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A new open-loop adaptive-array system with excellent transient 

behavior is presented. The system is constructed of anaIog circuits 

and determines complex weights without using the feedback of the 

array output. 

The performance attainable with the system is described in de

tail. It is shown that the convergence rate of the system does not 

depend on a noise environment but is determined by the time con

stant of the low-pass filters included. Moreover, it is shown that al

though the steady-state performance is quite good when the 

interference sources differ widely in signal strength, the steady-state 

performance can be far below optimum when two or more interfer

ence sources are present at roughly equal power levels. 
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I. INTRODUCTION 

Rapid convergence is one of the most important re
quirements for an adaptive array. Especially, an adaptive 
array in airborne communication and fast-scanning radar 
systems must provide a . very rapid convergence rate. 
Conventional closed-loop adaptive arrays [1, 2] based on 
a gradient technique, however, have two problems re
garding the convergence rate. The first is that the conver
gence condition on a loop gain (or a step size) limits the 
convergence rate [I, 3]. The second is that the conver
gence rate depends highly on the noise environment [4, 
5]. Therefore it is impossible to estimate the convergence 
time a priori. The problem limits the dynamic range of 
the adaptive arrays [5]. In order to find a solution to 
these problems, several methods which improve the con
ventional closed-loop systems have been proposed [4, 5]. 

An SMI algorithm which does not use the gradient 
technique has been also proposed to solve the above con
vergence rate problems [6]. The convergence rate of this 
method is, however, limited by the processing time of 
each digital logic component. Moreover it is necessary to 
implement a considerable amount of circuitry to realize a 
rapid convergence. 

In this paper, we present an analog open-loop adap
tive-array system which is not based on the gradient tech
nique. The system is constructed of analog circuits. And 
its weights are obtained directly from input data not using 
the feedback of the array output. Therefore the system is 
unconditionally stable and provides a rapid convergence 
rate. Moreover the convergence rate does not depend on 
the noise environment. It is determined by the time COll

stant of low-pass filters in the system. The system has a 
very good steady-state performance when interference 
sources differ widely in signal strength. The steady-state 
performance, however, degrades substantially when two 
or more interference sources are present at roughly equal 
power levels. 

This paper is organized as follows. In Section II we 
describe the configuration of the analog open-loop adap
tive-array system. In Section III, we obtain its steady
state performance. Section IV presents the simulation re
sults which show the transient behavior and the effect of 
steady-state weight jitter. 

II. CONFIGURATION OF ANALOG OPEN-LOOP 
ADAPTIVE-ARRAY SYSTEMS 

This paper deals with linear arrays which contain iso
tropic elements spaced I apart. We assume that a desired 
signal, an interference signal, and internal thermal noise 
are zero-mean ergodic stochastic processes and are statis
tically independent of each other. We also assume that 
the thermal noise components on different elements are 
independent, that the desired signal arrival angle is 
known, and that the array antenna is adjusted m~chani
cally in such a way that the desired signal is incident on 
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Fig. 1. Single-stage open-loop adaptive-array system. 

the array from broadside. Finally, we assume that mutual 
coupling does not affect the signal from broadside. 

A. Single-Stage System 

We first treat the two-element adaptive array system 
shown in Fig. I. We refer to it as a single-stage system. 

From the above assumptions the desired signal is inci
dent on both elements in phase. Then the complex enve
lope of the desired signal from each array element may 
be represented by d(t). Let P d be the desired signal 
power. Then P d is given by 

1 - -
Pd = 2: < d(t) d*(t) > (I) 

where <.> and * denote the ensemble average and com
plex conjugation, respectively. 

Let x,(t) and x,(t) be the complex envelopes of the 
signals (the sum of the desired signal, interference signal, 
and internal thermal noise) from each element. Then de
fining the covariance matrix by Rxx. we have 

(2) 

We define the covariance matrix of the desired signal 
components from each element by R DD · Similarly RNN 

represents the covariance matrix of the noise components 
(the sum of the interference signal and internal thermal 
noise). These covariance matrices may be expressed as 

RDD = [~: ~:] (3) 

RNN = [~~ ~,] (4) 

where CXb CX2. and ~ are determined by the noise environ
ment. 

Because of the statistical independence, the following 
expression is obtained: 

(5) 

Now we define the weight vector consisting of com
plex weights w, and W2 by W. The output SINR (signal 
to interference plus noise ratio) is given by 

SINR = W' RDD W /W' RNN W (6) 

where 

W ~ [::] (7) 

and t denotes Hermitian conjugation. 
In this paper we employ the output SINR as a crite

rion function. We estimate the performance of the system 
by the output SINR. Representing the eigenvector corre
sponding to the maximum eigenvalue of RN~ RDD by 
Umax • the optimum weight vector WOP! which maximizes 
(6) is given by 

(8) 

where a is a nonzero arbitrary complex number. 
Obtaining Urn" from (3) and (4) and using (2), (5), 

and (8), Wop. is given by 

(9) 

- <xdt) xi(t»] 
- <x~(t) x,(t» . (10) 

Because each stochastic process is ergodic. the en
semble average may be replaced by a time average. Then 
VVo~ is expressed as 

Wop. = .!. [{~,(t) ~~(t)}d' - {~~(t) X](t)}d'] 
2 {x,(t) x, (t)}d, - {x, (t) xit)}d, 

(11) 

where {b(t)}d, denotes the de component of b(t). It is pos
sible to extract the de component by use of a low-pass 
filter. Employing a first-order low-pass filter, a single
stage system can be constructed as shown in Fig. 2. As 
may readily be seen, the system is unconditionally stable 
and the transient behavior is determined by the time con
stant T of the filters. The smaller the time constant, the 
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Fig. 2. Single-stage analog open·loop adaptive-array system employing first-order low-pass filters. ·indicates quadrature hybrid. X/K(t) ~ 

Re{x.t(t) eihl/}, xgt-{J) ~ Re{ -j i1;(I) ei 211//l,W'K ~ Re{wt} , IVOk ~ Im{w,,} (k= 1,2) . 

more rapid the convergence. Too sman a time constant, 

however, causes substantial weight jitter. Unfortunately, 

general considerations on the relation between the time 

constant and weight jitter are not yet available. For a spe

cific case, the problem is discussed by using computer 

simulation results presented in Section IV. 

According to (11) the amplitude of the optimum com

plex weights depends on the interference signal power. 

Thus it seems that a wide dynamic range of the interfer

ence signal power requires that circuit components have a 

wide dynamic range capability. However the amplitude of 

the complex weights does not have any effect on the out

put SINR; only the relative phase is important. Therefore 

the dynamic range problem may be removed to a consid

erable extent by improved circuit design. We shall not 

consider improved circuit design ~ere. 

B. Multiple-Stage System 

In a case where the adaptive array contains three or 

more elements, it is practically impossible to realize an 

open-loop analog weight controller which maximizes the 

output SINR of the array. This is because the network 

becomes too complex. Instead, we employ a two-stage 

Davies cascade [9] for a three-element array as shown in 

Fig. 3. The configuration of the weight controllers is 

identical to that described in the previous subsection. 

Each weight controller determines the complex weights in 

such a way that the output SINR at each stage is maxi

mized. For example, the weight controller I in Fig. 3 de

tennines WI and W2 in such a way as to maximize the 

SINR of x3(1) by using x,(I) and X2(1). If the array con

tains more elements, the system may be constructed. by 

increasing stages. The multiple-stage system has the fol

lowing advantages over the single-stage one. 

I) The multiple-stage system has plural independent 

nulls. Some of them may be formed coincidently. There

fore the multiple-stage system is very tolerant to compo

nent errors. 

2) The protection capability to a single broadband in

terference signal is improved significantly as shown in the 

next section. 
3) The multiple-stage system may reduce plural nar

rowband interference signals when they are widely sepa

rated in power level. 

The multiple-stage systems, however, do not produce 

optimum results for multiple interference signals of nearly 

equal power. 

III . STEADY-STATE PERFORMANCE 

In this section we discuss the steady-state performance 

of ·open-loop systems. We assume throughout the rest of 

the paper that ·there are neither component e.rrors nor mu

tual coupling between array elenients. We have "" = "'2, 

<x,(I) xi(t» = <x,(I) xi(I» = <xi(t) xi"(I» = 
<xi(t) xi"(I», <X,(I) xi(I» = <xi(l) xi"(I» , and 

<X3(1) X::(I» = < X4(t)i:(I». Also in this section we 

assume there is no weight jitter. 
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Fig. 3. Two-stage analog open· loop adaptive-array system. * indicates two-way in-phase power dividers. 

A. Steady-State Performance of Single-Stage 
System 

Let Box be the correlation vector between the desired 

signal J(t) and the signals x,(t) and x,(I). i.e .• 

11 = ~ [<1'(1) i,(I»] 
ox 2 <d' (I) x,V) > . (12) 

From (I) and the statistical independence of each sto
chastic process, 

(13) 

holds. 
From (2) and (13) it is seen that the optimum weight 

Wo,. given by (10) is equal to RiIx' Box to within a multi
plicative constant. This means that WoPt is identical to the 
optimum solution given by the least mean square (LMS) 
algorithm [I]. Consequently the steady-state performance 
of the single-stage open-loop system is available from the 
results set forth in [I. II]. 

B. Steady-State Performance of Multiple-Stage 
System 

[n this subsection we obtain the steady-state perfor
mance of the two-stage system shown in Fig. 3. We may 
readily extend the considerations for a system with more 
stages. From the assumptions that there are neither com
ponent errors nor mutual coupling. wi = WI and wi = 

w, hold. We consider that M independent interference 
signals exist in the field . Each interference signal is as
sumed to arrive from spatial angle 9m (m = I ... . M) rela-

tive to a broadside. Let im(t) be a complex envelope of 
the mth interference signal from element I . Then the 
complex envelopes from elements 2 and 3 are represented 

by fm(t-t",) e-i¢>m and fm(t-2tm) e-;2<b",. respectively. tll/ 

and 4>" are defined as follows: 

(m= I ..... M) (14) 

(m= I ..... M) (15) 

where c is the speed of light and /.. is the center fre
quency. We represent the power of the mth interference 
signal by Pim . Then we have 

(16) 

For convenience, we assume that the internal Ihennal 
noise is added to each channel behind the array element 
as shown in Fig. 3. Let 11,(1). n2(1). and 11,(1) denote the 
complex envelopes of the internal thermal noise compo
nents. Then the internal thermal noise power PI! is ex
pressed as 

I 
= 2' < 11,(1) ni (I) > 

I 
= 2' < n,(I) n;(I) >. (17) 

By using the notations introduced previously. the 
complex envelopes X,(I), X,(I). and xi(l) shown in Fig. 3 
may be written as 
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x,(I) = (1/"\1'2) [ d(l) + f im(t) m_' 

+ ';,(1) ] (18) 

X2(1) = (ltV2) [d(l) + f im(t- I~) 
m ~ ' 

(19) 

° .-fl". + ';, (1) ] . (20) 

The coefficient I /V1 is multiplied due to the two-way 
power dividers. 

From (10) and (16)-(20) it is apparent that the steady
state complex weights w,. W2. wi. and w; are given by 

= ~ [ m~' (Pi,. - 13m) + P" ] (2 1) 

where 
I _ _ 

" ~ - < ; (I) ;*(1 - I ) > tI". ~m - 2 m m m 

(m= I •...• M). (22) 

Consequently the complex enveJopes X3(1) and i,(e) at 
the second stage are expressed as follows: 

M 

the noise components (the sum of the interference signals 
and internal noise). Then we have 

. I [< 0(1) 0°(1) > 
RDD = 2: < O(t) 0'(1) > 

I * [Pd 
= 2: (II', + w, J2 P d 

where 

< 12(1) 12'(1) >] 
< D (I) D '(I) > 

I [ ~ - -- LJ < 1 m(l) 1:'(1) > 
2 m""! 

(29) 

(30) 

+ < N,(I)N7(1) > ] (31) 

I [ ~ - -t ~ -2 LJ < I m(l) I:'(I-Im) > t!". 
m-' 

+ < N,(I) iI;(t) > ] . (32) 

. . Substituting (26)-(28) into (31) and (32) yields 

v = ~ [ 2 w,wi C~, Pim + r,, ) 
(33) 

(34) 

where 

X3(1) = 0(1) + 2: im(t) + N,(I) 
/If-I 

(23) I _ _ 
"1m ~ 2: < im(l) i;:;<t - 21m) > c·· 

M 

i.(I) = 0(1) + 2: i m(1 - 1m) • - )4. + N2(1) (24) (m= I ..... M). (35) m_ ' 
where 

0(1) ~ (l/V1) (w, + wt) d(l) 

im(l) ~ (1IV1) [ wt im(l) + w, im(I-lm) 

0.-)4. ] (m=I •.. . • M) 

N,(I) ~ (l/V1) [ w7 ';,(1) + w, li2(1) ] 

N2(1) ~ (1IV1) [ wi ';'(1) + w, ';3(1) J. 

(25) 

(26) 

(27) 

(28) 

Let ROD be the covariance matrix of the desired signal 
components in i3(1) and i,(I). Similarly let RNN be that of 

Because the weight controller 3 works in the same 
manner as the weight controllers I and 2, the steady-state 
complex weights w, and w, are given by 

[ :~] 
[

V - t ] = v - t* . (36) 

From these results the output SINR is expressed as 

SINR = [wi w:] ROD [:~J/ 

[wj w:] RNN [ :~] 
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= Pd (W, + wi)' [2v - (' + '*)]/ 
[2 (v' - , ' *)] 

where w, is given by (21) . 

(37) 

Now we consider the directional pattern of the two
stage system. Let ~ be the angle relative to the broadside. 
The directional pattern for frequency I is expressed as 

P(~,f) = I (wi + wi e-j~«Jl) w; 

where 

+ (wi e-j~(EJl 

+ wi e-j'~(M) w: I 

= I wi + wie-j~(EJlI·lw; 

+ w: e -j~(M I 

f.L(~J) ~ (21TIlsin~)lc. 

(38) 

(39) 

I wi + wi' e -j~«JlI in (38) is the directional pattern 
realized by the complex weights w" w" wi , and wi at 
the first stage. Similarly Iw; + w! e-j~(MI is that real
ized by the complex weights w, and W4 at the second 
stage. 

Here we consider that two narrowband interference 
signals are incident on the array. We assume that they 
may be regarded as CW signals with frequency I ,. Then 
(22) and (35) are rewritten as 

(m= 1,2) 

(m= 1,2). 

(40) 

(41) 

Moreover we assume that Pi! »Pi2. Pi2 » Pn • 

and 4>, .. 2n1T hold. Then (21) is approximately given by 

I .• 
= - p. (I - e' ,) 2 Ii . (42) 

Consequently we have 

for ~ = 6,,/ = fc. (43) 

Expression (43) tells us that the first stage nulls the 
strong interference signal. 

Expression (42) yields i,(t) = O. Then, by using (31), 
(32), (36), and P" » p., the complex weights w" W4 

are given by 

Thus we have 

Iwj + w: e-jJ.l.(~J)1 = 0 for ~ = 6,,/ = fc. (45) 

This means that the second stage nulls the weak inter
ference signal. 

From these results it is seen that if two narrowband 
interference signals are widely separated in power level, 
the first and second stages reject the strong and weak sig
nals, respectively . However, if P" > > Pi' does not hold, 
the null at each stage is shifted from the interference ar
rival direction. Performance degradation is caused. More 
detailed considerations will be done later. 

Now we consider a case where the interference sig
nals may not be regarded as CW signals. We represent 
the power spectral density of each interference signal by 
Sim(f) (m= I, . .. ,M). Then 

• I! + I,) ~"". dl (m= I, ... ,M) 

holds. Thus the following equations are derived: 

(m= I , ... ,M) 

'lim = 2 ~' •• fIe SimI! + I,) ~ •• ft·dl 

(m= I, ... ,M). 

(46) 

(47) 

(48) 

Calculating (37) and (38) by use of (47) and (48) , we 
may obtain the output SINR and directional pattern for 
broadband interference signals. 

C. Numerical Results 

Numerical calculations were done for open-loop sys
tems whose array elements are spaced a half-wavelength 
apart at the center frequency of the desired signal. 

At first we consider a case where two CW interfer
ence signals are incident on the single-stage and two
stage systems. Fig. 4 shows the output SINR as a func
tion of the power ratio (P" I P ,,) for several interference 
arrival angles 6" 6, for the case P d I (P" + Pil ) = - 30 
dB, Pd I p. = 20 dB. Fig. 4 also illustrates the output 
SINR which is realized by the three optimum complex 
weights placed behind the three array elements. The per
formance is computed from the full 3 by 3 matrix. As 
may be seen from Fig. 4, when both interference signals 
have almost the same power, i.e., P" I P,., = 0 dB, the 
two-stage system does not reveal such a superior perfor
mance over the single-stage system. And in this situation, 
the performance of the two-stage system is far below op
timum. The reason for this is that the pattern nulls are 
shifted from the interference arrival directions as dis
cussed in the previous subsection. 
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Fig. 4. Output SINR versus power ratio (Pll/P,~ ) . Two CW interference signals are incident on open-loop system. Doued lines show output SINR 
which is realized by three optimum complelt weights placed behind three array elements. P APl1 + p/z) = - 30 dB, P jPn = 20 dB. (A) 01 = 30°,82 = - 15°, 

(B) 9, ~ 30°, 9, ~ - 30°, (C) 9, ~ 30°, 9,~ - 75°, (D) 0, ~ 30°, 9, ~ 15°. (E) 0, ~ 30°, 9, ~ 60°. (F) 9, ~ 3.0°, 9, ~ 75°. 

Fig . 5 shows typicaJ exampJes of the directional pat
tern of the two-stage system for several values of Pi! I 
p.~. These figures assume 0, = 30·,0, = - 30·, and 
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-4. -2. -2. -,. -2. 
(B) 

~D 

-4. 
(E) 

(dBl 

-2. 
tdBl 

-2. 

(C) 

lo 
• 

-4. 
(F) 

[dBl 

-2. 
[dB] 

Fig. 5. Directional patterns of two-stage system. ]nterf~rence signals are CW. D and I denote desired and interference signals. respeclively_ (Pi. + Pn)1 
P" ~50 dB, 9, ~ 30", 9i~ _ 30°, f~f •. (A) PHIP'2~ .30 .dB. (D) P"IP" ~20 dB. (C) P"IPu~ 15 dB. (D) PHIP" ~ 10 dB. (E) PHIP" ~ 5 dB. 

(F) PlIlPrz =O dB . 
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dB, the nulls are shifted from the proper directions. Thus 
it may be said that if CW interference signals are much 
stronger than the internal thermal noise and if there is a 
power ratio of more than 15 dB between the CW interfer
ence signals, a multiple-stage system may point the nulls 
toward them almost exactly. Although the steady-state 
performance of the multiple-stage system depends on the 
noise environment. we think that in many cases the sys
tem may suppress the interference signals satisfactorily. 
The reason for this is because multiple interference 
sources, if present, are likely to be at different power lev
els due to geographical distribution. 

Now we consider the case where a single-interference 
signal with nonzero bandwidth is incident on the open
loop system. The power spectral density is assumed to be 
flat over the frequency range as shown in Fig. 6. We de
fine the relative bandwidth rB as 

(49) 

'<---- " ----, 

---------.,--------, 

fc f 

Fig. 6. Interference signal power spectral density. 

Fig. 7 shows the output SINR as a function of rB for 
several values of the interference arrival angle 8 [ for the 
case Pd / Pi! = -30 dB and Pd / Pn = 20 dB. It is seen 
that the two-stage system performs much better than the 
single-stage system except when the interference signal is 
near the desired signal at broadside. 

Fig. 8 illustrates the effect of the relative bandwidth 
on the directional pattem of the two-stage system. These 
figures assume 8[ = 30°, Pi! / Pn = 50 dB, andf=L 
Two nulls are gathered as the bandwidth of the interfer
ence signal becomes wider. At two percent or higher 
bandwidths, two nulls are formed coincidently. Conse
quently a broad null is formed toward the interference 
signal. This is the reason why the two-stage system has 
an excellent ability to reject a broadband interference sig
nal. 

The output SINR of the two-stage system on which 
two interference signals are incident is shown in Fig. 9 
as a function of rB- We assume that both interference sig
nals have flat band-limited power spectral densities as 
shown in Fig. 6. As may be seen from these figures, the 
degradation of the output SINR due to interference band-

n 
III 
Ll 
L.J 

(t 
Z 
H 
(f) 

+' 
::l 
(L 

+' 
::l 
o 

30 
TWO-STAGE 

SYSTEM 

20 

10 

-10 

-20 

Of " 30deg 

at "' lOdeg 

at "30deg 
61 =60deg 

6, =90deg" 

SIN9LE-STAGE SYSTEM" 
TWO-STAGE SYSTEM~~ 

-30 ~----------~~---..------

-40 L-______ ~ ______ ~ ______ ~ ______ ~ 
o 10 20 

r B [ ' J 

Fig. 7. Output SINR versus relative bandwidth. Single interference signal 
with flat band-limited power spectral density is incident on open-loop 

systepl. PiPil = -30 dB, PiPn =20 dB. 

widths depends on the interference arrival angles 8t> 82 , 

and the power ratio Pi! / Pi2 • Generally the larger the 
power ratio is, the more substantial the degradation is. 

IV. COMPUTER SIMULATION RESULTS 

We developed a computer program which simulates 
the open-loop systems. The output SINR was calculated 
by using (6) or (37). We assume that array elements are 
spaced a half-wavelength apart at the center frequency of 
the desired signal. We represent a unit of time as TV 
(time unit). For example I TV denotes 1 ms. 

Signal parameters used in the simulation are shown in 
Tables I through IV. 

The desired signal is assumed to be a biphase modu
lated signal [11]. Each modulated phase is statistically in
dependent on different bit. intervals and is 0 or 1T with 
equal probability. We represent the length of the bit inter
val by Tb • 

For Cases I through 5 the interference signal is as
sumed to be a CW signal. For Cases 6 through 8 it is 
assumed to consist of plural (5 or 9) uniform aniplitude 
and random phase sinusoidal waves, '?Jhich have equally 
spaced discrete spectral lines as shown in Fig. 10. We 
consider that the latter signal is a broadband signal with 
relative bandwidth 11 flf; 

We assume that the internal thermal noise is a white 
Gaussian wave. 

The time constant T of the first-order low-pass filters 
must be much larger than the length of bit interval Tb to 
such an extent that the complex weights do not interact 
with the desired signal modulation. Here 7 is 0.1 and 1 
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TABLE I 
Signal Parameters Used in Simulation (I) 

Case 1 I Case , 
Waveform BPSK Wave 

Desired Carrier 200,000 Cycle / TU Signal Frequency 

Tb 0 . 01 TU 

Waveform C W 

Inte rfere nce Frequency 200,005 Cycle/TU 
Signal Pd/P il -30 dB I -10 dB 

'1 30 deg 

Internal Waveform White Gaussian Wave 
Thermal 

P dIP n 20 dB Noise 

TABLE II 
Signal Parameters Used in Simulation (2) 

• Case 3 I Case .1 Case 5 

Waveform BPSK Wave 

Desired Carrier 20 0 , 000 Cycle/TU 
Signal Frequency 

Tb 0.01 TU 

Waveform C • 

Interference Frequency 200,005 Cycle /TU 1200, 000'.6 Cycle/TU 
Signal 11 

P dIP il - 30 dB 

" ou aeg 

WavefoTIII C W 

Interference Frequency 199,900 Cycle1,TU1199,999.4 Cycl e/TU 
Signal f2 

Pd/P i2 -10 d'l-2Od'l -10 dB 

" 30 deg 

(n terRal Wave fonll White Gaussian Wave 
The rTIIa 1 

P dIP n 20 dB Noi se 

TV which are 10 and 100 times of Tb (0.01 TV) , respec
tively. 

Figs. II and 12 show the convergence results for the 
single-stage system and for Cases I and 2, respectively. 
Dotted lines indicate the steady-state SINR which is cal
culated on the assumption that there is no weight jitter. 
As may be seen from these curves, the output SINR con
verges at several times 7. The difference between Cases I 
and 2 is that of the interference signal power. A compari
son of Fig. II with Fig. 12 shows that the convergence 
rate of the open-loop system is independent of the inter-

TABLE IV 
Signal Parameters Used in Simulalion (4) 

Case 8 

Waveform BPSK Wave 

Desi red Carrier 20. 000 Cyc1e/TU .' 
Signal Fl'equency 

Tb 0.01 TU 

Waveform 5 Sinusoidal Waves 

Center 20,000.5 Cycle/TU 
Interference Frequency 

Signal 11 Pd/P i1 -30 dB 

" 60 deg 

Relative , , 
Bandwidth 

Waveform 5 Sinusoida.l Waves 

Center 19,990 Cycle/TU 
Inter f erenc e Frequency 

Signal " Pd /P i 2 -10 dB 

" 30 deg 

Relative 3 , Bandwidth 

In te rnal WavefoTm White Gaussian Wave 
The rmal 

P d/Pn ,. dB Noise 

POWER 

"'~--.f---... 

L-______ -L __ -L __ ~f~'---L---L--~f 
c 

Fig. 10. Interference signal power spectrum having equally spaced uni
form amplitude spectral lines. 

ference signal power. This is one of the advantages of the 
open-loop system_ . 

Fig. 13 shows the convergence results for the two
stage system and for Cases 3 and 4. From Figs. 11 

TABLE III 
Signal Parameters Used in Simulation (3) 

Case 6 I Case 7 
Waveform BPSK Wave 

Desi red Carrier 20,000 Cycle/TO Signal Frequency 

Tb 0.01 TU 

Waveform 5 Sinusoidal Waves I 9 Sinusoidal Waves 
Cent.er 

20,000.5 Cycle/TU 
Interference Frequency 

Signal P d/PU ~30 dB 

" 60 deg 

Relative l \ I 6 \ Bandwidth 

Internal Waveforlll White Gaussian Wav e 
Thermal 

Pd/Pn 20 dB Noise 
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through 13 it is apparent that the convergence rate of the 
two-stage system is not essentially different from that of 
the single-stage system. As may be seen by comparing 
the results for Case 3 with those for Case 4, although the 
steady-state SINR depends on the ratio orthe two inter
ference signal powers~ the convergence rate is indepen
dent of it. This is another advantage of the open-loop 
system, because the convergence rate of a conventional 
system with a feedback-loop becomes very slow when 
two interference signals are widely separated in power 
level. It is also seen that the output SINR is occasionally 
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Fig. 13. Output SINR of two-stage system versus time (simulation re
sulls) (Cases 3 and 4). 

better than the steady-state value, which is obtained on 
the assumption that there is no weight jitter. The reason 
for this is as follows. As discussed in ihe previous sec
tion, in a case where two interference signals are incident 
on the two-stage system, the formed nulls are more or 
less shifted from the interference arrival directions. Due 
to weight jitter these nulls are occasionally pointed to the 
interference signals exactly. This improves the output 
SINR. 

If the frequencies of two CW interference signals are 
extremely close, a periodic ripple is seen in the steady
state output SINR as shown in Fig. 14. The reason for 
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Fig. 14. Output SINR of two-stage system versus time (simulation re
sults) (Case 5, T = I TU). 

this is that the beat component of the two CW interfer
ence signals is not reduced sufficiently by the low-pass 
filters. Tables V and VI show I) the average steady-state 
output SINR obtained from the simulation, 2) the steady
state output SINR calculated on the assumption that there 
is no weight jitter, and 3) the degradation of the steady
state output SINR due to the weight jitter. The average 
values are obtained from averaging about 10 000 data af
ter time lOT. As may be seen from these tables, the 
larger T is, the less pronounced the degradation is due to 
the weight jitter. It is interesting that the average output 
SINR is occasionally improved in the two-stage system 
due to weight jitter. As shown later, in a case where the 
interference signal has a nonzero bandwidth, the degrada
tion due to the weight jitter is less pronounced than the 
ew interference signal case. It may be said that if 
T~ lOT., the effect of the weight jitter is not so pro-

TABLE V 
Effects of Weight Jitter on Steady-State Output SINR (I) 

Case 1 Ca s e 2 

, 0.1 TU 1.0 TU 0.1 TU 1.0 TU 

Avet"age Steady-State 
16.0 dB 18 .9 d8 16.0 dB 18 .9 dB Outpu t SINR 

(Simulation Results) 

Steady-Sta t e 
20.0 dB 20. 0 dB i o.o d.B 20.0 dB Output SINR 

(Weigh t Ji t teT Is Absent.) 

Degt"adation of Steady·State 
Output SlNR due to 4.0 dB 1.1 dB 4.0 dB 1.1 dB 
Weight Jitte. 

~- ._-
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TABLE VI 
Effects of Weight Jitter on Steady-State Output SINR (2) 

Case 3 Case 4 Case 5 

, 0.1 TU 1.0 TU 0.1 TU 1.0 TU 1.0 TU 

Average 5 teady -S ta te 
19.2 Output SINR 17.6 dB dB 1.1 dB 1.1 dB 16.0 dB 

(Simulation Results) 

Steady-State 
18.0 dB 1.0 dB 1.0 dB 18.1 dB Output SINR 18,0 dB 

(\'Ieight Jitter Is Absent. ) 

Degradation of Steady-State I , , 
Output SINR due to 0.4 dB -1. 2 dB -0.1 dB - O. 1 dB 2.1 dB 
Weight Jitter 

* Average steady-state output SINR is improved due to weight jitter. 

nounced except when the frequencies of plural narrow
band interference signals are extremely close as in Case 
5. 

Convergence results for Cases 6 and 7 are shown in 
Fig. 15 and 16, respectively. In Figs. II, 15, and 16 it is 
apparent that the convergence rate does not essentially 
depend on the bandwidth of an interference signal. This 
is an advantage of the open-loop system, because the 
convergence rate of the conventional system with a feed
back-loop is highly dependent on the bandwidth of an in
terference signal. From these curves it is also apparent 
that if the interference signal has a nonzero bandwidth , 
the weight jitter has less effect on the steady-state output 
SINR than for the CW interference case. 

Fig. 17 shows the convergence results for Case 8 and 
for the two-stage system. By comparing Fig. 17 with Fig. 
13 we may see that although the output steady-state SINR 
depends on the bandwidth of two interference signals, the 
transient behaviors are independent of it. 

From these results it may be concluded that the con
vergence rate of the analog open-loop adaptive-array sys
tem is independent of the noise environment. It is 
determined by the time constant of the low-pass filters. 
For the single-stage and two-stage systems, the output 
SINR converges at several times the time constant. 
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Fig. IS. Output SINR versus time (simulation results) (Case 6). 
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Fig. 16. Output SINR versus time (simulation results) (Case 7). 

V. CONCLUSIONS 

It has been shown that the analog open-loop adaptive
array system presented here has some advantages over' 
conventional adaptive arrays regarding transient behav
iors. First, the convergence rate of the open-loop system 
is essentially independent of the noise environment. It is 
determined by the time constant of the low-pass filters in
cluded in the system. From the simulation results the out
put SINR converges at several times the time constant. 
Hence it is possible to know the convergence time a 
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Fig. 17. Output SINR of two-stage system versus time (simulation re
sults) (Case 8). 
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priori. Second, because the system consists of analog cir
cuits. the convergence time is not limited by processing 
time involving digital logic components. Finally, the sys
tem is unconditionally stable. Thus, however small the 
time constant may be, the complex weights by no means 
diverge. This means that the open-loop system may pro
vide a very rapid convergence rate. 

Satisfactory steady-state performance is obtained in a 
case where a single interference signal exists in the field. 
When two or more interference signals are incident on the 
open-loop system, the steady-state performance depends 
on the noise environment. It may be concluded that the 
open-loop system is very useful when we have a single 
interference signal in the environment and very rapid in
terference protection is required. 
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