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Phase Synthesis of Conformal Array Antennas

Leo I. Vaskelainen

Abstract—A new phase synthesis method for planar and con- common local optimization techniques (conjugate gradient
formal arrays is presented. The method is based on approximate method, quasi-Newton method, etc.). The author has used the
linearized equations for small phase changes in the excitations, least-squares method iteratively to solve the power synthesis

which can be determined by the least-squares method and used - . . L
iteratively to obtain the final solutions for the excitation phases. problem (in which the phase of the destination function is not

Several different kinds of contoured beams can be used in the same constrained) [15]. In fact, the phase-synthesis problem can
array by using only phase shifters in the elements, as demonstrated be solved by the iterative least-squares method [15], [16]. A

in the calculated synthesis examples. weight correction method applied during the iteration usually
Index Terms—Antenna arrays, antenna pattern synthesis, con- (Put not always) solves the problem of local minima [16].
formal antennas. In Section Il of this paper, the author linearizes the

problem and uses the least-squares method to solve
the phase-synthesis problem. The approximate linearized
equations are formed by using the same kind of linear
HE phase-synthesis problem is defined here as a problepproximations for differential phase changes as is used for
in which the amplitudes of the excitations of an array afghase synthesis of nulls [17], [21]. In directions, in which
fixed (but not necessarily all ones) and the optimum values fite value of the destination function is zero, a linear set of
the phases of the excitations are sought for synthesizing sogeiations can be written for the differential phase changes.
shaped-gain function. This problem is highly nonlinear and uskr other directions, approximate linear equations are written
ally a very general optimization method is needed. This kirfdr the differential phase changes. A least-squares solution
of synthesis method is described by Buetal.[1]-[4]. Other for this kind of set of linear equations can be used itera-
general approaches usable for phase synthesis are the gefigéify to find the final phase-synthesis result. The procedure
algorithm [5] and simulated annealing techniques [6]. for solving the problem is very similar to that used in the
A related problem in which the excitation amplitudes are néterative least-squares synthesis method [15]. The solution
fixed, but either they are constrained between certain valuescofhverges quickly, but essentially the method is a local
the variation of the nearby excitations is minimized, is discusse@timizaton method. The weight correction method can be
in [7]-[9]. In linear equi-spaced arrays with shaped beams witlsed during the iteration, but it is not as effective as with
filled nulls, there are several solutions which have the same anonconstrained excitation amplitudes.
plitude in the array factor, but the distribution of the excitation The solution for the phase synthesis problem is usually
values is changed by selecting between the two possible vala@shiguous. The problems caused by this factor are discussed
of the complex roots of the array factor polynomial. A simplin Section IlI.
genetic algorithm can be used to optimize the excitation dis-In Section 1V, some examples of phase synthesis of a
tribution [7], [8], and the nulls in the sidelobe region can beonformal array antenna are presented.
filled for a better excitation distribution as described by Ro-
driguez and Ares [9]. Buckley has also introduced a method for
the design shaped beam antenna patterns of a linear array with
constrained current elements [10]. An excitation constrainedFirst, we write the directivity vectdty = [Eo(01, 1) -
synthesis method has been introduced for circular arrays [1}(6x, ¢x)]* of an array havingV elements ink directions
and a genetic algorithm is used to design thinned and digita(l§, ¢x) in matrix form, using the same formulation as in [15]
phase-shifted pencil-beam antennas [12], [13].

. INTRODUCTION

Il. THEORY

Generally, because of the local minima, the phase-synthesis Eg =XpAp Q)
problem is more conveniently solved by using methods which
Johnson and Rahmat-Samii [14] call global techniques (randavhere 4, is the excitation vectofa; --- ay]? of the array

walk, simulated annealing, genetic algorithm). In the field syrif{” is the transpose of a matrix) and the elemeklis of the
thesis problem (in which the phase of the destination functigeometry-dependent matrX, are
is fixed) the problem is linear and a least-squares solution can
be used. The least-squares solution is closely related to more X;; = g;(6;, ¢;)
% Cjkg [sin(8;) cos(w; )z ;+sin(6; ) sin(e; yy;+cos(8;)z;] . (2)
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The phases of the valug&k and A should be chosen so thatand

(abs(Eq) — poDo)? (abs(Eg) — poDo) = minimum  (3)
Vzr =Xizroir — Xizra17 + XzrAr — Xz1A

where pg is an unknown constani), is a vector giving the Vyr = Xizrair + Xizrair + XzrA7r + Xz7AR(11)
destination values for the directivity function, asles-function
takes the absolute values of the elements of a matrix. When the phase condition used in step 3 is consid-
We can fix the phase of one excitation value without invali- ered apart when the destination gain function is zero
dating the generality of the solution. If we choose the phase of (or very small), the overall nonlinearity of problem
excitation of the first element; to be fixed (zero), we can di- is reduced and numerical problems are avoided.
vide the matrices in (1) into partial matrices Step 3) The third step is to calculate the gain chartjes
in directions in which the destination gain has
Xo=[X;, X], Ag=[a; ATT. 4 nonzero values, calculate from these gain changes
the components which are in phase with the gain
Next, we arrange the rows and columns of the matrices so that values Ey, and require that the absolute values
the rows corresponding to directions whébg(d;, ¢;) = 0 are of Ex added to these in-phase components of the
first and divide the matrices into submatrices in the same way gain changes equal the destination gain vaDes
multiplied by the unknown constapg.
Xo = [XIZ XZ} . Dgy= { 0 } , This is a linearized approximation and for small phase changes,
Xinv Xy Dy this a S i .
pproximation causes a second-order error in the absolute
E, = [Ez } ] (5) Vvalue of the gain function, and during iteration the error de-
Ey creases quickly.

If we now change the excitation valués by adding the small Using (6), -(8)

amountsiA, which cause small changd&, = [dEL dEL]”
in the directivity values, (1) can be written

Ez+dEz | | X1z Xz ay ©)
Eny +dEN o Xiny Xp A+dA |-

dEy = —EngP + JENIP (12)
where

ENR = XNR dlag(A[) + XN[ dlag(AR)

Later on we also need the real and imaginary parts separated En1 = Xyrdiag(Ar) — Xy diag(Ag). (13)

X1z = Xizr+ X1z, Xz =Xgr+iXsr If we write the phasing matrices

Xiv =Xivr+iXin, Xy =Xyr+ XNy Or = diag(cos(angle(Ex)))
a1 =air +joir, A =Agr+jAr ) ©; = diag(sin(angle(Ey))) (14)
Three steps are needed for solving the approximate phasesefcan calculate the componeniE y » of dE x, which are in
the excitations. phase withE 5 from (12)
Step 1) The two first terms of the Taylor expansions of the
excitation value phase factors are used. As in [21], dEyy = —®np (15)
this means that the excitation changes can be writter}1
Where
thus
. . ¢y = OrZENR — Or1ENT. (16)
dA = j(diag(Ar) + jdiag(As))p )

o ~_ The angle function of a matrix takes the phases of the complex
where diag(A)-function is a square-matrix with glements of the matrix. When the excitations are changed, the
vector A in its diagonal andp is a vector of un-  gain valuest v will also change, and it is not possible to require
known real-valued variables. _ ~_ that the absolute values &y + dEy equal the destination

Step 2) From(6)and (&;+dEz, the new gainvalueindi- y5jyesD . What we can do is to approximate the absolute value
rections in whlch the degtlpgtlon_ gain is zero can b the changed gain function by computialgs(E ) + dEy
calculated using the definitions in (7). The requirezng require that these values equal the destination gain values
mentthatE; + dEz = 0 leads to the equation multiplied by the unknown constap

|:_E:ZR :| p= |:\\I£IZR:| (9) abs(EN) +dEny = abS(EN) — (@RENR — @[E/\r[)p
- “ = poDn (17)

where . .
which can be written thus

EZR = XZR dlag(A[) + XZI dlag(AR)

P _
Ezr = Xzrdiag(Ag) — Xz diag(Af) (10) (@~ Dyl { } = abs(Ew)- (18)

Po
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Finally, we can combine (9) and (18) for the unknograndpg

EZR 0 p \PZR
—Zzr 0 [ } = Vzr . (19)
(I)N DN Po abs(EN)

Equation (19) is now written in the same fod),[p?" pol? =

E, for the unknownp vector as (1) is for theA, exci-
tation values and the least-squares solutjpd po]* =
(XHIWX,)"1(X/WE,) can be calculated readily. If the
weight values are written for different directions, these weigh
values can be written in matric& z, which correspond to
directions in whichDg(6;,¢;) = 0, andW  corresponding
directions in whichDgy(6;,¢;) # 0. The weight matrix for
solution of (19) is then

Wz/2 0 0
W=| 0 Wz/2 o0 |. (20)
0 0 Wy

As in [21], the elements of real-valued vecipcan be used it-

eratively to determine the phases of the excitations by replaciny

a; — a;ed @) =2, N and calculating new values forrig. 1. 1136 circular patches on a sphere. The places, directions, and

p using (19) with the correctedi y andE matrices. amplitudes of the vectors show the places and axial directions of the elements
When (19) is used, the same kind of optimizations can 384 the amplitudes of the excitations.

achieved as in normal iterative least-squares synthesis. Both po-

larization components (linear or circular) and several frequefulls). These nulls may be so narrow that they don’t have much

cies can be included in the synthesis as the author has donéMRact on the minimizing function.

[15]. The weight values can be normalized by the reference erroMNO theoretical method is presented in this paper for avoiding

(or desired error) values, and the weight values can be correcié@se kinds of local minima. Some principles have proved useful

according to these normalized error values during the iteratidf practical synthesis problems.

as described in [15] and [16]. Of course, the decreased degree ok reasonable guess for the phase distribution must be used.

freedom usually makes it very difficult to optimize several prop- The starting values for the iteration can be formed by using

erties of the gain function using only the phases of the excita-subarrays pointing in different directions.

tions. If one-mode elements are used, the element gain function$ he solution will be less ambiguous if the array is smaller or

can be assumed to be independent of the mutual impedances ardbroad-band solution is being sought. A solution in several

the mutual couplings can be described with a mutual impedancdrequencies and for a smaller partial array can be used for

matrix or some other linear coefficients [18], [19] and the mu- starting values in which case more elements can be added to

tual couplings can be taken into account in the synthesis procesthe array before the final optimization.

by simply transforming th& matrix in (1) [18]. At this point we can also note that the solution for conformal
arrays is less ambiguous than the solution for planar arrays.
Ill. DISCUSSION OF THEAMBIGUITY OF THE SOLUTION The examples in Section |V are calculated using these prin-

The determination of the phases of the excitations by i les.
method described in Section Il converges in few iterations to
the nearest minimum of the minimizing function in (2). In the
phase synthesis problem, this function very often may have sevAll the examples are calculated using the same array geom-
eral local minima. In some cases it may indeed have some sadtry, in which 136 circular patch elements are located on the
tions which are consistently acceptable when measured by Hpdere in an icosahedron grid, as presented in Fig. 1. The space
minimizing function. between elements is abouts5A and the axes of the elements

The reason for this is that the solution for a phase syntheai® positioned to give the minimun cross polarization in direc-
problem usually has a phase distribution (for element excition § = 90° and¢ = 0°. The radius of the sphere éis458.
tions) in which different parts of a shaped beam are formed Byre amplitude distribution of the excitations is cosine witha 0.1
using different parts of the array as “subarrays” phased in diedestal, as seen in Fig. 1.
ferent directions. That kind of formation of subarrays can be For elements, the circular-polarized circular-patch element
done in different ways, leading to an ambiguous solution to tineodel in [15, egs. (A.1), (A.2)] is used.
problem. In Figs. 2—4, three types of right-hand circular polarization

If the number of elements in the array is excessively gredRHCP) gain functions are synthesized using this same geom-
there may be solutions which contain “holes” (very narrowtry of the array and amplitude distribution. Triangular and

IV. PHASE SYNTHESIS EXAMPLES
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Fig. 2. Contour-plot of the gain function “TRIANGLE” (RHCP-component).Fig. 4. Contour-plot of the gain function “VTTLOGO” (RHCP-component).
Levels—20 dB,—15 dB,—8 dB, and—3 dB compared to the maximum gain | evels—20 dB,—15 dB,—8 dB, and—2 dB compared to the maximum gain
are presented. Thin line for the destination function and thick line for thgre presented. Thin line for the destination function and thick line for the

synthesized result. synthesized result.
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Fig. 3. Contour-plot of the gain function “RECTANGLE" of the vectors show the phases of the excitations for the phase-synthesized
(RHCP-component). Levels 20 dB,—15 dB,—8 dB, and—3 dB compared “TRIANGLE” gain function.
to the maximum gain are presented. Thin line for the destination function and
thick line for the synthesized result.

In all calculations of the examples the starting values for the
rotated rectangular wide, contoured beams can be synthesiiedl iteration are found by using pre-iterations in several steps.
rather well by changing the phases of the excitations. In Fig. 1) The starting values for all phases of the excitations are
4, a wide contoured beam in which a logo-shaped bulge about zeros.

6 dB high is added on the top of the gain function and is also 2) Thirty-one elements around the center of the array are
successfully synthesized by using the phase changes of the selected and the phase synthesis is made for this small
excitations. array using three frequencies in a 15% bandwidth.
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3) Step 2 is repeated with 61 elements, 91 elements, 1164]
elements and finally with all elements. The starting values
for the new elements are corrected by the phase changelgl
of the nearest already synthesized element excitations.

4) Steps 2 and 3 are repeated, but using three frequencies i[ré]
a 10% bandwith.

5) The result of step 4 is used as the starting value for the
final phase synthesis.

In the synthesis of Fig. 2 (“TRIANGLE” gain function) six it-
erations are used in step®4 10 + 12 + 15 iterations in step 3,
6 4+ 9+ 10 + 12 + 20 iterations in step 4. This procedure may 8
not be optimal considering the calculation time (109 iterations
with different sizes of arrays are used), but it gives reliably good
results when the weight values correction is used during the it—[9]
eration, as mentioned in Section Il. In the final phase synthesis,
only 18 iterations are needed. The number of iterations in cal-
culation of Figs. 3 and 4 are rather similar. [10]
No constraints on the cross-polarization components are
used. The cross-polarization levels ar@8.3 dB (Fig. 2), [11]
—25.6 dB (Fig. 3) and-22.6 dB (Fig. 4). Only very insignif-
icant decrease of the cross-polarization level can be achieveg;
when the both polarization components are included in the
phase synthesis. 13
These examples demonstrate that the phase-synthesis metﬁo&
can be an effective tool in the design of planar or conformal
array antennas. Different kinds of contoured beams can be prbl—“]
duced in the same array by using only the phase shifters in the
elements. [15]
In Fig. 5, the phases of the excitations for the triangular beam
are shown. The phase changes continuously and it can be sggg)
that the different parts of the array are used to radiate in different
directions so as to form the destination contoured beam. [17]

(7]

[18]
V. CONCLUSION

A new iterative phase-synthesis method is described fono]
planar and conformal arrays. This method is very straight-
forward and yields a fast convergence, but some additiongb,
procedures are needed to avoid ambiguous solutions. As in the]
iterative least-squares method, in this phase-synthesis method
also several frequencies can be included in the synthesis
problem, the synthesis can be performed for any polarization
component and even the mutual couplings can, in some cases,
be taken into account.

The calculated synthesis examples indicate that this method
is an effective tool for practical phase synthesis problems. By
using this method, different kind of contoured beams can |
generated in the same array by using phase-only control in-
elements.
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