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ABSTRACT

High-Sensitivity Phased Arrays for Radio Astronomy
and Satellite Communications

Junming Diao
Department of Electrical and Computer Engineering, BYU

Doctor of Philosophy

Radio astronomy is used to study stars, galaxies, black holes and gas clouds radiation
at radio frequencies. Detecting extremely weak signals from deep space radio sources requires
high sensitive feed system associated with large dish antennas. The key figure of merit is survey
speed, or the time required to map a region of the sky to a given source flux density. Survey
speed is proportional to the frequency bandwidth, the field of view or observable region of the sky,
and the squared sensitivity, where sensitivity is related to reflector aperture efficiency and system
noise temperature. Compared to the traditional single feed, phased array feeds with significantly
expanded field of view are considered as the next generation feed for radio telescope. This dis-
sertation outlines the design, analysis and measurement of high sensitivity L-band and mm-wave
phased array feeds for the 100-meter Green Bank Telescope.

Theoretical works for radio astronomy includes design guideline for high sensitivity phased
array feed, fundamental frequency bandwidth limit, array antenna loss influenced by mutual cou-
pling and beamformer coefficients and possibility of superdirectivity for radio telescopes and other
antennas. These study are helpful to understand and guide the design of a phased array feed system.

In the absence of dish antennas, sparse phased arrays with aperiodic structure have been
developed for satellite communications. A compromise between the peak side lobe level, array
element density, directivity and design complexity is studied. We have found that the array peak
side lobe level can be reduced by enhancing the array element direction at the main lobe direction,
increasing the array element density and enlarging the array size.

A Poynting streamline approach develops to understand the properties of a receiving an-
tenna and the mutual coupling effects between array elements. This method has been successfully
used to generate effective area shape for many types of antennas and guide the design of a superdi-
rective antenna. Motivated by this method, a superdirective antenna is experimental demonstrated.

Keywords: Phased array feeds, radio astronomy, satellite communications, superdirective antenna,
Poynting streamline and antenna effective area shape
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CHAPTER 1. INTRODUCTION

1.1 Phased Array Feeds for Radio Astronomy Observations

Radio astronomy is used to study the stars, galaxies, black holes and gas clouds at radio fre-

quencies of celestial objects such as radio galaxies, quasars, pulsars, and masers. The observation

of weak astronomical signals is limited by the antenna and feed performance, so highly sensitive

radio telescopes are needed. Radio astronomy is conducted using large reflector radio telescopes

including single-dish antennas and the multiple linked-dish antennas that utilize radio interferom-

etry techniques. Many radio telescopes have been built such as the Green Bank Telescope (GBT)

with a 100-meter dish, the Arecibo Telescope with a 305-meter dish and the Five-hundred-meter

Aperture Spherical Telescope (FAST). Besides the aperture size of the reflector antenna, the per-

formance of feed system is another important thing to the radio telescope.

The key figure of merit for a feed system is the receiver output SNR within the time required

to observe an area of the sky for a given minimum signal level, or survey speed. Survey speed

is proportional to the product of the feed field of view, the squared receiver sensitivity, and the

bandwidth. The receiver sensitivity is proportional to the ratio of aperture efficiency and system

noise temperature. Compared to a traditional single-pixel horn feed, the primary motivation for

phased array feeds is an increase in field of view by electronically forming multiple simultaneous

beams. However, the system noise temperature of existing prototype phased array feeds is higher

than single-pixel horn feeds. Hence, the major target of current phased array feeds research is to

achieve higher sensitivities comparable to state-of-the-art traditional single horn feeds.

Phased array feeds are considered as the next generation feed system for radio telescope by

replacing the traditional single horn feed. However, considerations for array antennas include

increasing array element bandwidth in an electrically small area, improving active impedance

matched between the array antennas and LNAs and making a tradeoff between high sensitivity

and wide field of view and minimizing system noise temperature. These requirements make this
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feed system difficult to achieve a high performance. Thus an accurate phased array feed model

is essential to understand and analyze the feed system performance associated with a reflector

antenna and design a high sensitivity feed system.

1.2 Low Side Lobe Level Phased Arrays for Satellite Communications

Communication satellites have been used for television, voice, internet applications due

to wide coverage range. To track and communicate with a satellite in a geostationary orbit that is

about 36,000 kilometers away from the ground, the receivers and transmitters on the ground require

high gain, low system noise temperature, and low side lobe levels. For an electronic steered phased

array, however, the cost will be significantly increased by a large number of array elements.

To reduce the cost of phased array antennas, many sparsification techniques have been

used. Although arrays with large element spacing benefit from reduced mutual coupling and low

number of electronic components across the array aperture, grating lobes become a major issue

when the element spacing is larger than one half-wavelength.

Aperiodic elements placement techniques offer one possible solution for mitigation grating

lobes and reducting of side lobes. Compared to a periodic structure, aperiodicity makes such arrays

difficult to design and fabricate. Recently, arrays with periodically rotated random tiles have been

developed. The identical tile units and fewer degrees of freedoms help to reduce the design and

fabrication complexity for aperiodic arrays.

We improve the design of rotated aperiodic tiles with optimized discrete rotation angles.

Compared to the traditional aperiodic array, the design and fabrication complexity can be largely

reduced by the tiled array with periodic array structure. The relationship between peak side lobe

level, element number and density and the element radiation pattern is studied.

1.3 Receiving Superdirective Antennas Analyzed by Poynting Streamline Method

Antennas are commonly modeled and understood as transmitters, and the reciprocity theo-

rem is used to obtain the receiving properties of the antennas. The goal of this work is to directly

analyze antennas as receivers in terms of the influence of antennas on received fields and consider

whether this approach can lead to unique insights or new design methods.
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A receiving antenna can be considered as a device that concentrates electromagnetic en-

ergy at the load. The interaction between the receiving antenna and incident electric field can be

analyzed using streamlines of the Poynting vector field, which we refer to as Poynting streamlines.

The field energy absorbed by the antenna load is represented by the Poynting streamlines that ter-

minated on the antenna load. By calculating the Poynting streamline distribution near a receiving

antenna, the area of the locus of captured streamlines by the antenna load can be considered as the

geometrical shape of the antenna effective area. The effective area shape might be considered as

a supplementary to the IEEE standard definition of the effective area based on the mathematical

result.

High-gain electrically large aperture antennas such as horn antennas commonly use corru-

gated internal surfaces, metamaterials and dielectric lenses to make the aperture field distribution

close to uniform. Limited by the antenna physical aperture size, the antenna aperture efficiency

is always less than unity. Instead, the aperture field distribution could be optimized using the

Poynting streamline approach to make the antenna effective area larger than the antenna physical

aperture size. We have designed a screen consisting of rows of metal rods in front of the horn

antenna in such a way that Poynting streamlines are drawn towards the antenna aperture. The en-

longated Poynting streamlines area associated with a dipole is used to compensate for a notch shape

in the Poynting streamlines area for the horn antenna and thereby achieve a more convex stream-

line area shape. The drawbacks for a superdirective array antenna includes narrow bandwidth,

large antenna loss and sensitivity to the tolerance of element position and excitation. Motivated

by Poynting streamline method, practical superdirective antenna that overcome these issues are

studied by considering the drawbacks of superdirectivity.

In this dissertation, an L-band dipole array element for the GBT and the corresponding

down-converter system are shown in chapter 3. An accurate noise model associated with a reflec-

tor antenna is used to analyzed a mm-wave phased array feed for the GBT in Chapter 4. Reflector

aperture efficiency for an ultra wide band phased array feed system and array antenna loss are stud-

ied in Chapter 5. The peak side lobe levels for aperiodic and tiled arrays are studied in Chapter 6.

Poynting streamlines for receiving antennas and superdirective antennas are illustrated in Chapter

7.
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1.4 Contribution

Phased array feeds for radio astronomy observations.

• Characterized performance decrease between phased array feeds (beamforming) and cluster

feeds (no beamforming), which are most commonly used multiple feed systems for radio

astronomy. Simulations and physical intuition were used to explain this effect and clarify its

causes and possible remedies. A fundamental bandwidth limit was found for phased array

feeds.

• Proposed effective resistance for array antennas similar to the resistance of a single antenna

to analyze array antenna loss. It is less well understood that array antenna loss not only

depends on the antenna materials, but also relates to the mutual coupling and beamformer

weights. Large effective loss resistance occurs when the beam is steered to a large angle

under strong mutual coupling.

Poynting streamlines, effective area shapes and superdirectivity.

• Used Poynting streamlines of total fields and antenna effective area shapes to uniquely un-

derstand the receiving properties of antennas and mutual couplings and guide the design of

a superdirective antenna.

• Showed numerically results that the area of the locus of streamlines terminated by the an-

tenna load is close to the effective area of the antenna, and so we suggest this locus is similar

to the effective area shape. The effective area shape might be considered as a supplemen-

tary to the IEEE standard definition of the effective area based on the strict mathematical

demonstration.

• Suggested electrically small and middle size antennas and electrically large antennas with a

large aspect ratio for practical superdirectivity. Predicted physical limit for the directivity of

superdirective antennas with arbitrary shape and size.

• Verified a superdirective horn antenna experimentally. To our knowledge, this is the first time

to experimentally demonstrate a superdirective antenna with such electrically large aperture.
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CHAPTER 2. BACKGROUND

For a receiving antenna system, the primary figure of merit is the sensitivity S, which is

related to the system output signal to noise ratio (SNR) by

S =
Ae

Tsys
=

kbB
Ssig

SNR, (2.1)

where Ae is the effective area of the reflector antenna, Tsys is the system noise temperature, kb is

the Boltzman’s constant, B is the system bandwidth and Ssig represents the signal power density

for a certain polarization.

The output SNR for a passive receiving antenna can be easily defined by the ratio of antenna

output signal power to the noise power using aperture efficiency of reflector antenna, equivalent

system noise temperature and other figures of merits. For an active receiving array feed system,

the definition of SNR and other figures of merits become complicated for mutual coupling effects

between each array element, gain for the back end of system, beamformer weights for each element

channel, noise match between the antennas and LNAs and so on.

The goal of this section is to define the figures of merits for an active receiving array

feed system, including the aperture efficiency, spillover efficiency, radiation efficiency, equivalent

system noise temperature, and sensitivity.

2.1 Array Signal Model

Using the reciprocity theorem, when a plane wave with polarization p̂ and electric field

intensity E0 incidents on an array antenna from the direction with a spherical angle of Ω, the open

circuit voltage for the mth element is

voc,m( p̂,E0,Ω) =
4π jre jkr

ωμI0
E0 p̂ ·Em(r̄). (2.2)
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Thepositionvector̄rhasapolarcoordinates(r,Ω).Em(̄r)istheembeddedopencircuitloaded

radiatedfieldpattern,whichrepresentstheradiatedfarfieldwhenthemthelementisexcitedbyan

inputcurrentI0withotherelementopencircuited.Foranarrayfeed,Em(̄r)usuallyreferstothe

secondaryradiatedfieldsinthepresenceofareflectorantenna.krepresentsthespacefactorofthe

EMwave.ωisangularvelocity.µ

Reflector

Array Antenna

LNAs

Receivers

Digital Beamformer

  

   

  

representspermeability.

Figure2.1:Arrayfeedandbeamformersystemblockdiagram.

InaPAFsystem,thesignalofinterestisreceivedbythearrayantennaandexcitesvolt-

agesateachantennaport.AsshowninFigure2.1,thereceivedsignalsattheantennaportare

amplifiedbyLNAsandpassedintoreceivers.Thesignalsatthereceiveroutputbeforetheapplied

beamformercoefficientscanberepresentedbyacolumnvector

v=[v1,v2,...,vN]
T, (2.3)

wherevnisthesampledsignalfromthenthelementandNisarrayelementnumber.voccanbe

transferredtovbyatransformmatrixQ

v=Qvoc, (2.4)
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where Q is

Q = gZL(ZL +ZA)
−1, (2.5)

ZA is the array antenna impedance, ZL is the load impedance matrix of the receiver chain, and g

is the voltage gain of LNA and receiver chain.

In the digital processing, the receiver output signals v are combined by a vector w of com-

plex weights to produce a scalar output signal by

v = wHv. (2.6)

Array excitation current vector is equal to the complex conjugate of vector w. The output signals

v vector is a combination of the signal of interest vsig and noise vn by

v = vsig +vn, (2.7)

where vn can be written as

vn = vsky +vsp +vrec +vloss. (2.8)

vsky is the sky noise, which represents atmospheric and cosmic background noise received by the

feed and reflector system, vsp is the spillover noise due to thermal noise from the warm ground

received by the antenna feed, vrec is the receiver electronics noise and vloss is the noise from the

antenna ohmic and dielectric losses.

It is convenient to represent these items in terms of correlation matrices. If we assume the

background noise environment is statistically stable, the array output voltage correlation matrix is

Rv = E[vvH ] = lim
N→∞

1

N

N

∑
n=1

v[n]vH [n], (2.9)

where E[·] denotes the time expectation and n represents a sample index.

7



In most cases, the signal and noise are independent, which means the noise term are uncor-

related, so that

E[vsigvH
n ] = 0. (2.10)

The correlation matrix R can then be rewritten as

R = Rsig +Rn

= Rsig +Rsky +Rsp +Rloss, (2.11)

where Rn represents the noise correlation matrix.

For an array output signal v, the corresponding output power with a specified beamforming

weight vector w is proportional to wHRw. Thus the SNR becomes

SNR =
Psig

Pn

=
wHRsigw
wHRnw

=
wHRsigw

wH(Rsky +Rsp +Rloss)w
. (2.12)

2.2 Array Noise Model

For a transmitting array antenna with excitation current vector iA, the total input power is

Pin =
1

2
iHARe[ZA]iA. (2.13)

From the conservation of energy, the array input power is either dissipated in the array in terms of

ohmic, dielectric loss or radiated by the antennas in terms of far fields. This implies that

Pin = Prad +Ploss. (2.14)
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ThetotalradiatedpowerPradis

Prad=
1

|I0|2
iHAAiA, (2.15)

whereAisthematrixofpatternoverlapintegralwithelementsgivenby

Amn=
1

2η0
Em(̄r)·E

∗
n(̄r)r

2dΩ. (2.16)

Theantennaohmiclossis

Ploss=
1

2
iHARlossiA. (2.17)

From(2.13-2.17),foralosslessantennatherelationshipbetweenthearraymutualscatteringmatrix

ZAandthearrayoverlapmatrixAis

A=
1

2
|I0|
2Re[ZA]. (2.18)

Thismeansthearrayradiationfieldpatternoverlapmatrixisproportionaltotherealpartofthe

mutualimpedancematrixormutualresistancematrix.

Consideringanarrayantennainthermalequilibriumwithanisotropicnoiseenvironment

attemperatureTiso,thetotalthermalnoisecorrelationmatrixbecomes

Rt=8kbTisoBQRe[ZA]Q
H. (2.19)

Withoutconsideringtheantennaloss,thecontributionfromtheexternalisotropicnoisealonebe-

comes

Rext,iso=
1

|I0|2
16kbTisoBQAQ

H. (2.20)

ThedifferencebetweenRtandRisoisduetotheantennaloss,whichcanbewrittenas

Rloss=8kbTaBQRlossQ
H, (2.21)
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whereTaisthephysicaltemperatureofthearrayelements.

SimilartothepatternoverlapintegralmatrixinEquation2.16,thespilloveroverlapintegral

matrixwithelementscanbewrittenas

Asp,mn=
1

2η0 Ωsp
Em(̄r)·E

∗
n(̄r)r

2dΩ, (2.22)

whereΩspisaspilloversolidanglefromthefeedtothereflectorantenna.Thespillovercorrelation

matrixis

Rsp=
1

|I0|2
16kbTisoBQAspQ

H. (2.23)

IfthephysicalnoisetemperatureTspchangesoverΩsp,ornonuniformskynoisetemperaturedis-

tribution,thespillovernoisecorrelationmatrixis

Rocsp,mn=
8kbB

η0|I0|2
T(Ω)Em(̄r)·E

∗
n(̄r)r

2dΩ. (2.24)

2.3 FiguresofMerit

Fromtheaboveanalysisoftheradiationperformanceforaphasedarrayfeed,wedefine

theradiationefficiency,apertureefficiency,spilloverefficiency,systemnoisetemperatureandsen-

sitivityinthissection.

2.3.1 ApertureEfficiency

Theoverlapmatrixwithelementsisgivenby

Amn=
1

2η
Ω

Em(̄r)·E
∗
n(̄r)dΩ, (2.25)

whereEn(̄r)representstheopencircuitloadedembeddedelementradiationfieldpatternofan

arrayantenna.Becausethemainbeamofthereflectorantennaismuchnarrowerthanthatofthe

arrayantenna,toincreasetheintegralaccuracy,theradiatedfieldofthearrayantennainsteadof

thereflectorantennaisusedintheoverlapintegral.
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The total radiated power is

Prad =
1

|I0|2 wHAw, (2.26)

where w is the array beamformer weights and I0 is the input current to generate En(r̄).

The radiated power density in a given direction can be written as

S(r̄) =
1

|I0|2 wHB(r̄)w, (2.27)

where B is a matrix with elements given by

Bmn(r̄) =
1

2η
Em(r̄) ·E∗

n(r̄), (2.28)

En(r̄) represents the element radiated field when the array antenna is combined with the reflector

antenna.

By combining the total radiated power from the array antenna and the power density from

the reflector antenna, the directivity of the reflector antenna can be expressed as

Dr(Ω) =
4πr2wHB(r̄)w

wHAw
. (2.29)

The standard directivity of a reflector antenna is defined as the aperture of a reflector an-

tenna uniformly illuminated by an incident field, which can be written as

Ds(Ω) = 4π
A

λ 2
, (2.30)

where A is the aperture area of the reflector antenna, and λ is the wavelength of the electric field.

By combining the directivity of the PAF and the standard directivity of the reflector antenna,

the aperture efficiency can be written as

ηap =
Dr

Ds
. (2.31)
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To achieve the maximum aperture efficiency, the optimal beamformer weights are

w = A−1E(r̄), (2.32)

where E represents the open circuit loaded embedded element radiated field of an array element

combined with a reflector antenna.

2.3.2 Antenna Efficiency

Single Antennas

In a given direction, the antenna effective area Ae is defined as the ratio of the available

power Pav
sig at the terminals of a receiving antenna to the power flux density Ssig of a plane wave

incident on the antenna from that direction and aligned with polarization by

Ae =
Pav

sig

Ssig
. (2.33)

The effective area is related to the antenna gain G and the operating wavelength λ by

Ae =
λ 2

4π
G. (2.34)

Antenna efficiency measures the efficiency of an antenna receiving an incident electromag-

netic wave. Antenna efficiency is related to radiation efficiency ηrad and aperture efficiency ηap.

The antenna efficiency is written as the ratio of the effective area and the antenna physical aperture

area Aphy by

ηant =
Ae

Aphy
.
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Antenna efficiency can also be considered as the ratio of the available power at the antenna output

port to the incident power Pinc on the antenna physical aperture by

ηant =
Pav

sig

SsigAphy

=
Pav

sig

Pinc
. (2.35)

The antenna radiation efficiency ηrad can be written as the ratio of the antenna radiated

power to the antenna input power by

ηrad =
Prad

Pin
. (2.36)

Antenna aperture efficiency is independent of the antenna radiation efficiency ηrad and

impedance match between the antenna and the antenna load. It can be written as

ηap =
D

Dstd
, (2.37)

where D is the antenna directivity at a given direction and Dstd is the standard directivity which

is defined as the maximum directivity from a planar aperture of area A, or from a line source of

length L, when excited with a uniform-amplitude, equiphase distribution. Antenna efficiency is

relative to aperture efficiency and radiation efficiency by

ηant = ηradηap. (2.38)

Phased Array Feeds

In this section, we will extend the definitions of the figure of merits of from a single antenna

to an active array feed. As shown in Figure 2.2a, in an isotropic thermal noise environment with

brightness temperature Tiso and thermal equilibrium, the available input noise power at the antenna

port is

Pin
n = kbTisoB. (2.39)
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Forthenoiseresponse,thearrayoutputpowerbecomes

Poutn =w
HRtw.

Antenna (lossy)

Receiver

    (noiseless)

        

  
  

  
   

(2.40)

Antenna (lossy)

Receiver
(noiseless)

        

    
  

    
   

    
   

(a)Externalnoiseresponse.

(b)Availablesignalresponse.

Figure2.2:Beamformingarrayreceiversystemresponseblockdiagram.

AsshowninFigure2.2b,thetotalincidentpoweronthereflectorantennais

Pincsig=S
sigAphy. (2.41)
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TheavailablepowerattheantennaportisPavsig.Similartothenoisepowerresponse,thesignal

powerresponseatthearrayoutputbecomes

Poutsig=w
HRsigw. (2.42)

Sincetheantennasandreceiversarealinearsystem,thereisaconstantscalingfactorbetweenthe

inputpowerontheantennaportsandthearrayoutputpowerby

Pinn
Poutn
=
Pavsig
Poutsig
. (2.43)

Solvingfortheavailablepowerleadsto

Pavsig=kbTisoB
wHRsigw

wHRtw
. (2.44)

Combinedwith(2.35)and(2.44),antennaefficiencyforanarrayfeedcanbewrittenas

ηant=
kbTisoB

SsigAphy

wHRsigw

wHRtw
. (2.45)

Apertureefficiencybecomes

ηap=
kbTisoB

SsigAphy

wHRsigw

wHRisow
, (2.46)

andradiationefficiencyis

ηrad=
wHRisow

wHRtw

=
wHRisow

wH(Riso+Rloss)w
. (2.47)

2.3.3 SpilloverEfficiencyandSpilloverNoiseTemperature

Foratransmittingantenna,spilloverefficiencydescribeshowmuchradiatedpowerofthe

arrayfeedisreceivedbythereflectorantenna.Foratransmittingphasedarrayfeed,thespillover

15



efficiency is

ηsp = 1− Pspill

Prad
.

(2.48)

Solving the available power, the spillover efficiency becomes

ηsp = 1− wHQAspQHw
wHQAQHw

.

If the sky noise temperature is constant over the solid angle Ωsp, the spillover efficiency

can be written as

ηsp = 1− wHRspw
wHRisow

(2.49)

and spillover noise temperature becomes

Tsp = Tiso
wHQAspQHw
wHQAQHw

= Tiso
wHRspw
wHRisow

.

= Tiso(1−ηsp) (2.50)

2.3.4 Receiver Noise Temperature

A PAF receiver system is a cascaded system consisting of low noise amplifiers (LNAs),

downconverters, filters and power amplifiers with various gain and equivalent noise temperature.

From the network theory, the total equivalent noise temperature for the receiver system is

Trec = T1 +
T2

G1
+

T3

G2
+ · · · , (2.51)

where T1, T2 and T3 are equivalent noise temperatures of the first, second and third component of

the system, and G1 and G2 are the gains of the first and second components, respectively.
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Fromthisformulawecanfindthatthesystemequivalentnoisetemperaturedependsstrongly

ontheequivalentnoisetemperatureandgainofthefirststage.Tominimizetheequivalentnoise

temperatureofthePAFsystem,LNAsareusedasthefirststageforthereceiversystem.Theequiv-

alentnoisetemperatureofastate-of-the-artLNAatL-bandcanbelessthan10Kandthegainis

40dB.ThisallowsustoapproximateTrecasequaltoTLNA.

Atthispoint,wewillignorethenoisecontributedbytheotherpartsofthePAFchainsystem

andassurethattheequivalentreceivernoisetemperatureisdominatedbytheLNAs.Similartothe

definitionofspillovernoisetemperatureinequation2.50,TLNAcanbewrittenas

TLNA=Tiso
wHRLNAw

wHRtw
, (2.52)

wherewHRtwistheoutputpowerforaPAFsystemwithisotropicnoisetemperatureTisoinFig-

ure2.2aandwHRLNAwisthePAFoutputnoisepowercontributedbytheLNAs.

TheLNAnoisecorrelationmatrixRLNAdependsontheminimumamplifiernoisetemper-

atureTmin,theimpedancematchbetweentheantennaactiveimpedanceZact,mandtheamplifier

optimalsourceimpedanceZopt[2].

2.3.5 Sensitivity

SensitivityisakeyfigureofmeritforaPAFsystem.Itdeterminestheweakestsignalthat

canbedetectedbyaradioastronomyreceiver.Highsensitivityrequiresmaximizingthereflector

apertureefficiencyandminimizingthereceiversystemnoisetemperature.Thesensitivityfora

PAFsystemisproportionaltotheSNRatthereceiveroutputwithaconjugatematchedloadonthe

antennaterminalsby

SNR=
ηradηapApSsig

kB[ηrad(1−ηspill)Tground+ηspillηradTsky+(1−ηrad)Tp+Trec]B
, (2.53)

whereApisthereflectoraperturearea,Ssigistheincidentpowerdensityinonepolarization,kBis

Boltzmann’sconstant,andBisthesignalprocessingbandwidthofthereceiversystem.

Fromtheaboveformula,wecanfindthatthereceiveroutputSNRcanbeoptimizedby

consideringthefollowingfactors:
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1)Radiationefficiency:thereceivedsignalpowerandantennanoisetemperatureisin-

fluencedbytheantennaradiationefficiency.Foranarrayfeed,theradiationefficiencycanbe

maximizedbyusingahighconductivitymaterialfortheantennasandreducingmutualcouplings

betweeneacharrayelements.

2)Reflectorantennasize:increasingthephysicalcollectingareaofthereflectorantennais

helpfultoreceivemoreincidentsignalpower,whichisthemainmotivationforbuildingverylarge

dishantennasforradioastronomyobservations.Thediameterofadishantennacanbeupto500

meters.

3)Apertureefficiency:apertureefficiencyrepresentstheutilizationefficiencyofthereflec-

torantenna.Thetypicalapertureefficiencyforasinglefeedantennaisabout60%,butcanbe

increasedto80%bycarefuldesign.Foraphasedarrayfeed,apertureefficiencycanbeimproved

byincreasingtheelementnumberforbettersamplingtheAirypattern,whichdescribestheelec-

tricfielddistributiononthereflectorfocalplane.Ideally,ignoringtheblockageeffectofthefeed

system,aphasedarrayfeedwithinfinitearrayelementcouldfullysampletheAirypattern,the

apertureefficiencyofwhichcouldbeclosetounity.

4)Systemnoisetemperature:spillovercanbeminimizedbyoptimizingthefeedradiation

patterntoincreasetheapertureandspilloverefficiency.Antennalosscanbereducedbyincreasing

theantennaradiationefficiencyandreducingtheantennaenvironmentbrightnesstemperatureby

cryogeniccooling.ReceivernoisetemperaturecanbeminimizedbyusinganLNAwithhighgain

andlownoisetemperature.TheoptimalnoisetemperatureofLNAscanonlybeachievedwhen

theantennaactiveimpedancematchtotheLNAsoptimalimpedanceZopt.

ForaPAFwithagivenbeam,thesensitivitycanbedefinedas

S=
Ae
Tsys

(2.54)

=
kBB

Ssig

wHRsigw

wHRnw
. (2.55)
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The sensitivity of the phased array feeds is related to the beamformer weights. For the maximum

SNR at the receiver output, the beamformer is given by

wmaxSNR = R−1
n vsig(Ωs). (2.56)

2.4 Summary

In this section, the figures of merits for an active receiving array feed system has been de-

fined by correlation matrix, including aperture efficiency, spillover efficiency, radiation efficiency,

equivalent system noise temperature and sensitivity.
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CHAPTER 3. DESIGN AND ANALYSIS OF AN L-BAND PHASED ARRAY FEED
SYSTEM

3.1 Introduction

An L-band 19-element dual-polarized phased array feed has been developed by the BYU/NRAO

Radio Astronomy System Research group for the 100-meter Green Bank Telescope (GBT). GBT

is the largest fully steerable telescope in the world. The dipole element structure and array element

spacing were optimized to achieve the maximum sensitivity and field of view. In this chapter, sin-

gle dipole element performance is studied including antenna impedance bandwidth, antenna loss

improvement by electroplating, antenna weight reduction design, manufacture error and antenna

S-parameter measurement. The aperture efficiency, system noise temperature and sensitivity per-

formance for the PAF were analyzed using a noise model including the GBT reflector antenna. A

downconverter system with 20-MHz bandwidth has been design and test.

3.2 GBT2 Antenna Element Analysis

3.2.1 Antenna Impedance Bandwidth

The PAF antenna element (GBT2 dipole) is an important part of a PAF system. It relates

to system bandwidth, radiation pattern for beamforming and impedance matching to LNAs. A

wideband dipole antenna was designed by David Carter and Taylor Webb by optimizing of the

antenna dimension parameters [3, 4]. The goal of this design is to implement a dual-polarized

wideband high efficiency dipole phased array feed for the Green Bank Telescope.

The GBT2 dipole antenna element comes from the optimization results designed by previ-

ous graduates students, the structure of which is less understood. In my work, to investigate the

physical meaning of the antenna structure associated with well optimized performance, I compare

the GBT2 dipole antena to other wideband antennas.
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k a

B 
η 

GBT2 DipoleGoubau Antenna

Figure3.1:112selectedsmallbroadbandantennascomparedwiththeWheeler-Chulimit[1].

TheWheeler-ChulimitgivesaphysicallimittotheQfactorforasmallantennawithan

electricalsizeby[5]

Q=
1

ka
+
1

(ka)3
(3.1)

whereaistheradiusofasphereusedtocovertheantennaandkis2π/λ.

BecausetheantennabandwidthBandtheantennaradiationefficiencyηarerelatedtoQ

factor,thisequationbecomes

Bη=
1
√
2

1

ka
+

1

n(ka)3

−1
(3.2)

wheren=1forlinearlypolarizedorsingle-modeantennas,andn=2forcircularlypolarizedor

dual-modeantennas.

Basedontherelationshipbetweentheantennaelectricalsizeandthemultiplicationof

bandwidthandradiationefficiencyfromtheaboveformula,D.Sievenpiperetal.[1]compare112
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selected small broadband antennas published in the IEEE Transaction on Antennas and Propaga-

tion by the end of the year 2010. These results are shown in Figure 3.1, where it can be seen that

all the antennas are below the physical limit.

Since the GBT2 dipole antenna is plated with copper, the radiation efficiency is closed to

unity. The relationship between the electrical size and the bandwidth of GBT2 dipole antenna is

shown in Figure 3.1. In this plot, the GBT2 dipole antenna has a larger bandwidth than the most

antennas under the same electrical size.

In Figure 3.1, the Goubau antenna shows best performance. Figure 3.2 shows that the

GBT2 dipole antenna has a similar structure to the Goubau antenna. Even though the Goubau

antenna is closer to the physical limit, it is single polarized, so it is expected to have better perfor-

mance than the dual-polarized GBT2 dipole antenna.

In terms of the wide bandwidth design, the structure of GBT2 dipole antenna shows the ad-

vantage of a low aspect ratio to fully utilize the spherical space of the antenna by a large flare angle

and thick arms bending downward to the ground plane. The surface current is evenly distributed

on the dipole arms, which increases of the antenna bandwidth.

(a) GBT2 dipole antenna. (b) Goubau antenna.

Figure 3.2: Structures of the GBT2 antenna element and the Goubau antenna.
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3.2.2 Antenna Loss

Antenna loss noise temperature is an important contribution to the system noise budget.

The antenna equivalent noise temperature is

Tloss = (1−ηrad)Tp (3.3)

where ηrad is the antenna radiation efficiency, and Tp is the antenna physical temperature. The

radiation efficiency can be expressed as

ηrad =
Rrad

Rrad +Rohmic
(3.4)

where Rrad is the antenna radiation impedance and Rohmic is the antenna ohmic loss.

Table 3.1: Material relative conductivity

Material Conductivity

Silver 105%

Copper 100%

Gold 70%

Aluminum 61%

Brass 28%

Zinc 27%

Nickel 22%

Iron 17%

Tin 15%

Phosphor Bronze 15%

Lead 7%

Nickel Alum. Bronze 7%

Steel 3 to 15%

new line

Antenna noise temperature can be reduced by decreasing the antenna ohmic loss. The

relative conductivity for brass, copper and other materials are shown in Table 3.1. In order to
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reducethefabricationcostoftheantennas,brassisusedtobuildtheGBT2dipoleantennasand

thenelectroplatedwithcopper.Includingtheinnersurfaceofthecoaxialfeedlines,19dipole

antennaswereelectroplatedbyGerryPetencinatNRAO,GreenBank,WV.A6.35µmcopperlayer

(about3skindepthsat1GHzincopper)followedbyabout1µ
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PEC with Lossy Telfon

Copper (Plating)

Brass    (Unplated)

mofgoldlayerwasplatedonthe

surfaceoftheantennas.Thethicknessoftheplatinglayerislessthanthemechanicalfabrication

toleranceoftheantennas,sotheinfluenceoftheplatingontheantennaelectricalperformanceis

small.

AnothercontributiontoantennalossisthedielectriclossofTeflonbeads,whichisused

tofillthecoax.ThislosscanbeminimizedbyusingairfilledcoaxwithtwoTeflonbeads,oneat

eitherendoftheline,tosupporttheinnerconductorinthecoax.

Figure3.3:Simulatedradiationefficiencyofanantennawithvariousmaterials.

Itisdifficulttogetanaccurateradiationefficiencyfromafull-wavemodel,sincethere

isonlyasmalldifferencebetweentheantennainputpowerandradiatedpower,andthediffer-

enceissensitivetonumericalerrors.Toaccuratelymodeltheradiationefficiency,itisnecessary

toimprovetheFEMmodelsetup.Thevolumefinite-conductivitymaterialofanantennaisre-

placedbyasurfacefinite-conductivitymaterialtoreducethenumberofunknowns.Theradiation

boundaryconditionisexpandedtoincreasethecalculationaccuracyoftheradiationenergyand

theconvergencespeed.Thenumberofmeshgridisincreasedtoenhancethesimulationaccuracy.
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Second-order basis functions are used for the analysis. With these settings, the accuracy of the

numerical solution can be significantly improved.

The radiation efficiency of an isolated GBT2 dipole antennas with various materials over

frequency are shown in Figure 3.3. The radiation efficiency is increased by about 1% when the

antenna is plated with copper instead of brass. The system noise temperature can be reduced by

about 3 K assuming the antennas are at the room temperature. This means a significant improve-

ment to the system noise temperature can be achieved by electroplating, since the goal of the total

system noise temperature is about 15 K.

3.2.3 Antenna Weight Reduction Design

In the initial design, the mechanical structure of the antenna was not strong enough to

support the heavy arms of the dipole antennas, leading to a poor antenna mechanical strength.

It is necessary to find a way to reduce the weights of dipole arms without influencing the PAF

performance. The impedance and radiation pattern of the antennas depend on the surface current

distribution on the top of dipole arms. The antenna arm weight can be reduced by drilling holes

on the bottom of dipole arms. Figure 3.4 shows various methods of drilling circular holes and

along-edge holes on the bottom of dipole arms, which can reduce the weight of arms by 50% and

75% respectively. The calculated aperture efficiency and sensitivity are shown in Figure 3.5. The

drilled holes has no influence on the these figures of merit. Since drilling in the along-edge holes is

much harder than that of the circular holes, circular holes on the bottom of dipole arms were used

to reduce the antenna weight.

3.2.4 Antenna Measurement

GBT2 dipole antennas were fabricated by the Precision Machining Lab (PML) at BYU

and also at the National Radio Astronomy Observatory (NRAO). Because the input impedance of

the antennas is sensitive to the machining accuracy, it was necessary to measure the size of the

manufactured antennas to verify fabrication tolerances. A photogrammetry method was used to

compare the designed size to the manufactured size. As shown in Figure 3.6, a long zoom camera

is used to take a picture of an antenna from the boresight direction. In order to make sure the
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(a)Originaldesign. (b)Drilledcircularholes. (c)Drilledalong-edgeholes.
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Figure3.4:Antennaweightreductionschemes.
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(a)Sensitivity. (b)Apertureefficiency.

Figure3.5:Comparisonsoffiguresofmeritbetweentheoriginaldesignandthemodifieddesign
withcircularholesandalong-edgeholes.

cameraisdirectlyoverheadoftheantenna,areferencelinebelowtheantennaisusedtomakeit

overlapwithanedgeofthedipolearminthepicture.Figure3.7showsatopviewcomparison

betweenthedesignedstructureandthemanufacturedstructurebyphotogrammetry,wherethere

areslightmanufacturingerrors.

Figure3.8showstheimpedancetestsetupfortheGBT2dipoleantennas. Withalarge

coppergroundplane,anantennaisputintoawoodboxwithabsorbermaterialaroundit. A

comparisonofS11andS22betweenthetestresultsof19dipoleantennasandthecorresponding

HFSSsimulationresultareshowninFigure3.8.Thesimulatedcenterfrequencyisalwayslower

thanthetestfrequency,whichmightbeattributedtotheinaccuracyofHFSSsimulationresultsor

manufacturingerrors.Possiblemanufacturingerrorsincludedimensionandrotationalangleerror
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Antenna

Camera

(a) Measurement Setup.

Reference Line

(b) Top view of an antenna.

Figure 3.6: Photogrammetry for measuring the GBT2 dipole antenna dimension.

Figure 3.7: Comparison of designed structure to manufactured structure using photogrammetry.

of the dipole arms, position error of the inner conductor in the coax that is not perfectly centered

and dielectric constant error of Teflon beads in the coax.
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Figure3.8:PhotographsofS-parametertestinananechoicchamber.
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Figure3.9:ComparisonofsimulatedandmeasuredS-parameters.Port1and2arethetwoorthog-
onalpolarizationports.

3.3 GBT2PhasedArrayFeedAnalysis

A19-elementGBT2dual-poldipolearraywith0.7λ0(thecenterfrequencyisat1.4GHz)

elementspacingisanalyzedwithanoisemodelinthepresenceofareflectorantenna.Thecalcu-

latedLNAsnoisetemperatureforeachelementareshowninFigure3.10.Thisplotshowsalow

noisetemperaturelevelintherangeofthefrequenciesofinterest(from1.2GHzto1.8GHz).The

increasednoiselevelattheboundofthefrequencybandwidthisduetotheimpedancemismatch

betweentheoptimalimpedanceofLNAsandtheembeddedelementactiveimpedance. Atthe

lowfrequencyrange,strongermutualcouplingeffectsmaketheimpedancemismatchissueworse,

leadingtoahigherLNAnoisetemperature.
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Figure3.10:LNAsnoisetemperatureofeachantennaelement.

Figure3.11showsthecalculatedfiguresofmeritsfortheboresightformedbeamusing

themaximumsensitivitybeamformerandthecenterelementbeamattheboresightdirection,re-

spectively.Sincethebeamformercoefficientweightvectorisusedtooptimizethearrayradiation

patternandimpedance,thefiguresofmeritfortheformedbeamarebetterthanthatofthecenter

elementbeam.TheonlyexceptionisinFigure3.11a,wheretheapertureefficiencyofthecenter

elementisslightlyhigherthanthatoftheformedbeamsatthehighfrequencyrange.Thereason

isthathighspilloverefficiencycompensatesforthedecreaseofapertureefficiencyandleadstoa

highTsys/ηapinFigure3.11c.

Usingthesamenoisemodel,Tsys/ηapforaGBT2arrayfeedwith0.52λ0elementspacing

isshowninFigure3.12.ThereasonforthehigherTsys/ηapforthe0.52λ0elementspacingat

lowfrequencyisduetothestrongermutual-couplingeffectsincreasingthenoisetemperatureof

theLNAs.Meanwhile,Tsys/ηapattheXandYpolarizationsfortheGBT2arrayfeedwith0.7λ0

elementspacingiscomparedtoaKitearrayfeedinFigure3.13.

3.4 DownconverterSystemDesignandAnalysis

Adownconverterwith64independentchannelshasbeendevelopedtomixdown,filter,

andamplifythesignalsofinterest.TheinputsforthedownconvertersystemareL-bandradio

frequency(RF)signalswhichisreceivedbyantennasandthenamplifiedbytheLNAs.Theoutput
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Figure3.11:Comparisonsoffiguresofmeritattheboresightdirectionforthexandypolarization
betweenaboresightformedbeamandacenterelementbeam.Theelementspacingforthe19
elementdual-polGBT2arrayfeedis0.7λ0,thecenterfrequencyofwhichisat1.4GHz

.

signalisintermediatefrequency(IF)signals,whicharetransmittedtothedigitalprocessingsystem.

Figure3.14ashowsthepicturesofthedownconvertersysteminarack,whichincludespower

supply,localoscillator(LO)distributionnetwork,analogreceivercards,andsignalgenerators.

TheblockdiagramforthedownconvertersystemisshowninFigure3.14b.Thesignal

generatorsproducetwopuretonesignalsforLOdistribution.ThefrequencyofLO1dependson

thefrequencyoftheinputsignal.ThefrequencyforLO2isfixedat442.5MHz. Afterbeing

amplifiedandsplitthesignalsaredistributedtotheLOinputsateachreceivercard.Theanalog

receivercardsareusedtoconvertthesignalsfromRFfrequencytoIFfrequency.Apowersupply
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isusedtoproduceastablevoltageforeachreceivercardandamplifierintheLOdistribution

network.

3.4.1 PowerSupply

PowersupplyusedinthedownconvertersystemisshowninFigure3.15.A5Voutput

voltagesuppliesfortheamplifiersofLOdistributionanda12Voutputvoltagesuppliesforthe

receivercards. Theoutputcurrentsforthepowersuppliesarebelowthemeasuredmaximum
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Figure 3.14: Configuration of downconverter system.

current of the LNAs and receiver cards. Because heat is produced by the power supply, heat

dissipation is a key problem. This problem was solved by drilling holes on the top wall of the

chassis and adding a fan above the chassis to cool the power supply. Additionally, two LED

indicators are used to show the working status of the power supply.

Figure 3.15: Power supply.

3.4.2 Local Oscillator Distribution Network

A picture of the LO distribution network and its block diagram are shown in Figure 3.16.

The LO distribution network is designed to supply two signals (LO1 and LO2) for the LOs of each
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receiver cards. The input signals for LO1 and LO2 are generated by two signal generators, and

the output power is 7 dBm for each 16 output port. The frequency of LO1 is determined by the

frequency of input RF signal (2080 MHz for 1600 MHz input signal). The frequency of LO2 is

fixed at 442.5 MHz.

Because the maximum output power of the signal generator is about 15 dBm, power ampli-

fiers are needed to ensure that there is enough power for each of 16 outputs of the LO distribution

network. The output 1 dB compression point (P1dB) of the power amplifier for LO2 (ZHL-2010)

is about 30 dBm, which is enough to provide 7 dBm power signal for the 16 channels. However

the output P1dB of the power amplifier (ZRL-3500) for LO1 is about 21 dBm, which fail to satisfy

the required power for the 16 channels if including the losses of the cables and power splitters.

Since the power amplifier with a high output P1dB is expensive, we use an additional 2-way power

splitter and each path is connected to one power amplifier (ZRL-3500).

3.4.3 Analog receiver Cards

Analog receiver cards are used to filter, downconvert, and amplify the signals coming from

the LNAs to the digital processing system. Figure 3.17 shows narrow-band receiver cards designed

by Vikas Asthana and wide-band receiver cards designed by Michael Elmer. Each receiver card

has four independent paths and block diagrams and one of the path is shown in Figure 3.18.

For the narrow-band receiver cards, the L-band RF input signal is mixed down to an IF

signal having 2.8 MHz center frequency with 425 kHz bandwidth. For the wide-band receiver

cards, the output IF signal is 20 MHz bandwidth centered at 37.5 MHz. Calculated and test results

of gain, noise figure, and noise temperature of one receiver path are shown in Figure 3.18.

The Y-factor technique is used to measure the noise figure using a noise source (Agilent

346A). The excess noise ratio (ENR) of the noise source is 5.44 dB at 1.6 GHz. The noise figure

(NF) can be calculated by

NF(dB) = ENR−10log10(Y−1) (3.5)
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(a) Picture for local oscillator distribution.

2-way Power 
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24S+

LO1: 2080 MHz

LO2: 442.5 MHz

(b) Block diagram for local oscillator distribution.

Figure 3.16: Local oscillator distribution for wide-band receiver cards.

and the system noise temperature is

Te = T0(10NF(dB)/10 −1), (3.6)

where T0 represents the room temperature.
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The test results for the noise temperature and noise figure for both receiver cards are higher

than the calculated results. Possible reasons are the impedance mismatch and the dielectric and

ohmic loss of the receiver PCB cards.

(a) Narrow-band. (b) Mid-band.

Figure 3.17: Pictures of analog receiver cards.

3.4.4 System Analysis

Narrow-band and wide-band receiver cards are used for experimental observations on the

Green Bank Telescope and Arecibo Telescope. For each channel, the received signal will be am-

plified and transmitted to the receivers by lossy cables. Since the receiver input power must be

less than the system P1dB to avoid harmonic waves, the power and noise flow in both systems are

analyzed. A block diagram for the Green Bank system is shown in Figure 3.19.

The noise temperature for the input signal is assumed to be 25 K, and the corresponding

power density is -184 dBm/Hz. After being amplified, filtered, and attenuated, the final power

before the receiver is -90 dBm/Hz, which is higher than the 1 dB compression point of the receiver

(-113 dBm/Hz), so that an 30 dB attenuator is needed prior to the receiver. Since the noise temper-

ature for a cascade system depends on the gain and noise of the first stage of the system, the system

noise temperature is increased from the 30 dB attenuator can be ignored. A similar approach is

applied to the Arecibo Telescope analysis in Figure 3.20, and a 10 dB attenuator is used prior to

the receiver.
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3.5 Summary

A 19-element L-band phased array feed designed for the Green Bank Telescope has been

analyzed and tested. Wide bandwidth performance for the GBT2 dipole is due to the advantage

of the dipole arms with wide spread angles, which is helpful to fully utilize the space around

the antenna. The antenna structure is electroplated by a copper material. Manufacturing errors

for the dipole antenna have been measured using photogrammetry and the antenna S-parameters

match well with the simulated results. Figures of merit for the L-band phased array feed have been

analyzed using a noise model with the GBT reflector. A 20-MHz bandwidth downconverter system

has been designed and measured, and has been successfully used at the Green Bank Telescope and

Arecibo Telescopes [6].
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Figure 3.18: Block diagrams of analog receiver cards.
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CHAPTER 4. ANALYSIS AND TESTING OF A 64-ELEMENT MM-WAVE CRYO-
GENIC PHASED ARRAY FEED FOR THE GREEN BANK TELESCOPE

4.1 Introduction

The spectrum between 30 GHz and 300 GHz is defined as mm-wave band, which corre-

sponds to the wavelength from one to ten millimeters. Mm-wave radio astronomy is a powerful

tool for studying the characteristics of enormous cold gas clouds where stars form. Such clouds

are as cold as 20 K, leading to microwave and mm-wave. There are many chemical reactions in

these cold clouds, producing molecules which emit radio waves in the millimeter range. By study-

ing these molecules, astronomers can learn physical conditions in these clouds and understand the

evolution of galaxies and the formation of stars.

In the range from 70 GHz to 95 GHz in the mm-wave band, abundant molecules such as

N2H+, HCN and HNC emit strong spectral lines that provide important astronomical information.

In recent decades, receivers for phased array feeds (PAFs) have been successfully demonstrated

for the centimeter band, but the smaller required element size at the 3-mm wavelength requires

miniaturized electronics and micromachining that has only recently become practical. Monolithic

amplifiers can be fabricated at 100 GHz, making a mm-wave receiver practical in terms of circuitry.

The Umass Radio Astronomy group has extensive experience on developing PAFs at 3-

mm wavelength based using of Monolithic Microwave Integrated Circuit (MMIC) amplifiers. The

BYU Radio Astronomy group has been working on constructing and deploying high sensitivity L-

band PAFs for the Green Bank Telescope (GBT) and Arecibo Telescope for many years. The BYU

Radio Astronomy group and the UMass Radio Astronomy group have collaborated on developing

a mm-wave PAFs prototype.

The Umass Radio Astronomy group has developed a low-noise 8×8 mm cryogenic wide-

band PAF system. BYU provided calibration, beamforming, and digital signal processing hard-
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ware. This prototype mm-wave PAF has been mounted and tested on the GBT 100-meter reflector,

which is the largest fully steerable radio telescope in the world.

4.2 Isolated Single Antenna Analysis

4.2.1 Antenna Model

For an array antenna, in order to avoid grating lobes, the element spacing should be one

half wavelength or less. Using current technology, it is difficult to fabricate a complete receiver

with a cross section less than 3×3 mm. Since each receiver block is directly connected to each

antenna element, the antenna element spacing should be larger than the receiver block length to

have enough space for the front end of the electronic system. Due to this limit, the structure and

size of the antenna element was optimized for best illumination pattern quality with the largest

possibility element size.

The mm-wave phased array feed element was designed by Neal Erickson’s research group

in UMASS. Figure 4.1 shows the antenna element model, which is designed as a combination of

two small horn antennas connected to the same feed by a passive power splitter. The dual-horn

antenna is considered as a pair of half size TE10-mode single-horn antennas. The excitation fields

are split by the power splitter and then radiated by two small horn antennas. The aperture field

distribution of both small horn antennas are in phase.

The rectangular horn antenna is nearly an ideal antenna for the mm-wave feed in some

respects compared to other antennas, due to simplicity of fabrication, wide band impedance match,

and uniform distribution of the aperture field.

4.2.2 HFSS Simulation Results

To study the radiation and impedance performance, the UMASS’s PAF model was simu-

lated by HFSS (Ansys, Inc.). In the antenna HFSS model, a probe feed is replaced by a waveport

feed as the excitation source to the antenna to simplify the HFSS model. To reduce calculation

errors and save calculation time, the antenna is modified set as a PEC material. Compared to the

L-band, the skin depth at the antenna surface and the conductivity of the conductor decrease at the
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Figure4.1:Antennaelementformm-wavePAFsdesignedbyUMassradioastronomyteam.
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Simulated far-field results in E and H planes are shown in Figure 4.2b. The E-fields on the

two planes are slightly different. The reason is due to the aperture field distribution of the small

horn antenna. The aperture field of TE10-Mode horn antenna is uniformly distributed on the E-

plane, but is sinusoidally distributed on the H-plane. Thus, the antenna beamwidth on the E-plane

is narrower than that on the H-plane. Sidelobes are observed that is due to large distance between

the two small horn antennas.

4.2.3 Analytical Model

Since the mm-wave array element is a combined by a pair of small horn antennas, the

radiation pattern for the dual-horn antenna can be considered as that for a single small horn antenna

with TE10-Mode times an array factor. This assumption ignores the mutual coupling effect between

the two small horn antennas, so that the embedded radiation pattern of the small horn antenna is

the same as the radiation pattern of the isolated single small horn antenna.

The radiated fields for a TE10-mode y-polarized horn antenna with an infinite ground plane

can be written as

Eθ =−π
2

C sinφ
cosX

(X)2 − (π/2)2

sinY
Y

(4.1)

Eφ =−π
2

C cosθ cosφ
cosX

(X)2 − (π/2)2

sinY
Y

(4.2)

where

X =
ka
2

sinθ cosφ (4.3)

Y =
kb
2

sinθ sinφ (4.4)

C = j
abkE0e− jkr

2πr
(4.5)

a and b are the length and width of an aperture antenna respectively. E0 is a constant for aperture

field.
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Thearrayfactorcanbeconsideredastheradiationpatternoftwopointsources,wherethe

distancebetweenwhichisequaltothelengthofasmallhornantenna.Thearrayfactoris

A=
1

2
(ejkdsinθ/2+e−jkdsinθ/2) (4.6)

Sinceequation(4.6)representstwopointsourceslocatedalongthezdirection,thecalculated

patternofthearrayfactorshouldberotatedtotheydirection.

Themotivationofthearrayanalyticalmodelistosimplifytheanalysisofthesystemmodel.

Forinstance,an8×

0 10 20 30 40 50 60 70 80 90
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

θ (degrees)

N
or
m
ali
z
e
d 
E
−fi
el
d 
(
a
bs
)

 

 

Analytical
HFSS

8arrayantennaHFSSmodeltakesabout24hourstodothesimulationand

takeupalargeamountofcomputermemory,butonlyseveralminutesfortheanalyticalmodel.

Atthesametime,theanalyticalmodelisflexibleanditissimpletochangetheparametersinthe

arraymodel.Therefore,itishelpfultoroughlyanalyzethePAFperformanceusingananalytical

model.Forasingledual-hornantenna,theanalyticalradiationpatternsarecomparedtotheHFSS

simulationresultsinFigure4.3.Theresultsarecloseinvalue.
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Figure4.3:Comparisonofanalyticalandfull-wavemodeledradiationpatternsforanisolated
singlehornantenna.
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4.3 Simulated Embedded Element Radiation Patterns

An 8×8 mm-wave array antenna HFSS model is shown in Figure 4.4. To fully utilize the

array aperture area and reduce the grating lobes level, each antenna element is separated by a thin

wall.

Figure 4.4: HFSS model for an 8×8 array antenna.

Since the length of the array antenna is larger than 15λ , the array HFSS model need to

be optimized to achieve both high accuracy and minimum simulation time. The antenna body is

built in an PEC background environment. With these settings, the radiation boundary condition

needs to cover the top space of the ground plane. Since the antenna body is not included inside the

radiation boundary, the simulation time and solution accuracy can be greatly improved. A large

radiation box helps to improve the simulation accuracy, but it leads to a long calculation time and

large computer memory utilization. The size of the radiation box was optimized and a trade off

was made between solution accuracy and the simulation time.

After using these methods to improve the HFSS model, Figure 4.5 compares the simulated

far-field pattern of the embedded center element for an 8×8 array using the full-wave method to

the experimental measured results by UMass at the frequencies of interest. The simulation results

are close to the test results on both the main lobe and the near side lobes.

The only large difference occurs at angles close to the horizontal plane (θ = 90◦). In

practical applications, the radiation pattern in the horizontal plane is sensitive to the size of the
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Figure4.5:Foran8×8arrayfeed,acomparisonofradiationpatternfortheembeddedcenter
elementintheE-planeismadebetweenthetestresultsandtheHFSSsimulationresults.(Test
resultscourtesyoftheUMassRadioAstronomyResearchGroup).

groundplaneandtheobjectsaroundthearrayfeed.Basedonthisfact,itisnecessarytostudy

howmuchpowerisradiatednearthehorizontalplanecomparedtothetotalradiatedpower.ηθ◦

isdefinedasapowerratiooftheradiatedpowerwithinanopeningangle(θ◦)tothetotalradiated

power

ηθ◦=
2π
0

π
θ◦
F(θ,φ)r2sinθdθdφ

4π
(4.7)

whereF(θ,φ)representsthenormalizedradiationpattern.

Basedonthisformula,usingthesimulatedfieldsfromthesimulatedresults,thepower

ratiooverdifferentopeninganglesiscalculatedfortheembeddedcenterelementat80GHzin
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Figure4.6.Fromthisplot,wecanconcludethatthepowerrationeartheantennahorizontalplane

islessthan1%.Althoughthereisalargedifferencefortheradiationpatternonthehorizontalplane

betweenthetestandsimulationresults,theinfluencetothesystemperformancecanbeignored.

Figure4.6:Fromtheembeddedradiationpatternofthecenterelementinan8×8arrayfeed,the
powerratiodefinedinEquation4.7iscalculatedwithdifferentopenanglesθ0.

4.4 ThermalDewarWindowSizeStudy

ThesystemnoisetemperatureforaPAFsystemdependsontheLNAsnoisetemperature,

whichcanbelargelyreducedbycryogenicallycoolingtheelectronics.Acryogenicsystemforthe

arrayantennaandLNAswerebuiltbyUMasstoreducetheantennaohmiclossandLNAelectronic

noise.

TostudythephasedarrayfeedinfluencedbythecryogenicDewar,amodelforanarray

antennaassociatedwithaDewarboxisshowninFigure4.7.ThearrayantennalocatedinaDewar

boxblocksthetransmissionoftheEMwave,soanopenwindowontheDewarisbuildontopof

thearrayantennatoallowradiationformthefeedtopassthroughtheDewar.

TheDewarwindowiscoveredbyanairmaterialtokeepvacuuminsidetheDewarand

makethewindowtransparenttotheEMwave.ToavoidmultiplereflectionsbetweentheDewar

wallandthearrayantenna,anabsorbermaterialisusedonthesurfaceoftheDewarwall.Interms

ofthenoiseradiationcharacteristic,theabsorbermaterialcanbeconsideredasanidealblack
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Figure4.7:8×8arrayantennawithaDewarwindowmodel.

bodyanditsequivalentnoisetemperatureisequaltothephysicaltemperature.Thebrightness

temperatureinsidetheDewarisabout30K.Comparedtothesky(55−300K)andgroundnoise

temperature(300K),thesystemnoisetemperaturecontributedbythewarmDewarwallcanbe

ignored.

AsshowninFigure4.3,theantennaelementhasabroadbeamwidth,sothatthesidelobes

oftheantennaradiationpatternwillbeblockedbytheDewarwall.Intermsoftheradiation

performanceofthearrayantenna,theDewarwindowshouldbelargeenoughtominimizethe

blockageoftheEMwaveradiation.ButitwillreducethemechanicalstrengthoftheDewarand

airmaterial.Hence,thesizeoftheDewarwindowneedtobestudiedtomakeatrade-offbetween

thesetworequirements.

4.4.1 HybridMethod

Afull-wavemodelisusedtostudytheradiationperformanceofan8×8arrayantennawith

DewarinfluencedbythethermalDewarwindow.Thearrayantennamodelcanbeeasilysolvedby

finiteelementmethod(FEM),buttheDewarwindowthatisalargeelectricalstructureistoohard

tobeanalyzedusingthesamemethod.Basedonthisfact,physicaloptics(PO)methodisusedto

overcomethisproblem.
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FortheoptimizationofDewarwindowsize,HFSS15isusedtosolvethishybridsolution

problem.SincetheFEMmodelcannotautomaticallyexporttheradiatedfieldsfromthearray

modeltothewindowmodeltocalculatethesecondaryradiatedfieldsusingthePOmethod,a

VisualBasicScriptingEdition(VBScript)isusedtoautomaticallycallHFSStodotheFEM-

POhybridsimulationforantennaelement.Thestepsofthesimulationprocessoperatedbythe

VBScriptareillustratedintheFigure4.8.

Figure4.8:StepsofHFSSsimulationprocesscalledbyVBScript.

4.4.2 HFSSSimulationResultsandAnalysis

Byusingthehybridmethod,Figure4.9showsthemagnitudeofthesurfacecurrentdis-

tributionsontheDewarwindowfortheexcitationofcornerelement,centerelementandedge

elementsrespectively.ItiscleartoseethattheinducedcurrentdistributionsontheDewarwindow

areconsistentwiththepositionoftheexcitedelement.

Whenthearraycornerelementisexcited,thesurfacecurrentbehavesasaringshape,which

iscircularlysymmetricalongthecornerelement.However,themagnitudeofthesurfacecurrent

isnotuniformlydistributedalongeachcurrentring.ThecurrentonthetoppartofDewarwindow

ismuchlargerthanthatontheleftpart.Thisisbecausethehornantennaisasingle-polantenna

andtheboundaryconditionofPEClimitsthediffractionofthetangentialelectricfield.Thiseffect

canbeseeninFigure4.10,whichshowsthesurfacecurrentvectordistributiononthewindow.

Thedirectionofthesurfacecurrentisthesameasthedirectionoftheantennapolarization.On

thetoppartofDewarwindow,theE-fieldradiatedbytheantennaisperpendiculartotheedgeof

thewindow,whichcouldbeeasilydiffractedfromtheedgeofthewindow.Ontheleftsideofthe

49



1

0

1

0

Cu
rr

en
t M

ag
ni

tu
de

 (a
. u

.)

Edge Element ExcitationCorner Element Excitation Center Element Excitation

Figure 4.9: Surface current distributions on the Dewar window of three different element excitation

(top view).

Dewar window, however, due to the boundary condition limiting the tangential field propagation

on the PEC surface, there is little E-field diffracted from the edge of window. Based on this effect,

stronger surface currents are induced on the top part of the window than that on the left part of the

window.

Figure 4.10: Surface vector current distribution on the Dewar window for the corner element of an

8×8 array.

Figure 4.11 shows comparisons of the radiation pattern in the E-plane and H-plane for

different antenna element excitations with and without a blockage from a 3 inch Dewar window.

It can be seen that the main lobe radiation pattern for the bare array is almost the same as that

for the array with a window. But the side lobe comparison shows a large difference, which can be
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contributedtotheblockageofDewarwalls.Meanwhile,theradiationpatternisdifferentamongthe

excitedelements,andthisdifferencemainlydependsonthedistancebetweentheantennaelement

andtheDewarwindowedges.
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Figure4.11:AcomparisonofE-planeandH-planepatternsbetweenan8×8barearrayandthe
arraywitha3incheswindowwithdifferentantennaelementexcitation.

Figure4.12showstheembeddedradiatedfieldcomparisonforthecenterelementofan

8×8arraywithdifferentDewarwindowsizes.AstheDewarwindowlengthisincreasedfrom2

inchesto4inches,thereislessdifferenceinthemainlobeandsidelobesbetweenthebarearray

andthearraywithawindow.Thesamephenomenonisobservedatthethreedifferentfrequencies

ofinterest.

4.4.3 PAFNoiseModelwithDewarWindow

TheGBTisanGregorianparabolicoff-axisreflectorantenna.Thesecondaryandprimary

reflectorantennacanbeapproximatelymodeledasasingleparabolicon-axisreflectorantenna

withafocallengthtodiameterratiof/Dchosensuchthattheopeningangleisequivalenttothat

oftheGBTsecondaryreflector. TheapertureblockagebyPAFsystemandthereflectoredge
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(a)70GHz.
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(b)80GHz.
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(c)90GHz.

Figure4.12:ComparisonsofnormalizedE-fieldontheE-planeofthecenterelementinan8×8
barearrayantennaandthearrayantennawithdifferentwindowsizes.

diffractionareignoredinthereflectoropticalmodel.Sinceilluminationefficiencyandspillover

areessentiallyindependentofreflectorsizeforafixedf/D,theequivalentreflectordiameteris

chosentobe1metertoreducethecomputationalcostofthemodel.ThereflectormodelandPAF

structurearedepictedinFigure4.13.Themodelednoisesourcesareasfollows:

1)Skynoise:Atmosphericandcosmicbackgroundnoiseisreceivedbytheformedmain

beamofthefeedandreflectorsystem.Theequivalentbrightnessnoisetemperatureoftheskyat

zenithisapproximatelyequalto55Katthefrequenciesofinterest.

2)Spillovernoise:Beyondthemainbeam,receivednoiseincludeanon-uniformwarm

skynoiseincreasingtoambienttemperature(290K)asthearrivalanglerelativetothereceiver

boresightapproachesthehorizon.
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3) Receiver noise: The electronic noise of receivers is dominated by LNAs noise in the

cryogenic font end. Noise due to losses in the antenna is ignored.

The Dewar walls are covered by absorber materials to avoid multiple reflectors between

array antennas and Dewar walls. Because the brightness noise temperature of Dewar walls is

smaller than the sky and ground noise temperature, to simplify the noise model, the noise fields

received by array antennas from the Dewar walls are ignored.

Ground

Non-uniform Sky Noise

Uniform Ground Noise 
(290 K)

Dewar

Window

Phased Array Feed

Sky Noise

Spillover Noise

Receiver Noise

55 K 290 K290 K

Figure 4.13: Noise sources that contribute to the system noise budget include sky noise from warm

sky, spillover noise from the non-uniform war sky and ground, and receiver noise from system

electronics. The off-axis GBT reflector and secondary reflector are modeled approximately as a

single parabolic on-axis symmetric reflector with f/D equivalent to the GBT secondary.

4.4.4 System Performance with Different Dewar Window Size

The radiated fields influenced by the Dewar window size has been studied in the previous

section. In this section, system performance of an 8×8 array feed for different frequencies, reflec-

tor f/D, and window sizes is studied based on the above noise model. The equivalent reflector

f/D for GBT can be changed by adjusting the apparent opening angle of the optics using a set of

lenses.
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Figure 4.14 shows the aperture efficiency ηap, system noise temperature Tsys and sensitivity

for the boresight formed beam. The Dewar window changes the system noise temperature, but has

little influence on the aperture efficiency. The reason is because aperture efficiency mainly depends

on the main lobe radiation pattern illuminating the reflector antenna. Since the Dewar window has

a large influence on the side lobe power but only causes a small change to the main lobe radiation

pattern, the aperture efficiency of the array feed with Dewar window is close to that of the bare

array feed.

The system noise temperature includes sky brightness noise, spillover noise and electronic

noise of LNAs. The electronics noise mainly depends on the impedance match between the antenna

and the LNAs. Since the element spacing in the frequency range is larger than 1.4 λ , the mutual

coupling effects among the array elements can be ignored. The active impedance of the array

element is stable over the beamforming coefficients, leading to a constant electronic noise. The

variation of the system noise temperature over different window sizes is due to the variation of the

sky and spillover noise temperatures. An obvious diffraction effect is observed when the Dewar

window size becomes small, which leads to a large spillover of radiation pattern to the warmer sky.

Hence, the system noise temperature increases with decreasing Dewar window size.

Using the same method, the system figures of merit are studied in Figure 4.15 for the case

of a steered formed beam on the boundary of the field of view. Compared to the boresight formed

beam, both the aperture efficiency and the system noise temperature become worse for the steered

beam. When the beam is steered away from the boresight direction, there will be more blockage

of the Dewar window, leading to a larger change in the radiation pattern.

Field of view (FoV) of the PAF with different f/D is shown in Figure 4.16. There is no

significant change in FoV for different Dewar window sizes. The reason is because for a given

f/D, FoV mainly depends on the number and spacing of array elements. Meanwhile, it can be

seen that FoV is inversely proportional to f/D, which is independent of Dewar window size and

frequency.

4.5 Offset Array Feed Analysis

The installation position of the mm-wave feed is limited by the available mounting port in

the GBT feed cabin. The phase center for the installed PAF will be offset slightly from the focal
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Figure4.14:Comparisonsofapertureefficiencyηap,systemnoisetemperatureTsysandnormalized
sensitivityηap/Tsysforan8×8arrayfeedwithdifferentwindowsizesatdifferentfrequenciesfor
theboresightformedbeam.

pointofthereflector.Wehaveconductedsimulationworkbasedonthenoisemodelinsection4.4.3

todeterminetheeffectoftheoffsetonsystemperformance.

Thephysicaloptics(PO)methodisusedtocalculatethefar-fieldpatternofthereflector

antennawithdifferentoffsetdistancesfromthefocalpointinthelateralandaxialdirectionsat

80GHz.Sensitivitydistributionforthelateralandaxialshiftoverthesteeredangleareshownin

Figure4.17.Underthesameoffsetdistance,thelateralshiftshowsmoreinfluencetothePAFsen-

sitivitythantheaxialshift.ThepeaksensitivityoverthefeedfieldofviewisshowninFigure4.18.

The8×8feedantennacanbeoffsetinthexandzdirectionupto∼22cmand∼3cmrespectively,

withlessthan0.1dBsensitivityreduction,andthefieldofviewisnotsensitivetothechangingof

theoffsetdistance.
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Figure4.15:Comparisonsofapertureefficiency,systemnoisetemperatureandnormalizedsensi-
tivityforan8×8arrayfeedwithdifferentwindowsizesatdifferentfrequencieswhentheformed
beamissteeredtotheboundaryoftheeffectivefieldofview.

4.6 RequiredNumberofElementsperBeamforthemm-wavePAF

Beamformerhasbeenwidelyusedforsignalprocessingtechnique.Inanarrowband-

width,thebeamformercanchangetheradiationpatternofanarrayantennabycombiningthe

arrayelementswithspecifiedphaseandamplitude.Intermsofitsapplicationtoradioastronomy,

beamformingimprovestheilluminationpatternofanarrayfeedbyincreasingapertureefficiency

andspilloverefficiency,whichleadstorelativelystableradiationpatternforthesteeredbeam,

achievingawideruniformfieldofviewcomparedtotheconventionalclusterhornfeeds.
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Figure4.16:Comparisonsofeffectivefieldofviewfordifferentwindowsizesandf/Dforan8×8
arrayfeedatthreedifferentfrequencies.

Indigitalbeamforming,theoperationofamplitudescalingandphaseshiftingoftheantenna

elementsandthesummationofreceivingsignalaredonedigitally.SinceeachPAFelementchannel

needstobedigitized,alargeamountofhardwareisrequired.

ThebeamformerweightsofarrayfeedelementsreflecttothefirstorderoftheAirypattern

ofthefocalplanefieldsforhighbeamformedapertureefficiency. Whentheincidentwavearrives

fromthereflectorboresightdirection,thecenterarrayelementmatchesthemainlobeoftheAiry

pattern,andtheotherarrayelementsaroundthecenterelementmatchthesidelobesoftheAiry

pattern.Sincethesidelobelevelisrelativelowcomparedtothemainlobelevel,thevaluesof

elementweightsusedtomatchthesidelobesarerelativelysmallcomparedtothepeakoftheAiry

pattern.
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Figure4.17:Normalizedsensitivitydistributionwithdifferentsteeredanglesforan8×8offset
arrayfeedatdifferentlateral(x/y)andaxialoffset(z
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Figure4.18:Peaksensitivity(dB)overfieldofviewasafunctionoflateralandaxialoffsetdis-
tances.

Inviewofthewideamplitudevariationofbeamformerweights,athresholdcouldbeused

toeliminateelementswithsmallweightstoreducethecomputationalloadofrealtimebeamform-

ing.Iftheabsolutevaluesofbeamformerweightsarelargerthanthethreshold,thoseelements

wouldbeusedforthebeamforming.Iftheabsolutevalueofbeamformerweightsislessthanthe

threshold,theweightsoftheseelementsaresettozero,whichmeanstheseelementswillnotbe

usedinthebeamformer.
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Themaximum-sensitivitybeamformerweightsbeforeusingthethresholdcanbecalculated

by

w=R−1noiseVsig(Ωs) (4.8)

whereRnoiseisthecorrelationmatrixcorrespondingtothesystemnoiseandVsig(Ωs)isthere-

ceivedsignalresultingfromaplanewavearrivingatanangleΩs. Whenapplyingathresholdto

thebeamformerweights,theweightsbecome

w(n)=






0 if|w(n)|≤τ

w(n) if|w(n)|>τ
(4.9)

whereτisthebeamformerweightsthresholdvalue.Vsig,Rnoise,RisoandRtarereducedinsize

includingtheremainingnonzeroelementsusedforbeamformingandthenbecomêVsig,̂Rnoise,

R̂isoandR̂t,respectively.

Resultingfromthereceivedsignalpowerresponsewhenanincidentplanewavewithan

angle,thecorrelationmatrixRsigbecomes

R̂sig=SsiĝVsiĝV
H
sig (4.10)

whereSsigisthesignalpowerdensityinonepolarization. Theantennapolarizationdirection

assumesmatchtotheincidentsignal.Thesqueezedbeamformerweightsŵresultingfromthe

squeezedcorrelationmatrixbecomes

ŵ=R̂
−1
noisêVsig(Ωs) (4.11)

Aftersqueezingthecorrelationmatrix,theapertureefficiencyηapcanbecalculatedby

ηap=
kbTisoB

SsigAphy

ŵHR̂siĝw

ŵHR̂isôw
(4.12)

wherekbisBoltzmann’sconstant,Tisoisthenoisetemperaturefortheisotropicnoiseresponse,

Bisthebandwidthofreceivingsignal,andAphyisthephysicalareaofthereflector.Thesystem
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noisetemperatureTsysisgivenby

Tsys=Tiso
ŵHR̂noisêw

ŵHR̂t̂w
(4.13)

Finally,thesensitivityScanbecalculatedby

S=
ηapηradAphy
Tsys

(4.14)

whereηrad
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Figure4.19:Influenceofbeamformerweightthresholdforan8×8arrayonsensitivityatthe
boresightdirectionandattheboundaryofthefieldofview.

Foran8×8mm-wavearrayfeed,theinfluenceofthebeamformerweightsthresholdon

sensitivityisshowninFigure4.19.Performanceismoresensitivetothethresholdatlowfrequen-

ciesthanthatathighfrequencies.Thereasonisbecausewhenthefrequencyisdecreased,the

sizeofAirypatternbecomeslarger,whichmeansmoreelementsareneededforeachbeam.This

explanationcanbeprovedbyFigure4.20,whichdepictsthebeamformerweightsdistributionfor

an8×8arraywhentheformedbeamisatthedirectionofboresightandtheboundaryoffieldof

view,respectively.
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Figure4.20:Beamformerweightsforan8×
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8arraywithoutusingbeamformerweightsthreshold.

Thenumberofnon-zerobeamformerweightsisshowninFigure4.21.Fromthisplotwe

cangettheconclusionthatintheworstcase,beamformingwith28of64elementscausesadrop

of0.1dBinsensitivity,andinthebestcase,only8elementsareneededperpixel,leadingtoa

considerablesavingsofcomputationalresources.

Figure4.21:Numberofnon-zerobeamformerweightsforan8×8arraywhenthebeamissteered
overthefieldofviewwiththresholdselectedforamaximum0.1dBsensitivityreduction.
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4.7 Performance Analysis of the mm-wave PAF

The array element of the UMass PAF is designed as a combination of two small horn

antennas, which can be considered as a pair of half size TE01-model single-horn antennas. To

prove the antenna structure to be an optimized design, the performance of an analytical 8×8 dual-

horn array feed is compared to a single full size TE10-mode array feed over the operation frequency.

The survey efficiency for the dual-horn array feed is analyzed over different reflector f /D.

4.7.1 Comparison of Full-Wave and Analytical Feed Model

Compared to the full-wave model, the analytical feed model shows advantage of speed up

of the analysis of phased array feed. This model neglects the surface waves, edge element effects,

and details of the response of the waveguide feeds. To assess these higher-order aspects of the

feed, we also modeled the feed with a full-wave modeling tool.

In order to verify the models, we compare the aperture efficiency within the frequencies

of interest obtained with the analytical model. Figure 4.22 shows that the bulk aperture efficiency

with the analytical model is close to that obtained with the full-wave simulation results in overall

level but does not include details associated with higher-order mode formation and other fine-scale

frequency-dependent effects with the feed horns.

Figure 4.23 shows a comparison of the feed sensitivity map at 80 GHz using FEM and

analytical models. Due to the array edge effect that degrades the radiation pattern of the edge

elements, the sensitivity for the full-wave model drops faster for steered beams than the predicted

results from the analytical model, leading to a smaller field of view.

4.7.2 Comparison of Dual-Horn and Single-Horn PAF using Analytical Model

The radiation characteristics of the single and dual-horn arrays can be compared using the

reflector aperture efficiency. The max-gain beamformer for a beam steered to the reflector boresight

direction is applied over the band 25-100 GHz. The max-gain beamformer is used here instead of

the max-sensitivity beamformer to emphasize the illumination pattern quality in the comparison.
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Figure4.23:Comparisonofsensitivitymapat80GHzusingfull-waveandanalyticalarrayfeed
models.

Tofurtherunderstandtheperformanceofthemm-wavearrayfeed,theapertureefficiency

ηapachievedbythefeedcanbefactoredas

ηap=ηspηtηpηxηr (4.15)

whereηspisspilloverefficiency,ηtistaperefficiencywhichdescribestheuniformityoftheam-

plitudedistributionofthefeedradiationpatternoverthesurfaceofthereflector,ηpisthephase
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Figure4.24:Aperture,spillover,taperandphaseefficiencyofan8×8arrayfeedwithreflector
f/D=1.9usingasimpleanalyticialmodelfortheelementradiationpatterns.Themax-gainbeam-
formerisusedtoformaboresightbeam.Subscripts1and2representthesingle-hornarrayand
dual-hornarray,respectively.Theverticallinesbracketthedesignedoperatingbandwidthofthe
feed.

uniformityofthefieldovertheapertureplane,ηxisthepolarizationuniformityofthefieldover

theapertureplane,ηbistheblockageefficiency,andηrisrandomreflectorsurfaceerrorefficiency.

Amongtheseefficiencies,ηx,ηbandηrareignoredinthereflectormodeltosimplifytheanalysis.

ResultscomparingthevariousefficienciesareshowninFigure4.24.Overthebandofinter-

est,thedual-hornantennaelementachieveslargerapertureefficiencythanthatofthesingle-horn

antenna.Thisisduetothemoreuniformaperturefielddistributionofthedual-hornantenna.The

single-hornelementexhibitsawiderradiationpatternandhigherspilloverloss.Theresultsverify

thatthedual-hornarrayhasbetterradiationperformanceoverthedesignedoperatingbandwidth

thanthatoftheconventionalsingle-hornantenna.

Wenowconsiderthesurveyefficiencyofthefeed,inordertoanalyzetheoverallsystem

performanceincludingspilloverandreceivernoise.ThenoisemodelinSection4.4.3issimplified

tosatisfythewidebandanalysisoftheanalyticalmodel.ThediffractioneffectfromtheDewar

windowedgeisnotconsideredinthesimplifiedmodeltosavecalculationtime.Thespillover

noiseisthenoisefieldreceivedbyarrayantennasfromtheDewarwalls,thenoisetemperatureof

whichisassumedto30K.
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Figure4.25:Comparisonsofsensitivity,fieldofviewandsurveyefficiencyofanalytical8×8array
feedswithreflectorf/D=1.9,usingthemax-sensitivitybeamformerforboresightdirection.

Usingthesimplifiedmodel,Figure4.25aandFigure4.25bcomparethesensitivityandfield

ofviewresultsforthetwoarraysasafunctionoffrequency.Thehighersensitivityismainlydue

tothelargerspilloverefficiency.Fieldofviewdependsmainlyonthearrayaperturesize,number

ofelements,andthereflectorgeometry,andissimilarforbotharrays.Fromthesurveyefficiency

resultsshowninFigure4.25c,wecanconcludethattheelementsizeistheoptimaldesign,andthe

dual-hornantennaarrayshowsbetteroverallsystemperformancethanthatofthecommonlyused

single-hornantennaoverthefrequenciesofinterest.
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4.7.3 SurveyEfficiencyAnalysisforDifferentReflectorf/DusingAnalyticalModel

Theequivalentf/DoftheGBTsecondaryreflectoris1.9.Theapparentopeningangleof

thesecondarycouldbechangedusingalenstopotentiallyincreasetheapertureefficiencyofthe

realizedilluminationpatternsformedbythearrayfeed.Thiswouldaddadditionallossandmake

thesystemmorecomplex.

Surveyefficiency(S.E.)isdefinedby

S.E.=

FoV

S2(θ,φ)dΩ. (4.16)

Figure4.26showsthatthenormalizedsurveyefficiencyperformsthehighestperformancenearthe

equivalentf
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Figure4.26:Comparisonofthenormalizedsurveyefficiencyofthe8×8dual-hornPAFasa
functionoff/Datfrequenciesofinterest.Theverticallinemarkstheequivalentf/DfortheGBT
secondaryreflector.

Fromtheaboveanalysis,wecanconcludethattheUMassarrayelementantennaisanop-

timaldesigncomparedtoaconventionalsingle-hornantennaelementandshowsbestperformance

combinedwiththeGBToptics.
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4.8 AnalysisofaWideBandUniformSquareArrayFeeds

Inthissection,ananalyticalmodelofa6×6mmhornantennawithuniformaperturefield

distributionisusedtostudytheapertureefficiencyofanN×Narrayfeedoverawidebandwidth.

ThisstudyhelpsustounderstandtheinfluenceofarraysizeonthePAFperformance.

Inthemodel,themaximumgainbeamformerisusedtosimplytheanalysisandfocuson

thecharacteristicsoftheantennaradiationpattern.Thef
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Figure4.27:ApertureefficiencyattheboresightdirectionforN×Narrayfeedsatdifferentfre-
quencies,withreflectorf/D=1.9.

ApertureefficiencyfortheboresightbeamoverfrequenciesareshowninFigure4.27.In

thefrequencyrangefrom70GHzto95GHz,apertureefficiencykeepsthesameasthearray

elementnumberincreasesfrom25to81.However,theapertureefficiencyforthe8×8arrayis

significantlydecreasedfrom100GHzto200GHz.Thereasonisthatwhenthearrayhasaneven

numberofelements,thecenterelementisnotatthefocalpointofthereflector,sothatthetwo

centerelementsdominatethebeamformerweights. Whentheelementspacingislargerthan2λ

(100GHz),gratinglobesappearsfortheformedbeam,whichleadstoadecreaseintheaperture

efficiency.

Inordertoinvestigatethedetailsofdifferencesbetweentheevennumberarrayandodd

numberarray,theapertureefficiencymapsofa7×7arrayandan8×8arrayat90GHzand120
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Figure4.28:Apertureefficiencymapswithf/D=1.9.

GHzarecomparedinFigure4.28.At90GHz,sincetheAirypatterncanbefullysampledwithin

thefieldofview,themapofapertureefficiencyisuniform.However,ripplesappearinthemapof

apertureefficiencyforbotharrayswhenthefrequencyisincreasedfrom90GHzto120GHz.The

reasonfortherippleswithinthefieldofviewisduetothelargeelementelectricalspacingathigh

frequenciesleadingtofewersamplesoftheAirypatternwhenthebeamissteered.

Fromtheabovestudy,wecanconcludethatatthefrequenciesofinterest,apertureeffi-

ciencyiscloseamongdifferentelementnumberarrays.Sensitivitymapforan8×8arrayfeedis

uniformwithinthefieldofviewatthefrequenciesofinterest.
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4.9 Accuracy Analysis of PAF Noise Model

A noise model has been developed by Professor Karl Warnick and other graduate students

to analyze the performance of a PAF system. A Matlab package for this model is used to calculate

the figures of merit for the PAF system with the embedded radiation pattern and impedance of an

array feed combined with an analytical reflector antenna model. For the calculation of aperture

efficiency using the maximum-gain beamformer, there are three main parts in the Matlab package:

1) When each antenna element in the array is excited by an input 1 W source, the embed-

ded field and impedance of each antenna element are exported from the array HFSS model. The

embedded radiated field of the array element with the terminals of other elements loaded is then

transferred to the array element with 1 A current excitation and the terminals of other elements

open circuited.

2) Calculate the pattern overlap matrix from the embedded radiated field of each array

element and other quantities.

3) Combine an analytical reflector model using physical optics (PO) method to calculate

aperture efficiency.

The accuracy of this PAF noise model will be analyzed for calculating aperture efficiency

with the maximum-gain beamformer. The reason for analyzing the aperture efficiency is that the

system noise budget is complicated, such as the parameters of LNAs, impedance matches be-

tween antennas and LNAs, noise environment variation and so on. Aperture efficiency with the

maximum-gain beamformer relates to the antenna radiation pattern, which is helpful to simplify

the analysis and easily check the accuracy of each part in the Matlab package.

In this section, the conversion of array element radiated fields from the open circuit to

impedance load will be studied, and the predicted results will be verified by an antenna HFSS

model with different excitations. The overlap matrix will be calculated using the independent code

to compare the results from the Matlab package. An HFSS reflector model is used to compare the

analytical reflector model. In order to better understand the calculated results from the PAF noise

model, array feeds with wave port and probe excitation, the GBT2 dipole PAF and mm-wave PAF

are studied in this section.
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4.9.1 ArrayEmbeddedRadiatedFieldsConversion

Inthissection,ageneralformulaforconvertingtheembeddedradiatedfieldsfroman

arrayantennawithopencircuitandimpedanceloadisderived.Basedonthisgeneralformula,a

conversionofHFSSlumpedportfieldstoopencircuitfieldsisderived.Usingafull-wavemethod,

thisformulawillbeprovenbycomparingasinglebow-tieantennaandthecorrespondingarray

antennawithlumpedportfeedandcurrentfeed.

ConversionofArrayEmbeddedRadiatedFieldswithDifferentLoads

Aconversionofanarrayembeddedradiatedfieldsbetweendifferentloadsisstudied.As

showninFigure4.29,themthelementisexcitedbyaninputcurrentiinandthecorresponding

embeddedradiatedfieldswithloadsZandZareEandE

   = 1 A    = 1 A

 

 

 

  

  

  

   

,respectively.Theobjectofthisstudy

istofindtherelationshipoftheembeddedradiatedfieldsbetweendifferentsourceimpedances.

Figure4.29:BlockdiagramsforanarrayantennawithloadsZandZ.

WefirstconvertanarrayelementwithloadZtoopencircuitterminations.InFigure4.30,

whenthenthelementofthearrayisexcited,theradiationpatternEnwithloadZcanbeconsidered
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Figure4.30:Blockdiagramsforconvertingarrayembeddedradiatedfieldswiththeterminalsof
loadZtoopencircuitterminated.

asacombinationoftheopencircuitradiationpatternEocm withweightsiAn,mby

En=
N

∑
m=1

iAn,mE
oc
m. (4.17)

whereiAn,mrepresentsthecurrentdistributiononthemthelementofanarraywhenthenthelement

isexcitedbyaninputcurrentiin.iAncanbewrittenas

iAn=(I−S)iin

=[I−(ZA+ZI)
−1(ZA−ZI)]

T

iin (4.18)
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where ZA is the array antenna impedance matrix, and S is an S-parameter matrix. In terms of the

nth element excitation, iin is equal to (0, . . . ,0,1,0, . . . ,0)T and iAn is

⎡
⎢⎢⎢⎢⎢⎢⎣

iAn,1

iAn,2
...

iAn,N

⎤
⎥⎥⎥⎥⎥⎥⎦
=

⎡
⎢⎢⎢⎢⎢⎢⎣

T11 T12 · · · T1N

T21 T22 · · · T2N
...

...
. . .

...

TN1 TN2 · · · TNN

⎤
⎥⎥⎥⎥⎥⎥⎦

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

0
...

0

1

0
...

0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

=

⎡
⎢⎢⎢⎢⎢⎢⎣

T1n

T2n
...

TNn

⎤
⎥⎥⎥⎥⎥⎥⎦
= T(n), (4.19)

or

iAn,m = Tm,n. (4.20)

If the radiation pattern for the loaded array is written as a vector E, then

⎡
⎢⎢⎢⎢⎢⎢⎣

E1

E2

...

EN

⎤
⎥⎥⎥⎥⎥⎥⎦
= iA

⎡
⎢⎢⎢⎢⎢⎢⎣

Eoc
1

Eoc
2
...

Eoc
N

⎤
⎥⎥⎥⎥⎥⎥⎦
. (4.21)

Since the matrix iA is equal to TT, E can be written as

⎡
⎢⎢⎢⎢⎢⎢⎣

E1

E2

...

EN

⎤
⎥⎥⎥⎥⎥⎥⎦
= TT

⎡
⎢⎢⎢⎢⎢⎢⎣

Eoc
1

Eoc
2
...

Eoc
N

⎤
⎥⎥⎥⎥⎥⎥⎦
, (4.22)
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andE
oc
is











Eoc1

Eoc2
...

EocN











=(TT)−1











E1

E2
...

EN











. (4.23)

Therefore,therelationshipoftheradiatedfieldsbetweentheopencircuitarrayandtheterminal

loadedZLarrayis

E
oc
=[(I−S)T]−1E

={[I−(ZA+Z)
−1(ZA−Z)]

T}−1E (4.24)

Usingthesamemethod,thefieldE
oc
withterminalloadedZis

E
oc
=[(I−S)T]−1E

={[I−(ZA+Z)
−1(ZA−Z)]

T}−1E (4.25)

CombineEquation4.24and4.25,therelationshipoftheradiatedfieldswithterminatorsofloadZ

andZis

E=(I−S)T[(I−S)T]−1E (4.26)

ConversionofHFSSLumpedPortFieldstoOpenCircuitFields

Forconvenience,theradiatedfieldforanarrayelementusedinaPAFnoisemodelis

theembeddedfarfieldevaluatedatonemeterawayfromtheantenna,whentheantennaelement

isexcitedbyan1Acurrentsourceandtheterminalsoftheotherelementsareopencircuited.

However,inaHFSSmodelwiththelumpedportexcitation,theexcitedsourceisa1Winput

power.InordertoqualifythefieldsrequirementforthePAFnoisemodel,itisnecessarytoconvert

theradiatedfieldsfromthelumpedportexcitationwiththeterminalsoftheotherelementsloaded
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Lumped Port Excitation

  

Current Excitation

  

  

   = 1 A
     

     
     

tothecurrentexcitationwithopencircuited.Thecorrespondingblockdiagramsareshownin

Figure4.31.

Figure4.31:(Left)EListheembeddedradiatedfieldwhenthenthelementisexcitedbyaninput
powerwiththeterminalsoftheotherelementsloaded.(Right)Eocistheembeddedradiatedfield
whenthenthelementisexcitedbyaninputcurrentwiththeterminalsoftheotherelementsopen
circuited.

UsingEquation4.26,theopencircuitembeddedradiatedfieldsinFigure4.31canbewrit-

tenas

Eoc=
2Pin
ZL
(I−Soc)

T[(I−SL)
T]−1EL (4.27)

where 2Pin/ZLisascaledfactorusedtonormalize1Winputpowerto1Ainputcurrent,andSoc

andSLarethescatteringmatrixforthecurrentexcitationandlumpedportexcitationarraymodel,

respectively.

Forthenthelementintheantennacurrentexcitationmodel,sincetheexcitedcurrentiinis

equaltoantennacurrentiA,thediagonalelementsinthescatteringmatrixSociszeroduetothe

impedancematchingbetweentheantennaandloadimpedance.Becausetheterminalsofallthe

otherelementsareopencircuited,thereisnoenergycoupledtotheterminalsoftheseelements,

whichcausestheoff-diagonalelementsinSoctobezero.Basedonthethesefacts,Socisazero
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matrixandEocbecomes

Eoc=
2Pin
ZL
[(I−SL)

T]−1EL

=
2Pin
ZL
[I−(ZA+Z0I)

−1(ZA−Z0I)])
T]−1EL (4.28)

VerificationbyHFSSLumpedPortandCurrentFeed

InordertoverifyEquation4.28fortheradiationpatternconversion,asingleplanarbow-tie

dipoleantennaanditscorrespondingarrayantennaarestudiedusingafull-wavemethod.

  

   

  
 

Lumped Port Excitation

  

  

   

(a)HFSSmodel

  

Current Excitation

   
   

 

  

(b)Lumpedportfeedcircuitmodel.
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Lumped Port Converted to Current Feed
Current Feed

(c)CurrentFeedcircuitmodel. (d)Comparisonofradiatedpower.

Figure4.32:Thefirstfigureshowsasinglebow-tieantennawithafinitegroundplane.Thesecond
andthirdfiguresshowsthecorrespondingcircuitblockdiagramsforthelumpedportfeedandthe
currentfeed.Thefourthfigureshowsacomparisonoftheradiatedpowerofasingleantennawith
theconvertedcurrentfeedHFSSmodelusingEquation4.28andthecurrentfeedHFSSmodel.

Asingleantennaishelpfultosimplifythemodelandcanbeeasilyunderstoodbecausethere

isnomutual-couplingeffect.Themodelforasinglebow-tieantennaisshowninFigure4.32a.
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Lumped Port Converted to Current Feed
Current Feed

(a)ArrayHFSSmodel. (b)Radiatedpower.

Figure4.33:Comparisonoftheradiatedpowerofanarrayantennawiththeconvertedcurrentfeed
HFSSmodelusingEquation4.28andthecurrentfeedHFSSmodel.

Theblockdiagramsofthecorrespondingcircuitmodelswiththelumpedportfeedandthecurrent

feedareshowninFigure4.32bandFigure4.32c,respectively.Forthelumpedportfeedmodel,

theimpedanceoflumpedportiscomplexconjugatedmatchedtothecharacteristicimpedance

ofthetransmissionlineconnectingtotheantenna.Forcurrentfeedmodel,theexcitedcurrent

sourceisimplementedbyplacingasurfacebetweentwoconductors,whichenforcesthetangential

componentofmagneticfieldrelatedtothesurfacecurrent.Theexcitedsurfacecurrentbetween

thetwoconductorsisequaltotheantennacurrent.

UsingEquation4.28,theradiatedfieldswithlumpedportfeedcanbeconvertedtothe

radiatedfieldswithcurrentfeed.Radiatedpowerisstudiedtoverifytheaccuracyoftheconverted

fields.Afterintegratingtheembeddedradiatedfieldsofthecenterelementoveranentiresphere,

theradiatedpoweroftheconvertedcurrentfeedfromthelumpedportfeediscomparedtothatof

thecurrentfeed.TheresultsareshowninFigure4.32d,wheretheradiatedpowersareclosein

value.

Usingthesimilarmethod,Equation4.28isappliedtotheplanarbow-tiearrayantenna

modelinFigure4.33a.Theradiatedpowerfromtheintegralofradiatedfieldsofthearraycenter

elementisstudied.AsshowninFigure4.33b,acomparisonoftheradiatedpowerismadebetween

theconvertedcurrentfeedandthecurrentfeed.Theresultshowsthattheradiatedpowerfortwo

casesareclose.
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The radiated power over frequency for the single and array antenna models show a small

difference. The reason is that in the current feed model, there is parasitic capacitance between the

two conductors of transmission line connecting to the antenna, which leads to a small change in

the antenna impedance.

4.9.2 Comparison of Aperture Efficiency with Different Reflector Models

A reflector antenna model is based on the physical optics (PO) approximation to calculate

the secondary radiated far-field of the PAF. The edge diffraction effect is ignored in the reflector

model. In this section, the accuracy of the analytical reflector model will be verified by a HFSS

reflector model. Reflector aperture efficiency with the maximum gain beamformer for a 5×5 PAF

model will be studied. The models for comparison include an array and reflector analytical model,

an array HFSS model with a reflector analytical model, and an array and reflector HFSS model.

In this section, the HFSS-FEM solver is used to simulate the radiated field and impedance

of an array antenna. The embedded E-field of each array element sets as an incident field to a

reflector antenna using the HFSS-PO solver.

A comparison of different PAF models is shown in Figure 4.34, including an array HFSS

model and reflector analytical model, an array and reflector analytical model, and an array and

reflector HFSS model. From these plots, it can be seen that when using the simulated radiated

field and impedance from the array HFSS model, the aperture efficiency of the reflector analytical

model is higher than that of the reflector HFSS model. The reason is attributed to diffraction effects

that are ignored in the reflector analytical model, leads to less spillover loss. Meanwhile, in the

calculation of aperture efficiency using the Matlab package for the array model, the total radiated

power from PAF is calculated from the PAF antenna impedance by

Prad =
1

2
iHARe[ZA]iA. (4.29)

Theoretically, for a lossless antenna, the radiated power from Equation 2.26 is the same as Equa-

tion 4.29. Due to the numerical errors in HFSS, Prad in Equation 4.29 is smaller than that in Equa-

tion 2.26, which leads to a higher aperture efficiency when using the Matlab package to calculate

the array HFSS model and reflector analytical model.
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Figure4.34:Comparisonofapertureefficiencybetweenanarrayandreflectoranalyticalmodel,
anarrayHFSSmodelwithareflectoranalyticalmodel,andanarrayandreflectorHFSSmodel.
A64-elementmm-wavephasedarrayfeedassociatedwithareflectorwith1.9f/Disusedfor
analysis.

4.9.3 Comparisonofamm-waveArrayElementwithProbeandWavePortFeed

Theexcitationforahornantennainthefull-wavemodelcanbeeitheraprobefeedora

waveportfeed.Thecharacteristicimpedancefortheprobefeedisconstantoverfrequencies,but

isfrequencydependentforthewaveportfeed.TovalidatetheaccuracyofthePAFmodelfor

differentexcitationmethods,a5×5PAFmodelwithprobefeedandwaveportfeedarestudiedin

thissection.

AsshowninFigure4.35,foratransmittingantennasystem,avoltagesourcewithagener-

atorimpedanceZgtransmitssignalstoanantennawithimpedanceZAviaatransmissionlinewith

characteristicimpedanceZ0.Inordertoachievethemaximumpowertransfer,theinputimpedance

oftheantennaZin(thereferenceplaneisbetweenthetransmissionlineandtheexcitationsource)

shouldbecomplexconjugatematchtotheimpedanceZg.InthePAFmodelanalysis,theantenna

isareceivingantennaandtheimpedanceZgistheimpedanceofLNAs,whichisassumedtobe

complexconjugatematchingtotheimpedanceZ0.

IntheFEMmodel,theexcitationforahornantennacanbesetasawaveportfeedor

aprobefeed. AsshowninFigure4.36a,ahornantennausingthewaveportexcitationcanbe

consideredasanantennafedbyaninfinitelongwaveguidetransmissionline. Thewaveport
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Wave Port Feed Antenna Element

Figure4.35:Blockdiagramforatransmittingantennasystem.

Probe Feed Antenna Element

(a)Waveportexcitation. (b)Probeexcitation.
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Figure4.36:Anarrayelementmodelwithdifferentexcitationmethods.

Figure4.37:Characteristicimpedanceofawaveguidetransmissionline(asshownFigure4.36a)
withthefundamentalmodeexcitation.

impedanceisrelatedtothecharacteristicimpedanceZ0ofthewaveguidetransmissionline,which

iscomplexconjugatedmatchedtothegeneratorimpedanceZg.Figure4.36bshowsthataprobe

connectingtotheinnerconductorofacoaxiallineisusedasthefeedofthehornantenna.The
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antennaimpedanceZAcanbeclosetotheconjugatematchofthecoaxiallineimpedanceZ0
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(a)S-parameters. (b)E-fieldintheboresightdirection.

Figure4.38:Comparisonbetweenwaveportandprobeexcitationfortheradiationperformanceof
theembeddedcenterelementofa5×5array.

ThecharacteristicimpedanceZ0forthecoaxiallineisfixedtobeaconstantof50Ω,

butthatforthewaveguidetransmissionlinechangeswithfrequency.Thereasonisthatthefield

distributionatthecrosssectionofthewaveguideischangedwiththefrequencybutisconstantfor

thecoaxialline.Figure4.37showsthecharacteristicimpedanceZ0ofthewaveguidetransmission

lineinFigure4.36aoverfrequency.

InaPAFmodel,inordertosatisfytherequirementfornoisematchbetweentheLNAs

andtheantennas,theimpedanceoftheLNAsisassumedtobe50Ωfortheprobeexcitationbut

changingwithfrequency(asshowninFigure4.37)forthewaveportexcitation.

Theradiatedfieldandimpedanceoftheembeddedcenterelementofa5×5arrayfortwo

differentexcitationmethodsarecomparedoverfrequency.Figure4.38ashowsacomparisonofS

parameters,whichisrelatedtotheinputimpedanceoftheantennas.Figure4.38bshowsacompar-

isonofthenormalizedmagnitudeofE-fieldattheboresightdirectionafterusingEquation4.28.It

canbeseenthattheantennainputimpedanceandradiationpatternversusfrequencyforthewave

portandprobeexcitationsareclose.Thereasonforthedifferenceisthatonlythedominantmode

isexcitedforthewaveportfeed,butthehighordermodesareexcitedbytheprobefeed.
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Figure4.39:Comparisonofapertureefficiencyfora5×5arrayfeedusingthewaveportandprobe
excitation.

Combinedwithareflectormodel,theradiationpatternandimpedanceofthearrayantenna

areusedtocalculatetheapertureefficiencywiththemaximum-gainbeamformeroverfrequency.

AcomparisonresultforthetwodifferentexcitationmethodsisshowninFigure4.39,wherethe

predictedapertureefficiencyareclose.

Fromtheabovestudy,wecanconcludethatthePAFnoisemodelcanbeusedtoaccurately

analyzethearrayantennawithdifferentexcitationmethods.Ifweassumethattheimpedanceof

theLNAsarecomplexconjugatematchedtothecharacteristicimpedanceofthetransmissionlines,

theperformanceforaPAFsystemwithdifferentexcitationmethodsareclose.

4.9.4 ComparisonofApertureEfficiencybetweenL-bandandmm-wavePAF

Inthissection,apertureefficiencywiththemaximum-gainbeamformerforanL-band19-

elementGBT2dipolearrayfeedanda25-elementmm-waveUMasshornarrayfeedarecompared

byusingthePAFnoisemodel.

Inordertosimplifytheanalysisandignorethemutual-couplingeffectsbetweeneachel-

ement,webeginwiththestudyofasingleisolatedarrayelement.Figure4.40aand4.40bshow

theapertureefficiencyforanisolatedsingleGBT2dipoleantennaandtheUMasshornantenna

respectively.Thef/Dofthereflectorforthearrayfeedsis0.7and1.9respectively.Itisexpected

thatbothantennafeedswillexhibitlowapertureefficiency,becausethesingleantennafailstoform
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(a)SingleGBT2DipoleAntennafeed

1 1.2 1.4 1.6 1.8 2
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Frequency (GHz)

A
p
er
t
ur
e 
Ef
fi
ci
e
nc
y

 

 

HFSS
Analytical

(b)SingleUMasshornAntennafeed
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(c)19-elementGBT2Dipolearrayfeed (d)25-elementUMasshornarrayfeed

Figure4.40:ApertureefficiencyforGBT2L-banddipoleantennaandUMASSmm-wavehornan-
tenna.Upperplotsaresingleantennasandthebottomplotsaretheircorrespondingarrayantennas.
f/Dofthereflectorusedfordipolearrayfeedandhornarrayfeedis0.7and1.9respectively.

anarrowenoughbeamtoilluminatethereflectorantenna.Thedifferencesinapertureefficiency

betweentheantennasisduetothedifferencesofthef/Dofthereflectorandtheantennaradia-

tionpatterns.Intermsofcomparisonbetweenthefull-waveandanalyticalmodel,thereisagood

matchforthesingleUMasshornantennafeed,butasignificantdifferenceforthesingleGBT2

dipoleantennafeedathighfrequencies.Thisisbecausethattheanalyticalmodelforthedipole

antennaisahalfwavelengthdipoleantenna,butthereisabiggapbetweenthetwoarmsinthe

full-wavedipoleantennamodel,whichmakestheeffectivelengthoftherealdipoleantennaless

thanthatofananalyticallymodeleddipoleantenna.
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Figure4.40cand4.40dshowtheapertureefficiencyfora19-elementGBT2dipolearray

feedanda25-elementUMasshornarrayfeed.Itcanbeseenthatthereislessdifferencebetween

theHFSSandanalyticalresultforthedipolearrayfeed.

TheapertureefficiencyinHFSSforthehornarrayfeedshowsmorevariationoverfre-

quencythanthedipolearrayfeed.Theapertureefficiencyforhornarrayfeedchangesfrom0.66

at84GHzto0.71at84.5GHz.Inordertoinvestigatethedetailsofthisproblem,westudiedthe

radiationpatternandtheantennaaperturefielddistributionatthesefrequencies.Themagnitude

ofE-fieldfortheisolatedsinglehornantennaisshowninFigure4.41aandtheembeddedcenter

elementradiatedE-fieldareshowninFigure4.41b.Itcanbeseenthatthereislessdifferencein

theE-fieldbetween84GHzand84.5GHzfortheisolatedsingleantennathanthatfortheembed-

dedarraycenterelement.Figure4.42showstheaperturefielddistributiononthearrayaperture

attwofrequencieswhenthecenterelementisexcited.Theaperturefieldsontheexcitedelement

andotherarrayelementsshowalargedifference.Sincetheapertureefficiencydependsonthe

radiatedfieldofthearrayantenna,whichisrelatedtotheantennaaperturefielddistribution,we

canconcludethatthechangingofaperturefielddistributionofthearrayembeddedelementover

frequencycausesavariationofreflectorapertureefficiency.
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(a)Isolatedsingleantenna. (b)Embeddedarraycenterelement.

Figure4.41:SimulatedmagnitudeofE-fieldfromHFSSforanisolatedsingleUMassmm-wave
antennafeedandthecorresponding5×5arrayfeedat84GHzand84.5GHzrespectively.
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Figure 4.42: Magnitude of aperture field distribution for an 5×5 UMASS mm-wave array at 84

GHz and 84.5 GHz when the center element is excited.

4.10 Experimental Test for the Green Bank Telescope

The 64-element mm-wave phased array feed was mounted and test in the Green Bank

telescope with 100-meter diameter dish on November, 2015. This section first introduces formulas

used to analyze the raw data from the test results, and then shows the test results for the phased

array feed.

4.10.1 System Noise Temperature for Single Element

When the antenna points to an absorber at the room temperature, the output power of the

array feed is

Phot = kb(Trec +Tamb)B (4.30)

where kb is the boltzmann constant, B is the system bandwidth, Trec is the receiver equivalent noise

temperature and Tamb is the absorber equivalent brightness temperature.

When the antenna points to the cold sky, the output power of the array feed is

Pcold = kbTsysB (4.31)

= kb(Trec +Tsky +Tspillover)B (4.32)

84



where Tsky and Tspillover is the equivalent noise temperature contributed by the warm sky and the

spillover from the reflector respectively.

From (4.30) and (4.32), Trec can be written as

Trec =
PcoldTamb −PhotTsky −PhotTspillover

Phot −Pcold
(4.33)

Then Tsys becomes

Tsys = Trec +Tsky +Tspillover

=
PcoldTamb −PhotTsky −PhotTspillover

Phot −Pcold
+Tsky +Tspillover

=
Pcold(Tamb −Tsky −Tspillover)

Phot −Pcold
(4.34)

For the UMASS method, Tsky and Tspillover are approximately equal to 0, and Tsys becomes

T UMASS
sys =

PcoldTamb

Phot −Pcold
(4.35)

4.10.2 System Noise Temperature with Beamforming

Steering vector v can be calculated from

Rsourcev = λmaxRcoldv, (4.36)

where the Rsource and Rcold are correlation matrix when the telescope points to the source and cold

sky, respectively. λmax is the maximum generalized eigenvalue.

The maximum sensitivity beamformer weights can be calculated from

w = R−1
coldv. (4.37)
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After applying beamformer weights to each receiving element and summing all the elements output

power, the total output power becomes

Pbf
cold = wHRcoldw (4.38)

Pbf
hot = wHRhotw (4.39)

Pbf
source = wHRsourcew (4.40)

From these formulas, the receiver noise temperature T bf
rec and system noise temperature T bf

sys using

beamformer can be calculated from (4.33) and (4.34).

The strict way to calculate the system noise temperature is

T bf
sys = Tamb

wHRnoisew
wHRtw

(4.41)

= Tamb
wHRcoldw

wHRtw
(4.42)

= Tamb

Pbf
cold

Pt
(4.43)

where Rt is the correlation matrix for isotropic noise response of the array feed if assuming the

receiver is lossless.

Assuming the array antennas are under impedance match with the loads and the antenna is

lossless, the isotropic input power Pt to the antenna load can be written as

Pt = kbTambB (4.44)

Pbf
hot including the isotropic external noise and the receiver noise can be written as

Pbf
hot = Pt +Pbf

rec

= kbTambB+ kbT bf
recB (4.45)
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From (4.44) and (4.45), Pt becomes

Pt =
Tamb

Tamb +T bf
rec

Pbf
hot (4.46)

Finally, the system noise temperature with beamforming is

T bf
sys =

(Tamb +T b f
rec )Pbf

cold

Pbf
hot

(4.47)

4.10.3 Test Results

Using the above formulas, the calculated test results are based on the raw data from scan

27 to 29 on November 15th, 2015. The source is SiO OrionKL maser and the integration time is

10 sec. The sky and spillover noise temperature and the system noise temperature are assumed to

be 70 K and 110 K respectively. Due to the failure of some LNAs, as illustrated in Figure. 4.43, 38

of 64 element were working by the time of measurement on the GBT.

1 2 3 4 5 6 7 8

9 10 11 12 13 14 15

16 17 18 99 2120 22
23 24 25

3029282726 31
38373635343332

19

Figure 4.43: Array layout for 38 of 64 elements used in the observation.

Output powers for each array element are shown in Figure. 4.44. The array element index

number corresponds to the number in Figure 4.43. The power is integrated over the dwelling

time and frequency bandwidth. The output power for the hot source is higher than that for the

other sources. When the telescope points to the astronomical source, the increased output power

corresponds to the position of the focal point of the reflector antenna.
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Figure4.44:Outputpowerforeacharrayelement.

ThenormalizedbeamformerweightsareshowninFigure4.45,wheretheAirydiskis

locatedaroundthe11thelementinFigure4.43.Theelements10,12,13,17,18,19and20with

relativelylowbeamformercoefficientscorrespondtothesidelobesoftheAirydisk.Elements3,

27and31withhighbeamformercoefficientscontributetothelowgainLNAs.

Figure4.45:Normalizedbeamformerweightsforeacharrayelement.

ThesystemoutputSNRcalculatedfrom(Psource−Pcold)/PcoldisshowninFigure4.46.

TheoutputSNRforthemaximumSNRbeamformerisabout3timeshigherthanthatforthe

singleelement.However,usingtheanalyticalmodel,thePAFSNRgainisabout1.33.Thismight
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Figure4.46:SystemoutputSNR.

4.11 Summary

Inthischapter,theperformanceofa64-elementmm-wavephasedarrayfeedhasbeen

analyzedbasedonanoisemodelassociatedwiththeGBTreflectormodel.Ananalyticalmodel

hasbeenintroducedtospeeduptheanalysisprocessandtheaccuracyhasbeenverifiedbya

full-wavemodel.SystemperformancerelatedtothesizeofthermalDewarwindow,installation

positionoffsetfromthereflectorfocalposition,requiredminimumnumberofarrayelementfor

beamformer,expectedfiguresofmeritsontheGBTtelescopewerestudied.Thephasedarray

feedwasmountedontheGBTandtheeffectivenessofbeamforminghasbeenexperimentally

demonstrated.
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CHAPTER 5. ON THE BANDWIDTH GAP BETWEEN THE ARRAY FEED AND
CLUSTER FEED REGIMES FOR BROADBAND MULTIFEED SYSTEMS

For reflector antennas with broadband multiple feed systems, under optimal beamforming

conditions the feed operates at low frequencies as a phased array feed, with multiple elements

contributing to a synthesized illumination pattern, whereas at high frequencies, each element forms

a single independent beam. There is a frequency range between these two regimes where it is

difficult to achieve high aperture efficiency, which limits the ultimate performance of broadband

multifeed systems. We show that this bandwidth gap is largely independent of the formed beam

angle, number of array elements, array layout, and element radiation patterns. We use simulation

and modeling to study the origins and nature of this physical effect and develop an upper bound

on the sensitivity bandwidth of a high-efficiency array feed, and consider several possible methods

for improving the efficiency of multifeed systems in the bandwidth gap.

5.1 Introduction

Hight sensitivity receivers for reflector antennas have been widely developed for remote

sensing, radio astronomy, and satellite communications. Detecting extremely weak signals from

deep-space radio sources and attaining high SNR with small diameter terrestrial dish antennas

require highly sensitive receiver electronics and feed systems that achieve high aperture effi-

ciency. Notable large-scale astronomical instruments include the 100 meter Green Bank Telescope

(GBT) [7,8], 305 meter Arecibo Telescope [9,10], the Chinese Five-hundred meter Aperture Spher-

ical Telescope (FAST) currently under construction [11,12], and the proposed international Square

Kilometre Array (SKA) [13, 14].

Considerable work has been done in recent years to create multi-feed systems for reflector

antennas that achieve performance competitive with traditional single-pixel horn-type feeds [2,15,

16]. For astronomical applications, the key figure of merit is survey speed, or the time required
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to map a region of the sky to a given source flux density. Survey speed is proportional to the

frequency bandwidth, the field of view or observable region of the sky, and the squared sensitivity,

where sensitivity is related to reflector aperture efficiency and system noise temperature [17]. In

terms of achieving higher survey speed for large reflector antennas, single-pixel feeds are a mature

technology, with most recent research focusing on achieving ultrawideband operation [18–21].

As sensitivity and bandwidth for single-pixel feeds are nearing practical limits and fun-

damental physical bounds, the only remaining factor in the receiver survey speed with room for

substantial improvement is the field of view. Two basic technologies are available for wide-field or

multipixel receivers. The first approach is a cluster of single feeds, each feed of which produces a

beam to match the reflector antenna [22–24]. Cluster feeds are used for astronomical applications

as well as satellite terminals that communicate with 3-5 satellites simultaneously. The disadvan-

tage is that the individual feeds in the cluster are electrically large and cannot be spaced closely

enough to fully sample the reflector antenna field of view, and beams on the sky are separated by

unobservable regions that must be covered by mechanically raster-scanning the reflector [25].

A second approach to achieving wide-field operation is a phased array feed (PAF). A PAF

consists of electrically small elements that fully sample a contiguous field of view by combining

the array outputs with beamformer coefficients to produce high quality illumination pattern for

multiple overlapping pixels on the sky. Research efforts are underway around the world to improve

the efficiency and system noise temperature of PAF systems to the point that they are comparable

in sensitivity to single feeds and cluster feeds [26–29].

Both approaches to wide-field imaging are receiving significant attention in the astronom-

ical community. Cluster feeds are now in routine use, and PAFs have been demonstrated as pro-

totypes on large reflectors [30, 31]. The basic theory and techniques for analysis of array feeds

are well understood [32–36]. Development challenges for PAFs that are currently under study

including noise temperature minimization, high-throughput, multichannel real time digital signal

processing hardware, and deployment of fully operational PAF systems.

While PAFs have demonstrated improvements in field of view over existing receiver tech-

nologies, the relative bandwidth of existing PAF systems is smaller than that of state-of-the-art

ultrawideband single-pixel feeds. For a wideband array feed, the weighting of elements in the ar-

ray changes qualitatively over the operating bandwidth. As the system operating bandwidth of an
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array feed increases, the spacing between elements becomes electrically large at the high end of

the band, and the formed beams degenerate to independent, single-element beams similar to that of

a cluster feed. At very high frequencies, the array feed elements become electrically large enough

to realize high aperture efficiency illumination patterns. For a broadband multifeed system, that is

between the low-frequency or “PAF” regime and the high frequency cluster feed regime, the anal-

ysis presented in this paper shows that there is a bandwidth gap in which the elements are too far

apart to operate in concert to create high quality illumination pattern, but too small to individually

illuminate the reflector efficiently.

To study this effect and its implications for optimal design of multifeed systems, we use

models for arrays with various configurations to extract the intrinsic parameters of the bandwidth

gap between the PAF and cluster feed regimes that are independent of the array layout and element

design. Aperture efficiency for a broadband array feed is poor when the array element spacing

is equal to the distance between the center and the first null of the Airy pattern that governs the

field distribution in the reflector focal plane. A relationship is found between the array element

spacing in wavelength corresponding to the critical frequency that divides these regimes and the

reflector focal length to diameter ratio ( f/D), and the behaviors of the spillover efficiency and

focal plane field distribution in the bandwidth gap are used to provide insight into the physics of

this effect. Methods for mitigating poor aperture efficiency in the transition region are explored,

design guidelines are obtained for a given reflector f/D for wideband array feeds, and a physical

sensitivity bandwidth limit bound is proposed for high-efficiency array feeds.

5.2 Model and Analysis

5.2.1 Feed Model

A schematic describing a transmitting array feed model is shown in Fig. 5.1. The feed

system is modeled as a collection of antennas with embedded element patterns En (n= 1,2, . . . ,N),

which represents the far electric field with input current I0 into the port of the nth array element and

all other elements open circuited. The embedded element patterns can be modeled using a full-

wave numerical method, but to speed up sweeps over key feed parameters, we approximate the

embedded element patterns by the isolated antenna pattern for each element. We have extensively
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validatedthisapproximationbycomparisontofullwavesimulationswiththefiniteelementmethod

(FEM).

Figure5.1:Schematicdescribingthearrayfeedmodel.

Toaccountforthefirstordermutualcouplingbetweenelements,weusetheelementra-

diationpatternoverlapintegralformulation[37].Thatonlyconsidersthefarfieldpattern,sono

informationabouttheeffectofnearfieldinteractionbetweeneachelementisincluded.Inthistreat-

ment,anoverbardenotesathree-dimensionalfieldvector,andboldfontindicatesanN-element

vectorwithonevalueforeacharrayelement.Allfieldsarephasorsrelativetoejωtandthesuper-

scriptHrepresentstheHermitianconjugate.Thetotalradiatedelectricfieldfromthearrayfeed

is

E(̄r)=
1

I0

N

∑
n=1

w∗nEn(̄r) (5.1)
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To achieve the maximum aperture efficiency, the optimal beamformer weights can be

shown to be

w = A−1ER(r̄) (5.2)

where the column vector ER(r̄) has elements p̂ ·ERn(r̄) and the unit vector p̂ represents the polar-

ization of the secondary beam. For an array with large element spacing, coupling between elements

is small, and A is a strongly diagonal matrix. In the case of no coupling between elements, Eq. (5.2)

becomes the conjugate field matching (CFM) solution. For a cluster feed, the radiated field in the

direction r̂ is strongly dominated by one feed in the cluster, and both ER(r̄) and w are proportional

to an elementary vector with one nonzero element.

When the array feed operates in the receiving mode, in view of the electromagnetic reci-

procity principle, the CFM beamformer w = ER(r̄) matches beamformer weights to the complex

amplitude of the electric field in the plane of the array feed sampled at the array element positions.

For a paraboloidal reflector, the field distribution in the focal plane is an Airy pattern. Since the

Airy pattern is approximately circularly symmetric for a linearly polarized wave incident on the

reflector from the boresight direction [38], we only consider symmetric array layouts here.

To validate this model for the aperture efficiency of a reflector with an array feed system,

we compare the model to full wave simulations with the finite element method (HFSS, Ansys, Inc.)

for the array feed. Fig. 5.2 shows a comparison of reflector aperture efficiency over frequency for a

3×3 array feed with full-wave and analytical models. The array element is a traditional pyramidal

horn antenna with TE10-mode aperture field distribution. Ripples of the aperture efficiency with

the full-wave model are due to the excited surface waves and the near field interaction between the

array elements. The array feed analytical model agrees well with the full wave model, validating

the use of the analytical model for embedded element patterns in the following studies.

5.2.2 Bandwidth Gap Using a Hexagonal Array Model

Based on the above modeling approach, a four-ring (61-element) hexagonal array of circu-

lar horn elements feeding a reflector is analyzed. The element aperture field distribution is uniform,

and the element spacing d is equal to the element diameter. Fig. 5.3a shows a comparison of aper-
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(b)Reflectorf/D=1.5.

Figure5.2:Comparisonofapertureefficiencyoverfrequencywithafull-waveFEMsimulation
andasimple,analyticalmodelforelementpatterns.Theantennaisa3×3TE10-hornarrayfeed.

tureefficiencyfordifferentreflectorgeometriesoverelementspacingwithaformedbeaminthe

boresightdirection.Foragivenreflectorf/D,theapertureefficiencybehavesasa“saddle”shape

thatrepresentsadecreaseofapertureefficiencybetweenthelowandhighfrequencyoperating

regimes.Theelementspacingd0correspondingtothecenterofthisoperatingbandwidthgap

(markedwithsquaredotsinFig.5.3a)increaseswithf/D.
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Figure5.3:Modeledapertureefficiencyoverfrequencyforahexagonalarrayfeedwithdifferent
valuesofthereflectorf/D,beamsteeringangle,andarraysize.Theaperturefielddistributionfor
thehornarrayelementsisuniform.

Fig.5.3bshowstheapertureefficiencyforasteeredbeamwithelementspacings0.8λ,

1.84λ,and1.52λ.Thesevaluescorrespondrespectivelytothepeakapertureefficiencyinthe

PAFregime,thegapbetweenoperatingmodes,andthepeakofthehigherfrequencyclusterfeed

regimewithreflectorf/Dis1.5. Withinthefieldofview,theapertureefficiencyforspacing

1.84λisalwayslowerthanthatfor0.8λ. Whendis2.52λ,thelargeelementspacingunder-

samplesthefocalplanefielddistributionandripplesappearintheapertureefficiencydistribution

overbeamsteeringangle. Whenthepeakofthefocalplanefielddistributionislocatedbetween

twoneighboringelements,theAirypatternispoorlysampledandapertureefficiencydecreases.

Fig.5.3cshowsthatifthearraysizeisincreasedfromtworingstosix,thepositionandvaluesof
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thebandwidthgapbetweenregimesremainsfixed,indicatingthatthecriticalelectricalspacingd0
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(c)ComparisonbetweenHertziandipoleand
hornelementwhenreflectorf/Dequalsto2.

Figure5.4:Apertureefficiencyoverfrequencyforarectangulararrayfeedwithdifferentarray
sizesandelementaperturefielddistributionswithreflectorf/Dof1.5.Twohornelementaperture
fielddistributionsareconsidered,uniformandtheTE10mode.

Tostudythewidebandapertureefficiencybehaviorofanarrayfeedwithadifferentelement

layout,arectangulararrayfeedwithasquarehornantennaelementisusedasasecondcomparison

case. Theaperturefieldonthesquarehornelementsisuniformlydistributedandtheelement

spacingisequaltotheelementsidelength.Fig.5.4ashowstheapertureefficiencyofarectangular

arrayfeedoverfrequencywithdifferentelementnumberswhenthereflectorf/Dis1.5.Aswith

thehexagonalarrayfeed,d0isinvariantwithrespecttothesizeofthearrayfeed.Whentheaperture
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field distribution of the square horn array element is changed from the uniform distribution to the

TE10-mode distribution, as shown in Fig. 5.4b, the critical spacing between regimes remains fixed.

From these results, it appears that for a multifeed system, the critical element spacing be-

tween the low frequency array feed regime and the high frequency cluster feed regime at which

neither operating mode can achieve high efficiency is largely independent of the number of array

elements, beam steering angle, array layout, and element radiation pattern, and is primarily con-

trolled by the reflector geometry ( f/D). We now turn to a more detailed analysis that provides

insight into the underlying cause of this bandwidth gap.

5.3 Spillover and Focal Field Behavior for Broadband Multifeed Systems

5.3.1 Subefficiencies in the Array Feed and Cluster Feed Regimes

To understand the behavior of the efficiency of a broadband multifeed system over fre-

quency, subefficiencies can be used to attribute changes in performance to specific physical mech-

anisms. Aperture efficiency can be factored as

ηap = ηspηtηp (5.3)

where ηsp is spillover efficiency, which measures the amount of radiated power from feed reflected

by the reflector, ηt is taper efficiency, which describes the uniformity of the amplitude distribution

of the feed radiation pattern over the surface of the reflector, and ηp is the phase efficiency that

represents the deviation of the phase of the illumination pattern from ideal over the aperture plane.

Polarization efficiency, blockage efficiency and reflector surface error efficiency are ignored in the

analysis, as they are not relevant to understanding the mechanisms that drive the operating regimes

of the feed system over frequency. Formulas used to calculate each subefficiencies can be found

in [39].

For a 4-ring hexagonal array feed with uniform aperture field distribution, a comparison

of subefficiencies distribution over frequencies is shown in Fig. 5.5. The results show that the

aperture efficiency signature associated with the gap between operating regimes is dominated by a

decrease in spillover efficiency, indicating energy loss due to overillumination of the reflector.
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Figure5.5:Aperture,spillover,taperandphaseefficiencyfora4-ringhexagonalarrayfeedwith
reflectorf/D=1.5andbeamsteeredtotheboresightdirection.

Toconfirmthis,Fig.5.6showstheformedarrayfeedilluminationpatternandthecorre-

spondingbeamformingweightsofeachringelement,wheretheselectedfrequenciescorrespondto

thefirstpeak,theminimum,andthesecondpeakoftheapertureefficiencydistributioninFig.5.5

respectively.Thereflectorrimangleismarkedat18.9◦.AsshowninFig.5.6a,whentheelec-

tricalelementspacingis0.8λand2.52λ,radiatedpowerfromthebeamformedfeedpatternis

concentratedwithintherimangleofreflectorantenna.

Whendis2.52λ,thearrayelementiselectricallylargeenoughtoformanarrowbeamto

fullyilluminatethereflectorantenna,sothebeamisdominatedbythecenterelement. Whendis

0.8λ,onlyusingthecenterelementisnotenoughtoformanarrowbeamtoilluminatethereflec-

torantenna,somoreelementsareneededinthebeamformertoformahighqualityillumination

pattern.Atthecriticalfrequency(d=1.84λ),thecenterelementisalsoelectricallysmall.The

beamformerweightsfor1.84λaresimilartothatfor2.52λandaredominatedbythecenterele-

mentaswell,butatthatfrequency,oneelementfailstoformanarrowenoughbeamtoilluminate

thereflectorantenna.Consequently,thespilloverefficiencydecreases,andtheoverallaperture

efficiencyexhibitsaminimumatthecriticalfrequency.

99



0 10 20 30 40 50 60 70 80 90
−35

−30

−25

−20

−15

−10

−5

0

θ (degrees)

N
or
m
ali
z
e
d 
B
e
a
mf
or
m
e
d 
E
−fi
el
d 
(
d
B)

 

 

d = 0.80 λ

d = 1.84 λ

d = 2.52 λ

(a)Formedarrayfeedilluminationpatternusingbeam-
former.Thereflectorrimangleismarkedat18.9◦

0 1 2 3 4
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Element on the Nth Ring

N
or
m
ali
z
e
d 
B
e
a
mf
or
mi
n
g 
W
ei
g
ht
s 
(
a
b
s)

 

 

d = 0.80 

d = 1.84 

d = 2.52 

12340

.

(b)Beamformerweightsbyarrayringindex.

Figure5.6:Acomparisonofthebeamformedradiationpatternandthecorrespondingbeamformer
weightsfora4-ringhexagonalarrayfeed.Theelementspacingscorrespondtothefirstpeak,the
minimum,andthesecondpeakofapertureefficiencyoverfrequencyinFig.5.5

5.3.2 FocalPlaneFieldDistributionOverFrequency

Wehaveconsideredtheperformancegapbetweenthearrayfeedandclusterfeedregimes

intermsoftheilluminationpatternofthefeedonthereflector,whichisessentiallyatransmitting

modeanalysis.Forthereceivingmode,thiseffectcanbeanalyzedintermsofthefielddistribu-

tionintheplaneofthearrayfeedoverfrequency. Whilethetransmitanalysislinkstheaperture
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efficiency decrease to well-known parameters of reflector-feed systems, the receiving analysis pro-

vides more direct insight into how this effect is related to the array feed geometry and configuration.

The focal plane field distribution for a paraboloidal reflector is a so-called Airy pattern. For

the array examples considered above, the critical frequency occurs when the first null of the Airy

pattern overlaps with the center point of the neighboring element nearest to the center element of

the array feed. This is illustrated in Fig. 5.7. At this frequency, the array element spacing d is

equal to the distance W from the center to the first null of Airy pattern. The beamformer weights

as shown in Fig. 5.6b for the first ring elements are close to zero, which prevents the array from

fully sampling the Airy pattern and capturing all of the energy focused by the reflector in the plane

of the feed.

θ 
D

W

f

Airy Pattern

Array Feed

Reflector Antenna

Figure 5.7: Aperture efficiency over frequency is minimized when the first null of the Airy pattern

overlaps with the centers of the nearest neighbor array feed elements.

The position of the first null of Airy pattern is

sinθ = 1.22
λ
D

(5.4)
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where θ is the angle between the axis of the reflector antenna and the first null of Airy pattern.

Since θ is very small, the offset position of the null in the focal plane can be approximated as

tanθ =
W
f
= 1.22

λ
D

(5.5)

Thus, with a simple one-dimensional array feed analysis, the critical element spacing d0 is

d0/λ =W/λ = 1.22 f/D. (5.6)

The First Null of Airy Pattern

Hexagonal Array Square Array

Figure 5.8: Position of the first null of the focal plane Airy pattern for a hexagonal array feed and

rectangular array feed at the critical frequency.

For a two-dimensional array feed, the relationship between the Airy pattern null and ele-

ment locations at the critical electrical spacing is similar to the 1D case, as illustrated by Fig. 5.8.

For a hexagonal array feed, the center points of the first ring elements coincide with the first null

of the Airy pattern, so the expected relationship between d0 in wavelengths and reflector f/D is

1.22, which is same as the value in Eq. (5.6). For the rectangular array, at the critical frequency,

the first null of Airy pattern lies between the two circles marked in the figure. The expected value

of d0/λ for this layout is between 1.22/
√

2 f/D and 1.22 f/D.
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5.3.3 ComparisonofTheoreticalandCalculatedResults

Apertureefficiencycanbemodeledoverelementspacingandthereflectorf/Dtoverify

therelationshipinEq.(5.6).Usingthearrayfeedmodeloftheprevioussection,Fig.5.9showsa

nearlylinearlyrelationshipbetweenthecriticalspacingd0andthereflectorf/Dforahexagonal

andrectangulararrayfeed.Theslopeofthecurvecanbecalculatedbytheaverageratioofd0to

thereflectorf/D.Fig.5.10showsthecalculatedandpredictedratioofd0tothereflectorf/D
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over
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Figure5.9:Calculatedrelationshipbetweend0(λ)andreflectorf/Dfora4ringhexagonaland
7×7rectangulararrayfeed.

Forahexagonalarrayfeed,theslopeconvergesto1.21,whichisveryclosetothepredicted

valueof1.22.Forahexagonalarrayfeed,therelationshipbetweend0andthereflectorf/Dis

therefore

d0/λ=1.21f/D. (5.7)

Forarectangulararrayfeed,therelationshipis

d0/λ=1.07f/D. (5.8)
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(a)Hexagonalarrayfeed. (b)Rectangulararrayfeed.

Figure5.10:Acomparisonofthecalculatedandtheoreticalratioofd0(λ)tothereflectorf/D.

InFig.5.6b,thebeamformingweightsfordwith0.8λarenon-negligibleforthenear

centerelements,sothiscaseisinthephasedarrayfeedregime.Thebeamformingweightsfor

d=2.52λisdominatedbythecenterelementandotherelementsdonotcontributesignificantly,

sothesystembehavesasaclusterfeed.Therefore,weconsiderd0astheboundarybetweenthe

arrayfeedandclusterfeedregimes.

5.3.4 ImprovingEfficiencyintheBandwidthGap

Apertureefficiencyatthecriticalfrequencybetweenthearrayfeedandclusterfeedregimes

issignificantlylowerthanthepeakvalue.ThemaximumvalueofapertureefficiencyinFig.5.5

is91%,whereastheminimumvalueis64%,whichisaseriousdegradationinperformancefor

satellitecommunications,remotesensing,andparticularlyradioastronomyapplications.Fora

broadbandwidthphasedarrayfeedsystem,theoptimalcenterfrequencymightnotfallintothe

frequencybandwidthgap.Buttheupperfrequencydrivenbyapplicationrequirementsmayfallin

thisregion.Meanwhile,atW-bandorevenhigherfrequencies,thesmallestarrayelementspacing

islimitedbythecrosssectionsizeofareceiverelementandassociatedelectronics[40].Inthis

section,twomethodswillbesuggestedforimprovingperformancenearthecriticalfrequency.
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Optimization of Array Layout

From a comparison between Fig. 5.3c and Fig. 5.4a, the minimum aperture efficiency for a

rectangular array feed is ∼5% higher than that for a hexagonal array feed. The reason is because

the aperture efficiency decrease requires an overlap between the first null of Airy pattern and the

center points of the near center elements. As shown in Fig. 5.8, a hexagonal array feed satisfies

this requirement perfectly, but for the rectangular array feed, the elements are not completely

aligned with the null. The four neighbored center elements and the four corner elements are inside

and outside the ring of the first null of Airy pattern respectively. To best match the Airy pattern

and achieve the maximum gain, the beamformer weight of the center element is in phase with

the four neighbored center elements and out of phase with the four corner elements. Therefore,

compared to a hexagonal array feed, the phase distribution of beamforming weights for the near

center elements of a rectangular array feed can be better matched to the the first null of the Airy

pattern, which improves the performance of the rectangular array and leads to a higher aperture

efficiency. The improvement is modest, however, and better approaches are desirable.

Superdirective Elements

The primary reason for the aperture efficiency decrease is that when the beamformer weights

of the other elements are close to zero, the effective receiving area of the center element is too small

to fully sample the main lobe of Airy pattern. While mainly of theoretical rather than practical in-

terest, we wish to determine if superdirective elements can be used to solve this problem. Fig. 5.11

shows the aperture efficiency at the critical frequency of a 4-ring hexagonal array feed over a ratio

of the element effective length to the element physical length. It can be seen that when the aperture

field is uniformly distributed on each element, Leff/Lphy becomes unity and the aperture efficiency

is 64%. When Leff/Lphy is larger than 1, the antenna element behaves as a superdirective antenna

and the main lobe of the Airy pattern is better sampled. When the ratio becomes 1.4, the aperture

efficiency is maximized at 79%. Further increasing Leff/Lphy makes the feed pattern too narrow to

illuminate the reflector antenna and leads to a decrease of the aperture efficiency.

Although the superdirective array feed shows a better performance at d0 (λ ) than a uniform

array feed, practical issues including gain reduction due to large ohmic losses, narrow bandwidth,
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Figure5.11:Apertureefficiencyatthecriticalfrequencyofa4-ringhexagonalarrayfeedatthe
reflectorboresightdirectionoveraratiooftheelementeffectivelength(diameterofcircularhorn
antennaelement)totheelementphysicallength.

andhighaccuracyrequirementsfortheelementaperturefielddistributionmakethesuperdirective

approachdifficulttoimplement[41–43].Thestudyofsuperdirectiveelementsisofinterestasit

representsamethodforchangingthecharacteristicsofelementsinthearrayinasystematicway

toimproveperformanceofthemultifeedsysteminthebandwidthgap.Theremaybeothermore

practicalelementdesignsthatdonotrelyonsuperdirectivity,butstillimproveefficiencyoverthe

fulloperatingfrequencyrangeofabroadbandfeed.

5.3.5 PhysicalBandwidthLimitforaHigh-EfficiencyArrayFeed

Forconventionalarrayelementsthatdonotcompensateforpoorapertureefficiencynear

thecriticalfrequency,thereisaninherentbandwidthlimitforahigh-efficiencyfocalplanearray

feed.Thefocalfielddistributioninrelationtothearrayelementsattheupperandlowerband

edgesareillustratedinFig.5.12.Sincethecurveofapertureefficiencydistributionoverfrequency

behavesasasaddleshape,theeffectofapertureefficiencydecreaselimitsthemaximumfrequency
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fmaxofahigh-efficiencyarrayfeed:

d

λmin
=1.22f/D (5.9)

Theupperfrequencylimitis

fmax=1.22
c

d
f/D, (5.10)

wherec

d

 
   

Nd
 
   

Array feed

Airy Pattern

isthespeedoflight.

Figure5.12:Illustrationofhighandlowfrequencieslimitsforafocalplanearrayfeed.

Asthefrequencyisdecreased,theAirypatternbecomeswider.Whenthearrayfeedsizeis

toosmalltosamplethemainlobeofAirypattern,theapertureefficiencywillagaindecrease.The

overallarraysizelimitstheminimumfrequencyfminofthearrayfeedaccordingto

Nd

λmax
=1.22f/D, (5.11)

Theminimumoperatingfrequencyis

fmin=1.22
C

Nd
f/D (5.12)

whereNistheelementnumberofaonedimensionalarrayfeed.
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Therelativebandwidthlimitforthehighapertureefficiencyregimeofaone-dimensional

arrayfeedistherefore

B=
fmax−fmin

(fmax+fmin)/2
=2−

4

N+1
(5.13)

whereN>1.Ifweexpandtheonedimensionalarrayfeedtoahexagonalorrectangulararray

feed,thebandwidthlimitbecomes

B=2−
2

Nring+1
(5.14)

whereNring>
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0andrepresentsthenumberofelementringsinthearray.Therelationshipbetween

thebandwidthlimitandthearrayelementnumberforthehexagonalandsquarearrayfeedisshown

inFig.5.13.

Figure5.13:FundamentalbandwidthlimitforaphasedarrayfeedfromEq.5.14.Forahexagonal
arrayfeed,thereare1+3Nring(Nring+1)elements,and(2Nring+1)

2forasquarearrayfeed.

Theachievablehigh-efficiencybandwidthofanarrayfeedincreaseswitharraysize,but

approachesarelativebandwidthoftwoasthenumberofelementsinonedimensionbecomes

large.TheincreaseinbandwidthisreflectedinFig.5.3cand5.4a,wheretheapertureefficiency

isseentobefixedatthecriticalspacingd0,whereasforsmallerspacingtheapertureefficiency

increaseswitharraysize.
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Thisbandwidthlimitcannotbeappliedtononconventionalorsuperdirectiveantennaele-

ments.BecausetheeffectivearrayareaofasuperdirectiveantennaislargerthanNd
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,whichmakes

thearrayfeedbettersamplethemainlobeofAirypattern,theminimumfrequencylimitbecomes

smallerandthebandwidthislarger.
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(a)Hexagonalarrayfeed. (b)Rectangulararrayfeed.

Figure5.14:Apertureefficiencyatthecriticalfrequencyfordifferentarraysizesoverreflector
f/D.

Theappropriatechoiceoftheapertureefficiencythresholdusedtodefinea“high-efficiency”

arrayfeedcanbedeterminedusingthearrayfeedmodeloftheprevioussection.Fig.5.14shows

thattheapertureefficiencyatthecriticalfrequencyisroughly60%forauniformhexagonalarray

feedand65%forauniformrectangulararrayfeedoverawiderangeofreflectorgeometries.Thus,

thehigh-efficiencyoperatingbandwidthforahexagonalarrayfeedcanbeapproximatelydefined

asabove60%.Similarly,forahigh-efficiencyrectangulararrayfeedthethresholdis65%.These

aremodeledefficienciesthatdonotincludeblockage,feedsupportscattering,orothernon-ideal

effects,sothepracticalexpectedefficiencythresholdswouldbeslightlylower.

ItisinterestingtocomparethisbandwidthboundtotheWheeler-Chulimitfortheimpedance

bandwidthofasingleantenna[1].Sincethedefinitionofapertureefficiencyisbasedonavailable

power,apertureefficiencyisindependentoftheimpedancematchbetweentheantennaandload,

andisonlyinfluencedbytheelementradiationpattern.Thus,theapertureefficiencybandwidth

limitcanbeconsideredasaformedradiationpatternbandwidthlimitforarrayfeeds.Impedance

mismatchbetweentheantennasandLNAsincreasesthesystemnoisetemperature.Thesensitivity
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for an array feed system is proportional to the ratio of the reflector aperture efficiency to the system

noise temperature, which means that the variation of aperture efficiency in the bandwidth gap is

also reflected in the receiver sensitivity and signal to noise ratio. Hence, the sensitivity bandwidth

limit of a high-sensitivity array feed is an approximate intersection of the impedance bandwidth

limit and the formed radiation pattern bandwidth limit.

5.4 Summary

For multifeed systems, we have shown that there is a bandwidth gap between array feed and

cluster feed operating regimes that occurs at a critical frequency such that the element spacing in

wavelengths is roughly 1.22 f/D. Aperture efficiency is poor near this frequency due to increased

spillover loss and the coincidence of the null in the focal field distribution with array element

locations. Optimization of array layout and modification of the element patterns can improve the

aperture efficiency near the critical frequency to some extent.

For phased array feeds, a formed radiation pattern bandwidth limit for array feeds is pro-

posed that can be combined with the Wheeler-Chu impedance bandwidth limit to confine the per-

formance bandwidth of a high-efficiency array feed with conventional array elements. In future

work, it would be of interest to find practical element designs that eliminate the reduction in mul-

tifeed system performance near the critical frequency.
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CHAPTER 6. ANTENNA LOSS AND RECEIVING EFFICIENCY FOR MUTUALLY
COUPLED ARRAY ANTENNAS

For phased arrays used in satellite communications and radio astronomy, high sensitivity is

required, and minimizing antenna losses is critical. Losses for single antennas can be minimized

by using high conductivity materials. It is less well understood that loss for array antennas is also

influenced by mutual coupling between array elements and the beamformer weights applied to the

signal from each element. In this paper, we study the antenna loss and receiving efficiency for

phased array antennas and focal plane phased array feeds. To better elucidate the physics of array

antenna loss related to mutual coupling and beamformer weights, losses for a coupled array can

be lumped into an array effective resistance similar to the loss resistance of an equivalent single

antenna. Numerical results show that although the antenna loss for a single isolated array element

is low, the array antenna loss can be significantly increased by mutual coupling, particularly for

beams with a large scan angle.

6.1 Introduction

The key figure of merit for active receiving arrays for satellite communications and radio

astronomy observations is the sensitivity (G/Tsys). Sensitivity is directly proportional to signal to

noise ratio (SNR). Depending on the application, receiving arrays with high sensitivity allow for

a long communication range, a low transmitter power usage, or a high image quality for observed

radio astronomical sources [44]. Many techniques for improving gain and reducing system noise

temperature for receiving arrays have been explored, such as improving antenna designs [16, 20,

45–47] and developing low noise electronics [48, 49].

For phased arrays to be competitive with traditional receivers in high sensitivity applica-

tions, reducing antenna loss is critical [50]. The system noise budget for an active receiving array

system includes noise from cold sky, warm ground, antennas loss and LNAs [34]. For terrestrial
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communications, the thermal noise environment leads to a noise floor near ambient temperatures

(∼290 K), and improving antenna efficiency leads to only a modest SNR improvement. For satel-

lite communications and radio astronomy observations, however, the sky noise temperature is 4-5

K at L-band and 10 K at Ku band [51]. A state-of-the-art single-antenna radio telescope receiver

achieves a system noise temperature at L-band of less than 20 K. When noise budget contributions

from sky noise and receiver electronics are small, an increase in added noise due to antenna loss

leads to a large degradation in system performance.

For a single antenna, loss is caused by dielectrics and conductors in the structure. Loss is

exacerbated by the roughness of metal surfaces and by concentrated currents near the antenna feed

point. Using high conductivity metals and low dielectric loss materials and evenly distributing

currents can improve radiation efficiency.

These considerations certainly apply to array antennas, but for multiport antenna systems,

antenna loss and efficiency are also influenced by mutual coupling. Because loss and efficiency

depend on beamformer coefficients and beam scan angle, for an array these figures of merit are no

longer an intrinsic property of the antenna. The goal of this paper is to provide a better understand-

ing of mutual coupling and beamformer coefficients on the efficiency of high sensitivity receiving

array antennas.

For active receiving arrays, the effect of ohmic and dielectric losses on system perfor-

mance can be characterized using receiving efficiency [52]. For a single antenna, the ratio of

radiated power to input power when the antenna is operating as a transmitter can be used directly

to determine the increase in antenna noise temperature due to losses when the antenna is operated

as a receiver. For a complex, active receiving array, it is challenging to determine a meaningful

equivalent to radiated power and input power, because the antenna system includes nonreciprocal

components. Instead, loss effects are parameterized using the ratio of the external antenna noise

at the output of the receiver to the sum of the external antenna noise and the noise due to losses

in the antenna. No matter how complex the system, this quantity is well defined for active array

receivers. By convention, the external noise distribution is assumed have a brightness temperature

distribution that is isotropic with respect to angle, and the antenna is assumed to be in thermal

equilibrium with the environment. For a reciprocal antenna, the receiving efficiency is equal to the

radiation efficiency.
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Receiving efficiency for a broadband thickened dipole array antenna is analyzed using a

full-wave model. The target application for the antenna system is a phased array feed for a large

reflector, and beamformer coefficients depend on the geometry of the reflector. The effect of beam-

forming and mutual coupling on antenna loss are consolidated for convenience into an effective

resistance. Receiving efficiency and effective resistance are compared for an isolated single dipole

antenna, an embedded single element in the array, and for a formed beam that combines signals

from multiple elements. The influence on loss of different beamforming algorithms is analyzed.

For an array feed, the antenna noise contribution due to losses is calculated over the ratio of focal

length to diameter (f/D). These simulation studies provide insight into the role of mutual coupling

in influencing antenna losses for high sensitivity phased array applications.

6.2 Analysis Methods

6.2.1 Receiving Efficiency for Active Antennas

To study loss in active receiving arrays, we use the isotropic noise response and receiving

efficiency defined in IEEE standard for definitions of terms for antennas [35]. The isotropic noise

response is the output noise power for a given formed beam due to external noise sources and

antenna loss for receiving active antennas with noiseless LNAs and receivers in an environment

with brightness temperature distribution that is independent of direction and in thermal equilibrium

with the antenna, per unit bandwidth and at a specified frequency. Receiving efficiency is defined

as the ratio of the isotropic noise response with noiseless antenna to the isotropic noise response.

For a passive, reciprocal antenna, receiving efficiency is equal to the radiation efficiency of the

antenna. In this section, isotropic noise response and receiving efficiency are used to analyze the

antenna noise temperature for a single and active receiving array antennas.

Single Antenna

The definition of isotropic noise response for a single active receiving antenna with a noise-

less LNA and receiver in a thermal environment with Tiso = 290K brightness temperature is illus-

trated in Fig. 6.1a. Receiving efficiency is calculated from the ratio of the antenna external isotropic
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noiseresponsePiso,extwithnoiselessantennastotheisotropicnoiseresponsePisoincludingantenna

loss,sothat

ηrec=
Piso,ext
Piso

(6.1)

=
Piso,ext

Piso,ext+Ploss
, (6.2)

wherePloss

LNA

ReceiverAntenna

Output Noise Power

          
Noiseless

isthenoisepoweratthebeamoutputduetoantennaloss.

LNAs Digital Beamformer

ReceiversAntennas

Beam Output 
Noise Power

          Noiseless

  
 

  
 

  
 

(a)Isolatedsinglereceivingantenna.

(b)Receivingarrayantenna.

Figure6.1:Isotropicnoiseresponseforasingleandphasedarrayreceivingactiveantennaswith
noiselessreceiversinanenvironmentwith290Kbrightnesstemperature.
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ArrayAntennas

Figure6.1billustratestheisotropicnoiseresponseforareceivingactivephasedarrayan-

tennaincludingtheinteractionbetweenantennaelementmutualcouplingandthedigitalbeam-

formerwithcoefficientsw∗.InathermalenvironmentwithTisobrightnesstemperature,thebeam

outputnoisepowerfortheactivereceivingarrayantennawithnoiselessantennas,LNAsandre-

ceiversis

Piso,ext=w
HRiso,extw (6.3)

wherewisavectorofcomplexbeamformerweights,superscriptHistheHermitianconjugate.

Risoistheisotropicnoiseresponsecorrelationmatrixforalosslessantenna,

Riso,ext=
1

|I0|2
16kbTisoBQAQ

H (6.4)

whereI0istheinputcurrentintotheportofeachelement,kbisBoltzmannconstant,Bisantenna

bandwidth,Qisatransfermatrixfromopencircuitloadedvoltagesatthearrayelementportsto

loadedvoltagesatthearrayreceiveroutputsbeforebeamforming,andAisamatrixofoverlap

integralofembeddedelementpatternEn(̄r)withelementsgivenby[34]

Amn=
1

2η
Ω

Em(̄r)·E
∗
n(̄r)r

2dΩ (6.5)

Thebeamoutputnoisepowerforactivereceivingarrayantennawithlossyantennasand

noiselessLNAsandreceiversis

Piso=w
H(Riso,ext+Rloss)w (6.6)

wheretheantennalosscorrelationmatrixRlossis

Rloss=kbTisoBQRA,lossQ
H. (6.7)
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From (6.1), (6.3) and (6.6), the receiving efficiency for the array antenna is

ηrec =
wHRiso,extw

wH(Riso,ext +Rloss)w
(6.8)

The equivalent temperature of the thermal noise contributed by losses in the antenna elements can

be calculated by

Tloss = (1−ηrec)Tant (6.9)

where Tant is the physical temperature of the antenna.

6.2.2 Beamformer Weights

Various algorithms can be used to compute array beamformer weight coefficients w. Com-

mon beamforming algorithms include conjugate field match, maximum sensitivity, maximum gain,

and maximum directivity.

Conjugate Field Match

Conjugate field matching (CFM) is used for phased array antennas to steer the beam to a

desired direction. The corresponding beamformer weights are given by

wCFM = E(r̄) (6.10)

where E(r̄) is a vector of polarization-aligned components of the embedded element radiation

patterns sampled at the point r̄ in the desired beam steering direction. In the case of a phased array

feed, E(r̄) becomes Er(r̄), representing the secondary radiated fields from the array elements in

the presence of a reflector antenna.
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Maximum Gain and Maximum Directivity

The reflector antenna efficiency can be maximized by the maximum gain beamformer [34]

wmax,G = R−1
iso Er(r̄), (6.11)

where Riso is calculated by

Riso = Riso,ext +Rloss. (6.12)

The reflector aperture efficiency is optimized by the maximum directivity beamformer

wmax,D = R−1
iso,extEr(r̄). (6.13)

Maximum SNR

Beamformer weights for phased arrays and phased array feeds are commonly used to maxi-

mize the sensitivity or SNR for a receiver system [53]. Sensitivity is maximized by the beamformer

weight vector

wmax,S = R−1
noiseEr(r̄) (6.14)

where Rnoise is the receiver output noise correlation matrix including sky noise, spillover, antenna

loss noise, and receiver noise.

6.2.3 Effective Resistance for Array Antennas

Degradations in receiving efficiency for active arrays are caused by ohmic or dielectric

losses that are distributed throughout the antenna array structure, and the impact of these losses on

gain and SNR depends on beamformer coefficients. By analogy with single antennas, we introduce

an effective resistance that captures the beam-dependent loss in a single value.
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(a)Transmittingarraywithradiationpatternidenticaltothe
receivingpatternofFig.6.1b

(b)Equivalenttransmittingantennamodel.

Figure6.2:Blockdiagramsforatransmittingarraymodelandthecorrespondingequivalentmodel.
UnderthesamearrayantennainputpowerParray,inandradiatedpowerParray,rad,sincethesumma-
tionoftheamplitudeofinputcurrentatthearrayantennaportsin(a)isequaltotheinputcurrent
ofthesingleantennain(b),thearraymodelin(a)isequivalenttoasingleantennamodelin
(b). ThearrayeffectiveresistanceRarraycanbecalculatedusingthesingleantennamodelby
Parray,in,Parray,radandIarray,in.

ForasingletransmittingantennawithinputcurrentI0,theradiationefficiencyistheratio

oftheradiatedpowerPrad=
1
2I
2
0RradtotheantennainputpowerPin.Theinputpoweristhesumof

theradiatedpowerandthepowerPA,loss=
1
2I
2
0RA,lossabsorbedbyantennalosses.

Thesewellknownrelationshipscanbegeneralizedusingmicrowavenetworktheoryto

activearrayantennasbydevelopinganequivalenttransmittingarray.Theequivalenttransmitting

arrayhasaradiationpatternthatisidenticaltothereceivingpatternofthearrayshowninFig.

6.1b.Tocreatetheequivalence,wemustreferthebeamformerweightsofthereceivingarrayto

areferenceplanethatisbeforeallnonreciprocalcomponentssuchasamplifiersandelectronicsin
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the receiver chains. Accordingly, we define coefficients woc that when applied to the open circuit

equivalent voltages at the unloaded antenna ports produce the same output as the beamformer. The

equivalent open circuit voltage referenced weights are given by

woc = Q−1w. (6.15)

For the transmitting array shown in Fig. 6.2a, the input current I0 on the nth channel is shifted by

an angle of arg(w∗
oc,n) and the corresponding amplitude is amplified by a factor of |woc,n|. Using

the electromagnetic reciprocity principle, it can be shown that this transmitting array is equivalent

to the receiving array.

For the transmitting array, the relationship between the real part of the array antenna

impedance matrix ZA, the loss resistance matrix Rrad and the antenna radiation resistance matrix

Rloss is

Re[ZA] = Rrad +RA,loss. (6.16)

The total input power Parray,in at the array antenna ports is given by

Parray,in =
1

2
wH

ocRe[ZA]woc, (6.17)

The total radiated power is

Parray,rad =
1

2
wH

ocRradwoc. (6.18)

By conservation of energy, the dissipated power in the array antenna is

Parray,loss = Parray,in −Parray,rad (6.19)

=
1

2
wH

ocRA,losswoc. (6.20)

We now consider a lossless, reciprocal antenna with the same radiation pattern as the

phased arrays, and with loss lumped into an equivalent resistance. This simplified model is shown
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inFig.6.2b.Theeffectiveradiationresistanceis

Rarray,rad=
2Parray,rad

I2array,in
(6.21)

=
wHocRradwoc
N

∑
n=1
|wn|

2
, (6.22)

Theeffectivelossresistanceis

Rarray,loss=
2Parray,loss

I2array,in
(6.23)

=
wHocRA,losswoc

N

∑
n=1
|wn|

2
. (6.24)

Thesevaluesaredefinedforasingleformedbeam.Theeffectiveradiationandlossresistances

changewithbeamscanangle.

Usingthedefinitionofarrayeffectiveresistanceforatransmittingarray,thereceiving

efficiencyforthecorrespondingactivereceivingarrayin(6.8)is

ηrec=
wHocRradwoc

wHoc(Rrad+RA,loss)woc
(6.25)

=
Rarray,rad

Rarray,rad+Rarray,loss
(6.26)

Thisexpressionshowsthattheactivearrayreceivingefficiencyisanalogoustotheclassicaldefi-

nitionofradiationefficiencyfortransmittingantennas.

6.3 NumericalAnalysis

Wenowstudythedependenceofactivearrayreceivingefficiency,equivalentradiation

resistance,andequivalentlossresistanceonbeamscanangleandbeamformercoefficientsusinga

numericalmodel. Weconsiderasabaselineanisolatedelementandasingleelementembedded

elementinanarray,andthenturntotheanalysisofabeamformedactivearray.Thenumerical
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examplesaretakenfromanL-bandarrayfeedsystemthathasbeendesigned,fabricated,and

testedonthe100meterGreenBankTelescopeinWestVirginia,USA.

6.3.1 IsolatedAntenna
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Copper

Brass

Usinghighconductivitymaterialisthemostbasicwaytoreduceantennaloss.Thebrass

dual-poldipoleantennashowninFig.6.3isplatedwithcoppermaterial,theconductivityforwhich

is3.6timeshigherthanthatforbrass.Afull-wavemodelisusedtocalculatetheantennalossfor

onepolarizationexcited.Using(6.1),thecalculatedreceivingefficiencyforasingleisolateddipole

antennaoverthefrequencybandwidthisshowninFig.6.3.Thereceivingefficiencyforthedipole

antennaisincreasedbyabout1%,whichmeansfrom(6.9)theplatedcopperontheantennasur-

facewhenatroomtemperaturedecreasestheantennanoisetemperatureby3K.Forterrestrial

communicationsapplications,theimprovementisnegligible,butforhighsensitivityarrayapplica-

tionssuchasastronomicalreceiversandsatelliteterminals,thisisasignificantreductioninsystem

noise.

Figure6.3:Receivingefficiencyforanisolatedsingledipoleantennawithdifferentmaterialsover
theoperationfrequencybandwidth.
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Figure6.4:Receivingefficiencyforsinglyexcitedembeddedelementsina19-elementfocalplane
array.Thereceivingefficiencyoverdifferentarrayelementspacingsiscalculatedfortheexcited
elementwhentheotherelementsinthearrayareopencircuited.

6.3.2 EmbeddedElementsExcitedSingly

Wenowmodelthesameantennaelementembeddedinanarraywithahexagonallayout.

Thereceivingefficiencyoverdifferentelementspacingsforcenter,mid,andedgeelementsis

showninFig.6.4.Thebeamformerweightvectorincludesonenonzerovaluecorrespondingto

theexcitedelement.Thereceivingefficiencyforthecenterembeddedelementissimilartothe

measuredresultsin[27].

Whenthearrayelementspacingissmall,thereceivingefficienciesfortheembeddedel-

ementsarelowerthanthatfortheisolatedelement,duetoabsorptionofenergybyneighboring

elements.Thecenterelementhasthelowestreceivingefficiency.Thearrayedgeelementhasfewer

neighboringelementsandexhibitsthehighestreceivingefficiency.Thisnumericalexamplehigh-

lightsthereductioninradiationandreceivingefficiencycausedbyinteractionbetweenelements

inanarray.
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6.3.3 PhasedArrayWithFormedBeams

ReceivingEfficiency

Asindicatedin(6.8),thereceivingefficiencyforaphasedarrayantennadependsonthe

correlationmatrixrelatedtothearraystructureandthebeamformerweightsthatcontrolthebeam

steeringangle.Fora19elementarray,Fig.6.5showsthereceivingefficiencyoverdifferentele-

mentspacingfortheboresightand60◦steeredbeams.Thereceivingefficiencyfortheboresight

directionislargerthanthatforthe60◦
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steeredbeam.

Figure6.5:Receivingefficiencyfora19-elementphasedarrayantennaoverelementspacingfor
beamswithzenithsteeringangle0◦and60◦.

Fig.6.6showsthearrayreceivingefficiencyoverthesteeredangleswhentheelement

spacingis0.4λand0.8λ,respectively.Whenthearrayelementspacingislarge,mutualcoupling

issmall,andreceivingefficiencyisconstantoverthesteeredangles. Whenthearrayelement

spacingissmall,forthisarrayexamplethereceivingefficiencydecreasesforlargeanglesteered

beams.
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Figure6.6:Receivingefficiencyforaphasedarrayantennawith0.4λand0.8λelementspacing
overbeamsteeringangle.

ArrayEffectiveImpedance

Thearrayeffectiveradiationandlossresistanceoverarrayelementspacinginwavelength

areshowninFig.6.7.Thearrayeffectiveresistanceisincreasedwiththedecreaseofarrayelement

spacing.Inviewof(6.18)and(6.22),thearrayradiationresistancematrixRradisclosetoarank

onematrixasthearrayelementspacingbecomessmall,leadingtoanincreaseintheeffective

radiationresistance.

Thedecreaseinreceivingefficiencyforthearraywith0.4λelementspacingoversteered

anglesisexplainedbythearrayeffectiveresistanceinFig.6.8.Boththearrayeffectiveradiation

resistanceandlossresistanceincreaseatlargesteeredbeamangles,buttheslopeoftheeffective

lossresistanceishigherwithangle,leadingtoanetworseningofthereceivingefficiency.

6.3.4 PhasedArrayFeeds

Inthissection,receivingefficiencyforthe19-elementphasedarrayantennaoperatingasa

feedinthefocalplaneofareflectorantennaisstudied.Theprimaryfeedpatternscattersfromthe

largereflectorantennatoproducesecondarypatternonthesky.Thephysicalopticsapproximation

isusedtocomputethesecondaryradiationpatterns.Inthemodel,feedblockageanddiffraction

fromthereflectoredgesareignored.
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Figure6.7:Effectivearrayradiationandlossresistancefortheboresightbeamoverarrayelement
spacing.

Figure6.8:Effectivearrayradiationandlossresistanceoversteeringanglewhenthearrayelement
spacingis0.4λ.

SteeredBeams

Receivingefficiencywiththemaximumdirectivity,gainandsensitivitybeamformersfor

thesteeredformedbeamsareshowninFig.6.9a. Thereceivingefficiencyforthemaximum

sensitivitybeamformerishigherthanthatforthemaximumgainanddirectivitybeamformer,which

isduetothehighpriorityofimprovingantennanoisetemperature.
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Using the maximum directivity beamformer, receiving efficiency shows a significant de-

crease when the beam is steered to the edge of the receiving array feed. The array effective radia-

tion and loss resistance are shown in Fig. 6.9b. When the beam is steered to large angles, the fast

phase variation for beamformer weights matched to distorted Airy pattern leads to the cancella-

tion of the total radiated far field and results in the decrease of array effective radiation resistance.

Meanwhile, rapid weight variation between neighboring elements produces a large oscillation of

current on the antennas, which leads to a strong concentrated current on the antenna lossy material

and increases the array effective loss resistance.

Element Spacing

Fig. 6.10 shows the receiving efficiency and effective resistance of the 19 element phased

array feed with different values for the array element spacing. The aperture field distribution of

a phased array feed is approximately a conjugate match to the focused fields distribution on the

focal plane of the reflector antenna. To keep the sample rate of the Airy pattern for the reflector

with different element spacings, we adjust the ratio of the reflector focal length to diameter ( f/D)

to match the sampling density of the feed elements to the variation in the fields in the focal plane

of the reflector [54]. Receiving efficiency decreases and effective loss resistance increases when

the array element spacing is small. As expected, array antenna loss is lower with the maximum

sensitivity beamforming algorithm than with other beamformers.

Since the noise temperature for a state-of-the-art feed system for radio telescope is less

than 20 K, the dependence of loss and receiving efficiency on scan angle and element spacing are

significant and should be accounted for in the design process of phased array feed receiver systems.

6.4 Summary

The influence of mutual coupling on radiation loss and receiving efficiency has been studied

for active receiving phased arrays and focal plane phased array feeds. A low loss isolated single

array element leads to a high array antenna loss under strong mutual coupling and steered beams

with large scanned angles.
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Figure6.9:Receivingefficiencyforafocalplanearraywith0.35λelementspacingwhenthe
reflectorf/Dis0.35.Maximumdirectivity,gainandsensitivitybeamformingalgorithmsareused
toformthesteeredbeams.Theverticaldotlinerepresentstheangleofthesteeredbeamonthe
arrayedges.

Tobetterunderstandthephysicsofarrayantennaloss,weintroducedanewdefinitionof

arrayeffectiveresistancetoequivalentthearraymodeltoasingleantennamodel.Strongmutual

couplingandlargevariationinbeamformerweightsoverthearrayleadtoadecreaseofthearray

effectiveresistanceandanincreaseintheeffectivelossresistance,duetothestrongconcentrated

currentonantennas.Comparedtothephasedarrayantennas,antennalossforphasedarrayfeeds
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Figure6.10:Receivingefficiencyforaphasedarrayfeedwithelementspacingadjustedtomaintain
afixedsamplingrateoftheAirypattern.

ismoresensitivetomutualcouplingandsteeredbeams.Thearrayeffectiveresistancecanbeused

tounderstandarrayradiationandlosspropertiesandimprovetheperformanceofhighsensitivity

arraydesigns.
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CHAPTER 7. SIDE LOBE LEVEL AND APERTURE EFFICIENCY OPTIMIZATION
FOR WIDE SCANNED TILED APERIODIC ARRAY ANTENNAS

Array antennas with aperiodic element placement provide a way to mitigate grating lobe

level when the array element spacing is larger than one half wavelength. Compared to periodic

structure, aperiodicity makes such arrays difficult to design and optimize. In this work, uniform

array with discrete rotated tiles uses to reduce the complexity for aperiodic array. Peak side lobe

level (PSLL) is minimized by optimizing the element position for one tile and tile discrete rotated

angle. An approximate formula related to element pattern is proposed to indicate the relationship

between PSLL and array element number and density for aperiodic and tiled arrays. PSLL, sen-

sitivity of PSLL changed with frequency, directivity and design and optimization complexity for

uniform arrays, aperiodic arrays and tiled arrays are compared.

7.1 Introduction

Uniform arrays with equal element spacing have been widely used for simple design and

fabrication. For many applications such as wide scanned beams, sparse array element distribution,

and wide bandwidth operation, however, grating lobes appear when the array element spacing

is larger than one half wavelength. Aperiodic arrays offer one possible solution to grating lobe

mitigation.

In the early studies of aperiodic arrays, due to limited computer power, arrays were com-

monly treated as random arrays and peak side lobe levels (PSLLs) were predicted probabilisti-

cally [55–60]. As computer power increased and parallel processing become prevalent, optimiza-

tion methods such as genetic algorithm have been developed to minimize PSLLs by optimizing

array element position [61–64], or removing a certain percentage of elements from uniform dense

arrays [65–68]. Low PSLLs can be achieved over large beam steered angles from the boresight

direction when the array average element spacing is larger than one half wavelength [66].
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Table 7.1: Comparison for array performance

Uniform Aperiodic Rotated Tiles
PSLL High Low Moderately Low

PSLL Bandwidth Narrow Wide Moderately Wide
Directivity (Dense Array) High Low Moderate

Complexity Easy Difficult Moderate

Compared to uniform arrays, aperiodicity makes the aperiodic arrays difficult to design

and optimize. It is complicated to design a power division network with equal phase delays from

input port to output ports connected to array elements. Recently, arrays with aperiodic tiles have

been developed to decrease the complexity of aperiodic arrays [69–74]. Identical tile units and

fewer aperiodic array elements help to reduce design and optimization complexity for the aperiodic

arrays. However, PSLL was reported higher than that for the aperiodic arrays due to the less

degrees of freedom of array element positions [72].

To solve the high PSLL issue, in this paper, we designed a tiled array with optimized tile

element positions and tile discrete rotated angles. Compared to the analysis of rotated tiled arrays

with probabilistical method in [72], this analysis method is closer to the practical array design

requirement. PSLLs are optimized for aperiodic arrays and tiled arrays. The relationship between

PSLL, array element number and density and element radiation pattern is studied. PSLL, PSLL

bandwidth, directivity and design and optimization complexity for uniform arrays, aperiodic arrays

and tiled arrays are compared in Table 7.1.

7.2 Analysis Methods

Fig. 7.1a illustrates radiated field Eele from an isolated antenna with an input current I0. For

a phased array antenna, the embedded element pattern can be modeled using a full-wave numerical

method, but to speed up the optimization of array element positions and tile rotated angles, the

embedded element patterns are approximated by the isolated antenna pattern. The accuracy of this

approximation is verified by Fig. 7.2.
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(a)Singleantenna.
(b)PhasedarrayantennawithNrotatedtilesand
Melementsforeachtile.

Figure7.1:Blockdiagramsforanisolatedsinglearrayelementandaphasedarrayantennawith
rotatedtiles.Theembeddedelementpatternisapproximatedbythesingleisolatedantennapattern
foreacharrayelement.Theconjugatefieldmatchbeamformerisusedtomaximizethedirectivity
atthebeamsteeringdirection.

InFig.7.1b,foranarraywithrotatedtiles,themthelementpositioninthenthtilewith

rotatedangleθnis




xmn

ymn



=




cosθn −sinθn

sinθn cosθn








xmn

ymn



 (7.1)

where(xmn,ymn)istheoriginaltileelementposition.Thetileelementradiatedfieldscanbecalcu-

latedby

Eele,mn(̄r)=e
jk0(̂rxxmn+r̂yymn)Eele(̄r), (7.2)

wheretheoverbardenotesathree-dimensionalfieldvectorandallthefieldsarephasorsrelativeto

ejwt.

Phaseshiftersconnectingtoarrayelementsusetocontrolbeamsteeringanglesforphased

arrayantennas.Forthemaximumdirectivitybeamformer,theexcitationcurrentvectorw∗t,ninthe

nthtilewithmelementsisequaltoasetofcomplexconjugatesofelementradiatedfieldE∗ele,n(̄r0)
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whenthebeamissteeredtothēr0direction,orconjugatefieldmatchbeamformer,sothat

wt,n=Eele,n(̄r0), (7.3)

wheretheboldfontrepresentsaM-elementvectorwithonevalueforeachelementinthenthtile.

Thetotalradiatedfieldforthenthtileis

Et,n(̄r)=
1

I0

N

∑
n=1

w∗t,nEele,n(̄r). (7.4)

Toaccountforthefirstordermutualcouplingbetweenarrayelements,anelementradiation

patternoverlapintegralisusedtocalculatethetotalradiatedpowerofthearrayantennaby

Prad=
1

|I0|2
wHAw, (7.5)

wherewisanN-elementvectorcomplexconjugatematchedwiththeradiatedfieldattheexpected

beamsteereddirection̄r0.AisanN×Npatternoverlapmatrixwithelementsgivenby

Amn=
1

2η
Ω

Et,m(̄r)·E
∗
t,n(̄r)r

2dΩ. (7.6)

Thetotalradiatedpowerdensityofthearrayantennaatthesteereddirection̄r0is

S(̄r0)=
1

|I0|2
wHB(̄r0)w, (7.7)

whereB(̄r0)isanN×Nmatrixwithelementsgivenby

Bmn(̄r0)=
1

2η
Et,m(̄r0)·Et,n(̄r0). (7.8)

UsingtheoverlapmatrixAandtheradiationmatrixB,thetotaldirectivityinthedirection

r̄0is

D(̄r0)=
4πr2wHB(̄r0)w

wHAw
. (7.9)
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PSLLiscalculatedby

PSLL(dB)=−10log10
D(̄r0)

D(̄rg)
, (7.10)

wherērg
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Figure7.2:Comparisonofanalyticalmodelandfull-wavemodelradiationpatternfora12×12-
elementuniformarraywithoptimizeddiscreterotatedaperiodictiles.Tiledarrayconfigurationis
showninthesubplot.

Tovalidatetheaccuracyofthismodel,wecomparethisarraymodeltoafull-wavemodel

withaFDTD-basedsimulator(EMPIRE,IMSTGmbH).Thetotalarrayelementnumberis144

andtheelementtypeinthefull-wavemodelisatraditionalsquareshapemicrostripantenna.In

Fig.7.2,thecalculatedradiationpatternforthe60◦steeredbeamintheH-planeusingthearray

modelagreeswellwiththatusingthefull-wavemodel,validatingtheaccuracyoftheuseofarray

modelinthefollowingstudies.
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7.3 Aperiodic Array

7.3.1 Array Model

When the main lobe of an aperiodic array antenna with Nel = m×n elements is steered to

(θ0,φ0) direction, the total radiated field is

Earray(θ ,φ) =
M

∑
m=1

N

∑
n=1

e jk(μ1xmn+μ2ymn)Eele(θ ,φ) (7.11)

where

μ1 = sinθcosφ − sinθ0cosφ0 (7.12)

μ2 = sinθsinφ − sinθ0sinφ0 (7.13)

xmn = mx0 +Δx,mn (7.14)

ymn = ny0 +Δy,mn, (7.15)

(x0,y0) is element position for a uniform array and (Δx,mn,Δy,mn) is the element offset distance

from (x0,y0).

Array main lobe direction (θ0,φ0) is controlled by phase shifters, where the E-fields ra-

diated from array elements are in-phase superposition. For a uniform array, jk(μ1xmn + μ2ymn)

in (7.11) becomes zero in the direction of grating lobe and the radiated fields from each ele-

ment are in-phase superposition leading to a strong grating lobe level. For an aperiodic array,

jk(μ1xmn +μ2ymn) in (7.11) becomes nonzero and the total radiated field can be canceled by opti-

mizing the element offset position.

In Fig. 7.3, the array model in section 7.2 without rotated tiles uses to analyze PSLL of

an aperiodic array when the θ for the main beam is steered from 0◦ to 60◦ by φ from 0◦ to 360◦.

The maximum PSLL occurs when the beam is steered to the largest angle from the zenith direc-

tion. To simplify the design process, PSLL is optimized when θ is 60◦ and φ is 0◦, 45◦ and 90◦,

respectively.

To make the array model close to practical applications, an analytical 0.5λ×0.5λ TE10-

mode aperture with ground plane is used as array element model. Array element offset distance
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Figure7.3:Designrequirementforanaperiodicarray.PSLLisminimizedbyoptimizingthearray
elementoffsetdistance(∆x,mn,∆y,mn)whenthemainlobeissteeredfrom0

◦to60◦inθbyφfrom
0◦to360◦.Averageelementspacingforaperiodicarrayisd.

∆x,mnand∆y,mnareoptimizedbygeneticalgorithmtominimizePSLL.Toensurestatisticalrelia-

bilityoftheoptimizedresults,populationnumberissetas200andthebestfitnessfunctionisthe

reciprocalofthemaximumPSLLindB.Theoptimizationprocessisstoppedwhentheaverage

relativechangeinthebestfitnessfunctionvaluesover50generationsislessthan1×10−4.

7.3.2 OptimizationResults

AsshowninFig.7.4,PSLLsforoptimizedaperiodicarraysarecomparedoversteered

beams,elementdensity,elementnumberandarraylength.PSLLfortheoptimized60◦steered

beamishigherthanthatforthe0◦and30◦beams,whichisduetotherelativehigherelement

directivityat60◦.

Fig.7.4aand7.4bshowPSLLsoverelementnumberandarraylengthwhentheelement

averagespacingdandelementnumberisfixed,respectively.TheresultsindicatethatPSLLscan

bereducedbyincreasingarrayelementnumberanddensity. Whenthearraylengthorelement

spacingisfixed,PSLLsdecreasebytheinverseofarrayelementnumber,butthedecreasedspeed

inFig.7.4cisfasterthanthatinFig.7.4a.
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Figure7.4:Peaksidelobelevelforanaperiodicarrayoverelementdensity,elementnumberand
arraylength.Theoptimizedpeaksidelobelevelforthe60◦beamiscomparedtothatforthe0◦

and30◦beams.Theaccuracyfortheapproximateformulain(7.16)isvalidatedbytheoptimized
results.

TofitthebulkoptimizedPSLLresults,asimpleformulaisproposedforanoptimized

aperiodicarrayby

PSLL(dB)=−10log10(Dele(θ0,φ0)
Nel
L/λ
), (7.16)

whereDele(θ0,φ0)representselementdirectivityatthemainlobedirection(θ0,φ0)andLisarray

length. ComparedtotheprobabilisticpredictionofPSLLsforrandomarraysin[56,58],this

formulaissimplerandclosertothepracticalapplication.
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Figure7.5:Peaksidelobelevelforanaperiodicarraywith8λarraylengthoverfrequency,where
theaperiodicarrayisoptimizedat10GHz.

PSLLsforaperiodicarraysoverfrequencyandelementnumberareshowninFig.7.5,

wherethearrayelementpositionsareoptimizedat10GHz.TheslopeofPSLLatthehighfre-

quencyrangeislargerthanthatwhenthefrequencyisdecreasedatthelowfrequencyrange.For

anaperiodicarraydesign,insteadofoptimizingPSLLoverthewholeoperatingbandwidth,the

designprocesscanbesimplifiedbyoptimizingasinglefrequencyatthehighendoftheoperation

frequencyrange.

7.4 ArrayswithRotatedAperiodicTiles

Fromtheabovestudy,wehavefoundthataperiodicarraysshowlowPSLLsoverwide

scannedanglesandlargefrequencybandwidth.Theaperiodicstructure,however,makesitex-

tremelydifficulttodesignandoptimize.Arraywithrotatedaperiodictilesreducesthedesignand

optimizationcomplexitybytherepetitivestructures.Usingthearraymodelinsection7.2,genetic

algorithmoptimizesarrayelementpositionsandtilediscreterotatedangles.Optimizationsetups

forthegeneticalgorithmarethesameasthosefortheaperiodicarrays.

Fig.7.6showsanexampleforanaperiodicarrayandthecorrespondingarrayswithdiffer-

entsizeofrotatedaperiodictiles.Thearraylengthis12λandthetotalarrayelementnumberis

144.Originalelementpositionsforeachtileareidenticalanddiscreterotatedanglestepis90◦.
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144-Element Aperiodic Array 4-Element Tile

9-Element Tile 16-Element Tile

Figure 7.6: Optimized array configuration for a 12λ × 12λ aperiodic array with 1λ average el-

ement spacing and the corresponding array with rotated aperiodic tiles. The tile size is changed

from 2λ ×2λ to 4λ ×4λ and the discrete rotated angle step is 90◦.

To study the array with different tile sizes, the tile length is changed from 2λ to 4λ . PSLLs are

minimized by optimizing the tile element positions and the tile rotated angles.

Fig. 7.7 shows the optimized PSLL for tiled arrays over element density, element number

and array length. Under the same array element number and density, PSLL for a tiled array is

closed to that for an aperiodic array. By selecting the lowest PSLL over different tile sizes, Ta-

ble. 7.2 shows the average and maximum differences of PSLLs between the tiled arrays PSLLt

and the aperiodic arrays PSLLap. Since the average difference is about 1 dB, PSLLs for the tiled

arrays are comparable to the aperiodic arrays. For tiled arrays, the relationship between PSLLs

and element number and density can be represented by (7.16).

Table 7.2: Peak Side Lobe Level Difference (dB)

PSLLt - PSLLap L = 8λ d = 1λ Nel = 144

Average Difference 1.0 1.3 0.6

Maximum Difference 1.5 2.3 1.4
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Figure7.7:Peaksidelobelevelforanarraywithrotatedaperiodictilesoverelementdensity,
elementnumberandarraylength.Comparedtoanaperiodicarray,theaveragepeaksidelobelevel
forthetiledarrayiscomparabletothatfortheaperiodicarray.

Whenthearrayoperatingfrequencyisoptimizedat10GHz,PSLLsoverfrequencyand

elementnumberareshowninFig.7.8.SimilartotheaperiodicarraysinFig.7.5,PSLLforthe

arraywithsmallelementspacinginwavelengthislowerthanthatforthearraywithlargeelement

spacinginwavelength.Tosimplifytheoptimizationofthetilearrayoverawidebandwidth,the

optimizedfrequencyshouldbeatthehighendoftheoperatingbandwidth.

7.5 ComparisonofAperiodicandTiledArrayPerformance

Intheabovesection,wehavefoundthatPSLLsforthetiledarraysarecomparabletothat

fortheaperiodicarrays.Tobetterelucidatetheperformancedifferentbetweenuniformarrays,
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Figure7.8:Peaksidelobelevelforanarraywithrotatedaperiodictileschangingwithfrequency
andelementnumber.Thearrayoptimizedlengthis8λ
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at10GHz.

aperiodicarraysandtiledarrays,wecomparethearraysbyPSLL,PSLLbandwidth,directivity

anddesigncomplexity.

Figure7.9:Comparisonofpeaksidelobelevelforanarraywith8λlength.256arrayelement
numbercorrespondsto0.5λaverageelementspacing.

Fig.7.9showsacomparisonofPSLLsforanarraywith8λlength.Fortheuniformarrays,

significantgratinglobesoccurswhentheelementdensityissparse.PSLLsfortheaperiodicand

tiledarraysarelowerthanthatfortheuniformarrays.
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Figure7.10:Comparisonofpeaksidelobelevelchangingwithfrequencyforanarraywith8λ
lengthat10GHzand144elementnumber.

Fig.7.10showsacomparisonofPSLLsoverfrequencywhenthearraylengthis8λ
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and

thearrayelementnumberis144.Thegratinglobelevelfortheuniformarrayislargelydecreased

whentheoperatingfrequencyislowerthan10GHz.Inthehighfrequencyrange,theincreaseof

PSLLsforthetiledarraysarefasterthanthatfortheaperiodicarrays.

Figure7.11:Comparisonofdirectivityforanarraywith8λlength.Thearrayelementnumber
with256correspondsto0.5λaverageelementspacing.
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Figure7.12:Comparisonofdesigncomplexityforaperiodicarrayandtilearrayoverdifferent
arrayelementnumber.

Fig.7.11showsacomparisonofdirectivityforanarraywith8λlength.Forthesparsear-

ray,thedirectivityfortheuniformarrayisclosetothatfortheaperiodicandtiledarrays.Whenthe

averageelementspacingiscloseto0.5λ,however,theuniformarrayshowsthehighestdirectivity.

Thereasoncanbeexplainedbytheelement-gainparadoxthattheaperiodicarraydirectivitycanbe

significantlydecreasedwhenthearrayelementspacingissmallerthan0.5λ[75,76].Comparedto

Fig.7.9,althoughaperiodicdensearraysshowadvantageinlowPSLLs,thedirectivityforuniform

arraysarehigherthanthatforaperiodicarrays.

Fig.7.12showsacomparisonofoptimizationtimeandthecorrespondingdesignvariable

numberforaperiodicandtiledarrays.Duetotherepetitivestructure,thedesignandoptimization

complexityforthetiledarrayissignificantlydecreasedwhenthearrayelementnumberislarge.

Tosummarizetheabovestudy,Table7.1showsacomparisonofarrayperformance.When

theaverageelementspacingissmallinwavelength,uniformarrayshowsadvantagesintermsof

directivityanddesignandoptimizationcomplexity.Tiledarraysshowlowsidelobelevel,wide

frequencyPSLLbandwidthandmoderatelyeasyfordesignandoptimization.

7.6 Summary

PSLLsforaperiodicarraysanduniformarrayswithdiscreterotatedaperiodictileshave

beenstudied. Comparedtoaperiodicarrays,designandfabricationcomplexitycanbelargely
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reduced by tiled arrays. An approximate formula indicates that PSLLs for the aperiodic and tiled

arrays can be reduced by enhancing element directivity at the steered beam direction, increasing

element number and reducing array size. PSLLs for the tiled arrays are modestly higher than that

for the aperiodic arrays. Compromise between peak side lobe level, sensitivity of PSLLs changed

with frequency, directivity and design and optimization complexity for uniform arrays, aperiodic

arrays and tiled arrays are studied.
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CHAPTER 8. SUPERDIRECTIVITY STUDY USING POYNTING STREAMLINE
METHOD

A receiving antenna alters an incident field in such a way that the field is concentrated at

the terminals of the antenna. The Poynting power flux density vector associated with the field

carries to the antenna the power dissipated in the antenna structure and the load. Streamlines

of the Poynting vector field can be used to understand electromagnetic energy flow near linear

and aperture antennas. Poynting streamlines provide a way to understand and guide the design

of superdirective antennas. Directivity-enhancing screens that attract Poynting streamlines and

increase the aperture efficiency of a horn antenna to almost 200% are studied. Superdirective

antennas generally have limited practical value due to poor radiation efficiency, narrow bandwidth

and extreme sensitivity to fabrication errors. We show that these limitations can be mitigated by

using metal-only structures that are optimized for broadband operation. The tradeoff between peak

achievable aperture efficiency and bandwidth is explored.

8.1 Introduction

Antennas are commonly modeled and understood as transmitters, and reciprocity is used

to obtain the receiving properties of the antennas. While it is less common in the field of antenna

theory, antennas can also be analyzed directly as receivers. A receiving antenna can be viewed

as a field concentrating device. The electric field associated with an incident wave is influenced

by the presence of the antenna structure in such a way that fields near the antenna are bent and

concentrated so that a high electric field appears at the antenna terminals and power is delivered

to the antenna load. The energy flow distribution near the antennas and the effective area shapes

can be calculated using streamlines of the Poynting vector field. The existence of streamlines,

integral curves, or flow lines for vector fields is a topic of differential geometry [77]. Physically,

streamlines which terminate on the antenna load correspond to power absorbed by the antenna, and
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streamlines that miss the antenna represent power that is not absorbed. The locus of streamlines

that terminate on the antenna load provides a way to assign a geometrical shape to the effective

area [78].

The Poynting streamline method has been used by several authors to analyze wire antennas

[78–80]. We have extended the Poynting streamline method to aperture antennas and guide the

design of superdirective antennas. Using the finite element method (FEM) and post-processing to

compute streamlines of the Poynting vector field, we use Poynting streamlines to study the effect

of the antenna on the power flow in the electromagneic field near dipoles, conventional horns, and

superdirective horn antennas. The Poynting streamline approach is used to assign a geometrical

shape to the effective area of these antennas, and we find that this shape reflects the physical

behavior of the antenna in interesting ways.

For superdirective antennas, Poynting streamlines over a larger area than the aperture are

attracted to the antenna and terminated on the load. For an arbitrary aperture field distribution, there

is no limit on directivity, and Poynting streamlines over an arbitrarily wide area can be attracted

to the antenna. Practical considerations, however, limit both the degree of achievable superdirec-

tivity and the usefulness of superdirective antennas. Drawbacks include narrow bandwidth, low

radiation efficiency, and extreme sensitivity to perturbations and fabrication errors [81]. Due to

ohmic or dielectric losses exacerbated by intense near fields and currents on the antenna structure,

radiation efficiency can be poor for superdirective antennas, meaning that superdirectivity does not

necessarily imply that the antenna achieves a higher gain than a uniformly illuminated aperture

antenna of the same size.

Superdirectivity is typically implemented for small antennas by extending the near field

distribution of the antenna in a variety of ways. Less attention has been given to superdirectivity

for electrically large antennas. High directivity horn antennas have been designed using corru-

gated structures [82], dielectric lenses [83] and metamaterials [84]. We use the Poynting stream-

line method to enhance the gain of a traditional TE10 horn antenna. The horn antenna with gain

enhanced by a screen of rods achieves a modeled aperture efficiency from 80% to almost 200%.

We also give a design that achieves broadband operation, overcoming a practical limitation of most

narrowband superdirective antennas.
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Two different metal screen structures for the superdirective horn antenna are compared over

frequency, the relationship between the bandwidth and superdirecitivity is studied, and the impact

of loss on radiation efficiency is considered over the superdirective operating regime. Through

these examples, Poynting streamlines are shown to be a useful tool in understanding the physics

of receiving antennas and in creating superdirective antennas that promise better performance than

has been realized in the past.

8.2 Numerical Analysis

A full-wave numerical model is used to study Poynting streamlines for receiving antennas.

In order to focus on the field bending effect influenced by the directivity and antenna structure,

the antenna load is conjugate matched to the antenna input impedance and the antenna structure is

assumed to be lossless except where otherwise indicated.

The Poynting vector associated with the total field is computed from the electric and mag-

netic field for a uniform plane wave normally incident on the antenna [80].The antenna polarization

is assumed to be aligned with the incident field. For convenience in software implementation, we

extract the Poynting vector on a cut plane that passes through the phase center of the antenna.

Streamlines are generated in post-processing for each cut plane by finding paths that are every-

where tangential to the Poynting vector field.

8.2.1 Wire Antennas

As an illustration of the Poynting streamlines technique, we consider a dipole antenna and

a 15 element Yagi-Uda antenna. For the dipole antenna, the length and diameter are 0.43 λ and

0.017 λ respectively. A lumped port load is used between two dipole arms with a feed gap of 0.017

λ . For the Yagi-Uda antenna, the antenna axial length and the driven elements length is 3.9 λ and

0.47 λ respectively. The parameters for the reflector and driven element are given in [85]. The

loads for both antennas are conjugate matched to the antenna input impedance and the antenna S11

relative to a 50Ω system impedance is -15.6 dB and -10 dB respectively. A uniform plane wave is

incident on the antennas from the broadside direction.
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Figure8.1:StreamlineforthePoyntingvectorofthetotalfieldsforasimpledipoleantennawith
0.43λ
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Figure8.2:StreamlinesforthePoyntingvectorofthetoalfieldsfor15elementYagi-Udaantenna.
Theexcitationelementlengthis0.47λ.

TheresultingstreamlinedistributionsforthedipoleandYagi-Udaantennasareshownin

Figure8.1and8.2.Streamlinesterminatedbytheantennaloadaremarkedwithdashedcolor,and

thenon-absorbedstreamlinesaremarkedwithsolidline.Thephysicalprofileoftheantennasare

markedwithstraightsolidline.IntheE-plane,thePoyntingstreamlinesareconcentratedalong

thetopofthedipolearminthedirectionoftheantennaload.ComparedtotheE-plane,fewer

streamlinesintheH-planeareterminatedbytheantennaload,whichreflectsthebroaderradiation
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pattern in the H-plane. For the Yagi-Uda antenna, streamlines are concentrated along the director

elements and then transmitted to the driven element.

Poynting streamlines that are absorbed by the antenna load are associated with the shadow

of the antenna as reflected by a decrease in the total field beyond the antenna relative to the arrival

direction of the incident field. Near the antenna, due to the scattering from the antenna structure,

some of the Poynting streamlines deviate from the straight paths associated with the incident field,

but are not absorbed by the antenna load.

The IEEE standard definition of effective area is given by [86]

Ae =
PT

Wi
(8.1)

where PT is the available power at the terminals of a receiving antenna and Wi is the power flux

density of a plane wave incident on the antenna from that direction with the aligned polarization

to the antenna. The effective area definition provides only the scalar magnitude of this antenna

parameter, and yields no information about the shape of an antenna’s receiving area. For the dipole

example, the receiving area can be assigned a geometrical shape using the Poynting streamline

method.

For the dipole example, the Poynting streamlines terminated by the dipole antenna load

extend from (0, -0.31) to (0, 0.31) in the E-plane. The terminated boundary of Poynting streamlines

in each cut plane spans a two-dimensional locus that provides a geometrical shape for the effective

area of the antenna. Figure 8.3 shows the load terminated Poynting streamline area shape for the

dipole and Yagi-Uda antenna. It can seen that the shape of the locus of terminated streamlines

is consistent with the analysis of [79], and the area of the locus is close to the effective area of

the antenna calculated from its directivity. A comparison of the Poynting streamline area and the

effective area is given in Table 8.1.

The Poynting streamline area shape of the Yagi-Uda antenna is close to circular. Normally,

a high gain antenna is designed by maximizing gain, which is equivalent to maximizing the ef-

fective area. This suggests that antenna designs that achieve a circular or near circular Poynting

streamline area are more effective than designs with elongated streamline areas, as they better

utilize the space around the antenna to capture power in the incident wave.
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8.2.2 TraditionalTE10modeHornAntenna

WenowextendthePoyntingstreamlinemethodtoanaperture-typehornantenna.InFig-

ure8.4,Poyntingstreamlinesfora0.75×1.5λhornantennawithTE10
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Figure8.4:PoyntingstreamlinesforatraditionTE10-moderectangularhornantenna.Thedimen-
sionofhornantennais0.75×1.5λandtheapertureefficiencyis0.8.
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Figure 8.5 shows the Poynting streamline area shape and the induced aperture field distribu-

tion of the horn antenna corresponding to a normally incident plane wave. The Poynting streamline

area shape and the aperture field distribution are close to the TE20-mode field distribution, which is

reasonable since the width of horn antenna is larger than the cutoff wavelength of the TE20-mode.

For the same horn operated as a transmitter, the aperture field behaves as a TE10-mode distribution,

which is different from the field in receive mode. This might seem surprising, as it appears to vio-

late the reciprocity theorem, but reciprocity actually still holds, and the receiving and transmitting

properties of the antenna are related in the usual way.
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Figure 8.5: Poynting streamline area shape for a TE10-mode horn antenna with 0.8 aperture effi-

ciency and the horn aperture field distribution corresponding to a normally incident plane wave.

In Figure 8.4, the terminated Poynting streamlines by the antenna load in the E-plane and

H-plane are located within the antenna physical aperture size. In the 45◦ and 135◦ cut planes shown

in Figure 8.5, streamlines beyond the antenna physical area area absorbed by the load. This shows

that for a non-superdirective aperture antenna, energy propagation outside the antenna physical

area can be absorbed by the antenna load.

8.3 Superdirective Horn Antenna Design

We now consider the use of the Poynting streamline approach in guiding the design of su-

perdirective aperture antennas. As observed above, one might conjecture that the Poynting steam-

line area shape should be circular to fully utilize the space around the antenna for an effective

high-gain anteanna. For the horn antenna in Figure 8.5, there is a “notch” in the middle of the
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Poynting streamline area along the vertical direction that less efficiently utilizes the physical aper-

ture of the horn antenna, while the area for dipole antenna is enlongated in the vertical direction.

Motivated by the Poynting streamline analysis, a screen can be placed in front of the horn antenna

to achieve a more convex streamline area.

A design based on the Poynting streamline approach is shown in Figure 8.6. Two rows of

conducting rods are placed in the front of the horn antenna considered in the previous section. The

rods can be considered as a resonant parasitic dipole array. The induced current on the dipole array

element can be controlled by changing the length of the rods. Superdirectivity can be implemented

by optimizing the induced current on the rod elements. Similar to a superdirective dipole array,

the current distribution on the rods exhibits a rapid phase oscillation. The rods in the second row

are used to reduce the backscattered fields from the rods in the first row to the horn antenna and

increase the forward radiation. The impedance match between the horn antenna and the antenna

load improves with the added screen to an S11 of -19 dB at the design center frequency.

For the horn antenna with a 0.17 λ thick screen, the radiating mode is broadside to the

screen and the horn aperture, and the directivity is increased by enhancing the dimension of the

screen and horn laterally rather than axially like Yagi-Uda antennas. There is a well defined aper-

ture and this particular antenna may be considered to be superdirective by the IEEE definition of

the term. Based on this definition, the modeled aperture efficiency of the horn antenna with rods

is 1.9, which is significantly higher than that of the bare horn antenna, for which the aperture

efficiency is 0.8.

Figure 8.7 shows the Poynting streamlines for the superdirective horn antenna in the E-

plane and H-plane. Streamlines between the screen and the horn are not computed because the

streamlines become convoluted and cannot be extracted at the simulation resolution. Figure 8.8

shows the effective area shapes for the traditional and superdirective horn antennas. The Poynt-

ing streamline area of the superdirective antenna is larger than the physical aperture area, which

indicates that fields outside the antenna physical aperture area can be absorbed by the antenna load.

Most earlier investigations of superdirectivity have been confined to antenna arrays with

rapid phase oscillations and electrically small antennas with strongly resonant structures [81, 87–

89]. For aperture antennas, methods have been developed to enhance aperture efficiency, but most
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Figure 8.6: Poynting steamline method is used to guide a superdirectivity antenna design. Two
rows of symmetric passive dipole array are located in front of a traditional TE10 horn antenna.
Enlongated Poynting streamline area for dipole array is used to compensate the notch shape in the
Poynting streamline area for the horn antenna. Similar to a superdirective dipole array, the current
distribution on the rods exhibits rapid phase oscillation. Aperture efficiencies for the TE10 horn
antenna and superdirective horn antenna are 0.8 and 1.9, respectively.

designs approach an efficiency of 100% and are not superdirective. The screened horn described

here achieves a higher aperture efficiency than any other realistic design of which we are aware.
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Figure8.7:Poyntingstreamlinesforasuperdirectivehornantennawith1.9apertureefficiency.
Thedashedlinesrepresentstreamlinesterminatedattheloadofthebarehornantennawith0.8
apertureefficiencyandthedottedlinesrepresenttheadditionalPoyntingstreamlinesterminated
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Figure8.8:Effectiveareashapecalculatedfromstreamlinescapturedbyatraditionalhornantenna
andasuperdirectiveantennawiththesamephysicalsize.Thestraightlinesrepresentsthephysical
sizeofthehornantennaaperture.

8.3.1 OvercomingPracticalLimitationsofSuperdirectiveAntennas

Apracticallimitationforsuperdirectiveantennasisthenarrowfrequencybandwidth.If

theoperatingfrequencyisoffsetfromthedesignfrequency,thesuperdirectivityiseliminated[81].

Superdirectivityissensitivetotheexcitationcurrentsontherods,whichdependsonthelengthof
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changed,currentsdistributionsontherodsarenolongertunedtoattractPoyntingstreamlines.
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respectively.Thetwo-rowscreenwithbrassmaterialquantifiesthereductioningainduetoohmic
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Antennaefficiencyandinputreflectioncoefficientareshownoverfrequencyforthesu-

perdirectivehornantennainFigure8.9.Antennaefficiencyistheproductoftheapertureefficiency

andradiationefficiency.Thesuperdirectivityradiationbandwidthforthetwo-rowrodshornde-

signis2.1%. Awiderbandwidthsuperdirectiveantennaisdesignedbyusingonlyonerowof

resonantrods.AsshowninFigure8.9,althoughthemaximumapertureefficiencyisdecreased

to1.3,thesuperdirectivityradiationbandwidthincreasesto8.4%andtheimpedancebandwidth

becomeslarger.SuperdirectivityrequiresahighQvalueandastrongresonanceoftheantenna,but

byloweringtheapertureefficiencytarget,theQvaluedecreasesandthesuperdirectivitybandwidth

becomeswider.

Besidesnarrowfrequencybandwidth,lowradiationefficiencyisanotherpracticallimita-

tionforthesuperdirectiveantennasduetoohmicordielectriclossesexacerbatedbyintensenear

fieldsandcurrentsontheantennastructure.Theohmiclossofthetwo-rowsuperdirectiveantenna

isstudiedinFigure8.9a.Whenthematerialoftherodsismodeledasbrass,theantennaefficiency

ofthesuperdirectiveantennaisdecreasedby6%andthebandwidthofsuperdirectiveoperationis
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increased by 33%. The increase of superdirectivity bandwidth is due to the lower Q value when

the lossy material is used for the antenna. The simple structure of the rod screen, the use of metal

only for the directivity enhancing structure, and its location at the aperture rather than near the feed

point help to minimize losses that would otherwise diminish the gain of the antenna.

Another practical limitation on superdirectivity is the extreme sensitivity of gain to fabrica-

tion errors [81]. For our design, the sensitivity to rod length is actually quite reasonable. The rod

lengths can be increased by 1.4% and 11.5% for the two-row and one-row horns respectively before

the aperture efficiency reduces to unity. This is well within the tolerance of standard manufacturing

techniques.

8.3.2 Poynting Streamlines and Effective Area

We conjecture that the area of the locus of terminated Poynting streamlines is equal to

the effective area calculated from the antenna directivity. We compare the Poynting streamline

area As calculated from the shape area using the Poynting streamline method to the effective area

calculated from Ae = λ 2D/(4π), where D represents the antenna directivity in Table 8.1. The

maximum difference is 6.6%. Numerical error in the field distribution, integrating the streamlines,

and the cut plane approach limit the accuracy of the calculation, but the study provides numerical

evidence that the area of captured streamlines is equal to the effective area.

Table 8.1: Accuracy analysis

Antenna Type Ae (λ 2) As (λ 2) Difference

Dipole 0.126 0.133 5.2%

Yagi-Uda 2.633 2.579 2.1%

Traditional Horn 0.898 0.961 6.6%

Superdirective Horn 2.128 1.997 6.3%

8.4 Summary

Using the method of Poynting streamlines, we have studied linear, aperture and superdirec-

tive receiving antennas. Using the locus of streamlines terminated by the antenna load, effective

area shapes are given. Poynting streamline method is used to guide the high-directivity antenna
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design. A superdirective screened horn antenna with 1.9 aperture efficiency is compared to a tra-

ditional TE10-mode horn antenna, which has an aperture efficiency of 0.8. To our knowledge,

no superdirective antenna with such large electrical aperture and high aperture efficiency exists.

The narrow bandwidth characteristic of superdirective antennas is considered, and a superdirective

antenna with 1.3 aperture efficiency is designed with a factor of four larger superdirectivity band-

width and less manufacture error requirement than the antenna with 1.9 aperture efficiency. Unlike

many previous superdirective array antennas, the screened horn does not suffer from low radiation

efficiency.

We show numerically that the area of the locus of streamlines terminated by the antenna

load is close to the effective area of the antenna, and so we suggest this locus is similar to the

effective area shape. The effective area shape might be considered as a supplementary to the IEEE

standard definition of the effective area based on the strict mathematical demonstration. Proof that

area of the locus of captured streamlines is equal to effective area remains an open question. The

closed form solutions for the basic source such as small electric and magnetic dipole are instructive

for the future work. There are also likely other types of antenna structures that could be enhanced

using visualizations of the Poynting streamlines around the antenna.
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CHAPTER 9. CONCLUSION AND FUTURE WORKS

9.1 Conclusion

For phased array feeds applied for radio astronomy observations, the bandwidth for the

L-band dipole antenna for the Green Bank Telescope has been investigated by comparing to other

wide band antennas. The excellent bandwidth performance is due to the antenna structure fully

utilizing the space around the dipole, which is an important rule for the future antenna design. The

measured S-parameters for the dipole antennas matched well with the simulated results using a full

wave model, which is expected to achieve a high efficiency for the overall system test on the Green

Bank Telescope. A 20 MHz down-converter system has been developed and successfully used for

the experimental test of the Cornell/BYU L-band phased array feed system on Arecibo Telescope

in 2013 and the Umass/BYU mm-wave phased array feed system on the Green Bank Telescope in

2015.

An accurate array noise model including a reflector antenna has been developed to study

the performance for a 64-element mm-wave phased array feed on the Green Bank Telescope. The

noise model includes a sky with non-uniform brightness noise temperature distribution and an array

feed with an electrically large dewar box. The accuracy for this model has been verified by another

independent model using different analysis method. With this model, the feed system performance

in the presence of a thermal Dewar with an EM transparent window, installation position offset

from the reflector focal position, required minimum number of array element for high-efficiency

beamformer and expected figures of merits on the Green Bank Telescope has been studied. The

mm-wave phased array feed was mounted and measured on the Green Bank Telescope in Nov.

2015 and the effectiveness of beamforming has been experimental demonstrated.

From the analysis of an ultra wide band phased array feed, we have found an inherent

decrease of aperture efficiency between phased array feeds and cluster feeds. The physics is ex-

plained by the overlap of the array nears center elements and the first nulls of Airy pattern of the
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focal fields. Optimization of array layout and modification of the element pattern can improve

the decrease of aperture efficiency to some extent. For phased array feeds, combining formed

radiation pattern bandwidth limit with the Wheeler-Chu impedance bandwidth limit confines the

performance bandwidth for a high sensitivity phased array feed.

Antenna loss for active receiving phased arrays and focal plane phased array feeds was

studied using the active array receiving efficiency. To better understand the relationship between

array antenna loss, mutual coupling, and beamformer weights, losses for a coupled array can be

lumped into an array effective resistance similar to the loss resistance of an equivalent single an-

tenna. Using a full-wave model, we have found that strong mutual coupling and large variation

of beamformer weights lead to a decrease of array effective resistance and an increase of array

effective loss resistance due to concentrated surface currents on the array elements. In addition to

aperture arrays, we also considered phased array feeds located at the focal plane of a large reflec-

tor. Compared to phased array antennas, antenna loss for phased array feeds is more sensitive to

mutual coupling and beam steering angle. This study showed that receiving efficiency and array

effective resistance can be used to understand the behavior of array radiation and loss properties of

high sensitivity array designs.

For phased arrays used for satellite communications, grating lobes become a major issue for

the sparse array antenna design. To reduce the array element density and keep a low peak side lobe

level in a large physical aperture, aperiodic arrays and tiled arrays has been investigated. From a

bulk of optimization results for arrays with different element number and element density, we have

found that for an aperiodic or tiled array, the peak side lobe level can be decreased by enhancing the

element pattern gain at the main lobe direction, increasing the array element number and reducing

the array electrical size. The relationship between the peak side lobe level, bandwidth, directivity,

and design and fabrication complexity has been studied for uniform arrays, aperiodic arrays and

tiled arrays. This study can be used to guide the design of a steered phased array with low peak

side lobe level.

For superdirectivity study, we directly model a superdirective antenna as a receiving an-

tenna using Poynting streamline method. Superdirectivity is implemented by expanding the effec-

tive area shape from the antenna physical aperture. Motivated by this method, a superdirective horn

antenna with about 115% aperture efficiency has been experimentally demonstrated. The practi-
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cal superdirectivity is studied by considering the drawbacks including narrow bandwidth, large

antenna loss and sensitivity to the tolerance of element position and excitation. Using the Poynt-

ing streamline method, we suggested that the expanded distance of the effective area shape from

the border of the antenna physical aperture remains approximately constant over different antenna

aperture sizes and shapes. For practical applications, superdirectivity is practical for electrically

small and middle size antennas and electrically large antennas with a large aspect ratio.

9.2 Future works

Recently, conformal phased array antennas have been widely applied in aircraft, missiles

and satellites, but they have never been used for radio astronomy array feed design. Since all

the array feeds have been planar until now, it is necessary to study the performance of spherical

conformal array feeds. Compared to the traditional PAF, one possible advantage for a spherical

conformal array feed is lower mutual-coupling effects between elements leading to a reduction of

the system noise temperature. Another expected advantage is improved performance of the pattern

element illumination leading to a at sensitivity map within the field of view.

A PAF is designed to match the reflector Airy pattern. For the boresight beam, the Airy

pattern is circularly symmetrical, but it becomes elliptical when the beam is steered. Hence, the

Airy patterns for each steered beam are non-uniformly distributed within the field of view, which

requires array elements spacing to be non-uniform as well to match the Airy pattern. The element

spacing for the current PAFs is uniform, so it is necessary to study non-uniform element spac-

ing PAF. Compared to the conventional uniform element spacing PAFs, the expected advantages

are better system sensitivity, an increased field of view, a flatter sensitivity map, and a sharper

sensitivity drop at the boundary of the field of view.
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