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FOREWORD

Antenna arrays that operate at frequencies up to 6 gigahertz or so

on air-launched guided missiles are necessarily compact because of

limited space. Research has been in progress since fiscal year 1982 on
a compact adaptive array that uses reactively loaded parasitic elements
for pattern control. This report describes experimental results with a
planar microstrip version of such an array. A companion to this report
is Naval Weapons Center TP 6611, "A Simulation Study of Jammer Nulling
Trade-0ffs in a Reactively Steered Adaptive Array.” The research is
part of a continuing effort to explore novel radio frequency radiating
and receiving structures for applications to airborne communications
and radar systems.
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(U) A planar (two-~dimensional) reactively steered
adaptive array which includes a single active micro-
strip element and eight closely coupled parasitic
microstrip elements has been designed and tested.
Steering of a null towards a single incident jammer is
accomplished by adaptive control of reactive termina-
tions on the parasitic elements using a guided random
search algorithm. The planar array can steer a null
in both the elevation and azimuth directions with a
depth of 30 decibels.
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INTRODUCTION

Adaptive arrays reduce the energy of an incident jammer signal
reaching a receiver by steering an antenna pattern null in the direc-
tion of the interference. The typical adaptive array employs a . .
controllable complex weight on each array element, and the weighted S
element outputs are combined in an electronic summing element to obtain S
the array output. Even though the term "adaptive” implies some accom-
modation to imperfections in the array environment, it has been found
that element spacings of 0.25X (A = wavelength) or less degrade seri- ~".
ougly the depth of a null that an adaptive array can form toward a e
jammer, because of the mutual coupling between the elements
(Reference 1).

This report presents results for a planar array, known as a reac-—
tively steered adaptive array (RESAA), that can maintain deep nulls
toward a jammer even when the element spacing is as small as 0.lx. A
RESAA (Figure 1) has only a single element that is connected by a
transmission line to a receiver. The remaining elements are parasitic,
and the pattern 1is formed according to the values of the reactive
terminations on these parasitic elements. The basic scheme of a reac-
tively steered array was first proposed by Harrington for deterministic
control (Reference 2); over the last several years, we have. been
applying this idea to adaptive arrays using a linear array of micro-
strip patch elements resonant at 4.0 gigahertz (References 3 through
6).

The earlier work employed linear arrays with a relatively small
number of elements (usually five); the interested reader is referred to R
a series of three reports that describe these results (References 3
through 5). Herein, we present results on a planar array of nine R
elements arranged in a cross configuration. The goal of the planar
RESAA is to steer a null in both azimuth and elevation. As in the
earlier work, we wuse microstrip patch elements resonant at
4.0 gigahertz. Only a single incident jammer is present, with no
desired signal, so that a power inversion algorithm with no signal
sorting 1is used.

The extension of the experience with 1linear arrays to planar
arrays is not as straightforward as one might think. The doubling of

i
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the number of controlled loads (from four to eight) presents problems e
in convergence speed for a control algorithm using serial adjustment e
(as was used for the linear array). Hence, an algorithm using ]
simultaneous adjustment of the loads (i.e., in parallel) is required. AR
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FIGURE l. Reactively Steered Adaptive Array. o

Below, we first describe the experimental array and the measure-
ment configuration. We then give details of the control algorithms -
used to control the array, followed by the experimental results.

ANTENNA DESIGN AND MEASUREMENT DETAILS

Rather than repeat much of the theory of RESAA operation given in the —fj
earlier reports (References 3 through 5), we have summarized the theory "o d
in the Appendix. R

-

Figure 2 shows the five-by-five cross configuration of the array. -
The element at the cross intersection is connected to the receiver, and -
the other elements are terminated in reflection phase shifters. Each M
element is 1.0 x 2.33 centimeters; the adjacent edge and center-to-

. .

. RN

PR IR RS
T, Pt e (ot
LRI PRI

2




DI T e g e IRt cr e o v CUME SYR AP S SN SRV AV AN St Sl it G A G e Al as

NWC TP 6621

FIGURE 2. Planar Reactively Steered Adaptive Array.

center spacings are 0.l and 0.23), respectively, in the H-plane, and
0.067 and 0.37), respectively, in the E-plane (see Figure 3). The
elements are formed on Rexolite 1422 with a thickness of
1.58 millimeters and are resonant at 4.0 gigahertz.’

Table 1 1lists values of the couping coefficients between elements
of the array. These numbers are the magnitude (in decibels) of the
element S;, of the voltage scattering matrix.

TABLE 1. Mutual Coupling Values for Array in Figure 2.
The definitions of the E- and H-planes are shown in Figure 3.

H-plane value E-plane value

Number of intervening elements of S,,, dB of S;,, dB
0 (Adjacent elements) 8.4 14.9
1 (Next nearest neighbors) 17.1 27.1
2 22.8 27.3
3 25.2 29.1
3
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FIGURE 3. Diagram of Antenna Array Shown in Figure 2. R
S
Figure 4 is a view of the back of the array. The reactive loads _
are varactor-diode reflection phase shifters identical to the design -

described in Reference 4. Approximately 250 degrees of phase shift can
be obtained with a bias voltage range of 0 to -10 volts. The variation ,_{
of the magnitude of the reflection coefficient for these loads over ]
this bias voltage range was less than 1.0 decibel. T
SN
In Figure 5 we show the array configured for closed-loop operation PR
on a rooftop test range. Only two of the eight varactor phase shifter ﬁi}
reactive loads are indicated in the figure. The output of the array o

T
e 0

was pasged directly to a Narda Model 7000A digital power meter. As a
receiver, this power meter had several advantages: It had an extremely
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i

FIGURE 4. Rear View of Planar RESAA.

wide dynamic range (about 60 decibels), and a GPIB-488 bus output was
available for interface to the computer. The power meter also had one
disadvantage: To obtain the wide dynamic range and high accuracy, the
meter had a 0.5-second integration time; hence, actual adaptation times
were slow. All curves of transient response, below, are expressed in
terms of number of iterations rather than seconds for this reason.
Performance with an optimized communications receiver would, of course,
be much faster than with the power meter.

To evaluate array performance, we positioned the array so that the
signal from the horn antenna was incident at a given azimuth and eleva-
tion angle. We then allowed the nulling algorithm (described in the
following section) to operate. When steady state conditions were
reached, we froze the reactive load values and proceeded to measure the
patterns, using the jamming signal as a pattern test source. To obtain
the iso-power contcur plots, we stepped the antenna array through the
elevation and azimuth angles in a raster pattern; the values were
printed on a grid, and we then drew the contours in by hand.
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FIGURE 5. Test Setup. L
T
CONTROL ALGORITHMS ——

REVIEW OF LINEAR ARRAY CONTROL TECHNIQUES e

The control algorithm accepts the current value of the jammer e
power and then provides control signals to the reactive loads to ’
attempt to decrease the jammer power further. The linear array control
algorithms described in References 3 through 6 used a combination of ]
two techniques: random search and steepest descent. T

The random search phase came first and had the objective of
selecting a starting point for the subsequent steepest descent tech- To.
nique. A series of load vectors X(m) (see the Appendix for a defini-
tion of X) were generated according to

X(m) = G(m) (m = 1...M) (1)
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in which U(m) is a vector of load values selected by a random number
generator with uniform density over the 0- to -10-volt control range of
the varactors. The index m denotes the iteration number. The values
in X(m)_were fed to the phase shifter terminations and the receiver
output V(m) measured. At the end of the random search phase, for which
typically M = 20 was used, the value of X for which V(m) was lowest
then became the starting point for the steepest descent phase.

The steepest descent technique was a form of gradient search algo-

rithm, in which corrections to each value of the reactive load were
generated proportional to the slope of the error surface:

(3+1) = X(3) - kW (2)

The quantity K is a positive constant that controls the convergence
rate and is selected by stability considerations.

- PLANAR ARRAY CONTROL TECHNIQUE

Random search is an example of a simultaneous load change method
(all loads were changed at once), which required only a single measure-
ment of received power for each iteration. Steepest descent is a
sequential load change method (the loads can be changed only one at a
time, in order to determine each component of the gradient), which
required a measurement of receiver power for each individual change in
load. Although steepest descent was the faster method for the linear
array with four loads, it became very slow when an additional four ele-
ments were added to form the planar array. Hence, a variant of random
search known as guided random search was used to control the planar
RESAA (Reference 7).

In guided random search the value of i(j+1) is chosen according to

X(3+1) = X(5) + x(3) (3)

where X(j) is a vector whose components are selected from a Gaussian
sequence with zero mean and variance g. At each iteration, the compo-
nents of X are derived from an appropriate Gaussian random number gen-
erator, the new values of X are entered simultaneously, and then only a
single reading of the receiver output is made. If this choice of X(j)
reduces the interference power, the new value of X 1is used as__the
starting point for the next iteration; otherwise, the old value of X is
retained and a new trial x(j) is selected.
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In most of our runs, we used guided random search, although we
made some comparison runs using steepest descent control. The sequence .
standard deviation o for best performance was selected by trial and R
error. A large value of ¢ causes a wide portion of the error surface -
V(X) to be sampled and, hence, may find a minimum in the error surface }ﬂ:ﬂ

that a small value of ¢ might overlook. However, if the error surface BN
has a steep canyon-type minimum, a large value of o might prevent -

convergence to the minimum. Figure 6 illustrates this point. "‘73
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DISTRIBUTION WITH SMALL ¢
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FIGURE 6. Illustration of Effect of Value of ¢ on Guided
Random Search.
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EXPERIMENTAL RESULTS

Figures 7 through 10 are the results of a typical run taken for a
jamming source incident from an angle of 45 degrees in azimuth and
25 degrees in elevatic.. Figure 7 shows the received jammer power at
each iteration, displaying the reduction in jammer power as the array -
adapts with guided random search control. Three curves are given for
‘ three different values of o. For this run, a value of g = 0.1% volt is
o clearly optimum; in general, this was found to be an optimum value for
b other conditions also. Figure 8 1s a comparison transient response

curve using steepest descent control. At first glance, it might appear -
that steepest descent is faster because only 40 iterations are needed,
compared with 200 iterations for guided random search (Figure 7).
However, as discussed above, each steepest descent iteration requires
eight received power measurements (one for each load), compared with
one measurement per iteration for guided random search. Hence, since b
the power measurement is by far the most time-consuming operation, -
guided random search is actually about 40% faster.

RELATIVE POWER (dB)
| !
S &

|
N
o

1 | i ] .
0 50 100 150 200 250 . B
ITERATION NUMBER

-30

FIGURE 7. Reduction in Jammer Power During Guided Random Search
Processing. Curves are shown for three different wvalues of o. The
ordinate 1is given in decibels relative to the power received by a
single 1isolated antenna element at element boresight (¢ = 9§ = 0
degrees). Jammer incident at ¢ = 45 degrees, 8 = 25 degrees.
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FIGURE 8., Reduction in Jammer Power During Steepest Descent Processing
for Same Conditioas as Figure 7.

Figure 9 is an 1iso-power contour plot of the null in a portion of
the transverse plane. The significant point of this figure 1s the
degree to which the null is well confined in both the azimuth and ele-
vation directions, with a response 18 decibels above the null depth at
| angles only 15 degrees from the null position. The elongation of the
} contours in the elevation direction results from the smaller mutual
w coupling between the elements in the E-plane (see Figure 1), a phenome-
non that is even more apparent in another pattern given below
(Figure 12). In Figure 10 we show antenna patterns for Figure 9 at two
cuts,.

Figure 11 1is another example of the transient response for a
jammer 1incident at an azimuth of O degrees and an elevation of
20 degrees.

Figure 12 is an iso—power contour plot for a null formed at zero
azimuth and elevation. The elongation of the iso-power contours 1is
very apparent in this example. The ratio of the angular extent of the
contours in the elevation direction to the azimuth direction 1is about
4.0; interestingly, this compares well with the corresponding value of
4.5 for the ratios of the mutual coupling (S;,) coefficients between
adjacent elements (see Table 1). The shape of the iso-power contours

1"

OO, EO AEAERUMILS IR N IR » e N T S e . DAAPR A . Lo . U e
— et s AP CRCALACN. o, P A I A A AR AR BN L AU I ST N R S A

..................




Lt e 0 sty LA W arat ateat anen bem o
S o I NN ~-"--~"~‘\"~'"-"-"-".',‘.t‘_". _.l'.‘v_'r.'—_‘r_b_r-r—_v‘v'_i—A..x'._._7_ T ey —— P j_-_'_.,;*

W Tt T
Lﬁgu“

.

NWC TP 6621

could be made more circular by using elements having equal coupling in
the E- and H-planes (e.g., by using square elements).

a0

R S e e S

30

ELEVATION (DEGS)
S
T

\\
3
. (~35 \ .
0 ] 0 | 1

. AZIMUTH (DEGS)

% FIGURE 9. Pattern Contour Plot for Adapted Pattern. Contours are
i in decibels below main lobe response. The cross indicates direc-

g tion of jammer during null formation.
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POWER (dB)

e SINAL )

FIGURE 10. Antenna Patterns. The azimuth angle is the polar variable,
with patterns plotted for two elevations. A radial value of 0 dB
corresponds to a gain of 7.0 dB relative to an isotropic antenna.
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FIGURE 11. Reduction in Jammer Power During Guided Random Search s

Processing. Jammer incident at ¢ = 0, 8 = 20 degrees.
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FIGURE 12. Pattern Contour Plot for Jammer Incident at ¢ = O
Degrees and 8 = 0 Degrees.

CONCLUSIONS i

e

]

The reactively steered adaptive array (RESAA) technique bas been :i:j
extended from a linear array to a planar array and has demonstrated an :}fﬂ
ability to steer nulls in azimuth and elevation. The guided random 5 Y
search method offers a means of rapid control of a large number of —_—
reactively loaded parasitic elements. A null with a depth of “?;
30 decibels relative to the main lobe could be steered towards a single e
jammer. -aif
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Appendix

ARRAY FACTOR FOR A REACTIVELY STEERED ARRAY

Consider the array of center-fed dipoles shown in Figure A-l,
excited by a jammer with power P 1incident on the array as indicated.
The array factor can be written as follows (Reference 5):

N jks(n- 8
F(9) = 5 {{zs + o171 eJ s(n-p)cos tA-1)
n=1 np

where k = 2n/A, {~}gp denotes the np element of the enclosed matrix,
p = (N+1)/2 is the index for the center driven element, s 1is the
element spacing, ([Zp] 1is the array impedance matrix, and [Z;] is
the diagonal matrix of reactive loads given by

[ZL] = xLl X
(A-2)

where Xpy 1s the reactive load on the ith element. It is also
convenient _to consider the diagonal elements of ([Z;] as a vector
denoted by X.

There are no properties of the matrix inverse in Equation A-l that
permit it to be expanded or simplified, unfortunately. The array
factor equation can be written in a more compact form by defining the
vector 1 with the components

In = {[z4 + zL]"}np (A-3)

and the steering vector U with the components

Uy(8) = elks(n-p)cosd (A-4)

Then, Equation A~1 can be written as

F(e) =T . § (A-5)
15
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In the power inversion mode of operation considered in this report, the
nulling algorithm objective 1s to minimize |F| in Equation A-5 by vary-
ing the components of the vector X.
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FIGURE A-1. Reactively Steered Antenna Array Geometry.
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