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Preface ,¢

Adaptive arrays are being investigated for use in many
communications systems. They appear to be a viable, although

expensive, alternative to some anti-jamming systems currently

B S TS SNpwr g P e

under development. As with all systems the problems associat-
ed with signal saturation need addressing and hard limiters

are consistently touted as the best form of envelope limiting.
Automatic gain controls as envelope limiters are not addressed
in much detail; the only claim is to use a '"fast" one. Inform-
ation on the subject appeared sketchy and was chosen for my
thesis topic.

Thanks are due to Lt, Colonel Ron Carpinella for his as-
sistance and directions as my advisor. Maripat Meer was most
helpful as my typist. My deepest love and appreciation goes
to my wife, Leigh, who understood and endured the times we
could not be together during the past six months,

John R, Sutton
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Abstract

A three-element adaptive array algorithm with Applebaum-

Howells loops combined with a linear automatic gain control
(AGC), was analyzed. Computer simulations of array perform-
ance for single jammers were presented and analyzed, Jammer
scenarios included were: narrowband and broadband, high pow-
er, centered and non-centered jammers about the array center
frequency, and different automatic gain control response
times. No fixed performance criteria were applied to SNR
degradation and antenna pattern plots. A non-linear AGC was
linearized by expanding the exponential attenuation function
in a series and truncating the higher-order terms. The AGC
is shown to destroy the typical monotonically decreasing SNR
degradation of a constant power, narrow band jammer when its
response time is near that of the adaptive loop. Simulation
results show that an AGC can cause the adaptive weight ampli-

tudes to vary significantly.
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AN ADAPTIVE ARRAY WITH

AUTOMATIC GAIN CONTROL

I. Introduction

Background

The analytic theory which describes adaptive antenna ar-
rays is relatively new. Most significant contributions have
been made within the last two decades. In the early 1960's,
with Howells' development (Ref 1) of IF sidelobe cancelling
circuitry, adaptive arrays began to diverge from general RF
antenna theory. Further contributions in the 1960's by Apple-
baum (Ref 2) and Widrow (Ref 3) firmly established the theory
of adaptive antenna systems.

The military environment is a natural place for adaptive
antenna arrays. In high threat situations intense jamming is
expected and adaptive arrays can significantly reduce jamming
effects., Adaptive arrays coupled with main beam steering
have the capability to shift the inherent antenna pattern nulls
to the spatial direction of the -interference. Another inher-
ent advantage of analog adaptive arrays is the ability to a-
dapt faster for increasing interference power (Ref 4:21).

Adaptive array theory requires circuitry which performs
multiplication. A typical diode mixer performing this opera-

tion does not have a large dynamic range. For this reason,




some method of envelope limiting is usually employed in re-
ceiver front ends, Hard limiting has been studied in depth
by Gabrial (Ref 4) and Brennan and Reed (Ref 5). The study
of other envelope limiters has not been investigated in depth;

probably due to the non-linear nature of the implementing

devices.

Objectives

This thesis will examine the performance of a maximum

signal to noise ratio array algorithm which incorporates an
automatic gain control (AGC). The present literature only
specifies the use of '"fast'" AGC circuits. The question then
ie how "fast" an AGC is required. Real time simulation of

an AGC/array system can provide insight into these questions.
A comparison study of the simulations will hopefully show any
relationships which need to be addressed in the design of

future military systems.

Assumptions

At the outset it is assumed that all system models are
narrowband with bandwidth no greater than ten percent of cen-
ter frequency. It is also assumed that the adaptive array is
steered in the direction of the desired signal. The last maj-
or assumption concerns intermodulation distortion. It is a
well known fact that intermodulation products are generated

at the output of a bandpass non-linearity. These products




are frequency dependent and demand a full non-linear analy-
sis of the system in question. For purposes of this thesis
these products are assumed to be zero everywhere, This sim-
plification will allow analysis of the AGC in the linear do-
main, Since a relationship between the power dependence of
the array and the AGC is only desired, investigation of small
intermodulation would probably be of no consequence to the re-
sults, Hence, this assumption is not out of line with the re-

quired analysis,

Aggroach

The approach in this thesis is to present models for both

the adaptive array and AGC., These models will form the algo-

rithm to simulate transient response.- SNR degradation will be

the principle array performance measure. A comparison study
of array performance for different AGC response time constants

and jammer powers will be conducted.

Because of the tutorial treatment by Gabriel (Ref 4) on
adaptive arrays and their performance, his model, with few ex-
ceptions, is used as the foundation for this thesis. The next

section contains the adaptive array model,

>




I1. Adaptive Array Model

Beginning Concepts

An understanding of phase conjugacy, space factor, retro-
directivity, interferometers, and integrating filters provides
important insight into the operation of an adaptive array mod-

el,
Phase Conjugacy and Retrodirectivity. An adaptive array

performs spatial filtering by sensing the direction of an in-
terference source and forming a retrodirective beam, This
retrodirective beam is formed from the jammer's spatial depen-
dent, uniform phase shift along the array elements. In a
sense, the retrodirective beam is subtracted from the unadapt-
ed pattern to alleviate some of the jammer's effects., Figure
1 is a representation of this process. Signal multiplication
(mixing) is used to derive the necessary conjugate phase to
create the beam,

This conjugate phase relationship is derived by multiply-
ing (mixing) the received signal with a reference signal of
equal or higher frequency. To illustrate this principle de-

fine complex (denoted by the overbar) signals E, and E; as

E=A *J(Wr't +9.)
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and

E; = Ag .lj(w‘t * 0.)

The product of their real parts is then

E.E, = A A cos(wtrg)cos(w,t +8,)

EE,= $Re(EE,) + #Re(EE)) (1)

where the asterisk indicates complex conjugate, If E, is
considered an incoming signal and E, a reference signal
then Eq(1) shows that a phase conjugate relationship can be
isolated. This is accomplished by chbosing the difference
frequency component at the output with a bandpass filter,
Note the required relationship (w,2wa2) for the operation to
make sense in the frequency domain,

Antenna Array Space Factor. A uniform linear array of

several identical antenna elements is usually specified, in

a general sense, by array gain as a function of azimuth,

This "pattern" is also called the space factor and can be
through of as a type of gain transfer function for the array.
By superposition of an odd number of equally spaced (in dis-
tance and electrical phase) elements it can be shown that the

space factor is (Ref6:74)




Gu) = A:f'fw

meg(n-1)

(2)

where A,

is the element current amplitude, N

of elements,

and u

, the uniform phase shift,

’

u

the number

can be

e R

further defined as a path length phase difference associated
with far field source at angle 6 from the normal to the

array.

u=224 5 h 6 ()

where d 1is the distance between antenna elements. This geo-
metric relationship is shown in Figure 2 for three elements.
Since Eq(2) is a geometric series in eJu it can be reduced

to

G©) = A, 0N (At

G©)= A, sm 2 @)

For this paper Eq(4) with Ay=1 is the unadapted or quiescent

antenna pattern.

SIN (sz_r_ SIN 6)

6)

GO -

where d-% .

SIN(Z sV 6)
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Figure 2 Geometric Interpretation of Phase Factor

Cross Correlation Interferometer. Insight into the oper-

ation of an adaptive array can be found by examining a cross-

correlation interferometer (Ref4:5-8). This principle is us-

ed in radar and radio astronomy to extract spatial informa-
tion from received signals. An adaptive array uses the in-
terferometer principle to derive phase conjugate element
"weights" for forming a retrodirective beam. The received
signal is cross-correlated with a reference signal and fil-
tered to estimate the value of the cross-correlation. Figure

3 is a schematic of a cross correlation interferometer,

RF signals arrive at antennas A and B with a path length
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phase difference u as defined in Eq(3) and are translated to

IF,

Figure 3 Cross Correlation Interferometer

IF translation must preserve the RF phases and amplitudes,
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The real part of the IF signal from antenna B can be written

E, = beos (wtou) ()

where b 1is the amplitude, w , the IF frequency and, u ,
the phase advance at B relative to A. The IF signal from
A is then offset to a higher frequency by mixing with constant

reference frequency wp . Thus,

E, = a cos[(wrwyt + @, (7)

where ¢, 1is the phase constant of the reference. If E,
and E; are mixed as in the previous section the output of
the mixer is a true cross-correlation of the received signals

at a carrier frequency w, .

Re E,E:] = ‘%’- cos(w,t +@, - u) (e)

The combined signal is then amplified and integrated in a nar-
rowband filter to improve the output signal-to-~noise ratio,
This filtering operation can also be thought of as an averag-

ing and is very important to the array operation,

j Re[EE] at = Re (EED) (9

The averaged output is called complex weight W . It is de-

fined as
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w =G (EE) ()
w-_-Re[W]:Gab cos (wotﬂP.-“) Q')

W can be further mixed with ¥; and the sum frequency, E, ,

chosen so that

— —= — =W\ E
E,=WE.-G(EE)E, @)
Since E; is a sinusoid with no modulation

E,= GIE—2|2E, (9

E5= Re [Es] = b Ga cos[(u&*w)'t +4, @)

Note that the phase of E, is cancelled and ¥, is now in
phase with E, . 1In general, where E, and E; are broad-
band envelope-modulated signals, u is different for each
spectral line and weight W represents an average conjugate
phase. Thus (WE:) would not result in complete phase can-

cellation across the channel band.

Integrating Filter. The averaging noted in the previous

section is accomplished by a simple RC filter. A choice of

11
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a RC filter over RLC type filters is based upon unwanted
phase properties of the RLC filter (Ref4:10)., To use the
simple RC filter it becomes necessary to convert from off-
set frequency w, to dc baseband in-phase and quadrature
channels, use the RC filters, and then remodulate back to
the offset frequency prior to mixing. Since a RC filter has
been used, the following differential equation specifies its

transient response:

W dw v
' TR

I

or

dw
T 9T

g
]
e

+ ()
where +t1,=RC and v is an input voltage. Using Laplace

transform analysis Eq(15) becomes
| — —_— —_ -t -
W = (w(o) - v;,) 2+t (16)
=1 _1
where a = s - RC

Previously it was stated that this filter operation was
important to adaptive array operation. Without this filter
to provide integration, the output can not be considered a
cross-correlation of the two input signals. Up to this point
all inputs have been deterministic sinusoids and the cross

correlation is the time average of the multiplied inputs

12




(Ref 7:46). This is represented as

R, ()= tin & x(t) /%(t +T) dt 17

In reality, signal y 1is a delayed version of signal x

and Eq(17) is more properly an autocorrelation of a determin-
istic sinusoid. Since the signals are still considered sinu-
soidal, the time average can be taken over one period, T, ,

such that

R.(O) =fo (t) x(t+7T) 4t 18

These relationships can be expanded to random processes where
the signals are now complex envelopes, If 1 ,the integration
time is long compared to the inverse of the IF frequency, then
the limit to infinity in Eq(17) is adequately approximated.
Further, if ergodicity of the process is assumed (Ref 8:329),
time averages can be considered equal to ensemble averages and
TeT

[eena - ety - £ .

t
" where E{.} denotes expectation (Ensemble average). The term

cross-correlation is now properly used because the two signals,

although not independent, are processes from different antenna

elements.




Two-Element Array

A simple two-~element adaptive array using one Applebaum-
Howells loop with beam steering is shown in Figure 4. For
simplicity, the local oscillator, IF amplifiers, and bandpass
filters are not included, They are not essential to the an-
alysis. Beam-steering signals Bt and B¥ have been added
to steer the receive beam in some desired azimuth direction
0, . For the analysis these signals are constant and 6,
is considered to be broadside to the array (0O degrees). These
signals are input at some reference offset wy, . To simpli-
fy the notation in the following equations, all signals are
assumed to be carrier modulated. Hence, the bandlimited spec-
tra are represented by tieir complex envelopes and any modula-
tion will not appear explicitly. Gain G shall be set at un-
ity for the time being.

When no interference is present adaptive weight VW, will
settle to a value commensurate with receiver noise., This
quiescent weight is denoted by Wq . To point the beam in

direction 6, under quiescent conditions

W, = % g w‘}:w'. o g iU (zo)
where
md
U = % siN O, (20

Weight W, is injected as B}. B} 1is related to W, bV b,

8o
14




R¢
Froter

WE + WHE,

Figure 4 Two Element Adaptive Array

Further define




E"n"“ J‘_""Ju(' E2=n‘*.}£1)qi t?O (24)

J

where receiver quiescent noise n, and n; are inputs until

-

a statistically independent noise source J, located at 8

i i
is turned on at t=0 . From Figure 4
i
W, = B -V, @)
and
= (W,E, +W,E, )E; (20)

After the filtering operation and with Eq(25)

*(8)-V2) @)

However, V2 also obeys the RC filter equation

T, 4 Y, < 6%, 9

Combining Eqs(27) and (28) gives

2 = E E,
T.%it’— + (17 ES )V, = |E | |E| )} (29)

For a step function change in E, and E,

16
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V(0= V,(0) = Vo(a)] 2™ + V(=) (30)

where {
2 e . W(EED J
Ve = BB TEE )
I+ |EJ
and
x = HTEJZ (32)

Eq(30) can be substituted into Eq(25) to get W,

To minimize the output power of the array, |[Y [?

define W;, as the optimum value of W, .

|Yv\'2 B 'th- 'szllz (33)

If |y |* =0 then

i
s
- " ) i
Wez = VV}éFsz C*ﬂ f

This form of Woz can be used to rewrite Eq{31). Note that

o o o

W,, 1is the retrodirective weight required to place a spatial

pattern null in the direction of interference, 6, . Also

note that due to the RC filter estimating the cross-correla-

tion, the adaptive process is not instantaneous, The RC filter

17




g

is not a perfect integrator with zero bandwidth and some finite
settling time will be required to reach steady state for (in
this case) a unit step input. The exponential time constant,

@ , defined in Eq(32) is dependent upon the power in E,
and T, . So, while the adaption is not instantaneous, it
is power sensitive. Specifically, rewriting Eq(31) with
Eq(34) gives

V, (=) = [ (B;_' ’I\"/nl (35)
I +|E,]
For |E)|" >71

V,(w) = 3:-w°2 (36)

Combining this with Eq(25) gives

wz("°) = woz_ (37)

In summary, without Eq(36)

W, () = B} - ,E:zlz(B: -w°3—)

NET %8

Under quiescent conditions, assuming independent noise voltages

in each antenna receiver,

EE =nn* =0 (39)

1 2 12

18
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implying that W,,=0 .

Eq(38) then becomes

. _Bs »
W) = ot )
If B} = bW i
{
- bW 4
W, () TeimE (41)

but Wz(w) - wq by definition so

bz =} ’,nzlz (42) '

Recall that the amplifier with gain G was set to unity to

streamline the analysis,

Realistically,
—_ (2 = j2
,Ezl = G|E,] (43)
If, however, G is set to normalize quiescent noise to unity,
such that
2
Gn,|" =1 (44)

it is possible to define a ratio, P , as interference pow- -

i
er to noise power,

o .
-g'TE;‘—‘in*z‘:“,la=l*ﬁ (45)

19
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Also define u=G|E,|* so

M =148 (4)
Rewriting the equations necessary to evaluate the weights of

the loop in terms of u gives

W = [Welo) - Wale)] £ e Wy () (48)
W = [ | Wt o [] Wea (o)
W, (0) =Wy =W, * (s0)
Weo = Tt BT (5
K= 1*+M and =1+ F (s2)

Gabriel (Refl1:24) gives physical representation to Eq(49) by

defining
»
beam-steering component = ,,ZM W, (53)
retrodirective component= —'%‘— Wo2 (54)

and observing that if Pi<<1, Wo2<<1 and the beam steering
part is dominant. As P1 increases, y increases such that
u>>1 and the steering component decreases while the retro-

directive dominates,

20




N iy el

[ERES e e . st M CSmta e aeines et At —— o s L AR A HTEA

K-Element Array

Most modern antennas are constructed from many antenna
elements to maximize gain and desired directional properties;
thus reducing the costs of more expensive items such as re-
ceivers and power amplifiers, Practical adaptive arrays
should be able to null many interference sources. Since the
number of nulls that can be geherated by any adaptive array
is limited by the number of elements it possesses (Ref4:61)
typical arrays have four or more elements, This section an-
alyzes a K-element array with K adaptive loops of the Apple-
baum-Howells type. Figure 5 1s a schematic of such a system.
To understand the operation of a K-element adaptive array
some basic linear algebra is used. The important equations
of the previous section will be generalized to the K-dimen-
sional case,

To begin, define § as a k-dimensional column vector

such that
z u;(2k-K - 1)
Ek = n, "z y 0 (55)
(=1
and
u; - Ir—): sin O, (s6)

where the lazy underbar indicates matrix quantities., The

sources are assumed to be statistically independent. The B;'s

a1
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K-Element, K-Loop Adaptive Array
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will steer the receive antenna beam in some desired azimuth

0 Therefore quiescent weights qu should generate the

desired quiescent pattern Gq(e) as in Eq(S5). E is defined

as a k~-dimensional colum yector and

-jUg(2k-K -1
Wk = a2’ ) (s7)

w =3¢ sin e, (s8)

VR S WIEL T edWR T T8 e

; To be consistent with Eq(4) the ak‘s are unity. § is defin-

ed like vectors E and ﬂ above where

Sk = L)Q(ZE-K-].) | (SQ)

Using § and g the quiescent pattern can be described as

X ) -
Gyfe)= ST = D g

=1

Similarly,

It appears that the k-dimensional case is proceeding ex-

actly as the single dimensional case of the previous section.

The only difference is that a solution involves a set of K sim-

ultaneous differential equations. Starting with Eqs(27) and(28),

23




dVi f )
‘,; aTt"k' + vk = <Ek & W‘ E‘>

dW, _ d\
IT T dT

it is possible to write in matrix form

dwW
T

Jw (64)

The product of E*QT , time averaged, is the cross-correla-
tion matrix of the system inputs. If the inputs are zero
mean (few papers explicitly state this) then the matrix is

also the covariance matrix. Here it is called M

LY

- EE,

———

By evaluating each element, realizing that nink-o for i¢k,

24




and assuming independent jammers

I

M =My +) M (66)
i

L=

Mq is the diagonal matrix of quiescent noise powers and

, [ 1 PRELT PRATTI 7
Mi = IJ‘,' _9_-.\2‘4; 1 1)2*4; o (67)
1.34-4; ‘L-.\qu 1 R
; L —
:i Eq(64) now becomes
L[z en)w-p 0

where £ is the identity matrix. From Eq(66) and (67) it
is clear that M 1is a positive-definite, Hermitian matrix.
Therefore a solution to Eq(68) can be obtained from an eigen-

system of equations when M 1is transformed into diagonal form.

Orthogonal System

If Ai* are the eigenvalues and éi the eigehvectors

of matrix M then

2
|M‘1:ll=° and Me, =1} &, (69)
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where

AT
€ [eu: €2, ., ei.k] (70)

If 8 is the matrix transformation of eigenvectors then to

diagonalize M ,

Qra] = x5, (7i)

where GiJ is the Krondecker delta,
When the transformation is complete such that E‘QE or
[a) A
r T z
E ET] - x5, (12)

The system of equations has been orthonormalized and all an-
tenna elements and adaptive loops are now independent from
one another, The solution of each independent loop equation
is now dependent upon the eigenvalues of the matrix transform-

ation. Eq(68) can be reduced to K equations of the form

%ok (1N, = & (19

where the "hat' indicates matrix quantities in the transformed
system., Comparing this to the analysis done in the 2-element

case and with Eq(72) note
a
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With this observation, it is possible to use Eqs(48) through
(52) to carry on the analysis. However, it must be remember-

ed that a transformation has occured such that

W Q"W (s
or
W, =8&,W + &, W+ + e, Wy ()

If the interference 1is switched on at time t=0

A

\:/‘(0) = ng (1)

and Eq(48) becomes

A AR T AT
- - (1- kb (18
Wk \I\/’k (, £ > A+ 1 \"/q.k D
where yuo=),2, the quiescent eigenvalues.
Signal-to-noise (interference) optimization is accom-
plished by maximizing the steering vector Q* to interfer-

ence ratio (Ref4:58). The results obtained from this are

w, = [M7B8"] (19

or

a7

A R

M)
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A | [
Wor = =4 B,

EqQ(79) is interesting in -that the optimum weights can be ob-

tained by inverting the covariance matrix directly., This re-

sult is not used unless steady-state conditions prevail to

adaption and no transient analysis is required.

Since a transient analysis is the object of this paper

it is necessary to generalize Eq(60) to

) 4
G(e,t) = \,’S/T,S, = Z \':/z éc
(=1

where

]
pls 3
~ 4
W
i
;I " I
J\)
~
W
*

Restating Eq(78) to change the subscripts gives
A A -t M = Mo\ ("
M—W,;‘(i L ) _—q—‘—*—r)\/\/,_

where
k

AT "
Wi =€ W ”Z € Wik
kei
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Eq(83) is of the form showing a beam-steering component
minus a retrodirective component. If a summation of indepen-
dent quiescent weights is considered to form the quiescent

pattern then
G(8,0) = G4 (6) (9

and Eqs(81) and (83) give

G(o, ) = Gyle) i( e L

At

where °1 o My o and u, are as previously defined. Two
observations are important here. The first is at the retro-
directive component consists of a summation of weighted, in-
dependent, eigenvector beams which resulted from the transform-
ation. Secondly, the (ui-uo) term is zero for any eigen-
vectors which are equal to the quiescent eigenvalue., Also re-
call that the speed at which the array adapts is dependent
upon interference power (as reflected in the eigenvalues).
Eq(86) is used to evaluate the antenna pattern at any in-
stant of time. However, no mention has been made thus far
concerning the nulling capability of the array. For this rea-

son, the usual tie to SNR is made in the next section.

Adaptive Array Performance

Recall that the interference scenario calls for a step
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function input of the sources at time t=0 , Prior to this
time, statistically independent receiver noise is n° in all
adaptive loops. Therefore, A ,? = |n°|2 . For convenience,

since amplifier gains cam be set accordingly, set
2 T _
My = ‘X. = ‘V\.‘ = 1 (97)

Receiver noise is also independent of the interference so to-
tal output noise is a summation of the loop noise contribu-

tions at any time.

K
A 2
O] =) 1 e (88
(=1
where
Ry = §:' .'}!
From EqQ(78) then
ot; - 2 " 2
YAk -|n.|’z [1 -(1-4" * gj—‘;)] |w,‘. (90)
T
It Ai(t) is defined as
- i'Q t " e
Al =(1-2 « )(%_,:_) (a1)

then Eq(89) becomes




NG = |n,|fi [ 1- M)]z .| (a2)

For quiescent conditions at t=0 , Ai(t)=0 and
X
2
NGO =l Tl (@9
k=1
Therefore,
2 2 X 2 A 2
INg( ™ = In.| Z ,W%, - [Z‘A,-(t)] At '\"/9(’ (39
k=1 'l

The noise power from the interference sources is easily seen
to be a summation of each power times the power gain at the

source azimuth.

R

Bl = 1n0) B 6%, 0 4s)

rsi

where Pr is the rth source power and er is its location.
Total output noise (in relation to a desired signal) is a
summation of total noise, Eq(94), and interference noise,
Eq(95). The increase in total output noise is the ratio of

this sum to quiescent noise. This concept is similar to a
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S+N/N ratio. In this case a J+N/N ratio is derived. Com-

bining the equations gives

s

R X -
2 A 2
Nl ,_1'36(945 -;[Z-A.@]A,«)[w,‘[
nop 1 (36)
o fle‘
A ket |

Sinre the desired signal is assumed to be broadside to the
array (es-o°) , Eq(S57) reduces the denominator above to K.
By normalizing Eq(96) with respect to the desired signal a

degradation ratio results where

D = | Gs0w || UN®I q
G, 1) || [Na®* o

Bandwidth

In the preceeding treatment of adaptive arrays no men-
tion has been made to the interfering signals and their char-
acteristics. In fact, the phase factor u was defined in
Eq(3) to represent a true time-delay relationship between
elements, A realistic interference source will not consist
of a CW signal; it will have some bandwidth. All previous
analysis implicitly assumed an interference source consisting
of a single spectral line at £, , the RF carrier fro-

quency. This section will incorporate bandwidth into the
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adaptive array model,

Recall Eq(3), the phase factor

Y; = E;\i SIN B¢ (98)

for each interference source. If a half-wavelength (with

respect to f;) element spacing is assumed then
‘FTT ) £

U = +— =2 6i1v 9; (99) !

U N ‘ ,

} where f 1is the interfering spectral line. Although the E

model will not allow the incorporation of a continuous power
spectral density, it is possible to approximate a flat den-
sity with many discrete spectral lines. It is also possible
to have the interference bandwidth lie anywhere in the RF
bandwidth. For a narrowband system the usual convention is
that the RF bandwidth be less than 10 percent of the RF center

frequency. Therefore the frequency ratio above is bounded by

95 F < 105 (ro0)

It is also possible to define f as

-f-f:,+Af‘0Afl (10)

where Af 1is the difference in frequency between f, and f,
the center of the interference spectrum. Afl is the differ-
ence between f and the 1lth spectral line interference. Fig-

ure 6 shows these relationships. 1In this analysis it must be F
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Figure 6 Interference with Bandwidth

assumed that the discrete lines are independent. For RF sig-
nals, the cross-correlation over many cycles will be zero.

Eq(98) can be rewritten as

£, +(F-F) + 81y oo O,

u..,_ - ‘r 2
- f+af
- _;{;_1;_ —g— sin 6, (102)

where the notation rl refers to the rth interference source,
1th spectral line, If f=f, then the maximum Afl is .05
and it is possible to relate the source bandwidth Br , the

number of spectral lines Lr , and the 1th line as
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Afy 4B | 1, 1-1) (103)

Eq(102) then becomes

Upg = —Z— + .4 B"("':Z +<lf-11>) I s 6, (104

where Br is expressed as a ratio of jammer bandwidth to RF
bandwidth,

The question now evident is the number of spectral lines
needed to approximate the flat spectrum of the interference
source. An answer to this is found in the concept of time-
bandwidth product (Ref 9). When investigating orthogonal
signalling rates or the number of orthogonal functions requir-
ed to approximate an ideal bandpass system at 90% power level

the following holds
N=24WT (108)

In this equation, N 1is the number of orthogonal signals,
W the bandwidth, and T the time interval (signalling time).
By assuming that the interfering spectral lines are indepen-
dent the above can be used to indicate a number for Lr .

Lr can be approximated by saying that T is the time re-

quired to estimate the covariance. For example, if =, 1is

one microsecond, and 5t, 1is required for an estimate then
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13 lines would approximate a continuous spectrum 1MHz wide.
Since the interference signal now has bandwidth it is
necessary to redefine the covariance matrix M . It Mq is

the identity matrix (for computational ease)

R L

M=I+) Y R.M.,

rei [fe3

Mrg = [§:¢ ér-;.] (107)

S - 2 yUra(2k-K-1) Go8)

Ao = L= (o)

r

Sk has been redefined so changes must be made to any affected
previous equations. Eq(86), if used to evaluate the antenna
pattern only, does not require any changes for the following
reasons. Recall that M was formed by summing the source
vectors for each interfering spectral line. Once this is ac-
complished, the eigenvectors and eigenvectors are calculated.
These represent transformed weights of which only K exist, so
at any instant of time, Wk assumes one value. ﬁk can
therefore only influence one degree of freedom in the retro-

directive beam, and Eq(82), used in Eq(86), should not be
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changed. In this case Sk represents a far field angle

variable only.

On the other hand, Eq(96), does require some modification
to include bandwidth. It can be shown (Ref4:35-39) that spec-
tral lines at f, are nulled the most. The farther each spec-
tral line is away form £, , the less it is nulled. 1If an
interference source were not centered on f , then an adap-
tion to the spectrum center would not occur. When calculat-
ing the increase in total output noise power, these observa-

A

tions require some consideration. The weight, W forming

kK
a component of the retrodirective beam will not cancel each
interfering spectral line equally as noted above since it can
only assume one amplitude and phase value. The interference
is composed of many phase values., To accurately determine
the total output noise power, the eigenvector and eigenvalue
of the kth loop must be applied to each spectral line in the
interfering source. To reflect the above information the
noise contribution of the interfering sources, Eq(95), re-

quires changes. After redefining S with Eq(108), §i now

k
becomes

A
Srec = i €.k Seak (10)

ke

With this substitution G’(er,t) for each spectral line can

be evaluated. The total interference noise power must then
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be renormalized to account for Lr lines so

R Ln
DI NACHC m

Eq(96) then becomes

JN(»&)Iz .1 Z;Z;EAG;(GA) -Z;[Z—A‘-(t)];\#)j\i/,i]'

T " (n2)

for a broadside array.

This concludes the section on the adaptive array model,
Many equations have been given to understand Gabriel's array
algorithm, most of which only aid the derivation. However,
Eq(86) specifying the array pattern, and Eq(97) specifying
the transient degradation are important. Both have decaying
exponential terms which could be affected by an AGC. The
time constants are power dependent and any transient AGC re-

sponse would make them time dependent also.
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III. Automatic Gain Control Model

The choice of an AGC model to be used in conjunction
with the adaptive array model is difficult, due to the non-

linear nature of AGC circuits. Since Oliver (Ref 10) in

1948 most work has keyed upon feedback type analysis to ob-
tain static or small signal perturbation solutions to non-
linear systems employing various gain characteristics. Of
note, in addition to Oliver, are Victor and Brockman (Ref 11),
Banta (Ref 12), Plotkin (Ref 13), Gill and Leong (Ref 14),

and recently, Ohlson (Ref 15).

Generalized Model

Without prior information, an intuitive approach to con-
trolling the level of a continuous signal would be to take a

short-time average. This average, could then be used to con-

ARt g et £

trol an amplifier with some desired gain characteristic. His-

N

torically, this has been the case with one minor change; the

e, e QAT T

use of a low-pass filter (or integrator) to obtain the level
information., For this analysis, following Ohlson, the low-
pass filter has been approximated by an integrator. Figure
7 represents a generalized model typically used by the in-
dividuals noted above. Shown as a gain characteristic is

the function used in this analysis. Other gain characteris-

tics have been used but this one (Ref 7) has been approximat-

P e e 1 - g e AR e 4D BT A B

ed in most modern receiver designs.
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x(t) G-Q-«'U' q,(v) 1) = yft) R

L

| f(-)dt ——-Q}—Jb

Figure 7 Generalized AGC loop

Model Analysis

Since Ohlson's results have linearized the above model
for a broader case than either the small signal variation or
static analysis, it is used here to gain insight into AGC

operation and modeling. The gain characteristic is

L ad

a(v) = 6277 (113)

where time t is implicit in v , The differential equation

describing the feedback loop is

- U

7= Kivy-bB) = k(X6 - b) (14
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From Eq(113) it is seen that

q = -%%‘!'J' (D)

so Eq(114) becomes
é'*'<¢;xqf - KdJ:%,==C) (1)

To solve this differential equation a substitution z=g2 is
made to convert to a first-order lirear differential equa-
tion. By solving and returning to g by the inverse sub-

stitution, gives

-t4 <t _ 1
%('u(t)):: %(_17.)- + -5'-[—7‘.-_9:(1 U)/T‘x(u)du (177)

o

where

T - Eo'(_l; and Y, = U(0) (18

Recognizing that the integral above is a convolution of
h(t)*x(t) where

_%_1-% t=20
h(t) = (19)
0

The results in Eqs(117) and (119) are pleasing because the

voltage-controlled attenuation of x(t) is a linear function
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and because h(t) 1is a simple RC low pass filter,

bining Eqs(113), (117) and (119),

o Uy~

; -1
g(v(t) = [ﬂ- — -:;(Mt) x 1(“())]

and thus the output, y(t), is

n1“)= x(¢)
-
£_5__ + "B (h(ts *z(ﬁ)

At steady-state this becomes

bx &)
) = o x®

By com-

(120)

(121)

(22)

When investigating a linearization of Eq(122) Ohlson

showed that valid linear results were obtained in the case

of sinusoids i1if h(t)*Ax(t)<<l ., To see this evaluate Eq

(121) for a finite set of sinusoids such that

N
x(t) =Z A; cos wt
(=1

(123)

The calculations are laborious, but the result is extremely

interesting. It is stated as
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ot AN et i s o i SNk

N
Z A, cos w,t

(=1

) -
B mor o) )

=1

(2%

where
C-= '{;Z{ A, K, cos @; (125)
(=t
K: = 1
G 20
and
®; ~ —arctan (w;T) (127)

According to Ohlson, a valid linear model would than re-
quire A1K1<<1 . This condition is much weaker than those of
small signal or static analysis. However, Ohlson has incor-
rectly generalized to what appears to be a weaker lineariza-
tion condition. He has stated that linearization is valid if
the small signal variation or h(t)*ax(t)<<1l condition is
met. His generalization is erroneous because his condition is
& subset of the small signal variation case. This observa-

tion requires that the small signal variation and convolution

conditions be met simultaneously. Returning to Eq(124) it is
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seen that if wt>>1 then Ki= 0 adif wr<<1l then Ki=1 .
Because there are no set limits for the small signal variation !
case Ohlson's AGC model is still useful. His results give an |
indication of when those limits are exceeded regardless of the
amount of signal variation. In other words, the convolution §

condition will tell when the small signal variation condition

is no longer valid.

Linear model

Ohlson's model is not easily implemented during a simu- §

lation of AGC action. For this reason it is desirable to in-

sure a linear case. To accomplish this expand the exponen-
tial form of g(v(t)) in a series and truncate all non-lin-
ear terms. This can be done by expanding the original ex-

ponential gain function as

c}(‘u(t)) = 4 - V) 1+ V) - +- . (128)

If all non-linear terms are truncated this equation becomes
c}(v(t)) = |-xUt) (129)

The amplifier/integrator can be modelled as a simple low-pass

RC filter with Laplace transfer function

|
Fesy = 3Y) (130)
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The two equations which specify the loop behavior then be-

come

alt) = 2O 1-= U] (131)

vlt) = F&) * [ aqlt) - b] (132)

If x(t) is defined to be a constant K , then the correspond-

ing Laplace domain equations become

Y(e) = —';— - Kt V(s) (23)

Vie) = F& Y(s) - % Fi (139

Solving Eq(133) and Eq(134) gives

_ K{(1+xb F®&y)
U s( 1+ K F&sY) (135)

Substituting in Eq(130) and taking the inverse Laplace trans-

form gives

(136)

()= ,zf:ﬁ[(ﬁ e b) uft) + (K- b),z_("'< ks )t]
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Eq (136) gives the AGC output as a function of time for a con-

stant unit step input. This model makes intuitive sense‘be—

cause
‘a’(o) = K (137)
and
1b)
ryled) = %%—g—- (28)

For realistic implementation the bandwidth of the fil-
ter should be much less than the closed loop bandwidth. In
addition, the steady-state output should be close to the bias
b . For the extreme case where the filter is a perfect in-
tegrator (B=0) the steady state output is identically the

bias, For purposes of this thesis
B << Ko< ‘ (39)
with the additional constraint that

~y(e0)2 b (140)

This again makes intuitive sense for if the filter bandwidth

becomes equal to the closed cloop AGC bandwidth then no

averaging has taken place and no signal attenuation (or gain)

results,
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AGC Placement and Expected Results

AGC circuitry can be placed in one of several locations
within the adaptive array. Possible locations include the
RF section, IF section, or even within the signal branches
of the adaptive circuitry. Gabriel has placed a hard limit-
er in the conjugate signal branch of each adaptive loop.
This placement requires extensive modification of the adap-
tive loop equations and does not protect the signal/weight
correlation mixer from high levels. AGC placement in the IF
section does protect this mixer and has the additional advan-
tage of fitting in with the signal envelope analysis done in
Section III. The jammer power then is the quantity which is
controlled by the AGC circuitry.

The addition of the AGC circuitry prior to the actual
adaptive loops means that the power and hence the eigenvalue
of each loop is affected. Recall the exponential terms in

Eq(83) (and others) whose decay is dependent upon oy where

}: + 1
X; = C 14
{ —}; ( '>

Eq(83) also contained the term

A7 -1

—_—
Al

For large eigenvalues this is close to unity and will not be
included in the following analysis. Returning to the expon-

ential and substituting a normalized Eq(136) to reflect time-
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varying eigenvalues gives

1.- -clt _'t_.
[—c-‘,- (CooCye™ ) ’1] % (42)
2
The constants K , o , 8 , and b have been combined

into the C constants and are grouped exactly as in Eq(136).

The derivative of this term is

d )\ _ xe) 4 x(¢
4{(2™®) = 2™ 430 (143>

In solving for the maxima and minima of Eq(142), Eq(143) is
set equal to zero. Clearly, the value(s) of t for which
the derivative of the time-varying exponent, x(t) , is

zero yields the same result. This derivative is,

Al i) +(a- C)( %) £ (44)

If the relative maximum at t=0 and relative minimum at in-
finity are neglected, there could exist other maxima and min-
ima on the open interval (0,») . The existance of these
points is not guaranteed for all real constant. However,
their existence at all is significant,

The above analysis suggests that there exist values for
K , a«a , B8 , and b which change the strictly nonotoni-

cally decreasing nature of Eq(83). Specifically, the
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adaptive weight will, on some interval, exhibit an increase in
magnitude. This increase must be mirrored in some manner in
the antenna pattern and signal degradation, Eqs(86) and (97)
respectively. The zeros of Eq(144) could be obtained by numer-
ical methods. This shall not be accomplished directly, for

the transient SNR degradation curve will give the same infor-
mation, A simulation of the AGC/array model algorithm whose
output is a plot of the transient SNR degradation is the sub-

Ject of the next section.
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IV, Simulation

Program Overview i

The equations which specify the AGC/array algorithm were
simulated for a three-element array. Output consisted of an-
tenna pattern and transient SNR degradation plots. The com-
puter program was coded to simulate the algorithm as defined
in Eqs(86) and (112). Auxillary equations which were used are
Eq(52), (74), (87), (104), (106), and (109). The AGC was in-
corporated using Eq(136) and was applied directly to jammer
power. Following Gabriel, the dynamic range of each correla-
tor input was 40dB and the adaptive loop time constant, 71, ,
was fixed at 12,750 microseconds.

All power levels are referenced to a 1 Watt (0 dBW) noise
floor for convenience. Since the dynamic range of any signal
branch was limited to 40dB, the AGC bias, b , was chosen at
30dB. The AGC feedback filter parameter, B , was set at
100 to reflect a narrower bandwidth than the overall AGC cir-
cuit. Array variables which could be changed were jammer pow-
er, center frequency, and bandwidth. In all cases the jammer
azimuth was held at 30 degrees. The single AGC parameter

which could be varied was a , a design parameter. The decay

constant in the AGC (Ka+B) 1is dependent upon the input power

(K in Eq(136)) as well as a . Because a 1is a design par-

ameter and is an indication of the AGC decay rate it is
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subsequently referred to as the AGC time coanstant.

The legend blocks of the computer generated plots con-
taln information on the jammer scenario. Pattern and SNR de-
gradation plots contain jammer power, azimuth, percent of
channel bandwidth (for broadband), and the frequency ratio de-
fining the jammer location within the channel (Eq(100)). Each
item is separated by a slash. Antenna pattern plots have ad-

ditional information on the depth of the null at the jammer 3

azimuth. The "AGC TC" on the degradation curves refers to
a . Figure 8 is the quiescent antenna pattern for the 3-

element, broadside, adaptive array.

Simulation Results

Table I shows the simulations for which only power or
AGC time constant was varied. The AGC time constant a was
chosen for cases 3 through 8 so that the total AGC decay con-
stant (Ka+Bf) would be equal to or an order of magnitude
greater than the steady state decay constant of the adaptive
array (approx. 235,000). At the outset it must be explained
that no hard performance criteria were applied to the re-
sults, Instead, the trends associated with each case were
compared and contrasted. However, it must be remembered
that the curves do represent transient performance whether
depth of the null or steady-state degradation is the measure.

Cases 1 and 2 represent adaptive array performance with-

out an AGC, Inspection of their degradation curves shows the
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TABLE 1

Single Frequency Simulations

Case Power o Bandwidth Frequency

(dBW) (Percent) Ratio
1 30 0 0 1.00
2 40 0 0 1,00
3 50(8) 23.5 o 1.00
4 60(s) 2.35 0 1.00
5 50 2.35 0 1.00
6 60 2.35 o 1.00
7 50 23.5 0 1.00
8 60 23.5 0 1.00

performance to be monotonically decreasing. Cases 3 and 4
shows the effect of an AGC approximately 10 times faster than
the adaptive loop for a saturated correlation mixer. The S
beside the time constant indicates this in these and following
cases. The saturation effect was simulated by limiting the
adaptive loop input power to 40dB until the AGC brought the
power below that level, Contrasting this with Cases 5 through
8 it can be seen that the unsaturated simulations null the
jammer faster initially. This is because the eigenvalues are
not constrained. The adaptive loop is nulling the jammer at

& fast rate, Because the adapted patterns of Cases 5 through
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8 are identical (above -40dB) they are not included. Com-
paring Cases 5 and 7 shows the effect of an increasing AGC
time constant, As the AGC becomes faster the initial dip in
the degradation curve moves to the right. The increasing
degradation then rises and eventually becomes asymptotic to
the degradution of case 1, This is to be expected, for the
AGC bias has been set to 30dB,

Case 7 also sonfirms the assertion in the previous sec-
tion that other relative maxima and minima exist. In fact,
the evaluation of Eq(l44) for the AGC parameters in Case 7
would yield two times, both of which agree with the degrada-
tion curve of case 7,

Table II shows simulations for broadband single jammers.
In these cases the time constant was held constant at 5.0
and the bandwidth and frequency ratio varied. For compari-
son cases 9 through 12 present saturated and unsaturated
narrowband simuletions. The azimuth is held constant at
30 degrees,

A comparison of cases 12 and 13 shows a large change
in transient degradation during periods when the AGC is still
transient (not in steady-state), Shown is a comparison be-
tween a single spectral line and a bandwidth of 25 percent,
Gabriel (Ref4:35-39) has shown ﬁhnt the farther away from
center frequency each spectral line is the more it degrades
the desired signal. This is expected because the antenna

array is designed with element spacing related to channel
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TABLE I1I

Case Power Bandwidth Spectral Frequency

(dBW) (percent) lines ratio
9 50(s) 0 1 1.00
10 60(s) 0 1 1.00
11 50 0 1 1,00
12 60 o 1 1.00
13 60 25 20 1.00
14 60 50 40 1.00
15 60 50 40 1.00
16 50 10 20 .96
17 60 10 20 .96

center frequency. Hence, a deviation from the center is not
faithfully represented by the phase factor. The weights
generating the retrodirective beam beam are slightly off in
phase and do not match the interference. Perhaps more im-
portant is the observation that increasing the bandwidth
partially defeats any positive effects rcsulting from the
use of an AGC. However, the period when the AGC has not
reached its bias level is subject to interpretation. It is
not difficult to imagine saturation giving rise to large
intermodulation within the array. In keeping with the as-~
sumption neglecting intermodulation, it appears that this
AGC transient period has beneficial side effects for the

array. Cases 14 and 15, although unrealistic jammer
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scenarios (5MHz Channel), further show this point. Cases

16 and 17 present plots which can be coatiared to cases 11

and 12 to see the effect of a 10 percent jammer bandwidth

at the lower end of the channel. The fast change due to the
AGC is seen to still exist, followed by a rise in SNR degra-
dation. Again, the increase in degradation becomes asymptotic
to case 1,

Case 12 also illustrates a previous claim that the adap-
tive weight amplitude varies significantly while the AGC is
reaching the steady state level of 30dB. This amplitude var-
iation Las the effect of "moving" the null. The five an-
tenna pattern plots (Figures 28 through 33) examine the first
1.8 microseconds of the transient response at .3 microsecond
intervals, 1Initially, due to the large eigenvalue a deep
null is placed on the jammer. However, as the AGC reaches
steady state, the null moves back towards its quiescent lo-
cation and continues this trend until the adaptive loop
"catches up". This movement is specifically caused by the
generation, collapse, and finally generation of the retrodir-
ective beam the array is attempting to place on the jammer.
This is not to be confused with adaptive weight phase changes

which could possible produce similar resﬁlts.

Results Summary. The major interesting result from the

above comparisons is the "null movement'" which can be traced

directly to the AGC and its effect on the jammer power.
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Based upon the algorithm used it is seen that the power de-

pendent eigenvalues are ultimately affected. It was also

seen that a jammer with bandwidth increases the degradation

during the period before AGC settling.




V. Conclusions and Recommendations

Conclusions

The preceeding sectidn analyzed simulation results for an
adaptive array with a linear AGC. Given that an adaptive ar-
ray requires the use of AGC's for some reason, the following
conclusions can be made,

1. Maximum average degradation is induced by high power,
broadband interference in the cases where the AGC and array re-
sponse times are similar.

2. When the response times are similar it is possible to
"eonfuse" the array. This confusion is caused by inconsistent %
movement of the null; first in the direction of the interfer-
ence, then back towards the quiescent position, and finally
towards the interference. The typical monotonic movement is
destroyed. High interference to noise ratios are not neces-
sarily needed to cause this movement.

3. To reduce the effects of 1 and 2 above AGC's with
large a values should be used.

However, if an AGC is required (chosen over a hard limi-

ter perhaps) the implementation of 3 above implies the use

of circuits with wide bandwidths. This may be of no conse-

quence for spread spectrum systems. Narrowband systems, on

the other hand, may not enjoy this option; design tradeoffs

% will have to be addressed. Even with "fast" AGC circuits
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it is conceivable that a jammer could shape his interference
(in time and frequency) to produce the effects shown in this
thesis, In other words, he could force the AGC to operate

"slower",

Recommendations

The following recommendations are given for future con-
sideration.

1. Pulse jamming could conceivably cause severe SNR
degradation of an AGC/array or simple array system. These
systems have circuits of selected bandwidths with, of course,
associated natural frequency specifications. Pulse jamming

with the correct pulse duration and/or frequency relation-

ships could affect these circuits to cause maximum reson-

ant responses, These ideas should be investigated in the
frequency domain with a '"sync" function representation of the
Jammer.

2. Investigate the use of pulse shaping as a means of
"slowing" the AGC response.

3. Compare and contrast AGC's with other envelope lim-
iters to the state-of-the-art.

4. Cases 5 and 9 suggest that a proper choice of a
can substantially decrease degradation. If this is the case,
then AGC's with adaptive responses could further enhance a-

daptive array performance,
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