-35 2.4 GHz Switches OFF A=A, 4,
3.2 Analysis of planar dipole with PEC Ground Plane o
The return loss of the antenna in the presence of 1 2 3 4 5 6 7
PEC ground plane (Fig. 7) at a height less than A, 4c,/4 (i.€. Frequency (GHz)

h_0'104/12'4_GHZ_13 mm) 1S dePlCted in Fig. 8 The h9|ght Fig. 9: Return loss comparison (switches=OFF) for planer dipole over a 9 x 9
h=13 mm is taken for the purpose of comparison when the  £gG at h=0.0625/5 4014, 0.08872.401m, 0.104/5.461 and 0.12575 acris
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If the radiating element (dipole) is placed at a height of
0.0625X,46H; above the ground, its return loss is badly
affected. It is observed that as antenna height from EBG
increases, its return loss is improved for the lower band
(2.4GHz). It is worth noting that as the height decreases, a
significant improvement in return loss and bandwidth at the
higher band (5.2 GHz) is observed. These observations are
summarized in Table 2.

TABLE 2: BANDWIDTH COMPARISON OF ANTENNA IN DUAL BAND MODE

S.NO Height of antenna Bandwidth (%)
above EBG plane (h)
2.4 GHz 5.2 GHz
1. 0.0625X2 46Hz 5.83 4.03
2. 0.088A2.46H: 10 423
3 0.104%2.46H, 10 3.46
4 0.125A2 46H2 14.16 4.615

Single band mode: When both the switches are ON, antenna
fixed at different heights above the EBG ground plane
operates in single band mode (2.4 GHz) as demonstrated in
Fig. 10 and summarized in Table 3. From this analysis it is
apparent h=0.1041; 46H, and 0.1257; 4, are optimum heights
for antenna to be mounted on an EBG structure in order to
give better return loss.

a4 W h=0.0625A

215 h=0.088A

h=0.104A

Return Loss (dB)

20 -

h=0.125A
225

30 4 Switches ON (A=A, ..)

2.4GHz

-35
1 2 3 4 5 6 7

Frequency {GHz)

Fig. 10: Return loss comparison (switches=ON) for dipole over 9 x 9 EBG at h=
0.0625/5 46Hz, 0.08845.46H, 0.10445 46H; and 0.12545 46z

TABLE 3: BANDWIDTH COMPARISON OF THE ANTENNA OPERATING IN SINGLE
BAND MODE

SNO Height of the antenna ~ Bandwidth (%)
) above EBG plane (h) 2.4 GHz
1 0.0625X2.46H, <1
2 0.08812.46H: 7.5
3 0.10442 461, 13.33
4 0.125Ma.46Hz 15

3.4 Parametric analysis of the antenna by varying the size
of the EBG ground plane for a fixed height (h)

The performance of proposed antenna is analyzed with EBG
ground plane of various sizes, i.e.,, 100mm x 100mm (5x5

unit cells), 300mm x 300mm (15x15 unit cells) and PEC
ground Plane. Fig. 11, 12 and Fig. 13, 14 shows the
comparison in terms of return loss/bandwidth of planar dipole
antenna at two different heights above ground planes of
varying size in single and dual band modes respectively. The
greater the size of the ground plane, the better is the
performance of the antenna for a specified height over the
ground. Summary of the results is presented in Table 4

—

-10
-15 -

20 - PEC ground Plane

15x15EBG

Return Loss (dB)

——— 9x9 EBG
230 -
5x5EBG

35 4 5.2GHz

-40 - Switches ON (h=0.1254, ,.,,,)

2.4GHz

-45
1 2 3 4 5 6 7

Frequency (GHz)

Fig. 11: Return loss of planar dipole in dual band mode at h= 0.125/; 4h,
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25 |
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-40
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Fig. 12: Return loss of planar dipole in dual band mode at h= 0.104/; 4h;

TABLE 4: BANDWIDTH COMPARISON OF THE ANTENNA ON EBG STRUCTURES OF
VARYING SIZES FOR FIXED HEIGHTS

Ground BW (%) at BW (%) at
SNO Plane h: 0-125)\/244GHZ h:0-104}‘42‘4GHz
24GHz 52GHz  24GHz 5.2GHz
1 PEC <1 <1 <1 <1
2 5x5 EBG 12.5 <1 12.5 <1
3 9x9 EBG 14.16 4.615 10 3.46
4 15x15 EBG 12.5 4.23 10.8 4.2

For demonstration purpose the snap shots of electric field
strengths of the planar dipole mounted on an EBG ground
plane for single and dual band modes are illustrated in Fig.
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15 and 16 respectively. When both switches are ON the four
arms of the fork shape planar dipole radiates at 2.4 GHz (Fig.
15). On the other hand when both switches are OFF, the
upper arms of the dipole radiates at 2.4 GHz whereas the
lower arms radiates at 5.2 GHz (Fig. 16). The E-field strength
along the length of the dipole antenna is maximum at the
right-most and left-most edges for a given frequency mode.

= . 15x15EBG

9x9 EBG

===-5x5EBG

Return Loss (dB)

------- PEC Ground Plane

Switches OFF (h=0.125A, , :,,)

1 2 3 4 5 6 7
Frequency {GHz)

Fig. 13: Return loss of planar dipole in single band mode at h= 0.125/, 4cH,

=== 15x15EBG

9x9 EBG

====5X5EBG

Return Loss {dB)

------- PEC ground Plane

20 Y

Switches OFF (h=0.104A, , .,,)

-25

1 2 3 4 5 6 7
Frequency (GHz)

Fig. 14: Return loss of planar dipole in single band mode at h= 0.104/; 4gH.
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Fig. 15: E-field strength (Vm™) of dipole on EBG in single band mode
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Fig. 16: E-field strength (Vm™) of dipole on EBG in dual band mode

4, CONCLUSION

A dual band frequency reconfigurable fork shape planar
dipole for 2.4 GHz and 5.2 GHz ISM band has been
proposed. Frequency re-configurability has been achieved by
using optical switches. Proposed antenna operates for single
band of 2.4 GHz in ON switching mode and in dual band of
2.4GHz and 5.2 GHz in OFF switching mode. The said
antenna was implemented on dual band mushroom type EBG
structure at different heights from antenna. The antenna
return loss characteristics were analyzed at height of less than
quarter of a wavelength (i.e. h= 0.104A; 461, and 0.125X; 46H;)
above an EBG structure of different sizes and compared with
the antenna on PEC ground plane. Bazooka balun was used to
match input impedance of antenna with coaxial feed. It is
found that -10 dB return loss bandwidth of the PEC based
reconfigurable antenna is reduced by more than 14 % if
compared with the proposed antenna on an EBG ground
plane. The antenna can be used in low profile WLAN
applications.



Running Title, it is short article’s title less than 65 characters, printed as header in the inner pages of the article 7

ACKNOWLEDGMENT

The authors of this paper thankfully acknowledge SEMCAD
and CST MWS for providing the simulation tools to
accomplish this research. The authors also acknowledge the
generous support of the Higher Education Commission of
Pakistan for supporting the research.

REFERENCES

1. M H. Jamaluddin, M.K. A. Rahim M. Z. A. Abid. Aziz and A. Asrokin,
“Microstrip dipole antenna analysis with different width and length at 2.4
GHz”, Applied Electromagnetics, 2005. APACE 2005. Asia-Pacific
Conference, 20-21 Dec. 2005.

2. M.H. Jamaluddin, M.K. A. Rahim M. Z. A. Abd. Aziz and A. Asrokin,
“Microstrip Dipole Antenna for WLAN application”, 1st International
Conference on Computers, Communications, & Signal Processing with
Special Track on Biomedical Engineering, 2005. CCSP 2005, pp. 30-33,
14-16 Nov., 2005.

3. Wen Jiaoliao, Yu Chenglu and His-Tseng Chou, “A multiband microstrip
dipole antenna”, IEEE Antennas and propagation society, international
symposium, vol.1A, July 2005.

4. Constantine A. Balanis, Antenna Theory Analysis and Design, John
Wiley & Sons, Inc., 2™ ed. 1997.

5. Yong Cai, Y. Jay Guo, and Pei-Yuan Qin, “Frequency Switchable Printed
Yagi-Uda Dipole Sub-Array for Base Station Antennas”, |EEE
Transaction on Antennas And Propagation, vol. 60, no. 3, March 2012

6. S. Baylis, S. Aguilar, and T. Weller, “Wide bandwidth varactor-tuned
patch antenna,” Electron. Letter, vol. 45, no. 16, pp. 816-818, Jul. 2009.

7. N. Behdad and K. Sarabandi, “Varactor-tuned dual-band slot antenna”,
IEEE Trans. Antennas Propagation., vol. 54, no. 2, pp. 401-408, Feb.
2006.

8. C. I. Panagamuwa and J. C. Vardaxoglu “ Optically reconfigurable
balanced dipole antenna”, International Conference on Antennas &
Propagation , vol. 1, pp. 237-270, London, UK, 2003.

9. D. Sievenpiper, L. Zhang, R. F. J. Broas, N. G. Alexopolous, and E.
Yablonovitch, “High-impedance electromagnetic surfaces with a forbidden
frequency band,” IEEE Trans. Microwave. Theory Tech., vol. 47, no. 11,
pp. 2059-2074, Nov. 1999.

10. F. Yang and Y. Rahmat-Samii, “Reflection phase characterization of an
electromagnetic bandgap (EBG) surface,” Proc. IEEE AP-S Int. Symp.,
vol. 3, pp. 744-747, Jun. 16-21, 2002.

11.  A. Aminian, F. Yang, and Y. Rahmat-Samii, “In-phase reflection and EM
wave suppression characteristics of electromagnetic bandgap ground
planes” Proc. IEEE AP-S Int. Symp., vol. 4, pp. 430-433, Jun. 22-27,
2003.

12. F. Yang, Y. Rahmat-Samii, “Electromagnetic Band Gap Structures in
Antenna Engineering”, The Cambridge RF and Microwave Engineering
Series, October 2008.

Adeel Afridi is a research student in UET Peshawar,
Pakistan in the Department of Telecommunication
Engineering, UET Peshawar (Mardan Campus), Pakistan.
Currently he is doing research on metamaterial based
reconfigurable antennas. His research interests include
millimeter wave antennas, Frequency Selective Surfaces
and EBGs.

Sadig Ullah is Assistant Professor at the Department of
Telecommunication Engineering, University of
Engineering & Technology, Peshawar, Pakistan. Sadiq
Ullah received B.Sc. Electrical Engineering from
University of Engineering and Technology, Peshawar,
Pakistan. He achieved his M.Sc. in Electrical Engineering
from University of Engineering and Technology Taxila,
Pakistan. In 2007, he joined the Department of Electronic
and Electrical Engineering, at Loughborough University, U.K., and was awarded
Ph.D. for his research in the field of design and measuarment of metamaterial
based antennas in 2010. He worked as an Assistant Manager (Electronics) in a
public sector R and D organization in Islamabad, where his main responsibilities

were hardware, software co-design, designing and testing of high precession
electronics, test equipment..His research mainly focuses on design and
measurement of low-profile antennas on electromagnetic Bandgap structures. He
has been worked as a Research Associate at Loughborough University, where he
researched on the propagation effects of rain, snow, ice, fog and forest in
millimeter wave band. During his Ph.D., he published his research in
international conferences and journals.

Imad Ali is Instrumentation Engineer since 2011 at the
Department of Telecommunication Engineering, University
of Engineering & Technology, Peshawar, Pakistan. Imad
Ali received B.Sc. in Telecommunication Engineering from
University of Engineering and Technology, Peshawar. He
y did his M.Sc. in electrical engineering from CECOS
‘ University, Peshawar in 2010. His research mainly focuses

on multi band antenna designs, electromagnetic Bandgap
structures and antenna measurement techniques.

Shahbaz Khan is Assistant Professor at the Department of
Telecommunication Engineering, University  of
Engineering & Technology, Peshawar, Pakistan. Shahbaz
Khan received B.E. Computer Systems from National
University of Sciences and Technology, Pakistan. In 2005,
he joined the Wireless Networks and Communication
Centre (WNCC), at Brunel University, U.K., and was
awarded Ph.D. for his research in the field of wireless
networks in 2009.. His research mainly focuses on rate-adaptation schemes for
multi-rate systems, routing protocols for IEEE 802.11e based MANETSs and
cross-layer optimization techniques.During his Ph.D., he had been involved in a
research project as a part of a large technical consortium funded by the European
Commission. Currently, he is the Principal Investigator of CEGMaS project with
a total funding of Rs. 25 million. He has published his research in peer reviewed
journals and research conferences. He is member of the HEC’s panel of approved
Ph.D. supervisors’. He has regularly served as a reviewer for IEEE
Communication Society research journals and conferences like PIMRC,
GlobeCom and ICC.

Sahibzada Ali Mahmud did his B.Sc in Electrical
Engineering from University of Engineering and
Technology Peshawar. He was awarded a PhD
scholarship and associated with the Wireless Networks
and Communications Centre at Brunel University, West
London, UK. He did his PhD in Wireless
Communications and Networks in January 2010, and
since then, is working as an Assistant Professor in
Electrical Engineering Department of UET Peshawar.
He is also the founder and Project Director of Centre for
Intelligent Systems and Networks Research at UET Peshawar. His research
interests include Scheduling for Real Time Traffic, Wireless Sensor Networks,
Intelligent Transportation Systems, Communication in Smart Grids, M2M
Communication, and Short Range Wireless Networks. He has served as a TPC
member for conferences like IEEE ICC, IEEE PIMRC, IEEE WCNC etc. on
several occasions, apart from reviewing for IET Communications and IEEE
Communication Letters. He has worked on various funded projects including an
EU funded project called “MAGNET BEYOND”, and has published in various
reputed journals and conferences. He is currently the principal investigator of
three funded projects from the Ministry of IT in Pakistan related to Smart Grids,
and Intelligent Transportation Systems.

Jame A. Flint received the M.Eng. and Ph.D. degrees in
electronic and electrical Engineering from Loughborough
University, Loughborough, U.K in 1996 and 2000,
respectively.

He worked in the automotive industry as a Project
Engineer and later returned to Loughborough when he
was appointed Lecturer in Wireless Systems Engineering
following in 2001. He was promoted to Senior Lecturer in
2006 and is currently the Head of the Communications Research Division,
Department of

Electronic, Electrical and System Engineering. His research interests span fault-
tolerant signal processing, novel acoustic and electromagnetic transducers,
metamaterials and electromagnetic compatibility.

Dr. Flint is a Chartered Engineer in the U.K., a member of the Institution of
Engineering and Technology, and has acted as a consultant to numerous high
profile companies and government agencies.




