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Experimental Study of Electrically Compact
Retrodirective Monopole Antenna Arrays

Oleksand Malyuskir, Vincent FuscoFellow, IEEE

Abstract—  Auto-pointing and angular super-resolution
properties of the radiation patterns generated by a electrically
compact retrodirective  monopole antenna array are
demonstrated experimentally for the first time. Theoperation of
electrically compact (element spacings less than erfifth of the
radiation wavelength) retrodirective antenna arrays that were
theoretically considered in our previous work are onfirmed by
measurement. Particularly it is shown that the Diretion-of-
Arrival  (DoA) information carried by an incident
electromagnetic wave can be encoded into the evaoest near
field of an electrically small resonant antenna aray with a spatial
rate higher than the spatial oscillation rate of tke incident field in
free space. Retrodirective array antenna matching r&d the
feasibility of a frequency-division full-duplex communication link
based on the proposed antenna arrays are also dissed.

Index Terms— Antenna array, angular diffraction limit,
monopole antennas, directive antennas, electromagiecoupling,
near field, radiation pattern, wireless communicatbns

I. INTRODUCTION

LECTRICALLY small antennas and antenna arrays ha

been extensively studied for several decades dileeio

theoretical and practical importance [1]-[6]. Asesult of
their small electrical size, these antennas andnaiat arrays
find many applications, including wireless commuations,
electromagnetic (EM) sensors, small aperture radarmpact

microwave and mm-wave imaging systems [1], [6],.[7]

Several interesting designs of electrically smateanas have
been proposed recently. These
geometries [1], [2], [6], [8], metamaterials [9]A[[l dielectric
resonator antennas [1],[12] and biologically inegi
resonantly loaded antennas [13], [14].

The design of electrically small antenna arrays hwit

relatively high gain and practically useful bandikid[3]

represents a more challenging task than designisgngle
electrically small antenna, since the known rulesstandard,
half-wavelength spaced antenna arrays cannot benebu
applied due to complex near field EM coupling metbias
[1], [3], [15].

An efficient approach to superdirective array izzdlon [3]
is based on the selection of the electrically sme#lonant
antenna elements supporting large radiating clsrehat
enable high unidirectional directivity of the ordef 7-9dB
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include folded aaten

even for simple 2-element antenna arrangementsadtbeen
shown in [3], [15] that the spacings between theayar
elements cannot be made arbitrarily small due to
accompanying significant radiation resistance drop,
consequent antenna feeding mismatch and eventway ar
efficiency reduction.

One of the essential properties of any antennay asrdts
ability to control the radiation pattern in receiand/or
transmit mode. For antenna arrays used in wireless
communications an omnidirectional radiation patteis
commonly employed in the receive mode to ensurepbete
spatial coverage for signal reception [16]. At #sene time, a
narrow beam pattern radiated towards the commuoridat
the antenna array would add significant benefits ao
communication system, particularly increased sigoaloise
ratio at the receiver for the same input power,doWbit-error
rate (BER) reduced EIRP and EM pollution.

One class of electrically compact antenna arrayth wi
electronically reconfigurable radiation patternss haeen
proposed in [17]. This is based on a circular dpalr
monopole antenna array topology with a central vacti

Yement and a number of passive parasitic antemnts

variable reactive loading [18], [19] (ESPAR antenzSPAR
antennas allow electronic beam scanning with imgdov
signal-to-noise ratio and reduced BER of the reamisignal
however ESPAR beam scanning requires consideraditald
processing with regard to inputs related to the Dawrd
channel/propagation characteristics [18],[19].

In our previous companion paper [15] we proposed a
pundamentally new class of electrically compact eant
terminals with omnidirectional radiation pattern iaceive
mode and auto-pointing superdirective radiationtepat in
transmit mode, with auto-pointing requiring dedésht
electronic circuitry performing EM signal phase gmation,
[20]-[22]. The EM phenomena enabling electricalbympact
retrodirective antenna array (RDA) operation aeptitically
considered in full detail in [15]. Particularly, has been
demonstrated that the DoA information carried byiranident
EM wave can be encoded into the array excitatiactorein
the receive mode with a spatial rate higher thanitizident
field spatial oscillation rate in free space. Thian be
understood by expanding the scattered field in #ney
environment into its plane wave spectrum where eseent
harmonics with fast spatial oscillation rate cdmite
dominantly into the Fresnel and quasistatic neeldfi[15],
[23], [24]. This leads to much larger “effectivepexture of
the dense array exceeding its geometrical area [9Bkt,
phase conjugation of the receive excitation ve@anplitudes
and phases of voltages across the antenna arminés) and
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their re-application across the respective antearmainals in
transmit (retrodirective) mode leads to angular esup
resolution spatial far-field patterns with auto4uaig
properties. Angular super-resolution [26] arisesaagsult of
the “effective” aperture of the array being largean its
physical size which in-turn requires high intensiy the
evanescent field in the array environment that edsethe
magnitude of the incident field. This is possibléen the
antenna elements operate in EM resonance leadirtggto
electric currents that generate large scatterddl fie

In this paper we experimentally study the EM pearfance
of a 4-element retrodirective top-loaded resonanoaopole
array of compact electrical sized/4, and inter-element-
spacings\/6, A is the radiation wavelength. The retrodirection
patterns measured in the azimuthal plane and tieepaminting
and angular super-resolution properties of thesetritally
compact RDA are demonstrated for the first time.

Fig.1. (a) Antenna geometry and FEKO simulation elp¢b) fabricated
prototype; (c) measurement setup in anechoic chaniibe distance between
II.  ANTENNA ARRAY GEOMETRY AND MEASUREMENTSETUP  the horn antenna and RDA is 3.5m. In a) the antgonts are labelled by the

numbers in blue circles. In b) the monopole anterera fed via 52 SMA
A. RDA Geometry coaxial connectors with flanges attached to theutar ground plane by

A 4-element top-loaded monopole RDA, Fig. 1, jglastic bolts. The ground plane is mounted on @Kataand attached to a
illuminated in the azimuthal plane by a verticgligtarized wooden turntable, c).
EM plane wave with monochromatic, exp@), frequency
carrier. A full-wave FEKO [28] simulation model wased to
predict monopole RDA performance. The measurement setup schematic diagram for the RDA
receive (RX) mode is shown in Fig. 2.

B. Measurement Setup for the RDA in Receive Mode

Anechoic environment
RX RDA TX Horn

o

B

Turntable
________________________ i Ref.
Recerver signal
RF IF

Signal Generator

R T T T I" 1 | 10MHz
Signal Generator Sync.
with APC >

~2 4GHzRF

Fig.2. Measurement setup diagram for the compad RDeceive mode.

In this arrangement the monopole RDA is illuminabgda
transmitting (TX) vertically polarized horn antenma the
anechoic environment. The horn antenna is fed by a
continuous wave signal at ~2.4GHz generated bygaabi
generator Agilent E8257D with both amplitude ancag#h
control (APC). This generator is synchronized avita with
a signal generator/frequency synthesizer Hewlettk&ra
8341B which forms a part of standard far-field dmec
chamber equipment (in dashed rectangle). The sigmal
received by each RDA port sequentially in the 3@&@rde
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range for the fixed TX horn position. The RX sigigadown
converted to ~1GHz and processed by the 1780 %aent
Atlanta amplitude and phase receiver thus RX anmidis and
phases across each RDA port are recorded for DdRAeir360
degree range.

C. Measurement Setup for the RDA in Retrodirediiode

In the RDA TX (retrodirective) mode the array eation
vector is formed using the amplitudes for the dpedoA
and conjugated phases recorded at each array dlem
corresponding to this DoA. Phase conjugation cancbézed
by the analog or digital circuitry operators [2B].this paper
we generate the array excitation vector using anadig
generator with amplitude and phase control since alows
us to measure the antenna array gain independeatriodéular
phase conjugation circuitry realization. The exaita vector
is applied to each port sequentially and the fifsal field
radiation pattern obtained by linear superpositibthe partial
RX voltages at the horn antenna. The measuremenp se
diagram for the RDA TX mode is shown in Fig.3.

Anechoic environment

TX RDA RX Horn

Turntable

Ref. | [ 1 |

signal ; Receiver 4:—®—
i | IF  RF
| Signal Generator |

101572 I S

yne Signal Generator

< with APC. @

~2.4GHz RF

Fig.3. Measurement setup diagram for the RDA inr&Xobdirective mode.

I1l. EXPERIMENTAL RESULTS
A. RDA Antenna Return Loss

First we discuss RDA antenna matching. The monopof&

RDA in Fig. 1 has been designed to explore theceftd
mutual near field coupling on the antennae feet patching.
It can be seen, Fig.1a), b) that there are threéer @lements
2,3,4 that are exposed in a scattering field witagnitude
smaller than the scattering field magnitude actimgcentral
element 1. It is well known [1], [3], [15] thatriger reactive
coupling between antennas (or, equivalently, neattaring
field exposure) leads to lower radiation resistaacd poorer
antenna matching with respect to &5f@eding port. This fact
is illustrated by Fig. 4a) where the measured @%\gilent
PNA network analyzer 8361C) and simulated retuss Ii&,|
is presented for antenna ports1,2,3,4 with reference port
impedance 5Q. It can be seen that in the frequency ban

tennas & Propagation
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around 2.4-2.7GHz matching is acceptable for oatgenna
elements and is very poor for the central anterieanent
which prevents its practical use.

Port no; ——1 —0—2 —0—3
Portno: + 1

4 Meas
2 Simulations

nn
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——3
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Ports 2-4: 25+i20Q
'25 T T J T ¥ T T T T 1
2.0 22 24 2.6 2.8 3.0

Frequency (GHz)
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Fig.4. Simulated and measured return loss) & the RDA antenna ports
n=1,2,3,4. (a) Reference port impedanc€50) Reference port impedance
10Q for port 1, impedance 2850Q for ports 2,3,4 (measurements) and
reference port impedance @5or ports 2,3,4 (simulations). Simulation data
e the same for ports 2,3,4 and therefore only fiteitport 2 are shown.

Consequently, a series of measurements has befennped
to find out the optimal reference port impedandeg,4b). It
can be seen that when the outer elements are fedgth the
ports with reference impedance 2802 the antenna are well-
matched at -10dB in the ~13% fractional bandwid2{
2.73GHz). At the same time the central element &ched
only in 4% fractional bandwidth (2.39-2.48GHz). éJsthe
reference impedance for the central element iedaw, 1@,
and therefore matching for this element can suffan losses
within the antenna system. It should be noted fbatthe
considered type of monopole RDA phase conjugateziits
8an be printed on the back side of the ground pkaree the
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required reference impedance can be obtained usinged Fig. 5 shows the measured received signal magnitude
components, therefore &eeding is not a prerequisite. Fig.5a) and phase, Fig.5b) across the RDA anteomis @it
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B.RDA in Receive Mode
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Fig.5.Measured RX signal magnitude (a) and phap@acinss the monopole
RDA ports at 2.42GHz. Simulated phase of the intiqdane wave at the
positions corresponding to monopole arm centersh(@htenna elements

removed).

180 -120 60 O 60 120 180
Angle of arrival ¢ (Deg)

2.42GHz. Fig.5c) depicts the simulated phase ofitbElent
plane wave in the positions corresponding to thenopole
arm centers with the antennae removed. Graphs )bjrec
plotted in the same scale for comparison. It carsden that
the RDA RX signal phases (and phase shifts betvthen
ports) experience much larger variation (more tHe0

degrees) with respect to the angle of arrivals tlihe
respective phase of the incident field, [15]. Tlosn be
explained [15] by the generation of large scattefietd,

E..(F) with magnitude exceeding that of the magnitudénef

incident field in the dense antenna array envirammErom
[15],[29] the plane wave representation of thetecad field is

w e (1)
>0, [ e[ )exdiy (o 5, )Jexplz ik 2)dx

n=1

where F = p+ 7, is the observation point radius vectgy,is

a spectral parameter (partial wavevector)g is the n-th
antenna position in the azimuthal planp§+‘)ﬂ2:k§ ,
k,=2m/A is a free space wavenumber, and spectral
amplitudesEsc(R) are given in [15].

In the near field the dominant role is played by th
evanescent harmonics with wavenumtpﬂrs Ky )(:m,

these are larger than the free space wave nukibdrhese
evanescent harmonics oscillate in the array plaith the
spatial oscillation rate 277/ y higher than the oscillation rate

of the incident field (given by the wavelengthin free space.
Therefore the DoA phase carried by the factor

D, :exp(ilzin [p,). k, the incident wavevector is encoded

into these evanescent components with higher $patia
oscillation rate than is possible with the propagatvaves in
free-space. This phenomenon manifests itself imifsignt
phase shifts, xd , d is the antenna element spacings, between

the received signal phases across the RDA anteonts, |Frig.
5b) as compared to the incident field phase varath free
space, Fig.5c). It should also be noted that amothe

consequence of the resonance scattered f@ldr) >> E, (F)

generated within the antenna array environmentsléadthe
“effective” aperture [25] of the RDA being substafiy larger
than its geometric area resulting in angular supgolution of
its radiation patterns [15].

B.RDA in Transmit Mode

In the retrodirective mode the phase-conjugatedayarr
excitation vector on receive is re-applied to tlespective
RDA antenna terminals. Since only one sighal ge¢nemaas
available for the amplitude and phase control,RIDRA ports
were excited sequentially, and the resulting faldfispatial
patterns obtained using linear superposition of signals

http://mc.manuscriptcentral.com/tap-ieee
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corresponding to each of the individual port exmitss. In
order to calculate relative gain a reference dipzds used, so
that gain was calculated as a ratio of the sigoalgy received
by the horn antenna from the RDA array to the paweeived
by the horn from a reference dipole, for the sampeiti power.
Since the standard definition of gain does notudelantenna
mismatch loss [3], the return loss was taken atiBl%or 502
feeding. The “realized” gain including mismatch des is
smaller by approximately 30%. It should be noteat for the
reference port impedance matching as in Fig.4b)réedized”
gain is the same as the relative gain presentdegi®. The
retrodirective radiation patterns were measureti4? GHz in
the DoA range 0-120with 3(° step, the results are shown in
Fig.6. Full-wave FEKO simulations are also preseénter
comparison.

Figs.6a)-d) show that the

the DoA angle. The resolution-limited radiating dpee [25]
corresponding to the RDA sizk ~A/4 would generate a
pattern with beamwidtiA6_3q5~ ML (Rad) of 4 radians (229
degrees).

Measurement
o Simulation

-4+ 150

180

Measurement
o Simulation

(b)

radiation pattern angulal
bandwidthA8.345 at -3dB level is around 90 degrees regardles:

4ﬁ
OA
4+ 150

< -16- 180

44 210

Measurement
o Simulation

-4+ 150

180

-4 210

4 300
270 Measurement
o Simulation
(d)

Fig.6.Measured (solid lines) and simulated (holtiimts) radiation patterns for
DoA 0, 60, 90 and 120 degrees.

C. Frequency-division communication Klin
feasibility

Let us consider now the feasibility of a frequenityision
full-duplex communication link based on the elazty
compact RDAs. In this scenario the communicatordsea
downlink signal towards the RDA at the carrier fregcyf;
and receives the uplink signal at the carrier fezgpyf,. From
the practical point of view [22] it is interestirtig establish if
the retrodirective properties of the RDA are presdrif the
array excitation vector obtained at the frequefidg applied
to generate the retrodirected signal at carrigrufeacyf,. The
measurement results carried out for DoA 0 degreesf@own
in Fig.7. It can be seen that when the carrier fesgy
deviates within 1% the retrodirective properties thfe
compact monopole RDA are fairly well preserved. lduer,
carrier frequency deviation of more than 1% leadgeneral,
to significant retrodirective pattern pointing errdherefore if
a frequency-division full-duplex link is require@d, carrier

full-duplex
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signal at downlink frequencfy has to be accompanied with a
pilot signal at the uplink frequendy to generate an uplink

array excitation vector.

90 —— 2.42GHz
4 120 60 —e—2.45 GHz
0 2.48 GHz
44 150

— -8

m

P,-12—

c -16- 180 0

® 45

& 12
-8
44 210 , 330
0_
4 240 300

270

Fig.7.Measured retrodirective radiation patternstiie situation when the
monopole RDA excitation vector at 2.42GHz is used generate the
retrodirective radiation patterns at close freqien2.45GHz and 2.48GHz.

IV. CONCLUSIONS

Angular super-resolution and auto-pointing progsrof the
radiation patterns generated by an electrically mach
retrodirective monopole antenna array were
experimentally. Particularly it was demonstratedt tlihe
angular beamwidth at -3dB of a four-element arrdthva
guarter-wavelength characteristic spatial sizeDisi€grees for
an arbitrary DoA. In contrast, the resolution-lied angular
bandwidth of the quarter-wavelength aperture raaigbattern
is around 230 degrees. Thus arrays of the propbges
enable physical super-resolution based on DoA méiion
encoding into the highly oscillatory evanescentniamics
generated within the antenna array environment.

It should be noted that this mechanism of supestugisn
presented in this paper is essentially differerdmfrthe
classical super-resolution phenomenon based onstiper-
oscillatory behavior of the antenna element cusramd fields
[30]-[32]. This in turn means that the proposedeant arrays
are free from the drawbacks pertinent to the datassuper-
oscillatory arrays [33], namely extremely narroveduency
bandwidth of operation, high sensitivity to georiztr
tolerances, etc.

Moreover it has been shown that for antenna elesnith
M6 spacings, a 13% fractional bandwidth of retwsslat -
10dB level can be readily achieved by tuning thferesmce
impedance within practical limits.

A very attractive feature of the proposed compactya in
their ability to retrodirect the signal automatlgakithout any
digital signal processing or DoA estimation. No gamsation
of antenna coupling effects is also required.

It is believed that the proposed antenna termioaigd find
applications in energy-efficient wireless commutimas,
and EM systems where space is a premium.
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