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Fig. 7. Maximum and minimum antenna gain versus thickness of feed
substrate.

An impedance bandwidth in excess of 27% is obtainable from an
ASP antenna that incorporates a thin, high permittivity feed substraté@ Relation Between the Active Input Impedance and the

This bandwidth is not as broad as the ASP antennas in [3] due to the Active Element Pattern of a Phased Array
effect of the feed substrate on the resonant coupling aperture. How-
ever, the bandwidth is sufficient for a wide range of communications David M. Pozar

system applications. The gain maintains a level similar to the initial
ASP structure that utilizes a low permittivity feed substrate, implyin ) )
P y pying Abstract—t is well known that the active element pattern of a phased

that the. surface wave aCt',V'ty remains low. . . array, obtained by driving a single radiating element of the array while
The impedance bandwidth of the ASP antenna with a high permifi other elements are match terminated, can be expressed in terms of the

tivity feed substrate is comparable to that of a frequency scaled vecattering matrix parameters of the array. In this paper, it is shown how
sion of the OEIC/MMIC compatible hi-lo-lo antenna geometry [7]. Théhis relationship can be inverted so that the scattering parameters for all
hi-lo-lo structure has the advantage of a ground plane to reduce the I/&["eNts of a phased array can be obtained from the active element pat-
o . . . erns of the array. In addition, it is also possible to obtain the active input
of back radiation, enabling a superior front to back ratio to that of thﬁ,pedame of any element n the fully excited array, at any scan angle, from
ASP configuration. However, the ASP ground plane provides isolati@gtive element pattern data. The theory is developed for linear and planar
between the antenna elements and the feed arrangement, reducing&pays and an example is presented for a linear array of slot antenna ele-
rious radiation and coupling to other device in the circuit. ments.
As previously stated, the investigation presented here was conducteddex Terms—Active element pattern, phased arrays.
near 8 GHz. For communication links at lower than this frequency
band, in particular low microwave frequencies (less than 4 GHz), direct
integration of the printed antenna does not seem feasible. However, in
the millimeter-wave band, where several fiber radio/wireless systemsAs described in [1]-[3], the active element pattern of a phased array
are being proposed and developed (for example, [8], [9]) direct intg-defined as the radiation pattern of the array when one radiating ele-
gration is a viable, cost effective alternative. FoKa band system, ment is driven and all others are terminated with matched loads. Note

|. INTRODUCTION

bandwidth values approaching 35% are achievable. that this definition implies that the active element pattern will, in gen-
eral, depend on the position of the particular fed elementin the array. If
IIl. CONCLUSION the array is infinite and uniformly periodic, the active element patterns

o ) o ) ) ~will be identical for all elements in the array. If the array is finite but
The suitability of the microstrip line fed ASP configuration for 'nte'large, the active element patterns will be approximately identical for

gration into an OEIC/MMIC module was analyzed in this paper. Thge central elements in the array. The active element pattern has con-
effects of altering the properties of the feed substrate on the chargreraple practical importance because the pattern of a fully excited
teristics of the antenna were investigated. It was found that decreasiganned) phased array can be expressed in terms of the active element
the _th_lckness and/qr increasing the permlttlylty of the feed substrs&gﬂems and the array factor. If the array is large enough so that the
diminished the maximum achievable bandwidth of the antenna. HOWstive element patterns can be approximated as identical, pattern mul-
ever, ample values of bandwidth (in excess of 27%) and gain We{Slication can be used to simply express the fully excited array pattern

still obtainable using a thickness and permittivity that emulated &y the product of the active element pattern and the array factor. Since
OEIC/MMIC wafer. mutual coupling effects are rigorously included in this procedure, the
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Fig. 1. Geometry of adVelement phased array.

actual scan performance (including scan mismatch and blindness effo simplify the derivation, we assume that the radiating elements
fects) of a phased array can be predicted from the active element @aevoltage-driven elementsneaning that the far field produced by a

tern. Itis fairly straightforward to measure active element patterns, evearticular element is proportional to the terminal voltage at that ele-
for a large array, since the complication and expense of phase shift@ent. Then the field radiated by a single element at the origin can be

and a feeding network are not required. expressed as

It has been shown in [2] and [3] that the active element pattern of
an element in a phased array can be mathematically expressed in terms Eolr.0) = Vo F (8 e k" 3
of the scattering parameters of the array and the isolated (nonarrayed) o(r,0) = Vo F'(9) r ®)

element pattern. In this paper, we show that this representation can be

inverted to provide the scattering parameters of the array if the act¥@ereVo is the terminal voltage and'(¢) represents the dominant
element pat’[erns are known. In particu|ar, we show that, folV aml- pOlarization of the element patterr‘l. Then the total radiated field of the
ement array, knowledge of the magnitude and phase of the active @gay is given by

ment pattern for thenth element atV unique angles will provide the

mth column of theN x N scattering matrix. Additionally, this data 3 A T,
can be used to find the active input impedance ofittte element of E(r.8) = F(9) ” Z Vne
the fully scanned array a scan angles. These results apply to both m=
linear and planar arrays. To demonstrate these relationships, data@gre, = Lo sin 6.

presented for a five-element array of resonant slot elements. In the fully excited phased-array configuration, scanning to the angle

Recent related work includes the use of measured S parameterg 10,4y ires that the incident voltages at each element be phased as
characterize the scanning performance of microstrip patch arrays [4],

an experimental method to determine the scan impedance of large ar- V= i e—d(n—Duo ®)
rays [5], and the introduction of specially defined active element pat- T 0

terns that are shown to be related to the mutual impedance matrix ofﬁ _ ka sinfe. Th itina field th d .
phased array [6]. whereuo = ka sin fo. The resulting field from the scanned array is

then given as

(4)

1. DERIVATION OF THE RELATIONSHIP BETWEEN THE ACTIVE ik
e

ELEMENT PATTERN AND THE SCATTERING MATRIX E(r,8) = F(6) V%
OF A PHASED ARRAY N " N
Initially, we consider aV element linear array fed with voltage gen- X Z e in=Huo 4 Z Spme U0 | Iy (6)
erators having internal impedan&g, as shown in Fig. 1. The phase n=1 m=1

reference is taken at the first element and the pattern #niglenea-
sured from the: axis (normal to the plane of the array).
At the terminals of each element, incident and reflected voltag
V;F andV,~ are defined. The element feed ports are characterized by N ) N
U u i i i o : Sm,n A N —i(n— .
the N x N scattering matrix whose elements are defined as [7] T (8) = li _ Doy e _ Z S, emitn=myu, @)

The active reflection coefficient seen at elementf the fully ex-
é:bited array is given from (2) and (5) as

‘/”;'1; 67j(n171)u
‘7'7 n=1
S = yF @) . ,
3 vt =0 for ki) Now consider the active element pattern of théh element, for
) k ) which we set all voltage generators to zero except for the generator
The total terminal voltage at thiéh element is then at themth element. Then the incident voltages are given by

N
Vi=VE VT =V ) sVt ) A+ _ [Vo, form =n
Z V' = 0, form #n (8)

7=1
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while the reflected voltages afé™ = S,.,.Vy. Using (4) and (8) gives  With proper indexing, the above results can easily be generalized to
the active element pattern of theth element as the case of a planar array. Consider a rectangular gridMiglements
(columns) along the axis with spacing and N elements (rows) along
they axis with spacing), so that there are atotal &f = M x N
elements. Assume that the elements are counted by rows with a single
indexk = 1,2,3,... K. Theni; = kmodM is thex index (column)

In the usual case where the array elements are passive= S...  of elementk andj, = 1 + iut((k — 1)/M) is they index (row) of
and (7) can be written as elementk. Letu = kasinf cos¢ andv = kbsin fsin ¢. Then the

radiated field from the phased array [corresponding to (6)] is

e~

jkr _ N .
: ‘7(] e‘]k(wz—‘l)u + an777,6](n_1)“ . (9)

T

Er(r.0) = F(6)

n=1

N
r7n(_9) — C—j(nz—‘l)u Z Snn7,(3j(n_1)"

P LU . : i
= Ea 79@ = F(8.0 ‘/' |:/7][(17171)140«&»(]7171)140]
1 (r.0,0) (9. 9) " U;p
which allows the active element pattern of (9) to be rewritten as N B
. + Z S E—j[(im—l)uo+(f1'7n—l)v0]:| eI llin=Dut(jn—1)] (15)
—jkr . nmt®
Eo(r.0) = F(0)—Vo [1 4+ To(=8)] "D (10) m=1

r

_and the expression for the active reflection coefficient [corresponding
Next assume that we are able to measure or calculate the active f‘deﬁ)] is

ment pattern aiv unique angle$;, fori = 1,2,3,... N. After sup-

pressing the=7*" /r factor, (10) can be written as a column vector of K . :
N elements To(f,0) = Z SmnC_,7[(’n,_]m.)”+(.]n_]777.)”]_ (16)
n=1
N
j(m—1)u Jj(n—1)u ) B
E5.(6)) F(6, ){C’ 2 S mell 1} The active element pattern of theth element of the planar array is
. v B given by
: =Vo .
e N —jkr
E;(6y) F(HN){ej(mflJuN ns Snmej(nmuzv} Ee(r6,6) = F(8.6) i [/t =0
n=1 r
K
whereu; = kasin §;. In matrix form, this becomes + Z Smca’[(in—1)u+(.;‘n—Uv]] ] (17)
n=1
[Em] = VolF]{[ec] + [e:][Sm]} (11)

The planar array results that correspond to (12) are formally un-
where[Ey,] is a column vector of length, [F] is a diagonal matrix changed, but the matrix elements becam@) = expl[j[(ém — 1)u; +
of order N with elementsF'(4;), [e.] is a column vector of length'~ (jm — 1)vi]] ande.(i,n) = e[j[(in — 1)ui + (j» — 1)v:]] and
having elements. (i) = ¢’("~ D% [¢,]is a square matrix of ordeY

having e|ementgs(iW n) = e]'(‘n—l)ui , and[Sm] is a column vector of A, = M _ 6j[(in271)Ui+(]‘nl*1)l’i]. (18)
length NV representing the:th column of the scattering matrix. Equa- VoF(6:. i)
tion (11) can be solved fdsS,.] as Observe that both the active element pattern and the isolated element
1 pattern are required for the above procedures and that these patterns
[Sn] =[es]™" {‘T[F]_l [Fo] - [ec]} = [es]'[A]. (12) should be measured (or calculated) at the same distance from the an-
0 tenna and with the same phase reference.
The elements of thév element column vectotd] can be simply
expressed as I1l. EXAMPLE FOR A FIVE—ELEMENT SLOT ARRAY
Ee(6)) ) ! As an example to demonstrate the validity of the above results,
Ap= T e (13) we consider here a linear array of thin resonant slot elements. Using

Vo F'(0; . .
0F(6:) Booker’s relation, the admittance matfi*] of the slot array can be

Equation (12) can be applied to each of ffiactive element patterns determined from the moment method impedance ma## of the
of the array, thereby yielding aN columns of the scattering matrix. It corresponding wire dipole array [8]
is also possible to evaluate the active element pattern at more\Mhan

- e o 4
angles and to use a least mean square matrix inversion in (12) to deter- Y] = [z (19)
mine the scattering parameters that provide the best fit to the available o
data in a least mean square error sense. wheren, = 377 2. The impedance matrix of the dipole array can be

Using (10), the active reflection coefficient can also be found frofdund using Richmond'’s piecewise sinusoidal (PWS) moment method
active element pattern data and then used to compute the active iggltion for thin wire antennas [9]. The admittance matrix of the slot
impedance at thexth element for théth scan angle as array can be inverted to obtain the port impedance mpfiixand the
scattering matrix obtained as [7]

23 () = 2ot E L) .
—Lm(=0:) [S1= (2] + 2] ([27] = [Z]) (20)
E:’h('gi)efj(mfl)m
= OV F(8;) — Eg, (6 )e—i(m—Dui " (14) where[Z)] is a diagonal matrix of the generator impedances. The usual

moment method procedure is used to calculate the slot terminal volt-

Note that, in general;(¢) # I'(—6) andZ;..(6) # Zi.(—6),except ages for the case in which a single element is excited (active element

in the case of an infinite array of symmetric elements or the centygédttern) and for the case where all elements are excited with a linear
element of a finite array having an odd number of symmetric elemenjhase progression (phased array). The far field df 2slot oriented
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TABLE | [71 Microwave Engineering2nd ed. New York: Wiley , 1997.
CALCULATED ACTIVE ELEMENT PATTERN AND INPUT IMPEDANCE [8] R.S.Elliott, Theory Antenna and Design Englewood Cliffs, NJ: Pren-
FOR FIVE-SLOT ARRAY tice-Hall, 1981.
[9] J. H. Richmond, “Radiation and scattering by thin-wire structures in
Angle Active Element Pattern | Active Input Impedance the complex frequency domain,” Ohio State Univ., ElectroScience Lab.,
0° 0.39993< -93.07° 581.51 _j 84.13 O Columbus, OH, Tech. Report 2902-10, 1973.
18° 0.41846<19.53° 667.15 - 58.26 Q
36° 0.36533<113.19 430.22 - 15144 Q
54° 0.28421< 175.74° 181.16 - 171.00 Q
72° 0.26195<-142.29° 120.15 - 166.35 Q

Mutual Coupling Between Patch Antennas Recessed in an
along thez axis with a PWS current distribution having a peak ampli- Elliptic Cylinder
tude ofV4 is given by [8] as
Chi-Wei Wu, Leo C. Kempel, and Edward J. Rothwell

—jVo e77*" cos (Z cos b)
Eq; = =

(1)

T r sin 4

hichi d h . | ofitieel Abstract—The mutual impedance between two rectangular patch an-
which s used to compute the active element pattern ot ement ennas recessed in an elliptic cylinder is computed using a finite element-

of the array. The active input impedance of the phased array case gaindary integral method. Results show that the coupling between the an-
also be found directly from the moment method procedure. tennas is dependent on the curvature of the cylinder surface. For H-plane

For a five-element E-plane array df2 thin slot elements having a coupling, the coupling decreases as the radius of curvature increases. For
spacing of\/2, a generator impedance 8f = 350 © and using one E-plane coupling, the strongest coupling occurs for a specific curvature.
PWS expansion mode per element, the middle column of the scatteringpdex Terms—Antenna array mutual coupling, antenna theory, con-
matrix is found from (20) as formal antennas.

S13 =0.08102 < —148.09°
S23 =0.17877 < 43.72°
S33 =0.20976 < —62.06°

|. INTRODUCTION

Cavity-backed microstrip patch antennas are often used in aircraft
applications because of their ability to conform to the vehicle surface.
Sa3 =0.17877 < 43.72° In practical applications, the curvature of the surface must be taken
Ses = 0.08102 < —148.09°. into account in the design of the antennas, since properties such as res-
onance frequency and impedance are often curvature dependent. For
The active element pattern and the active input impedance for theays of patches, it is important to be able to predict the dependence
central element of the array is calculated at five angles using the magr surface curvature of the coupling between patches. In this paper,
ment method results as shown in Table I. the mutual impedance between two rectangular cavity-backed patch
With the active element data from Table I, (12) and (14) can be agntennas recessed in an elliptic cylinder is computed using the finite
plied to reconstruct the S parameters and active input impedance. Bglément-boundary integral (FE-BI) method. Since the curvature of an
sets of data are in exact agreement with the previous llisted data. elliptic cylinder varies along one principle direction, the effect of cur-
vature on mutual coupling can be easily studied by placing the antenna
IV. CONCLUSION array at various positions on the cylinder.

It has been shown how the active element pattern data for a phased
array can be used to compute the scattering matrix of the array and [l. THEORY

the active input impedance of the fully excited array. While these re- cgnsider an infinite, perfectly conducting elliptic cylinder aligned

lationships may not be very useful in practice (since S parameters ¢ang thez axis. The surface of the cylinder is described by a constant
generally be measured more easily than the magnitude and phase ofggre of the variable: in the elliptic-cylindrical coordinate system.
tive element patterns), they help to convey the fundamental importansgints on the surface of the cylinder are determined by the angular
of the active element pattern and its proper interpretation in terms\efjaplev and the axial variable. The positions = 0 corresponds
mutual coupling and the active input impedance of a phased array. 1 the major axis of the ellipse, and, thus, points of greatest surface

curvaturepy = /2 corresponds to the minor axis, and points of least
REFERENCES curvature. A perfectly conducting cavity is recessed into the cylinder
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