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INTRODUCTION

A reactively steered adaptive array (RESAA), shown in 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 is
formed according to the values of the reactive terminations on these
parasitic elements., In an earlier report we described work on a
RESAA consisting of five microstrip patch elements resonant at
4,0 GHz., That report developed an equation for the pattern of the
array and presented the results of a series of computer simulations of
the array performance wusing a steepest descent algorithm for
control. The only experimental results presented in the earlier
report were antenna patterns formed by manual adjustment of the
reactive loads; these patterns principally served to demonstrate that
a significant degree of pattern control is possible in a microstrip
patch array by varying the reactive loads on parasitic elements.

This report presents experimental results for this same array as
controlled automatically in an adaptive feedback loop. Both the array
and the reactive loads (varactor phase shifters) are identical to
those shown in Reference 1, Adaptive processing based on a steepest
descent algorithm similar to the one investigated in the earlier
simulations® is used with a minicomputer on an antenna range to
cemonstrate closed loop control., Both a power inversion mode (nulling
of an incident signal without a reference) and a mode that uses a
synchronous reference to separate a desired signal from an interferer
are investigated. In addition, measurements are described that use a
steepest ascent algorithm to form a beam towards a desired signal.

We find that a null with a depth greater than 30 dB (relative to
the pattern maximum) and a width of about 25 degrees can be steered
toward an interferer. Typically, no more than 40 steps (iterations)
are needed to form the null; with the relatively slow general purpose
minicomputer that served as the controller (with programming in
Fortran), adaptation times of several seconds were achieved. With a
synchronous reference, a null can be steered towards an undesired
interference source and a pattern maximum can be steered
simultaneously towards a desired signal. Steepest ascent beam
steering produces a beam with a directivity of about 7 dB.

! Naval Weapons Center. Reactively Steered Adaptive Array Using
Microstrip Patch Elements at 4 G{gghertz, by R. J. Dinger. China
Lake, Calif., NWC, February 1983. (NWC TP 6421, publication
UNCLASSIFIED.)

G. A. Bekey and W. J. Karplus. Hybrid Computation. New York,

John Wiley and Sons, 1969. Pp. 270-280.
1
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FIGURE 1. Diagram of Reactively Steered
Array. The pictured elements represent
the microstrip patches of the experi-
mental array (minus the ground plane).
The geometry for the pattern measurements
is also shown,

ARRAY AND TEST CONFIGURATION

ARRAY DESIGN

The experimental array, shown in Figure 2, cousists of five
microstrip rectangular patch elements. Each element measured 1.0 x
2.33 cm and was resonant at 4.0 GHz, The edge-to-edge separation was
0.75 cm, corresponding to a separation of 0.1X at 4.0 GHz, The
substrate material was Rexolite 1422 with a thickness of 1,58 mm and a
dielectric constant of 2.50.

REACTIVE LOAD DESIGN

A variable reflection phase shifter terminating a transmission
line with a characteristic impedance Z produces a variable reactance X
given by X = Z tand, where ¢ is the phase shift, Microstrip phase
shifters were designed and fabricated to provide the necessary amount
of phase shift, using a varactor diode mounted between a 50-ohn
microstrip line and the ground plane, Approximately 250 degrees of
phase shift could be obtained with a bias voltage range of 0 to
-10 V. These phase shifters were the same units used for the manual
control measurements presented in Reference 1.
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FIGURE 2. Experimental Antenna Array.
Scale in inches.

CLOSED LOOP CONTROLLER AND TEST CONFIGURATION

In Figure 3 we show the array configured for <closed loop
operation on a roof-top test range. Two distinct operating modes are
incorporated in this diagram. With the switches in position A, a
power inversion mode (i.e., no reference signal) results; a digital
power meter measured the array output and transferred the reading to a
Hewlett-Packard HP-1000 computer over an IEEE-488 bus. For most of
the measurements in the power inversion mode, only one source
radiated, as Figure 3 indicates. With the switches in position B, a
reference mode results, in which a narrow band coherent receiver is
modeled using a lock-in detector and a reference signal applied both
to the lock-in detector and one of the radiating sources (the desired
signal). A second radiating source is frequency modulated by a tri-
angle wave, producing a frequency modulation (FM) interference signal
whose frequency excursion is centered about the frequency of the
desired signal,. In this reference mode, the input signal to the
computer was obtained from a fast analog-to-digital conversion (20 kHz

3
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conversion rate) of the lock-in detector output voltage. In both
nodes of operation, the coantrol signals generated by the computer were
converted to analog voltages with a range of 0 to -10 V and applied to
- the varactor bias port of the phase shifters. For the power inversion
mode, the speed of the control loop was dominated both by the integra-
tion time of the power meter and the slow transfer rate of the
IEEE-488 bus; for these reasons, the results are presented in terms of
the number of 1terations rather than absolute time- The reference
mode was substantially faster because a relatively short integration
time on the lock-in detector (! msec) was used and no IEEE-488 bus was
required.

ANTENNA ARRAY
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FIGURE 3. Diagram of Test Setup.

‘ POWER INVERSION RESULTS

CONTROL ALGORITHM

The control algorithm, written in Fortran on the HP-100u

computer, was a straightforward implementation of the discrete

steepest descent method used in the simulations in Refereace 1.

Letting X{(j) denote the reactive load on the ith antenna at the jth

{ iteration, the discrete steepest descent algorithm states that the
reactive load at the next iteration, Xj(j+1), is given by

Xy (3+41) = Xg(3) - Kve (n
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where K is a positive constant that controls the convergence rate, and
¢+ is an N~dimensional error criterion (N = total number of elements),
Rather than make a true measurement of all components of the gradient,
however, at each iteration only one of the reactive loads was incre-
mented by a small amount (referred to as the step size, below) and the
change noted in the array output. If the array output was lowered,
the next load was incremented and the array output measured, and so on
sequentially and repeatedly through all of the terminations. When an
incremental change produced an increase in the array output, the sign
of the load increment was changed. In the Appendix a flow chart and
detailed description of the algorithm are given.

We made numerous runs to investigate the effects of signal
incidence angle, step size, feedback constant K (Equation 1), and
termination initial values. In Figures 4 through 15 we show a L
selection of typical results, For all of these curves, we have used a
value of K = 0.10 Vz/mw (the units take this form because the reactive
loads are controlled by the bias voltage and not by any measure of the
load reactance). We found this value to be a good compromise between
excessive steady state fluctuations and a convergence that was too
slow.

INTERFERENCE NULLING

For Figure 4 we positioned the array so that the signal was
incident at ® = 0 degrees (broadside) and set the infitfal values of
the terminations to a uniform value (-4.0 and -2,0 V). The time
history of the decrease in array output is shown; for initial values
of -4.0 V, about 40 iterations are needed to decrease the power from
| the initial ~20 dBm to a final value of about -55 dBm. At the nulling
| point the fluctuation in array output is about 10 dB, a typical

result. For initial values of -2.0 V, the nulling is substantially
poorer, with only about a 15 dB decrease in the array output
realized. In general, we found that an initial point of -4.0 V for
all terminations guaranteed a signal reduction of at least 30 dB for
incidence angles of 45 to =45 degrees, usually within about 40
‘ iterations. The nulling ability, as measured by the difference

between the “before” and "after” array outputs, became smaller as the
incidence angle approached grazing incidence (90 and -90 degrees), ”
principally because the gquiescent pattern prior to adaptation was
naturally smaller in those directions to begin with.

Figure 5 displays the variation of the terminations during the
-4.0 V curve of Figure 4. The step size of 0.1 V and the method of
gsequentially testing for a decrease in array output are evident in
these curves. The approach to a steady state value for each termina-
tion and a small "wander” in the steady state value can also be seen.
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FIGURE 4, Variation of Array Output Power During Nulling

of Signal Incident at 0 = 0 Degrees. Curves for two initial
reactive load values (-2.0 and -4.0 V bias on the varactor
diodes) are shown.

Another approach to selecting the initial point is to conduct a
, random search phase. In this scheme, termination values are selected
" ' by a uniform random number generator, and the values producing the
\ lowest array output at the end of the random search phase are entered
as the intital values for the steepest descent algorithm. In Figure 6
we show a power reduction curve in which a 10-step random search phase
is followed by steepest descent processing. For this example, the
total number of steps to decrease the power from -20 dBm to -50 dBm is
about one~half the number required when starting with -4.0 V on all
terminations (Figure 4), a typical result; we have also found that the
use of a random search phase usually produces a deeper null with
smaller steady state fluctuations,
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FIGURE 6. Nulling Produced by Random
Search Followed by Steepest Descent
Processing.
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In Figures 7 and 8 we plot typical antenna radiation patterns,
showing the formation of a null towards the interference signal,
Figure 7 includes three traces to demonstrate that although the
termination values necessary to produce a null in a given direction
are not unique (i.e., many local minima occur in the error surfaces),
the radiation patterns for all the possible solutions are remarkably
similar. Three radiation patterns produced by the three sets of
termination values that null a broadside signal are shown; the
termination values, which are listed in Table 1, were arrived at by
starting with different initial values.

TABLE 1. Values of the Reactive Load Bias Voltage (in Volts)
for the Three Curves Shown in Figure 7. Element 3 is the center
element connected to the receiver.

Curve A Curve B Curve C

(solid) (dashed) (dot—-dashed)
Element 1 -0.16 -9.28 ~3.68
Element 2 -5.96 -8.51 -6.55
Element 4 -3.53 -4.,05 -0.69
Element 5 -5.56 -7.13 ~5.83




NWC TP 6481

~90

60 -50 40 30
POWER (DBM)

FIGURE 7. E~Plane Antenna Patterns for Interference Incident

at 8 = 0 Degrees Resulting after Nulling. The three patterns
shown are produced by the three sets of reactive termination
values listed in Table 1. A power level of -20 dBm corresponds
to 7 dBi.

-90

60 50 —40 -30
POWER (DBM)

FIGURE 8. E-Plane Antenna Pattern for Interference Incident
from Angle Indicated by Arrow after Nulling.
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INTERFERENCE NULLING WITH A THREE-ELEMENT ARRAY

As the number of parasitic elements increases, the depth of the
null should increase and the width should rarrow up to a point.
Figure 9 shows a null formed at broadside in which the loads on the
outer elements (i.e., elements | and 5) were removed and only the
loads on the inner parasitic elements (2 and 4) were adjusted. The
null formed by the three-element array has a depth of only 18 dB below
the pattern maximum and the width is about 60 degrees at 10 dB below
the pattern maximum, compared to 30 dB and 25 degrees, respectively,
(Figure 8) for a five-element array. The addition of two more
parasitic elements clearly gives a substantial improvement in
performance. As the number of elements is increased beyond five,
however, at some point the influence of the additional elements added
at the periphery will begin to have a negligible effect on the
pattern. The number of elements for "diminishing returns” will be
found experimentally in future work on this program.

oo

—%0° 50 40 30 -20
POWER (dBm)

FIGURE 9. E-Plane Antenna Pattern for Three—-Element Array
for Interference Angle Incident at O Degrees.

PROBABILITY DENSITY FUNCTION OF THE CONTROL SURFACE

The “control surface” for a RESAA, a wuseful concept for
visualizing its convergence properties, is the N-dimensional surface
produced by the receiver output as the terminations on the (N-1)
parasitic elements are varied over their range of control. For a
three-element array, the control surface can be easily displayed in a
three-dimensional perspective drawing (in Reference 1 theoretical

10




| S e -7 4% ¥ 1 T e

[

NWC TP 6481

surfaces were presented for a three-element array); however, for more
than three elements, the surface cannot be so easily visualized.

One way to picture the surface is to plot the probability density
function (PDF) of the receiver output for randomly selected loads. In
Figure 10 we plot the PDFs for the five-element RESAA for signals
incident at 0 and 45 degrees, as determined from 1000 samples. These
curves show that the most probable output power of the array for
randomly selected loads is about -24 dBm, but that there exists a set
of loads that can produce a power of as large as =17 dBm
(corresponding to lobe steering towards the incident signal) or as
small as -54 dBm (null steering). The goal of a nulling algorithm, of
course, 1s to arrive in an expeditious manner at the loads that
produce the -54 dB tail in the PDF. Figure 10 does not indicate how
many fundamentally different sets of loads produced the tail, i.e.,
does not show how many local minima exist in the control surface.

150 T T T T
1000 SAMPLES

100

NUMBER OF SAMPLES AT ABSCISSA VALUE

% ~
50 -
0
5 T
r\\-.’ J
0 Y PRt
~60 ~50 -10

RECEIVED POWER (dBm)

FIGURE 10. Probability Density Function (Fraction of
Samples--1000 Total--at Each Abscissa Value for Uniformity
Distributed Random Load Values) for Two Angles of Incidence.

Figure 11 plots the cumulative distribution function (CDF) for
the PDFs in Figure 10, As an example of how to interpret these
curves, Figure 11 implies that for broadside incidence a purely random
search control algorithm has a probability of (5/1000) = 0.005 of
decreasing a signal to at least -40 dBm with a single sample.

11
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NUMBER OF SAMPLES
LESS THAN ABSCISSA VALUE

L

%0 50 rr) 30 20 =10
RECEIVED POWER (dBm)

FIGURE l1. Cumulative Distribution Function for Data Given in
Figure 10.

NULLING BANDWIDTH

; In Figure 12 we give an example of the frequency response of the
! array. The signal was nulled at a frequency of 4.0 GHz, the
i termination values were held constant, and the source frequency was
i then swept. Defining the nulling bandwidth as the frequency interval
; over which the null is at least 20 dB below the pattern maximum, a
value of about 20 MHz 1is obtained for this array. The nulling
bandwidth 1s determined by the array configuration (primarily the
spacing between the elements) and the bandwidth of the reactive
loads. The varactor phase shifters were not designed to optimize
bandwidth; with a more elaborate design (perhaps by using a circulator
and multiple PIN diodes to produce a nondispersive phase shifter) the
bandwidth of the reactive loads, and hence the nulling bandwidth, can
be substantially increased.

' The array bandwidth, which we define as the frequency range over
which the voltage standing wave ratio (VSWR) at the center element is
less than 2,0, is about 100 MHz. This value is typical for microstrip .
patch elements. Other definitions of array bandwidth could be
congsidered, such as the frequency range over which a null can be
formed of a certain depth towards an interferer; however, we have not
yet characterized the array in this manner.

12
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FIGURE 12. Frequency Response of Null for Interference
Incident at 6 = 0 Degrees.

NULLING DURING ANTENNA ROTATION

The effects of antenna rotation and source movement are displayed
in Figure 13, Following the initial nulling of the signal, during
which time the antenna was stationary, the antenna was rotated at a
rate of one degree for each three iteration steps. The null was
tracked over a range of about 40 degrees, at which point a noticeable
increase in array output occurs. Comparison with Figure 14, which
plots the variation in termination value during the rotation of the
antenna, shows that the array output increases because one of the
terminations hits the limit at 0.0 V. Sometimes such a limit can be
compeunsated for by changes in the other terminations, but in this
particular case compensation did not or could not occur, We have
found that a random search phase leads to an initial null that can be
tracked over a larger angular change than a null achieved after a
start from a uniform set of values (usually -4.0 V),
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FIGURE 13. Power Received During Nulling Followed by
Antenna Rotation.
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Sequence Given in Figure 13.
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Figure 15 is a plot of antenna pattern "snapshots” at various
points during the rotation of the antenna. These patterns were
obtained by reading off the values of the terminations at the
indicated incidence angles during the rotation, fixing these values on
the terminations, and then measuring the pattern. The pattern null
rotates towards the interference source with relatively little
distortion of the pattern at other azimuths.

NULL ANGLE
a°

0° cem= -150

(o]

-90° —40 -30 -20 -10

POWER (dBm)

FIGURE 15. E-Plane Antenna Patterns at Selected Points bDuring
Rotations of Antenna for Data Presented in Figures 13 and li.

REFERENCE MODE RESULTS

An FM  interference source, whose modulation bandwidth was
centered about the 4.0 GHz center frequency of the array, radiated a
power that was 20 dB higher than the desired signal (see Figure 3).
This interference was sufficient to prevent the lock-in detector from
acquiring the desired signal. Figure 16 shows a time history of the
array output before adaptation, showing large impulses that occur when
the FM source sweeps through the lock-in detector frequency.

The adaptive algorithm used the same steepest descent technique
described for the power inversion mode, except that the ratio of the
second moment to the average value of the lock-in detector output was
minimized. Minimization of this ratio placed a spatial null towards
any signal producing an {impulsive output and maintained a large
pattern value towards any signal that was, by comparison, relatively
smooth in its time variation. The post-adaptation trace in Figure 16
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and the pattern in Figure 17 show the effect of the adaptive
processing. A null was steered towards the FM interference source,
and a pattern maximum was maintained towards the desired signal. As
indicated in Figure 16, the square wave modulation on the desired
signal was recovered.
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FIGURE 16. Time Traces of Array Cutput.
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FIGURE 17. E-Plane Antenna Pattern Following Interference
Nulling and Lobe Steering Towards a Desired Signal for Time
Traces Given in Figure 16,

BEAM STEERING

As shown by Figure 10, the most likely output power of the array
for a random selection of termination values 1is about -24 dBm, but
termination values can be found that yield an ~utput of -17 dBm, about
7 dB higher. This result, coupled with the observation that a
distinct lobe was formed towards the desired signal in the reference
mode measurements of the previous section, suggests that main beam
steering can be accomplished with a RESAA.

The patterns in Figures 18(a) and (b) were formed by using a
steepest ascent control algorithm to maximize the receiver output.
The algorithm (and computer code) is identical to the steepest descent
algorithm outlined in the Appendix, except that at each iteration an
increase 1in received power is tested for. Figure 18 shows that
pattern maxima with an amplitude of about -17 dBm are formed towards
the incident signals, but the directivity (about 7 dB) is relatively
low. This directivity is approximately what would be expected for
this array (five patch elements of approximately 0.8 A overall

length).
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FIGURE 18, E-Plane Antenna Patterns Formed by a Steepest
Ascent Algorithm to Form Pattern Maximum Towards (a) Desired
Signal Incident from -45 Degrees and (b) Desired Signal Incident

from O Degrees.

DISCUSSION AND CONCLUSIONS

The results reported here demonstrate that a useful degree of
pattern control of a microstrip adaptive array can be achieved by
edjustment of the reactive loads on parasitic elements. Nulls with a

18
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depth greater than 30 dB and a width of about 25 degrees were steered
towards an interference source over a bandwidth of about 20 MHz. The
same steepest descent algorithm was also able to maintain a null on
the interference source during rotation of the array through angles of
at least 40 degrees. The pattern was also controlled using a
reference to generate a lobe towards a desired signal and a null
towards an interference source; a reference signal can be provided by
any of the many methods described in the literature. Comparison of
results using only two parasitic elements versus using four parasitic
elements shows that the null that can be formed is sharper and deeper
when the additional elements are added. The array also displays a
modest ability to form a lobe (7 dB directivity) towards a desired
signal.

The experimental measurements used a general purpose minicomputer
with Fortran programming and a slow power measurement device, so that
actual elapsed beam-forming times were very slow. An estimate of the
convergence time that could be achieved by a microprocessor controller
ca'. be made by assuming that the microprocessor cycle time (i.e., a
fetch/operation/store cycle) is the limiting factor, rather than the
analog-to-digital and digital-to—analog conversion speeds, or the
response times of the receiver and reactive loads. Taking an average
cycle time of 5 usec as typical of a fast microprocessor with
coprocessor, estimating that each iteration step can be programmed
with eight instructions, and taking 40 iterations as typical for
convergence, a beam-forming time of 1.6 msec results, Questions
relating to stability of the algorithm at these rates are of course
yet to be answered.

The main advantage of a RESAA, as compared with a conventional
adaptive array, is the elimination of the mixers and other hardware
needed to perform the complex weighting of each element's output at an
intermediate frequency (IF). In general, a RESAA configuration can be
made with substantially fewer components than a comparable
conventional adaptive array. It also lends itself (with microstrip
elements) to fabrication as an integrated antenna, in which the phase
shifter reactive loads are incorporated directly into a multilayered
sandwich construction. Another advantage is the necessarily smaller
overall size (needed to maintain tight coupling between elements).

There are two disadvantages to the RESAA technique: (1) less
control of the pattern is obtainable for the same number of elements,
since only one control device is used for each element with the RESAA
compared to the two control devices (for full complex weighting) for
each element of a conventional adaptive array, and (2) increased
control over the pattern cannot be achieved simply by adding more
elements, since new elements added at the periphery of the array have
progressively less influence on the pattern.
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FUTURE WORK

Future research work on the RESAA technique will investigate the
following issues and applications.

* Planar array performance. Two-dimensional arrays will be
fabricated to determine the ability of a RESAA to beam form in
both the azimuth and elevation planes,

 Algorithm development. Other algorithms will be investigated
to determine if they produce a faster convergence speed or
more robust uyll. One such pcssible algorithm 1s guided
random search. This algorithm allows the reactive loads to
be adjusted simultaneously, rather than serially; this form of
adjustment appears to be essential for larger arrays.

* Bandwidth enhancement. More sophisticated designs for the
phase shifter teminations will be 1investigated to improve
their bandwidth and, hence, the nulling bandwidth. 1f the
nulling bandwidth can be substantially improved to approach
the array bandwidth, wider band elements will be considered.

° Mutual coupling studies. The mutual impedance between the
array elements obviously is essential for the operation of the
array gpd enters the analysis equations in a straightforward
manner. However, the mutual impedance matrix entries depend
on a variety of factors, such as element spacing, size, shape,
and orientation. Hence, the best antenna configurft%on is not
at all obvious. Using the loaded N-port theory, »~ the role
of the wmutual impedance will be examined in detail. One
approach is to hold a set of reactive loads fixed and vary the
mutual impedance, in effect optimizing array performance in a
parameter space made up of the resistive and reactive portious
of the mutual impedance. Questions relating to realizability
of the optimum point lead to a rather complex problem.

‘ ¢ Hybrid combinations of parasitic elements and driven elements.
An interesting possibility is to combine reactively steered
parasitic elements — and their control loops — with
driven elements controlled in the manner of (1) a conventional
phased array or (2) an adaptive array using, for example, a v
Howells-Applebaum control loop.

——

¥ R F. Harrington. “Reactively Control Directive Arrays,” IEEE
Trans. Antennas Propag., Vol. AP~26 (May 1978), pp. 390-397.
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Appendix

STEEPEST DESCENT CONTROL ALGORITHM

This appendix gives a detailed description of the steepest
descent algorithm, a flow chart of which is shown in Figure A-1,

STEP
[ENTER INITIAL TERMINATION VALVES T()| 1 3
|
SET §; = +1 FOR J = 1 TO 4| 2 !
>4 f
3 |
—>y i
| DIRCHANGE = .FALSE.| 4
¥
L=u+1 [MEASURE POWER: PWR 1| 5
3
[Ty = Ty + K(spaT] 6 ;
NOMs o < T, < 107 7
YES
[SET T, ON TERMINATION J ]| 8
2
[MEASURE POWER: PWR 2 | 9
EQ ¥
EXIT eSS PWR 2 < PWR 17) 10
$No
| ves(S DIRCHANGE = .TRUE.?) "
i NO
‘ 's, = - 8, 12
[Ty = Ty + 2KIS)AT | 13
[ DIRCHANGE = .TRUE. | 14 L
L______ .

FIGURE A-1. Flow Chart for Steepest Descent Algorithm.
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At Step | the initial values of the terminations are assumed to
be available, efther as a result of a random search phase or as a
selected set of initial values. The parameter §$j controls the sign
of the change in each termination value at each iteration; initially,
all of the Sj are set to +l at Step Z. The iterative loop starts
with element 1| (Step 3) by setting a parameter called DIRCHANGE to
logical FALSE (Step 4). DIRCHANGE is a toggled parameter that serves
to indicate a change in sign in §j.

At Step 5 the output of the receiver 1s measured and stored as
PWRI. The termination value T; (in terms of varactor bias voltage
applied to the reactive terminations) 1is then computed in Step 6
according to the steepest descent algorithm given in Equation 1. K is
the rate constant, but note that the sign of K is immaterial at this
point since Sj can cause the incremental term to be either positive
or negative. Steepest ascent or descent is actually determined by the
sense of the inequality in Step 10. Before actually setting the
computed value of Tj on the termination, the value is checked in
Step 7 to ensure that it does not fall outside the control range. In
Step 8 the digital-to—analog converter is addressed and the varactor
bias voltage is set to the value of Tj.

The new value of received power is then measured and compared
with the earlier power reading in Step 10. If the new measured power
is lower, the adjustment process passes along to the next el.wsnt.
When the J = 4 element 1is completed, the adjustment procedurw tecurns
to the J = | element unless the maximum number of loops given oy NMAX
is reached, in which case the program ends. For coantinuous control no
check against NMAX is necessary.

If the result of the comparison in Step 10 was such that the new
power measurement (PWR2) was greater than PWRl, then S; must have
its sign changed to change the sense of the incremental term in Step
6. First, however, a check is made in Step ll to see if such a change
in sign has already occurred, in which case control is passed to the
next element. Step 11 (and the use of the DIRCHANGE variable) is
necessary to prevent oscillations at the minimum point or under
conditions in which large noise fluctuations can cause the test in
Step 10 to fail no matter what sign S) takes. 1If the sign change in
Sy has not yet occurred (as indicated by the NO result of Step ll),
the sign is changed and a new computation of T; is made in Step 13.
The factor of 2 occurs in order to return the value of Tj to its
previous value (just prior to eantering Step 6) and increment it in the
new (opposite) directiom. DIRCHANGE 1is then toggled to TRUE and
control passed back to Step 7.
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