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• ABSTRACT

This  report describes an experimental and theoretical study of nonlinear
4 apr~ 1 delay lines for use in electronically programmable, long code Phase Shift
K- -v.’ (P:~K~ sL~na1 correlation and encoding. The programmable delay line device
s ’iIied here, which is called the PSK Diode Correlator, is a hybrid, Integrated
Circui~ device which ut ilizes a Surface Acoustic Wave (SAW) tapped delay line and
at~ a~ tacheci microelectronic diode and resistor array. PSK Signal processing is
acccr~plished a

4 ~he P diode-taps of the signal processing region of the device
by a low power, wide bandwidth, nonlinear mixing process. PSK input and cw
r~~~rence voltages are applied to the two delay line inputs at center frequency

ar.i f,, respec~ ively and the correlation output at the difference frequency is
r~ c’~ived a~ a common electrode summing the nonlinear outputs of the P diode taps.
Eari l P5K code programming of the correlator taps is achieved by applying equal
amrli~ude , positive or negative bias to the antiparallel diode pair located at•
each delay line tapping transducer. Each correlator module has an associated
cascade delay channel fabricated on the same SAW substrate to allow interconnection
wi4h identical modules for long code PSK proces~ ir~g.

The design, fabrication and testing of 614 aud 128 tap devices are described
4 which ut ilize lithium niobate delay lines and si~icon on sapphire diode and

resistor arrays. These devices operate with signal and output frequencies near
70 and 30 ?~iz respectively and have delay line tap spacing chosen for processing
P5K sequences wi th  chip rates equal to , or a mult iple of 9.8 MHz .

Operation of t hese devices as programmable PSK encoder s and correlators is
demonstrated wi th  experimental results compared to theoretical behavior . Appli-
ca t ion to  long code PSK signal processing is evaluated by testing a 2 module
cascade . The detailed design of the broadband cascade delay channel is described.
Systems applications including high speed reprogramability, interference rejec-
‘ ion and error compensation are demonstrated .

The effect of system errors on the correlation response of a multi—module
long code PSK cascade processor is analyzed, and the effect of finite module
bandwidth is discussed in a simulated 8 module , 10214 chip cascade correlat or .

i
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Programmable P5K Correlators
Utilizing Nonlinear SAW Delay Lines

1.0 INTRODUCTION

1.1 Program Scope

This report describes an exploratory research and development program which
was direct ed toward the development of the UTRC P2K Diode-Correlator device in a
form suitable for high chip rate, electronically programmable, long code P5K
signal correlation and encoding . The PSK Diode-Correlator is a hybrid, integrated
circuit device which utilizes a Surface Acoustic Wave (SAW) tapped delay line and
an attached microelectronic diode and resistor array . P2K signal processing is
accomplished by converting the input IF frequency signal (r1) into a SAW which
propagates across the delay line surface toward a series of P, equispaced acousto-
electric taps . A second cw wave (f~) is also excited on the delay line surface
which provides a cw reference signa’ at each tap . RF voltages at frequencies
f 1 and f exci ted at each tap are applied to ant iparallel diode-pairs which perform
as minia~ ure product mixers with desired product output at f3 

= f2 -
~~ f1. The

phase polarity of mixer output is selected by choice of diode-pair DC bias current
applied through an isolation resistor network . By fabricating the di ode and resis-
tor array in silicon-on-sapphire , a microelectronic mixer array is created with
exceptionally good tap to tap isolation , efficient -~-ixer operation to at least 500
MHz, and very low power dissipation per tap, typically microwatts. The simplicity
of this new tapped delay line processor (Ref. 1), offers the possibility of very
high chip rat es to 100 MHz and beyond . The electronic flexibility provided by the
use of a reference cw input allows a new range of system flexibility in that temper-
ature and doppler frequency perturbations can be electronically offset by feed-
back con trol of f2.

The major goal of the program was to demonstrate that the P8K Diode-Correlator
could be built in the form of the 128 chip programmable modules which can be
operated in cascade to provide long code P8K signal correlation and encoding with
useful system specifications . This goal was satisfied with the successful demon-
stration of a two module 256 chip cascade having nearly theoretical performance .
The two 128 chip P8K Diode—Correlator modules were delivered to NRL personnel
at the close of the program. Each module consists of a 128 tap programmable P8K
signal processor and a parallel cascade delay channel fabricated on the same
delay line substrate. A photograph of one of these modules is shown in Fig. 1-1

.1
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The scope of’ this program encompassed two phases :

• Phase I :  PS~ Module Development

• Phase t addressed the basic design , construction and operation of the P2K
Diode—Correlator  module for use in P2K signal correlation and encoding . An

• equivalent c i r c u i t  approach was u t i l ized to relate important P2K signal parameters
such as input frequency, chip rate , insertion loss , spurious signal level, and
dynamic range to the Diode-Correlator delay line and semiconductor diode array
parameters . The choice of delay line substrate materials and tap configuration
was assessed with the goal of minimizing module insertion loss and spurious

• signal interference wh ile maximizing module bandwidth. A novel tilted interact ion
r~ z~on design on a lithium niobate substrate was adopted which satisfied this
goal. A 614 tap prototype P2K Diode -Correlator was fabricated and experimentally

• ‘~va1uated as a programmable P2K signal encoder and correlator . The design of a
broadband cascade delay channel allowing minimum signal distortion when cascading
several modules for long P2K code processing was also established and experimentally
characterized .

• Phase II: A Multi-Mode Approach to Long Code P2K Signal Processing

In this phase , two deliverable 128 tap P2K Diode-Correlators were designed
and fabricated to demonstrate the princ iples of the modular approach to long code
processing . Minor modifications of the prototype design of Phase I were incor-
porated with the goal of obtaining a module which could be readily cascaded to
process P2K codes of length 10214 or larger.

The two 128 tap P2K Diode-Correlator modules were experimentally operated
as a two (2)  module cascade subsystem for the correlation and encoding of PSK
signals w i t h  up to 256 chips . The separate modules of the cascade subsystems were
tested and evaluated in several different ways. First, the salient characteris-
t ics  of the separate modules; bandwidth , insert ion loss , spurious signal level ,
dynamic range were measured . In a second series of experiment s , the two modules
were set up to perform as a matched pair , 128 ch ip P2K communication system. One
module was used as the encoder while the other served as the correlator . Correla-
t ion  and encoding characteristics were measured for several different  128 chip
codes. In a third series of experiments , the two modules were assembled with  a
cascade s igna l frequency amplifier and output signal summer to form a 256 ch ip
cascade susbystem. The characteristics of the subsystem were measured for both
signal encoding and correlation.

• Theoretical ana lysis of the ideal module performance and of the effects  of
system errors when cascading modules for long P5K code processing were also carried
out. In particular , the effect of finite module bandwidth on long code correlat ion
performance was assessed.

3
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1.2 Background And Method of Approach

Phase shift key (P2K) modulated waveforms find application in secure and
muitisubscr iber communication systems because of their high matched filter letec-
tion probability in the presence ~f hostile interference and because )f the
large number of nearly orthogonal sequences available (Refs.2-5). Surface
wave matched filters offer a highly competit ive approach relative to digital
filters particularly where high chip rates, low power consumption, and low cost
are significant factors (Refs . 6-15). SAW matched filters have also an important

~
-
~~i

4 age of asynchronous detection capability and therefore reduction in system
lock up time . Programmable SAW matched filters are highly desirable for increased
system security, and several embodiment s are undergoing active development. The
capability of code programming and electronic reprogramming in the field after
fabricat ion of the basic unit offers the considerable advantage of cost reduction
a nd m u l t i p le system applications .

Here , we describe a unique approach to the realization of the programmable
Pt 7K matched f i l t e r  which u t i l i z e s  the nonlinear interaction between surface

waves within a diode tapped delay line . This device differs from other programs-
n’ahle A~~correlators in i ts  s imple hybrid cons t ruc t ion , requiring only two diodes
per tap , low power consumpt ion , large dynamic range and high tap to tap uniformity.
in addition , the device is directly ammenable to large t ime bandwidth P8K signal
processing and cascading of individual modules to form a long code programmable
matched f i l t e r .  The nonlinear approach offers  additional system flexibility via
the electronic adj us tab i l i ty  of the device reference frequency allowing direct
compensation for phase errors such as Doppler sh i f t  or changes in ambient tem-
pe ra tu re  of the  delay line .

A schematic  diagram of the P2K Diode-Correlator is shown in Fig . 1-2 . In
common w i t h  pre .~iously described Diode -Convolv~r devices (Re f’s. 16-21), the P8K
Diode-Correlator is a hybrid comb ination of a piezoelectric tapped delay line and
an at tached silicon-on-sapphire (sos) integrated c i rcui t  diode and resistor array .
However, the geometry differs here from previous devices in that two diodes are
connected to each tap and the two acoustic waves utilized in signal processing
equat ions bot h enter  the tapped interact ion region from the same end of the delay
line . This is a consequence of the tilted interaction region geometry which has
been found to offer s ignif icant advantages of low intertap relfect ions, low prop-
agation loss and excellent tap uniformity relative to the equivalent in-line tap
geometry . The SOS diode and resistor array is located adjacent to the delay
line taps and provides an acoustic termination to the propagating waves.

The device operation relies on the nonlinear mixing between input signal and
re ference wave s at frequenc ies f1 and 

~2 
respectively within a bi-phase coded

diode tapped interaction region. Phase coding is provided by control of a p.W

- — 
~~~~~~~~~
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level current to antiparallel diode-pairs connected to each tap; the phase of the$ nonlinear tap output is altered by 180 degrees upon reversal of the diode bias
H polarity. The matched filter bi-phase code is thus simply programmed by means of

• 
- the bias polarity sequence applied to the diode taps, w ith programming speed of

approximately 100 nsec experimentally measured. True correlation is performed
between the programmed phase code of the diode taps and the input signal code ‘w ith
preservation of correlation t ime scale. Since correlation is obtained through a
product mixing process, the des ired correlat ion output is rec eived w ith carr ier
frequency f

3 
f2 ÷ f1. The basic correlation module may be incorporated within

a cascade , as shown in Fig. 1-3, for long P2K code processing. This approach
utilizes a parallel delay channel associated with each processor composed of a

• broadband delay line and loss compensating amplifier. This parallel channel
approach has been recently shown (Ref. 22) to be practical for delay line cascades
approaching millisecond length with minimum effects of bandlimiting for broadband
channel design.

In the following report, the f’undamenta.l operation and design of the PSK
DicIe—Correlator is developed and the fabricat ion and performance of two 128 tap,

MHz chip rate programmable devices are described. These devices are operated
as programmable PSK signal encoders and correlators and also as a matched pair
t ra nsmiss ion system. The operat ion of’ a two module , 256 chip cascade correlator
is report ed . System characterist ics of’ high speed programmability , interference
re ,~ect ion and error compensation are also demonstrated .

Theoretical analysis of the cascade circuit and the effects of system
errors on 1on~ code correlation waveforms is also developed . This analysis is
found to predic t accurate signal processing of 10214 chip P8K codes by a cascade
of e i~~-~b 128 chip modules identical to the modules developed for this program .

6
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• 2.0 P8K DIODE-CORBELATOR DESIGN

2.1 Introduction

The basic characteristics of Diode—Correlator devices have been developed
in earlier programs directed towar ! applications in electronically variable chirp

~i gna 1. correlat ion and in high speed Fourier transforms (Re Th .  16-21). Here we
shall focus our a t t e n t ion to the special features that make the P3K Diode—Corre—
lator  d i f fe ren t  from earlier  devices .

A tu tor ia l  theory is developed to exp lain the programmable phase-amplitude
char a ct e r i s~ ics of a singl.e P3K diode-tap. This theory provides an adequate model
:‘oz - ca 1cuia~ ing t he  hi—linear  coeff ic ient , two port insertion loss , and dynamic
range of t h e  comp l e t e  correlator . The design criteria and trade-offs available
in practical P2K Diode—Correlator design are summarized. The electronic adjust-
ability of the device is highlighted ; design conditions for doppler and temperature
compensation are described.

2.2 The PSK Diode Tap

$ 2.~~.1 Fundamental Operation

The salient difference between the P2K Diode-Correlator and earlier diode—
coup led , nonlinear t apped delay line devices (Refs . 16-21) is that two diodes are
used at eac h tap as is shown schematically in Fig. 2—1. The simp le antiparallel
liode connect ion allows both amplitude and phase polarity of diode-tap nonlinear
ou~pu~ to be chosen by simp ly adjusting the magnitude and sign of the applied
Ic bias current , 1bp s The fact that reversing the sign of I simultaneously
reverses the phase polarity of’ nonlinear output is more eas i~~ seen by considering
th~ simplified circuit models shown in Fig. 2—2. In Fig. 2—2a, the interdigital
delay line t ransducer—tap is represented by voltage sources Vg1 anf Vg2 corres-
ponding to tap excitation at frequencies f1 and f2 and a frequency dependent
t ransducer impedance, Z • The other P—i diode taps have shunt admittance Y~~1
which is shown in paral~el with the output load RL. Diagnostic experiments on
th e nonl inear mix ing eff iciency of the ant iparallel diode pair have shown that the
major source of nonlinearity is due to the forward biased diode. Thus, if pos itive
bias current is applied in Fig. 2-2a, the circuit may be further simplif ied, as
shown in Fig. 2—2b, to represent the ant iparallel diode circuit as a forward biased

• • diode, a capac itance due to the circuit and reverse biased diode, and a current
source at the sum or difference frequency = f~ ± f1 wh ich is due to nonlinear
mix ing. As has been clearly shown in earlier diode correlators having a single
diode per tap (Refs . 17—19), the nonlinear mixing current source is given to
f irst order by

8 
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$ = - (I
bP

/2v
~

) VD1 VD2 (2-1)

where V and V are the ac voltages appearing across the diode pair at f
1and f~ ~~d V =Dh kT/q is the effective diode junction thermal voltage . Note

~ha
4 he of the nonlinear current source is directly proportional to bias

• current. I . Thus, if the sign of I is reversed, the sign of I is also
- • bD g~reversed atid t h e  phase polarit.y of mi~cer output coupled to Port 3 ~s also

reversed. This verifies the simple P3K bias current control described earlier.

The basic quantity to be computed in t he  theoretical analysis of the PSK
Diode-Correlator is the amplitude and phase of Port 3 output due to nonlinear
mixinc at- the p th t•ap . Onc e this quantity is known , the operation cf a P tap
correlator can be described by summing the Port 3 contributions from all P
l aps. Lct us assume that the  desired nonlinear output is centered at the
ifference frequency, f

3 
= f - f . Analysis on earlier Diode-Correlator devices

(3efs . 16-19) has shown ~hat 2 the ~ort 3 output due to the pth diode-tap can be

~cpressed in phasor notation by

V = H  v~ v (2-2)3P p gl g2

where H is the Port 3 mixer transfer coefficient for the pth tap. can he
derived~ from Eq. (2-1) with t•he help of Fig . 2-2b and a few circuit definitions.
.4e shall define

Z~1 Z
gj 

+ Zb i (2-3)

as he p t•h tap series impedanc e when evaluated at frequency f 1. The impedanc e
Zbj is the total series impedanc e of the antiparallel diode pair. ZM is well
represented by

+ j  W~~ C D] ’ (2_ 14 )

where = ‘b 
/v is the dynamic conductanc e of t h e  forward biased diode . The

shunt the other P—i diode-tap will , in general , have a series
represerita t ion ,

= (2-5)

because Z and Z . vary with bias cui~’ent . It will also be convenient to define
a tap loa~ impeda~~ e ZLi which is the parallel combination of ~~~~~~~ and C1 = i/R

L.
Further , we shall define the total shunt admittance Y1,~ due to all ~‘ diode raps as

n=l 
(2-6) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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With these definitions, one may show that H is given by

= 
(I~p/2Vq

2) Zbl Zb2 Zb3 (2-7)

~~pl + ZL1) ~~p2 
+ z~~) Zp3 (~~3 

+ GL)

Thus, H is completely defined in terms of the diode—tap circuit parameters.

rro l .e th~t all quantities which vary with diode—tap bias ‘bp 
are given a subscript

For later comparison with diode-tap acoustic driving power levels, it will
be useful to express the voltage generators V . in terms of the available acoustic
power that t hey represent . Since interdigita~

1transducer—taps are bidirectional

and we assume peak voltages in all equations, the relation between tap generator

voltage arid acoustic driving power is

1’ai = l Vgi 2 /14 Rai (2—8)

where 3a1 is the tap radiation resistance at frequency ~~ 
Consequently, the

Port 3 nonlinear output due to excitation at the pth tap can be written,

= 14 Hp ‘IRai R8~2 ~al ~~~ (2-9a)

and the output power

P
3 

= V
3 

2/2R
L 

(2—9b)

Finally, for convenience in later analysis, it will be helpful to define a
relative tap output coefficient g~ 

which is normalized to unity at a specific
value of tap bias current, I1)o~ 

thus,

V
3~, 

= A0 g~ 
(2-10)

where

A0 = 14 ft/R al R 2 
P
1 
P~~ H0, (2-li)

H0 = H.~ (lb 
= I

b ) 
(2—12)

and

= H~/H0 
(2-13)
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2.2.2 Charac teristics of SOS Diode Arrays for P3K Delay Line Applications

The active switching elements of the PSK Diode-Correlator utilize an integrated
circuit array of ant iparallel diode pairs and their associated bias resistors.
Silicon-On—Sapphire (sos) has been chosen for the substrate material in order
to provide high diode i sola t ion and to simplify the thin film resistor fabrication.
The ~wo inch SOS s

t arl ing wafers are characterized by a one micron thick n type
silicon film with carrier concentration of iol6 cm 3 and 3 ohm-cm resistivity.
The letailed f’abricat ion process for these and similar arrays developed earlier
for elec~ronicall-j variable radar applications have been previously reported
(Refs . l~—2O).

A photogi’aph of a portion of the completed diode and resistor array is shown
in T’ig. 2 - 3 m The n~ cathodes of the diodes in ~he upper row are connected t•o a
corri~on aThi~inum elec trode, as are the p-type anodes of f-he diodes in the lower
row. By electrically shorting the upper and lower common electrodes togerther, the
an~ ipara1lel diode array is obtained with centrally located p-type bias resistors.
For ~he 128 tap devices considered here, the .010” element spacing requires a 1.3”
array lengt.h possessing highly uniform diode 5.nd. resistor characteristics. This
requirement has been satisfied with measured diode characteristics uniform to 

~
i/T percent and typical bias resistors Rb = 3000 ohms ~ 6 percent .

The dc current voltage characteristic of a P3K diode pair , as observed from
the bias port , are given in Fig. 2-14. Note the excellent• symmet ry of these
characterist ics  about the voltage origin . Highly symmetric characteristics are
important for achieving balanced carrier PSK output.

2.2.3 Experimental Tap Nonlinear Characteristics

From Eq. 2.1, the phase of the nonlinear output from a single tap is theo-
retically switched by 1800 by reversing the polarity of the dc bias current,
I~~, applied to the antiparallel diode pair. The phase reversal accuracy of a
single tap test circuit was determined quantitatively by using an HP 81405A
vector voltmeter and a coherent cw phase reference signal. The tap circuit con-
sisted of a single SOS diode pair with input signals at f1 70 MHz and f2 = 100
MHz coupled through 1 pf capacitors to simulate acoustic wave excitation. The
phase of the difference frequency output at f 2 30 MHz was then compared with a
coherent phase reference. The resulting chang~ in phase of the tap output when
the bias polarity was switched is shown in Fig. 2.5a as a function of the magni-

• tude of the normalized dc bias current j Ib~/Iho )’ where ‘bo 
= .014 ma is the bias

required for maximum nonlinear output amp1itu~.e at input power levels of P1 = 0 dBm
and P2 = 20 dBm applied to the input capacitors. Phase reversal accuracy is
seen to be within 0.5 degrees over the two decade bias range of .025 

~~ 
Ibp/Ibo j

� 2.5. A switching speed of approximately 100 nsec was also measured.

13 
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SINGLE TAP MEASUREMENTS OF PHASE REVERSAL
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In t,he pr~-’sr~n 4 applica ~on only phase programming is required so that all
ars are biased -i 4he same ~c level I ‘bp ’ 

I~0 J  . Tap amplitude programming
is also no s i h l e  b’~ -ra r’-~~ .~ th~ h-las amplitude. From Eq. 2— 1, a linear relat ion—
sLip between nonlinear outpu t current. and dc bias current is predicted at small
ic hias . At lar~ er ~ia:~, l~ earl be shown (Ref .  12) th a i the output current, is

• prr’-ror~~ona] ~o t-ho i .‘~srsc s~ uare of the dc bias current . The experimental
1er~--n~er~ce of he r e lat  lye out put power p

3 /p30 on normalized bias current ,
• 

, for a sing e dual diode SOS de~ay line tap is shown in Fig. 2.5b
wh~~’e ~~~ corresponds. to the ma~cin • power generated at ‘b = ‘bo a These measure-
mon s were p or formoci using a dummy ~ap on one of the two ~28 tap PSK Diode

~orro1a~ crs , ~-T29, with  ~ lc-ctr ical input powers of P1 = P
2 

= 10 dBm and
f. ~~~ ma. The pred icted out put dependenc e on bias current is closely followed
in oth hi~ h and low bias ran~ es wit .h a single tap output dynamic range of
-r~’a or han ~O dB observed .

2.~ Device Configuration and Design Parameters

A:~ shown in Fin . l.T , both signal and reference input waves are launched at
h~ same side of he diode t apped , nonlinear interaction region. A slanted tap

con~ i~~ira~ io n (Re f .  23) was adap ted which d i f fers  from the in—line tap geometries

~se’i in previous Diocle-Correlators (Refs . 16—20) . The prior in—line tap design
suffered from excessively high intertap reflection and wave propagation losses
because of the large number of elec* ro Ies in the acoustic wave path. Even with
re flec~ ion cancelling eight wavelength fill—in electrodes located between taps
(Re f .  2L )  the in-line geometry on LiNb O3 resulted in losses as high as 0.15 to
2.~~ dE per 1 ap for wave frequencies near 100 MHz. Losses of this magnitude
r e : u it  in severe nonuniformity of the interaction and are unacceptable for the
rreser~ apolication .

~i~h ‘ho slanted configuration , propagat ion losses and spur ious ref lect ions
are’ s~~ni fican ’1:~ reduced . Each tap is successively offset  in the transverse
-iirec ’~~on by an amount L~~ = .oo14” so that the tap width, W~ = .087” , is a
fract ion of the input transducer beam width , W0 = 0.61” . The portion of the
npu’ bean i~ t ercep ’in~ a given tap thus propagates through a reduced number , m ,

of ~ iu ivaJ en-  in- l ine ~aps where m = wt /24wt = 11. The reduction in propagation
Jos~ cs is cou n’ered by increased input transducer losses since the taps now inter—
cci- ’ only a frac t ion of the inpu t acoustic beam width.  However , the overall
ccrrcla t ion inser 4 i on  loss is still reduced relative to an equivalent in—line
-~ one ’ ry since the ‘otal power division loss for both input and reference waves,
i70 n by 20 LOG W~ /Wo = 17 dB , is lower than the in-line propagation losses for

l2~ t aps.

The active taps are preceeded by physically identical dummy taps to provide
essentially equal wave propagation characteristics prior to any active tap.

17
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Intertap reflections are minimized by choosing input signal and reference
frequencies, f1 = 71.1 MHz and f

2 
= 100.5 MHz and tap spacing, ~L = .0114” such

that ~ L is an odd multiple quarter wavelength at both frequencies. Split
finger tap electrodes are also utilizad to further reduce intertap reflections.

Eighth wavelength fill-in dummy electrodes between taps (Ref. 214) were not
used and are in fact undesirable for the slanted tap geometry. Their inclusion
would result in severe wavefront t i lt  at a tap because of the variation in delay
at points along a tap width resulting from the linearly decreasing prior metalli-
zat ion pattern. Tap efficiency would be reduced since the wavefront and inter—
digital tap electrodes would be no longer parallel. However, for the tap des ign
adopted here, wit-h a low metallization to free surface ratio in the propagation
paf.h between taps, the wavefrorit tilt and resulting overall loss in efficiency,
has been computed to be less than 3 dB. This loss could be recovered in future
work by fabricating the tap electrodes parallel to tilted wavefront.

The difference frequency output voltage at the summing electrode can be
wr i t ten  as the summation of the individual tap outputs from Eq. 2-10, as

V3 ( t ) e~~ 3~ = e~~W2 - w 1)t A0 E ~~ S(t_ t 01
_t~ )e 3 2 1 )

~~ (2-114)

where is the time delay from the signal input transducer to the first tap,
= (p - i) ~ T is the delay from the firs t to the pth tap , w~ = 2 iT f

~
, and

S = V • In w-riting Eq. (2— 114) , we have assumed equal excitation at each

~ap r~sulti~g from the equal reflection and propagation losses of the slanted
electrode geometry. It is this condition which allows undistorted, uniform
interact ion between the copropagating waves which does not hold for the inline
tap geometry. We have neglected the position dependence of free surface atten-
uation and diffraction losses. For frequencies � 100 MHz, and for wide aperture
input transducers considered, these losses contribute less than 0.1 dB/cm on
LINb0

3 
(Ref. 25) which can be compensated by tap apodization.

The exponential phase term within the summation of Eq. 2-hi- is eliminated by
requir ing that the nonlinear output from all taps add coherently. Phase coherence
is met when

(~2—~1
)t~ 

= 2 i~ n0 (2—15)

which corresponds to

= n/ST = a = f3 
(2-16)

where n0 and a are integers , n = n0/(P-1) is equal to the number of rf cycles per
chip at the difference frequency and R

~ 
is the chip rate. With Eq. 2—15 satis-

fied , Eq. 2_114 becomes

18
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V
3
(t) = A0 g

~ s(t-t01-t) (2-17 )

which represent- s the correlat ion between the input signal code and the tap
sequence. Because the t;ap weights are fixed in space, the correlation time
scale is preserved .

1.3.1 Insertion Loss

The insertion loss for the Diode-Correlator is a function of the bilinear
rolationship between the input- and reference signal input powers and the port
3 out put power ,

P3 = F
T 
Pl P2~ 

( -i~- )

wh u’e ~~ is a terminal bihinearity coefficient which is a function of both delay
line anà diode parame~ers. M~ cimum output power (and therefore minin~im inser ion
loss between ports 1 and 3) is obtained when the cw reference power is increased
‘0 the point where the diodes begin to saturate. The latter condition occurs
wh~n the diode ac current becomes equal to the dc bias current. F

T may be
-ie?ined in terms of the input + ransducer conversion efficiencies, H1 and H~ , the
acoust i c beam spli~ tinc. and i ransmission efficiency for the slanted elect-re b
eome t ry , H~., and the infernal bilinear coefficient, F1:

2
F
T = H

1 H
2
H
S
F (2-1°)

For input transducer and tap widths of and W~ respectively, and for trans-
mission t hrough m equivalent in—line taps prior tc detection ,

Hs 
= (m T )  ~~ (2-20)

where T~ is the average acoustic transmission efficiency per tap and the fac tor
KT represents t-he effect of wavefront tilt on the conversion efficiency of a tap
resulting from the slanted geometry.

From Eqs. 2-2 to 2-13, the int ernal bilinear coeff icient , F1, defined
as the ratio of the output power to the product of the acoustic powers driving the
t aps , is given by

F1 = = 8 P2 H 2 
~ R

~~
/RL 

(2-21)

at ‘he point of complete overlap and for coherent signal addition from P taps.

-
~
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2.3.2 Output Dynamic Range

The dynamic range of the Diode-Correlator is determined on the lower limi t
by noise output at port 3 from the diode array and at the upper limit by diode

— saturation. The maximum noise output from a single, forward biased diode was
found by Watson (Ref. 26) to be

“n 
= 1.5 kTB (2-22)

where k is Boltzman’s constan t, T is the Kelvin temperature and B is the band-
width. Maximum noise output will be obtained when the port 3 output circuit is
impedanc e matched , in which case the noise power delivered to port 3 will be the
same as the noise out-put due to a single diode.

Diode saturation occurs when the diode ac current equals the dc bias current.
From Eqs. 2-7 t-o 2—8, this occurs at acoustic saturation power levels of

~asi 
= I~0

(Zgj + zLi
) 2,i~ R . (2-23)

The ratio of the saturation output power level to the noise level, equal to the
dynamic range is then found as

D.R. = P /P = F P P / 1.5 kTB (2-214)
3s n I asi as2

2.14 Capability For Electronic Compensation of System Errors

2.L .l Introduction

The phas e coherence condit ion , given by Eqs . 2-15 and 2-16 , resulting in
coheren t addit ion of the nonlinear output signals at all taps , is perhaps the
single  most Lmportant requirement for achieving maximum peak to sidelobe perfor-
trance of the P2K Diode Correlator. This is, in fact , tinie for any li near or non-
Li-’ear delay line correlator. Slight chip to chip deviations from phase coherence
add cuatmuiatively along t he delay line , and in the worst case result in total
cancellat ion of’ the correlation peak response. The severity of the effect is

• greatest for P5K signals having high time bandwidth products, since it has been
shown (Ref. 27) that the degradation of correlation peak response varies as

V (~cp) sin(i-r~cp) 
-

3 
= (2—25)

V
3

20
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where t~c~ is the accumula t e d  phase error along the length of the device, equal to
th e  product of the number of chips , P , the number of rf cycles per chip, a , and
the frac t ional phase error between successive chips . Phase errors may resul t
from a number of sources including errors in the signal or in the delay line
inter t ap time delay.

In the  following, we show n that the nonlinear mix ing process of th e PSK
Diode Correlat or offers an electronic adaptability not directly available in
incar delay line devices , for rest-oration of the correlation peak response in

- he presence of phase errors.

2.h .2 Doppler and Temperature Compensation

then phase errors are present between t-he received P2K signal and the
correlator ‘aps, such t hat Eqs. 2-15 and 2-16 are riot satisfied , the difference
freq uency out put. voltage of Eq. 2-114 takes the  form

v
3
(+ .) = A 

~~
=1 ~~P 

2 (t _ t
01

_ t ~~ ) e~~~~P (2-26)

‘Jhere in the accumulated phase error at the pth tap . This error may result ,
for examp le , from departure , ~w 1, from optimum signal frequency due to Doppler

4 sh i f t . The correlator intertap time delay, ~T = ~T + ÔT, may also be in error
due t o  thermally or mechanically caused variat ion in i-he wave velocity or by
fahricaf~ on errors which add linearly along the delay line. The resulting phase
error at the pth tap of the Diode Correlator is relat ed to these variables,
assuming small deviations , by

6w2 ~~l 
5T

= a (P-l)2~ ( — - — + 
~~ ) (2-27 )

The difference frequency output now occurs at = + where 6w 3 
=

- . The possibility for offset. of the correla~-or ref~erence frequency
ha~ also1beeri included and offers a unique met-hod for direc tly compensating for
‘he system phase errors w i t h i n  the basic module. For example , Doppler shif t  of

~.he received signal is directly cancelled by an equal offse t  of the cw reference
frequency. Ambient t emperature variations may also be compensated, by adjusting

~w2/~ ~T6T where 
~T is the thermal coeff ic ien ’ of time delay and ÔT is the

~empe~at.ure sh i f t  (Ref.  28) .  In addition t.~ compensation for undesirable system
devia t ions , the electronic adjustability also permits detection of signals having

~n t e n t i on a . l  variations in frequency allowi ng the possibility of increased system
securit y or additional system subscribers .

The s e n s it i v i t y  of the PSK Diode-Correlator to the Time Delay errors such as
caused by changes in ambient temperature is in itself reduced relative to t he
equivalent linear SA~’J correlator. This follows directly from Eq. 2-27 since , n,
the number of rf cycles per chip at the difference frequency is less than N, the
number of cycles per chip at the signal frequency. This reduction is given by
the rat io of rf cycles per chip n/N , equal to w

3
/w
1
.
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3.0 EVALUATION OF A PROGRPJ.IMABLE 614 TAP P6K DIODE CORBELA 1IOR

A prototype 614 tap P6K Diod e Correlator was fabricated and tested to evaluate
the characterist ics of the slanted tapped interaction region geometry, described
In Sect ion 2.3, and to demonstrate the bas ic capabilities of the nonlinear P6K
encoding and correlation technique . Based upon these tests, modifications to the
prototype design were then included , where appropr iate , in the design of the two

• 128 tap P6K Diode Correlators described In Section 14.

3.1 614 Tap Device Parameters

A schematic diagram of the programmable 614 tap P6K prototype correlator is
shown in Fig. 3-1. The input and reference signal waves at frequencies f1 and f2,
respectively , are launched at the same end of the delay line and propagate toward
the tapped interaction region . When both signals pass beneath a tap, a nonlinear
signal at f3 f2 t f~ is generated by means of forward biased diode nonlinearity.
The nonlinear signals produced at successive taps may be selected in phase or 1800

out of phase depending on the sign of the DC bias current driving the diodes.

As shown in Fig. 3-1, a slanted tap configuration (Ref. 23) is adopted which
differs from other geometries used in previous Diode-correlators (Refs . 16 to 21).
Each .087 inch aperture tap is offset in the direction of the delay line width
as well as in the wave propagation direction , and overlaps a fraction of the input
waves. The active taps are preceded by physically identical dumu~’ electrodes to
provide essentially equal attenuation at any tap along the array . The taps consist
of N = I transducers having split x/8 electrodes (Ref. 214) with center frequency
of 85 MHz and tap spac ing ~L = .Olli-inch. For Y cut Z propaga ting lith ium n iobate,
th is corresponds to a chip rate Rc = 9.81 MHz. Intertap reflections are minimized
by choosing f1 = 71.1 MHz and f2 = 100.5 MHz such that AL is an odd multiple
quarter wavelength at both frequencies. This interaction region design offers
advantages of low propagat ion loss and spurious reflect ion level by reduc ing the
number of taps effectively seen by a single portion of the beam. The difference
frequency nonlinear output signal is taken at the common bus electrode. Tap to
tap phase coherence is sat isf ied w ith f3 = 29.14 MHz = n R0 where n = 3 cycles per
chip at the difference frequency.

The prototype 61+ tap P6K correlator fabr icated as descr ibed is shown in
Fig. 3-2. Note that the integrated circuit silicon-on-sapphire (sos ) diode and
resistor array is located in close proximity to the slanted tap electrodes to
minimize bond wire length and tap cross talk. As the SOS is now an acoustic
termination, both input and reference signal transducers must be located at a
common end of the delay line. These transducers are series tuned and are composed
of N1 = 2.5 and N2 = 6 interdigital period of split x/8 electrodes respectively
with an acoust ic beam width of O~36 inch. An additional input transducer has been
included for diagnostic purposes .

22
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UTRC 64 TAP PROGRAMMABLE PSK CORRELATOR
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As shown in Fig. 3-2, a compact , special purpose printed circuit boar d
connector was developed to provide dc bias to the individual diode taps . Matching
connectors , hard wired with the desired positive and negative bias codes , allow
quick programming of the tap phase sequence .

The nonlinear output at f-~ = 29.14 MHz from the 61+ tap device operating
.it = 71.1 MHz and f2 = ioo.6 MHz is seen in Fig. 

~-3. The tr iangular
output waveform is the correlation between the 6.14 us input signal and the tap
weight coefficients for equal bias current applied to each tap. High spur ious
signal suppression is observed in the lower trace of Fig. 3-3 in which the output
is attenuated by 60 dB to equal the spurious signal level.

Figures 3-1+ and 3-5 demonstrate the device efficiency and linearity between
-3utput and input electrical  power levels when operated wi th  tap bias ‘bp = 0.017 ma
for maximum efficiency . A maximum output power of P

3 = -16 dBm for P1 = P
2 = 2~4 dBrn

— is obtained . From Fig. 3-14, deviation from linearity , which represents the onset
of saturation , occurs at P1 = P2 = 10 dBtn. A minimum two port insertion loss of

~5 IF is observed from Fig. 3-5 for P2 = 214 dBm with an output signal dynamic
range exceeding 60 dB.

3.2 Operation as a 61+ Chip PSK Signal Encoder

Programmable PSK signal encoding is accomplished by applying positive and nega-
tive bias current along the tapped diode array for the desired phase coded sequence.
The tap phase is then scanned using a long reference signal and a short input signal,
equal in width to the chip length. The performance of the 614 tap prototype module
as a PSK signal encoder is shown in Fig. 3-6 for input and reference signal power
levels of 2~4 dBtn. In the upper ph-otograph, all chips are prograained for constant
phase, while in the middle photograph the taps are programmed in a pseudo-random
bi-phase sequence. All but one of the 61+ taps are found to function with  tap #1+3’s
inactivity most likely caused by a poor wire bond.

Small variation in amplitude between chips was observed. However, th is
variation was greatly reduced from that found for previous Diode-Correlators of
similar tap count, but having a linear tap configuration. The improved amplitude
uniformity results from reduced propagation loss and reflections provided by the
slanted electrode design . Further improvement in tap characteristics were incor-
porated in the 128 tap correlator design as discussed in Section 14. True phase
reversal between chips is seen in the lower photograph of Fig. 3-6 by compar ing a

• portion of the 614 chip PN sequence wi th  a cw phase reference. The observed output
power level of the encoded signal is reduced from the correlation output level of

j Figs . 3-3 and 3-1+ by the ratio (1/P)2 or 20 log 1/614 = -37 dB. The encoded output
level is therefore -53 dEm.
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PSK—64

CONVOLUTION AND DYNAMIC RANGE

C O N V O L U T I O N  O U T PU T  FOR
R E C T A N G U L A R  I NPUTS

DOU BLE EXPOSURE SHOWING
- 60 dB DYNAMIC RANGE
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PSK—64
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PSK—64
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FIG. 3—6

PSK—64

ENCODED WAVEFORMS AT f3 = 29.5 MHz

71 . 1 M H z , f 2 = 100.6 MHz , P1 = P2 = +24 dBm
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~.3 Operat ion as a 61+ Ch ip P6K Signal Correlator

Correlat i on of an externally generated PSK sequence with the prograrz~ ed tap
sequen~~ -~f’ ‘he P5K Diode-.Correlator has been evaluated using the c i rcui t  of
Fig . ~-7. Th” external P6K sequence of bit length T and is generated using a
programmabl~ ~~wi.~ tt Packard -~‘ l6A pulse generator w i t h  chip rate adjusted equal
~o P of’ th~ LIe Correlator . Since the pulse generator pr-o1i-1e1 a continuous ,

~ep i t i v~~~’ :~ i~ . qo~ r~ce , the reference signal at was pulsod on and off

~
‘or n i ia ~ ~ir •~’~~, T, ani ~i~nei to sputially o- io rLt p the signal wave propagation

.~~~ on.  The c . rr e l a t i or ~ -ootp ut at f’3 p r — o 1oo- ~ o’i•~r t im e
tv ~hio - l ~e s f c ’:r:~-~ i r~’ic ~ i to t~. - t~ p~- c i . i c-~- 1  -~~Jr~ ~ , o.-. ref-:rerice

iL I a n r r - ~p~ ti~ ive input t~~ .

ohow ’ the ccr!- eL a t i o r ~ r e su l t s  f-o r a £14 cJp pse’~- i. —rar~dom sequence
of’ 1 - Lt lenz ’J, =6 .~ I.~~3ec and chip rate of ~.BI MHZ. The correlation output

~“ ~he E!~ tap ~~I~~e programmed with the matching cod e is seen to closely resemble
t~ eore tictI output calculated for this ~~ sequence both in sidelobe structure

ir~~ peak to siielobe ratio of 114 dB. Note also the clean spectral response and
r :e nullo observed in the expanded output waveform.

The noise Jke appearance of the PN input sequence to an unmatched correlator
i :-: s-i own !n Fiz. 3-9 with all the taps programmed with constant phase.

~i~ ure 3-TO demonstrates the matched correlator response to a 13 chip bi-phase
Barker code ir.put. The input chip rate of 1.96 MHz corresponds to an overlap
within the device of 5 taps per chip. The 20 dB peak to sidelohe ratio compares
well w ith the 22,8 dB ratio expected for this sequence, however, some distortion
in si~elobe structure is apparent.

I
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64 CHIP PSEUDO—RANDOM SEQUENCE CORRELATION

_ _ .~~ 7..p; .r p. , _p.__~ . + 14.6 dB

__ . — —

~~~~~~~~~~~~~~~~~~~ 2T~~~~~~~~~~~~~~~~~~~

I-” I
I N P U T  PN CODE THEOR ETICA L CO R R E L A T I ON

9.8 MHz CHIP RATE

P E A K ~~SI L D E L O B E

DEVICE OUTPUT WITH TAPS MATCHING INPUT PN CODE

P1 = —10 dBm , P2 = + 15 dBm
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64 CHIP PSEUDO—RANDOM SEQUENCE INPUT
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BARKER CODE CORRELATION
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14.0 EVALUATION OF A MATCHED PAIR OF PROGRAMMA BLE 128 TAP MODULES

14.1 128 Tap Dev ice Parameters

Two 128 tap modules were fabricated and delivered under the program.
Photographs of these modules are shown in Figs. 1+-i and 14-2. The 2.5 x 1 x .01+0 inch
yz lithium niobate delay line of each module was mounted within an oversize aluminum
chassis using a compliant silicon adhesive. Both the signal processor and cascade
delay channel are fabricated on the same substrate for two major reasons. First ,
substrate misorientation and mask alignment errors, if present , are the same for
both acoustic paths so that the relative time delay between channels is preserved.
In addition , thermal variations in the propagation velocity and delay line lengths
are precisely equal for both paths provided that thermal gradients along the
substrate  are absent. The two sections were physically isolated from each other
by applying acoustic dampening tape between acoustic channels . The cas cade delay
channel transducers were tuned using broadband networks to minimize bandlimiting
when cascading modules for long PSK code processing. Characteristics of the delay
channel design are discussed in Section 5.2.

The 128 tap correlator design is similar to that of the 61+ tap prototype
device described in Section 3.1. Signal and reference input transducers comprising
ports 1 and 2 respectively were series tuned at frequencies fj = 71.1 MHz and f2 =

100.5 MHz respectively . Both have a split x/8 electrode desi gn with N 1 = 2.5 and
N0 = 6 interdigital periods and a 0.63 inch acoustic aperture. The delay line tap
transducers are operated unt uned, with a center frequency of’ 85 MHz and have N = 1/2
interdigital periods consisting of 1+ split (~/8) electrodes. This modification
from the prototype 614 tap correlator design which had N = 1 split electrode taps ,
followed from experiments invol ving 14 additional diagnostic devices . These devices
were identical except for the number of eight wavelength electrodes per tap. Tap
designs of F = 1 and 1/2 interdigital periods with and without the addition of
fill in , iritertap electrodes were investigated . Diagnostic experiments clearly
demonstrated the superiority of the N = 1/2 design chosen without fill in electrodes
for reduced wave attenuation , wavefront phase distortion and intertap reflections .

The taps were spaced by ~L = .0114 inch corresponding to a chip rate of’ R
~ 

= 9.81
MHz. This spacing was chosen equal to an odd number of quarter wavelengths at
the signal and reference frequencies so that acoustic reflections would cancel.
The tilted electrode configuration of Fig. 1-2 was employed with transverse tap to
tap offset  of .0014 inch . With a tap aperture of .087 inch , a given tap will
exper ience decr eas ing reflect ions from 22 following taps , or only, 11 on the
average. Wave propagation loss is also reduced relative to an equivalent in-line
tap geometry. The active tapped interaction region is preceded by 21+ dummy taps so that
wave propagation characteristics prior to each active tap would be identical.
The difference frequency output at f 3 = f~ - f j, = 29.14 MHz is taken at the common
bus electrode comprising port 3. Tap to tap phase coherence is satisfied with

“~ B~ corresponding to n = 3 cycles per chip at the difference frequency .

35 
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Nonlinear mixing of the signal and reference waves occurs within the silicon on
sapphire diode array mounted on the delay line adjacent to the tap electrodes.
Each nonlinear tap is phase coded by means of the polarity of diod e b ias current
appl ied through its bias res istor Rbp = 3000 ohms.

The SOS diode array elements of the correlator were ultrasonically wire bonded
to the adjacent delay line taps using .001 inch aluminum wire. The associated
SOS bias resistor array was bonded to the multi-conductor printed circuit board
shown in the upper portion of Fig. 14-1. A coded connector was developed to ante
w i t h  th is  pr inted circuit  board to provide positive or negative bias to the diode
array in the desired sequence. Several connectors were hard wired with different
codes to allow quick tap reprogramming .

These connectors are shown attached to the two 128 tap modules in Fig. 14-2.
No attempt was made to minimize the overall package dimensions , chosen here for
ease of fabrication and handling in the laboratory environment .

The nonlinear characteristics of these devices were measured first by using
a pulsed , constant phase 13 ,1,sec input s ignal , a cw ref erence s ignal and equal
bias , ‘b = 0.02 mA , applied to all diode taps. The triangular correlation
between ~he input and tap cw codes is shown in Fig. 1+-3a for device M230. The
difference frequency output shown is filtered prior to detection to eliminate
undesirable input frequency components. Spurious triple transit suppression of
50 iS is shown in the double exposure of Fig. 14-3b. Direct electrom~~netic feed-
through suppression is > 60 dB.

Correlator insertion loss and dynamic range information are shown in Fig. 14-1+
where the output power , P3, is plotted versus input signal power , P1, for several
reference input power levels . Diode tap bias of ‘bp = 0.02 mA is chosen for
maximum nonlinear output under nonsaturatthg small signal conditions . The bilinear
r e l a t i on s h ip  ~ziven  by Eq. ( -21) is seen to be well satisfied up to the onset
of liode saturati n output powers. For P2 = 21+ dBm , saturation onset is observed
at P~ = -23 d~~n and the max imum saturated output level of P3 = -18 d3n is found .
Corr elator Insertion loss of 1+0 dB is found at 

~2 
214 dThn and 

~l 
levels less than

i 5 d ~ n.
I~ j

~a~1e I summarizes the comparison of experimentally measured correlator para-
meters f:r ‘.~22) and M230 with theoretical parameter values calculated from the theory
descriF ed in .ection 2.3. The theory accurately models the small signal device
performance cver the wide tap bias range from lO-~ to 1 ma. By assuming that large
oignal  saturation begins when the diode dc b ias equals the fundamental f1, ~

‘2 driv-

~~ curren t .s , sat uration level correlator input and output power levels are esti-
mated which appear to be within 3 dB of actual device performance. Perhaps most out-
sta::di~ig is the  75 dB output noise to saturation level dynamic range.
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c(:’~rAR F~Oi’~ OF CORRELATOR PAPAMETEP~

p229 M230 Theory

f 1(’ -~i:’) 71.1 71.1 71.1

100.5 100.5 100.5

29. 14 29 .14 29. 14

va(~’
. Li
~ ~~~~~~ 137.30 137.31 137.3

r ’ 1 ~~~~~ (dJ~ 7,3

F . ’,.;. ~~i ; z )  25

1.7 1.6

F- r’ 2 .F. (dE ) 7.6

1.9 1.7

:‘o al Ream Division
Lose. T1 2 ‘dB) 20

:ap Piezo. C~ ef .  (K 2 ) .035

rrt~r’al Bilinearity -22 -25 -26
‘~ ef. F[ ~~t

(dEm’)

ixer ii ai Bilinearity -57 -60 -60
Coef.  ~~ . (dBm)

‘3 . ~A 
(dBm) -214 -26 -27

1 lS 
= ~2S~~~~m 17 19 19

Dynamic Range (dB ) 79 77 75
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M230: 128 CHIP CW SEQUENCE CORRELATION

71 . 1 MHz , 
~2 = 100 .5 MHz , 4 3 29.4 MHz

P1 P2 = 24
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128 TAP PSK DIODE CORRELATOR M229

POWER OUTPUT VERSUS POWER INPUT
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14.2 128 Chip P6K Signal Encoding

An encoded P6K signal and readout of the diode tap uniformity is obtained by
applying a ~hort rf burst (T << AT) to Port 1 and a cw reference signal to Port 2.
Photographs of the impulse response for M23O are shown in Fig. 14—5 for two tap
bias codes. Input power levels and frequencies are P1 = P2 = 21+ dBm, f1 = 71.1 !€z
and 

~
‘2 = 1-~Y).5 MHz. The -20 dBm output power level is 1+2 dB lower than the output

wi tl~ au taps coherently summed . This compares well with the 20 Log(1/128) dB =

-~
i
~ dF 1os~ expected . All taps were biased equally with 

~
I
b I = .014 mA. Figure

lI-5(a) ~ho~~ th e tap readout at f3=29.
14 MHz for equal phase ~ap coding resulting

from equal bias current polarity and amplitude applied to the taps. it is signifi-
cant to note that while tap to tap random amplitude nonuniformities within ± 1.5 dB
are observed , the overall tap sequence has a near constant envelope. This results
from th e near equal propagation loss for the waves intercepting any tap in the
tilted electrode configuration as discussed in Section 2-3. All taps of device
M230 were found to functi3n , while several taps of device M229 were defective
because of bonding difficulties during device fabrication. An encoded 127 chip
PSK sequence is shown in Fi~ . 14—5(b) for M23O where the diode taps are biased in a
127 chip bhoha:;c M—se~juence. An expanded portion of this sequence is shown in

- . 14-t (a) c’:iowing reversal of the chip to chip phase when compared to a cw refer-

~~ce. Also Thown in Fig . 14-6 is the spectrum of the encoded biphase encoded signal
centered at the difference frequency of 29.14 MHz. The sidelobes of the sin x/x
.~~‘~ctrun are ~uppr .~ssed by a 15 MHz bandwidth output bandpass filter. Good carrier
balance is shown by the absence of a peak at the carrier frequency. Although the
code sequence in this case is programmed by means of a hard wired connector board,
computer code control of tap bias polarity would allow subm .icrosecond code pro-
gramming rates. The encoded signals obtained from device M229 for cw and biphase
coded taps are shown in Fi’~. 14-7. The three missing taps were caused by bonding
difficultie: durIn~ fabrication. Random nonuniformities of � 1.5 dB are observed.

14~3 Correlation of Actively Generated 128 Chip PSK Sequences

Correlation characteristics of several actively generated P6K sequences were
tested usin~’ the circuit of Fig. 14-8. An HP8ol6A prograinmable pulse generator
and doubly balanced mixer was used to biphase modulate the signal carrier at fre-
quency f1=71.l MHz with chip rate R0=9.81 MHz matching the device tap spacing. The
des ired modulated burst length was then selected using a HP 211+ pulse generator.
The amplified signal and cv reference at frequency f2 = 100.5 MHz were applied to
Ports 1 and 2, respectively of the correlator. The output at f

3 
= 29.14 MHz, after

t ransmission through a 15 MHz bandwidth bandpass filter , was amplified and displa~red
on an oscilloscope .
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M230: 127 CHIP ENCODED SIGNALS
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M230:127 CHIP M—SEQUENCE ENCODED SIGNAL
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Matched filter correlation of a 127 chip hiphase M—sequence burst is shown in
14-14. The M-sequence chosen corresponds to that derived from a seven state

.*it’t re~-ister generator having feedback taps 6 and 7 with modulo 2 addition ( z~ef.
5). The experimental peak to sidelobe ratio of 21 dB is within 2 dB of the pre-
d~cted 2’~ dP response for this sequence . The display of Fig. 14-9(b) was photo-
graphed in a single exposure by overlaying a strip of’ Kodak Wratten gelatin F’Lter

over the baseline so that both the narrow peak and intense sidelobe structure
would be visible. The 200 nsec central correlation peak is shown in the expanded
photo of Fig. 14—9(c).

7atched filter correlation of a different 127 chip M-sequence having equivalent
hi ft. register feedback taps 1 and 7, is shown in Fig. 14-10. The experimental
2~ .2 IP peak to sidelohe ratio is within 1 dB of the theoretical 21.2 dB. Also

o-~~ is the cross correlation waveform between an input cw sequence and the ~ -

~c1~~:ce tap code. The central null of 314 dB relative to the matched filter corre-
iatio~ neak, is a measure of the ultimate peak to sidelobe ratio achievable with
thi~ rrcsent device. This is to be compared with the theoretical 142 dB null. The
cross correlation between this sequence (feedback taps 1, 7) and the previous 14—
.‘ :‘vience (feedback taps 6 , 7) is shown in Fig. 14—IO (c).

Th i rteen bit Barker code autocorrelation results are given in Fig. 14-li. In
4 this case, each bit corresp~•nds to 10 correlator taps except for the 13

th bit, wh~c}i
s composed of 8 taps The waveform generated very closely approximates the exact

response with 6 nearly equal sidelobes on each side of the peak. The peak to side-
lobe ratio of 21.5 dB compares well with the 22.3 dB theoretical response.

The M-sequence burst correlation waveforms described in general have peak to
sidelobe ratio o~

’ 
~pproximate1y 20 log i/~i~ where N is the sequence length. However,

when repetitively correlated in a cyclic sequence, portions of all chips of the
code overlap all taps at a g~ven instant, such that the expected peak to sidelobes
ratio then becomes 20 log 1/N, with constant sidelobe level between correlation
peaks. Experimentally, cyclic correlation response was tested by actively generating
a 2514 chip code composed of a repetition of 2(127) chip M-sequences, and correlating
this code wi th the same 127 chip code programmed within the correlator as shown in

V 
i’ig. 14—12(a). Prior to complete code overlap, the equivalent burst sidelobe pattern
results. However, between correlation peaks, a nearly constant 30 dB sidelobe
level is obtained as shown in the double exposure of Fig. 14-12(b). This sidelobe
level for a 127 chip cyclic M-sequence compares favorably with that achieved in
fixed coded linear correlators (Ref. 30). The discrepancy between the experimental
and theoretical levels can be attributed to random phase and amplitude errors , band
limitation and spurious contribution including acoustoelectric coupling between

V 
taps.
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14.14 Matched Pair 128 Chip P3K Encoder - Correlator Experiment

The input signal generated actively in the previous experiments is replaced
by a nonlinearly generated signal obtained using another P3K Diode Correlator module

~1230. With reference to Fig. 14-13, an encoded signal is obtained at 13 29.14 MHz
as described in Section 14.2. After amplification, mixing with the encoder reference
frequency, f2 = 100.5 MHz, and transmission through a 15 MHz bandwidth band pass
filter , the encoded zibTnal is translated to f1 = 71.1 MHz and is fed to the second
P3K correlator M229. The cw correlator reference is derived from the same
;ource used to encode the signal waveform. The correlation output, after filtering
and amplification is displayed on an oscilloscope. Both the encoder and correlator
codes may he arbitrarily programmed in the desired P3K sequences. The biphase
ignal produced by the encoder at the difference frequency f3, and after mixing to

th~ i nput frequency f~ are displayed in Fig. 14—114. Note that at f1 and f3 each
thip contains 7 and 3 rf cycles respectively. Phase reversal between chips at the
input carrier frequency f1 is shown in Fig. 14-114(b). 

V

The matched filter response for both encoder and correlator programmed with a
Lh ’ chip M-sequence code (feedback taps 6,7)is shown in Fig. 14-15(a). An expanded
view of’ the correlation peakis given in Fig.14_15(b). The M—sequence autocorrelation
function closely follows that shown in Fig. 14.9 obtained with an actively generated

4 si~ naJ input. In both cases the peak to sidelobe response is 21 dB. The matched
filter triangular response for both encoder and correlator taps programmed with a

V 

constant phase is given in Fig. 14-15(c). These results demonstrate that the matched
pair P3K diode correlator 128 chip transmission system performs in a comparable
manner to an equivalent system utilizing active code generation.
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5.0 EVALUATION OF SYSTEMS APPLICATIONS

5.1 Introduction

In this section we cons ider applications of the P3K Diode Correlator module
within the systems env-ironznent. Such applications include cascading discrete P
chip modules as building blocks of a long code PSK correlator, demonstration of
its high speed code programmability and jam resistance for secure and multisubscriber
systems and compensation for frequency offset of a received P3K signal.

V 

5.2 Application to Long Code P3K Signal Processing

As shown in Fig. 5-1, individual PSK Diode Correlator modules may be cascaded
to form a long code processor, by successively delaying the input sequence through
a separate parallel cascade delay channel associated with each module. This approach
has been recently utilized successfully with fixed code ST quartz delay lines for a
seven delay line, 350 ~.i.sec cascade (Ref. 22). The excellent results achieved there
predict that even greater cascade lengths may be employed without severe signal to
noise degradation resulting from band limiting within the cascade delay channel
transi-1cers . One would expect a similar performance when cascading lithium niobate
P3K Diode Correlator modules however, with the additional advantages of complete
tap code programmability and phase error compensation by means of electronic adjusta—
bility of the reference frequency offset .  The experimental performance of a two
module cascade for correlation of 250 chip sequence is described here. These results
suggest that extension to P3K correlation of codes with length up to 10214 and longer
can be achieved by cascading 8 or more of the modules described here.

5. P .1 (
~ascade Delay Channel Design

The cascade delay channel must be sufficiently broadband to allow accurate
signal transmission and low bandlimitVing for the required number of cascaded
modules. To achieve a cascade delay circuit 3 dB bandwidth equal to the chip rate,
R~ , 

with ~ modules, requires that each cascade delay channel has a (3/Q) dB band-
width equal to 

~~~~
• For a 10214 chip code, with 128 chips per cascade and 10 MHz,

eight modules are required, each having a 0.375 dB bandwidth of 10 MHz. Our approach 
V

toward meeting this goal is based upon the broadband impedance inverter transducer
V 

tuning circuit shown Ln Fig. 5-2. This circuit has been demonstrated to provide
almost maximally flat transducer response with relatively low insertion loss and
high triple transit suppression (Ref. 29). The low pass P1-section shown approxi-
mates a uniform transmission line having impedance Z1 and quarter wavelength fre-
quency f1. The corresponding network elements Lp and Cp are chosen to optimize
the delay line insertion loss and bandwidth using computer aided design .
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In order to optimize the inverter design, the remaining circuit components of
Fig . 5-2 must be known . Each transducer is composed of N = 2.5 interdigital
periods of eighth-wavelength electrodes. Impedance measurements of the series
tun~d transducer are shown in Fig. 5-3, with the theoretical curves computed using
the circuit parameters listed in Table ll. The electromechanical coupling coeffi-
cient , K 2 = .035 is that found by Bristol (Ref. 214) for eighth wavelength elec-
trodes on y-z lithium niobate. The transducer electrode capacitance, CN, and
shunt capacitance, ~~~ were found using the measured total capac itance CT = CN +

and varying the ratio C1~/C~~1 until a sufficiently good f i t  to the data was
octained .

TABLE II

CASCADE CHANNEL ThANSDUCE~ CIRCUIT PARAMETE~~

Var iable Def inition Value

Uo. of ID. Periods 2.5
Center Frequency 71.5 MHz

K2 Piezo Coupling Coefficient 3.5%
4 CT Active Electrode Capacitance 5.0 Pf.

Csir Shunt Capacitance 1.0 Pf.
R0 Series Resistance 214 ç~
L Series Tuning Inductance 826 nIl

Psing these circuit values, optimized inverter parameters were determined.
A maximally flat response at the transducer center frequency, f0, was found for

= 68 MHz , essentially independent of Z1. As shown in Fig. 5-14(a), a nonzero
slope of the insertion loss curve versus frequency is possible at other values of
f1. Dds controlled slope could be used to advantage in compensating for frequency
dependent delay line losses if necessary. The insertion loss and 3 dB bandwidth
at = 68 ~~~ are given in Figs . 5—14(b) and 5-14 (c) as a function of inverter impe-
dance. A maximum bandwidth of 32.6 MHz is calculated for Z1 = 170 ohms with a
corresponding insertion loss of 20 dB at f0 = 71.5 MHz. 

V

Values of Z1 = 132 ohms and f1 = 68 MHz were chosen for the experimental
inverter circuit  wi th corresponding ne twork components Lp = 220 nil and C~ = 15 pF.
The computed and measured insertion loss of the inverter tuned cascade delay
channel of M230 is shown in F ig .  5-5. An experimental 3 dB bandwidth of 20 MHz V

was foun d with  a minimum insertion loss of 18 dB. The 7.1 MHz periodic nonuniformi-
ties in the bandpass were found only for the actual 13.05 ~sec cascade delay
channels of M229 and ‘.1230 and were not observed in an identical but shorter 6.11,2

~sec prototype delay line. The source of the spurious interference is thus not
connected with the transducer design, but is believed to be caused by a spurious
bulk mode which is detected by the larger transducer spacing. This mode could
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be eliminated in future work by beveling the reverse side of the delay line.
The .375 dB bandwidth of approximately 10 MHz (equal to the PSK chip rate ) was
obtainedwith the prototype delay line, making the channel design appropriate for
a 10211 chip sequence delay. A 3 dB bandwidth of 214 MHz was also achieved. The
measured triple transit suppression of 140 dB at 70 MHz compares well with the
computed 39 dB value. The delay channel response of device M230 at 71 MHz for a
100 nsec pulse is shown in Fig. 5-5(b).

The test circuit used for evaluating the performance of a cascade connection
of two 123 tap correlator modules is shown in Fig. 5-6. The cas cade delay channel
is situated on the same substrate as the 128 tap correlator so that fabrication
errors and thermal changes in propagation delay would be identical for both acoustic
paths.

The delay channel length was 15 nsec less than the 128 chip code length to
account for group delay in the transducer tuning circuits and cascade amplifier.
Slight adjustments to the delay channel length were made using lengths of
cable. Experimentally, the input signal at f1 71.1 MHz is split between the first
module input Port 1 and the cascade channel, with a cw reference frequency at f2 =

4 100.5 MHz applied equally to both modules. The output at f3 = 29.~ MHz were then
summed, filtered, amplified and displayed on the oscifloscope. Differences in
module insertion loss were compensated by adjusting the cascade channel circuit
gain for equilization of the nonlinear output from both modules.

5.2.2 Evaluation of A Two Module Cascade As A 256 Chip PSK Signal Encoder

The encoded waveforms for taps programmed with constant phase and for a 255
chip biphase M-sequence with equivalent shift register feedback taps (14, 5, 6, 8)
are shown in Fig. 5-7(a). With the exception of three mechanically faulty taps
in the second cascade module, M229, random tap amplitude variations are approximately
± 1.5 dB with an essentially constant overall envelope. The lack of wave attenuation
effects result from the tilted tap electrode geometry. Good carrier suppression
is observed in the encoded M—sequence signal spectrum or Fig. 5-7(b). Sidelobes
of the sin x/x spectrum are suppressed by means of the 15 MHz bandwidth output
bandpass filter.

5.2.3 Evaluat i on as a 256 V hjp PSK Si gnal Correlator

The tri-ar .-ui ar ~- c ~ r corr~ lation output for a 26 ~sec input cw p~iase code is
shown in ~~~~~ 5—~ ~

‘or ~~~ = 5 dI~ and P2 = 214 dBm. Spurious suppression for the
cascade was 50 ci- as ~~~ in F ig .  5-8(c),  is the same as found for each module
separately. Thu matc~~~ V~~

- 
~ilt~’r correlation response for a 255 chip M-sequence

is shown in F i .  5—Y a1~ n wi th the computed ideal response. Except for the first
trailing sidelobe iev -l of’ 20.5 dP, all sidelobes are down by 22 dB or more as com-
pared to the computed i~ dP for this sequence. The higher trailing sidelobe level

___________________ 63
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may result from power division and re-excitation within the tap output circuits so
that a replica of the peak, one chip duration later, occurs when the regenerated
signal wave at the adjacent taps are again received and suimaed at each original
tap. By increasing the tap electrical or acoustic isolation this spurious response
could be significantly reduced.

5.3 Application as a High Speed Programmable PSK Matched Filter

Rapid reprogramming capability of a single correlator, allowing matched filter
correlation for arbitrary- biphase codes at the fundamental or a submultiple chip
rate, offers considerable advantage for cost-reduction in a multisubscriber,
secure conmiunication system. Experimental demonstration of electronic switching
capability of the ~~K diode calculator tap code is shown in Fig. 5-10 for burst
signal inputs . In Fig. 5-10(a), both the correlator tap sequence and the signal
code are constant phase, resulting- in the periodic triangular autocorrelation wave-
forms shown. In Fig. 5-10(b), the diode taps have been periodically reprogrammed
for matched filter correlation between alternate cw phase and biphase 127 chip
N-sequence coded input signals. Tap reprogramming occurs immediately prior to
processing of a coded burst with a tap switching speed of approximately- 100 nsec.
When the correlator code is programmed as a fixed M-sequence matched filter, the
alternating cv code bursts are rejected as shown in Fig. 5-10(c). Terminals of
a multiscriber system may thus be prograsm~ed or electronically reprogrammed in the
field after producting of the basic correlator module.

5.1.1 Interference Rejection Characteristics

Spread spectrum signals have high matched filter detection probability- in the
presence of interference for code sequences having low cross correlation response
to the signal interference. cv interference within the main signal spectrum is con-
sidered to be a more hostile environment than spread spectrum interference because
of the larger power density located within the system passband (Ref. 5). The
matched filter performance of the F~K Diode correlator with cv ja~mner interference
added to the desired 127 chip M—sequence signal input is shown in Fig. 5-U. Both
the jaznmer input to signal power ratio varies from —10 to +23 dB with signal power
P1 = 5 dBM and reference power P2 = 214 d3n, the output signal to noise ratio is
seen to decrease from 17 to 14.5 dB. Even at a 30 dB interference/signal ratio
signal correlation peak is still discernable with a 2 dB signal to noise level.
These results are found to be slightly dependent on the location of the interfer-
ence within the signal spectrum and correspond to near wors t ease values. In addi-
tion, the amount of interference rejection in any spread spectrum system depends
in general on the system parameters including signal sequence, length and chip
rate. Dependence on the total input power level near saturation levels at the diode

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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taps is also expected; however from Fig. 14-14 this is minimal for interference levels
less than 10 dBm . In contrast, interference rejection of a competitive digital
correlator system has been found to optimize at a fixed total input power level of
-12 dB~ with rapid degradation at lower levels due to internal clock noise contri-

• hutions (Ref .  15).

5.5 Restoration of Correlation Peak to Sidelobe Response in
the Presence of Signal Frequency Offset

A~ discussed in Section 2.14, deviation from the optimum input frequency
results in a reduction in correlation peak to sidelobe response by an amount equal
to £:in ~~ /‘~r °~ where t~~ is the total phase error given by Eq. 2-27 . For an input
~; i - m a ~ frequency f1 71 MHz and a chi p rate Rc = 9.8 MHz, a 3 dB decrease in peak
to sidelobe response is expected for a linear delay line correlator with ~f1 = ±35
icJ i~ (Ref .  27).

This also holds for the nonlinear correlator with fixed reference fre quency f2.
Exper irnentall~j  a range of ~f = ± 37 kHz was measured for a 3 dB output peak to side-
lobe degradation for a 127 chip N-sequence correlation. However, when both f1 and
f7 were varied by equal amounts, the peak to sidelobe level was restored even for
much larger frequency excursions . In fact, not until Af1 = ,~f 2 = ± 3 MHz was the
restored peak to sidelobe ratio degraded by 3 dB relative to that obtained at fre-
quencies of f1 = 71.1 MHz and f2 = 100.5 MHz. This range most likely is limited
by increased wave reflections and bandwidth restriction away from the design fre-
quencies. Because of this large range observed, the ~~K Diode Correlator may be
adjusted to accurately process PSK codes over a wide input carrier frequency range
a1lowin~ subscribers tuned to the vari ous carrier frequencies in addition to corn-
nc~ ~atin- for input signal Doppler shift. Addi tional security could also be achieved
ly adopting a fast frequency hop code composed of Q successive bits , each of different
si gnal carrier frequency, and each bit composed of a varying P chip PSK sequence.
The matched correlator would be composed of a cascade of Q, P5K Diode Correlators ,
each having a different reference frequency and code programming which could be
continuously updated .
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6.0 ANALYSIS OF THE EFFECT OF SYSTEM ERRORS ON LONG CODE CASCADE PERFORMANCE

6.1 Introduction

tn this section we will summarize the important parameters affecting P3K signal
encoding and correlation characteristics of the PSK Diode-Correlator cascade cir-
cuit .  The cascade circuit , shown schematically in Fig. 1-3, is composed of ~ cas-
caded modules , each having a P diode-taped signal process ing path in parallel with
a ca3cade delay channel. The signal wave at 

~l 
is coherently delayed between

modules and mixed with a continuous reference wave at frequency w2 at each diode
tap . The nonlinear tap output signals at = - w1, have their relative phase
controlled by the polarity of the bias currents driving the diode taps . In bothV 
the encoding and correlation modes , the P5K code may be rapidly altered by repro-
gramming the tap bias sequence.

The formalism for predict ing the effects of the major error contributions on
the output waveform is developed in terms of those factors directly relat ing to the
P3K Diode Correlator cascade circuit. This formalism is applied to the experimental
2 module 256 chip cascade demonstrated as described in Section 5.2. The observed
autocorrelation response is compared to the response predicted by the analysis
US~~fl~~ estimates of the system error contributions. The effects of bandlimiting of
a multi-module cascade are discussed. In particular, the waveform degradation of
an 8 module, 1O2~+ chip cascade processor due to finite module bandwidth is considered.

6.2 Formalism for Predicting Waveform Degradation

The ideal response of a single P tap Diode Correlator module has been discussed
in Section 2.2 and is given by Eq. 2-114. By cascading ~ of these modules in series,
a code of length PQ may be processed. The output voltage of the q.th module may
be written

v3q(t )e im 3t 
= eJ 2~~~)t A

q 
~~~ 

S(t_t
o1

_t
p)e

i 2
~~
1)t

P (6.1)

Here, Aq is the effective nonlinear coefficient, 
~~,q 

is the tap code (~i),t01 is
the time delay to the first tap, t~, = (p-l)~T is the time delay from the first to
the ~th tap, ~T is the intertap delay, equal to the reciprocal of the chip rate,

and S(t-t01-t ) is the input signal. By design, the input and referenc e- fre-

quencies satisfy ~he relation
- 

~l 
= w = nR~ , n 1, 2, 3, . . . , (6.2)

and the exponential term within the summation of Eq. (6.1) is identically unity.

In the presence of syst~n or fabrication errors , the degraded module output
has the general form

- - V
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. 9  . 9 PJw t 1:Jw ~tV (t)e ~ e A g X (T ’) S ( t — t  —t ) e ~~~~~ (6.3)
3
q p=l p,q p ,q p , q 01 p

where subscripts p, q identify variables pertaining to the ~ th tap of the qth module.
Each tap may now have a variable amplitude Ap,q and phase error, ~~ ,q. The output
frequ~oic:r, w~~’ , differs from the design frequency given by Eq. (6.2~ by an amount

The chip anb iguity ftnc t- ion (Refs . 28 , 32) ,  x0 q(T ’) where 0 < ~~T, results
1 he convolu ion between ~ho input, transducer and ~~e ~

th tap of the qt cascade module.
V 

I’:: nax~m~m value, Xp q (0) ,  occurs when a signal chip is centered at that tap at
= . For infinite system bandwidth and with other errors negligible each signal
p has a rectangular envelope and contributes an equal + or - unit to the suiTuna-

tion with X p ,q(0) equal to unity. For finite system bandwidth, the envelope of
each ~i~nal chip is no longer rectangular, but has a rise and fall time associated

~rith the system bandwidth after transmission through (q-l) cascade delay channels
a’hl an input ~ignal transducer. The chip envelope is also dependent on the input
code sequence as a result of neighboring chip interference, with maximum contribu-
tion to Xp,q(0) for equally coded neighboring chips and minimum contribution for
ni Ike neighbors. Computation of the bandwidth related correlation degradation

n a.- thus be nade from knowledge of the chips envelope at each tap of the cascade and
by accounting for the chip to chip interference. The chip rise time can be obtained
: either taking the inverse Fourier transform of the system frequency response prior
to the Dth tap of the qth module, or experimentally through direct measurement.
The Tatter method is used here by recirculating a pulse through a single cascade
delay channel and broadband amplifier loop and measuring the pulse rise time after
each circulation. The effect of neighboring chip interference is estimated by
assunun. a constant, trapezoidal or triangular chip envelope depending on the
eiual~ ty of the nei ghboring chip codes and the ratio v(q )  of rise time ¶~ (q) to
c:iip duration AT = l/Rc,

Y (q) = (6.14)

This analysis leads to the rise time and code dependent weighting Xp,q(O) of
each chip ’s contribution to Eq. (6.3), given in Table 3. In the table, ~~ q repre-
sents the signal code at the ~th tap of the qth module.
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TABLE III

Chip Weighting Produced by Finite System Bandwidth

Neighboring Chip Code Xp ,q (0) v( q) =

Relationship 
______________________

S S S 1 O � ~~(q )� lP l ,q p,q p+l,q 
___________ ___________________

Sp_ l ,q =Sp ,q~Sp+1 q 
~~~~~~~~~~~~ 

— 

.5 ~ v (q )  ~ 1

S ~S =S 1 - v ( q )  0 � y(q) � .5
p-l,q p,q p+l,q 

___________ ___________________

Sp_l,q/Sp,q~
Sp+l,q 

— 

- 1 - ~. .2. o ~ y (q)  � 1

The phase error , ~w , is defined here as the sum of the accumulated errors
of prior cascade module-s~

’
~m 

K, and a term Aca’~p ~ which varies with tap number .
To f i rs t  orde r , the varying ~hase error is given

’by

~~~~~~ - n(p - 1) 2n(~~~ + ~ I )  + (6.5)

where n is given by Eq. (6.2), ÔT is the intertap time delay error resulting from
temperature, crystal orientation, or other errors, and ~~~ is a random component.
The constant phase error term, Acd~q~ is then

AIcD
K

q 
=

q~~~ 
(&o’~q

t + ~~V
p q

~ ) (6.6) V

L ’ ion of Eqs. (6-5) and (6—6) reveal several error compensating techniques.
!“ ~~~~~~, ~~~~ = ‘

~2 
- is the difference between reference and signal fre—

~~~1::~~~~r~ ’ , )npler shift of a rec”ived signal may be offset by- an equal shift
- r r . c c  freluency. A reference frequency offset may also be applied for

m— i.i ~ j  - r -  -r - ‘ru-.~~ :at ~~on provided that the errors , 8T/AT~q~ are constant for
- ~~~~,. “. a-” -~~ ‘~~.‘~-i ~i i se error, Qcq, may be independently cancelled by

,‘ r - 
a.~ i I:’ n~~ rte-J between ~~scades. These compensating techni—

~~~~ ‘ ¶ -  .1w r;~
)r 3nce to long code P3K processing where accumulated

- -a- i ‘~~ -‘orrel&tor performance.

.~~ •~~~~ .. , - . - -
~~a of’ total length PQ, the

— •1-. • I .~I . •

9 •-#J 1’ g~I 4
1 %~ ( , ) 1 uu1~~p ,q e(t — t ~p., p’~ P .~ 

p,q (6.7)
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where tp~q = r(q-1)P + (p- 1)JAT. This encoded signal may be heterodyned back to
the original signal frequency, Q~.

It will he convenient to use a single subscript, k, in describing the correla-
tor cascade output , such that k = (q-l)P + p. The correlation output may be
separated into two summations which describe the output before and after the desired
correlation peak. For 0 � t � PQ(AT), the output is given by

V
3
C
(t)ei~~~t — 

W~(~ ’) gC gE 
- k+K e k  (6-8)

where

K u 1 t o~~~
wk ( T )  — AC

k AE 
k+1  XC

k (.r ) XE
~~(~~)i (6-9)

and

~~T~~~~~C 4 E 
(6-10)

Following the correlation peak, for PQ(~T) ~ t 
� (2PQ-l)AT, we find

P~-K

V
3
C
(t)e i(~I3 t 

— eu1~~
t L W~(r )gC~ gE e~

j~~
T
k

where

K = l t o IQ-1

Wk (.r~ ) _ A C
k A~~~~~k XC

çT, ) X E (6-12 )

and 

AP
T
k A,C 

+ ~~
E

p_ k + l  
- 

(6-13)

- -
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This formalism may be applied in general to any P3K sequence to be processed,
V whether generated actively or by a matched cascade Diode- Correlator circuit and is

amendable to direct  simulation by digital computer. The degree of waveform degrada-
tion is also a f ’mction of the particular P3K code (Ref. 28) in addition to the pro-
cessor parameters considered above.

6.3 Theory-Experiment Comparison for a 2 Module , 256 Chip Cascade

V The fo rmalism developed in Section 6.2 is applied to the experimental 2 module
256 chip cascade described in Section 5.2.

In the experiment, only random tap amplitude variations of 1.5 dB and chip
rise time for each module (corresponding to y ( q )  from Eq. 6 .14 of v (1) = .285 and
v ( 2) = .1493) were directly measured. Neglecting other system errors, the computed
autocorrelat ion wave form for the seine 255 chip M-sequence used in the experiments
de3cr ihed in Section 5.2 is shown in Fig. 6-1(b) and compared with the ideal response
of Fig. 6— l ( a ) .  The degraded peak to sidelobe respons e of 22 dB computed for the
~14th sidelobe Ls in agreement with the experimental results of Fig. 5—9.

Ur .like the ~dea1 waveform , the first near—in sidelobes before and after the
corr - la t ion peak have the s unie phase as the correlation peak and are 20 dB down.
Thic results in the apparent widening of the peak since the f irst  null in the res-
pon~ e does not occur unti l  the phase reversal between the 1st and 2nd sidelobes .
The experimental near-in sidelobe response of 20.5 shown in Fig. 5-9 is in essential
a~reement with the predict ion , however , intertap regeneration effects may also con-
t r i bu t e  to these 1st trail ing sidelobes . A reduction in the correlat ion peak by
1. ~3 dB is also predicted . The major contribution to the waveform degradation in
this case wac caused by baridlimiting. The 1.5 dB random amplitude variation con-
t r i J ’ ited less than .1 dB degradation. Random phase errors of ± 1 degree were also
considered with negligable waveform degradation.

6.11. The Effects of Bandlimiting on the Autocorrelation Response of an
8 Module, 10211. Chip Cascade Correlator

V The effect of finite module bandwidth is considered when eight correlator V

modules , identical to the 128 tap devices constructed here, are cascaded to form
a 10211. chip programmable correlator. From the results obtained in the 256 chip
correlation response discussed in Sect ion 6.3, as well as the work of’ others
(Ref’s. 30, 33) , bandlimiting must be considered in accurately predicting the cas-
cade correla tor response. However , its consequences are not severe for broadband V

delay channel design . As discussed in Section 6.2, the effect of bandlimiting was

76
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found by measuring the rise time of a pulse after each recirculation around a
cascade delay channel and broadband compensating amplifier loop. These measurements
resulted in the following values of v(q) defined in Eq. 6.14:

v(i) = .2115 Y(5) = .7
- - v(2) = .1493 v(6) = .737

v( 3) = .590 v(7) = .786
v( 14) = .675 V(8) = .798

Us ing these values , and including the effect of the code sequence given in
Table 3, the degraded autocorrelation response for a 1023 chip M—sequence was corn—
puted. The sequence us ed was computed for a shift register generator having feed-
back taps 3 and 9 added modulo 2 (Ref. 5)-. The computed ideal and bandliinited
responses respectively are shown in Fig. 6—2 for an actively generated input
sequence. The ideal peak to sidelobe ratio of 28.5 dB is decreased to 26.8 dB by
bandlimiting. This degradation appears only in the leading sidelobe structure
which has a generally larger envelope than the trailing sidelobe structure. This
is understandable by considering that prior to the correlation peak, the individual
ch ip  contributions are larger since the bandlimiting effects are smaller than at , or
following , complete code overlap . A correlation peak degradation relative to the
ideal response of ~.l dB is found. This degradation may be compensated for by
adjusting the cascade channel gain at each stage of offset the average loss in that
sta Ve caused by bandlimiting. As found in the 255 chip simulation of Section 6.3,
the correlation peak is widened as a result of equal phase of the peak and first
leading and trailing sidelobes. At the first sidelobe position, the pulse width
corresponds to a 13.7 dB decrease from peak response. The first nulls in the response
occur at phase reversal between the 1st and 2~~ sidelobes.

Tt is ins ructive to explore the cause of the above autocorrelation degrada—
ion , particularly the  source of the apparent widening of the  correlation peak and

the change in phase of the first sidelobe. The simulation carried out above was for
one specific 1323 chip burst M—sequenc e having a spec if ic init ial condition of the
10 stage sh i f t  register generator , namely (iooooooooo). The first 9 chips of the
code produced by the shif t  register have equal phase, and the first 9 taps of the
first correlator module of the simulation were programmed in that sequence. The
remaining tap programming corresponded to the subsequently generated portion of
the code.

The major effect of long runs of the same phase within a single module is . 

—

found for the first  leading or trailing sidelobe closest to the correlation peak . —

For these sidelobes , the tap code is offset by only one chip from the signal code.

~1ithin the f i rs t  module , having long runs of equal tap phase , an excess correla-
t ion sum +25 is found , while within the eighth module, only a +3 excess is pro—
duced . In the ideal case , all taps contribute equally and the overall excess sum
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of -.1 is found , reversed In sign relative to the correlation peak . However , with
bandlimitV ing, each module does not contribute equally since, from Table 3,
nei ghhorir~’ ‘~nips having equal phase (a condition dominant at the beginning of
the burst sequence) contribute a greater + increment than opposite phase neighbors
(a condition dominant near the end of the sequence). For the first sidelobes then,
an excess posi~~iwe sum results . For oth er sidelobes , the corresponding code off—
~~~ resul t s in greater cancellation within each module separately and therefore - -

less overall degradation. The overall effect is a widening of the correlation
peak , which is perhaps the dominant effect intuitively expected for reduced system
bandwidth .  From the  above discussion, the peak widening is code dependent with
less broadening produced for codes having a greater phase balance within each
module. In addition, the sh if t register init ial condit ion may also be a contri-
huting factor; however, f’urther investigation of its effect is required. While
the correlation peak broadening may be acceptable in certain system applications,
its elimination by further broadbanding of the cascade delay channel is of
primary interest.

V ~~~~~~~~~~ V - V - V  ~~~- - -  ~~~~~~~~~~~~~~~~~~ - V V - V  ——
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7.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DEVELOPMENT

V Accurate , programmable PSK signal processing has been demonstrated using the
two 128 tap PSK Diode Correlators developed under this program. Autocorrelation
of burst bi-phase maximal length sequences having peak to sidelobe levels of 21 dE
have been achieved , with 30 dB sidelobe suppression observed for the cyclic
sequence autocorrelation response. When used as a PSK signal encoder, good phase
balance and carrier suppression has been shown. As a result , the autocorrelat ion
response using a PSK Diode Correlator Encoder pair was essentially undistinguishable
from that achieved using an actively generated signal. Tap programming speed near
100 nsec has been measured . The low power dissipation within the taps (‘—

~ 
E- ~w/tap)

is a particularly attractive property when small size and weight are important
requirements. Even when the reference frequency generator is included , a total
128 chip, 10 MHz correlator power consumption of a few watts results which is
considerably lower than that required with a digital approach (Ref. 15). The
present chip rate of 9.8 MHz may be straightforwardly extended to rates aprroaching
100 MHz without significant increase in power consumption or device complexity .

Utilization of the nonlinear approach has been shown to provide an additiona l
degree of flexibility to a PSK receiver through the capability for compensation
of signal frequency offset or phase errors by electronic adjustment of the ow
reference frequency . This capability allows restoration of the autocorrelati-c r.
peak to sidelobe response which would otherwise be seriously degraded by Doppler
shift or changes in the ambient temperature of the delay line . Input frequency
shi ft of ~3 MHz has been compensated by equal offset of the reference frequency
with 3 dB degradation in the peak to sidelobe ratio. A reduced degradation l~e
to changes in ambient temperature of the delay line is also predicted.

A cascade approach to long code PSK processing has been studied and dem~~strated
for a two module cascade circuit. The experimental results , together with ~imula-
t ion by digital computer, predict accurate signal processing of 10214 chip sequence
using a cascade of 8 modules , identical to those tested here. The chief degradation
is a predicted broadening of the correlation peak caused by bandlitniting within
the cascade delay channel. Improvements in the correlator tap structure and lroad-
band delay channel would further enhance the device performance by reducing the

V 
spur ious level and bandlimit ing eff ect s.

While an 8 module 10214 chip cascade is feasible, cascades of many more
modules are impract ical because of increased power cons umption, cost and complexity .
An alternative technique is part icularly attract ive when correlating such very
long sequences. This technique utilizes a single module and recirculating delay
channel (Ref. 33) identical to those developed here. While the complete asynchronous
operation available for the cascade approach is forfeited , a considerable reduction
in system lock up time is still retained relative to an equivalent digital system.



r V ~

V V_ _V VV

~~

V V.VV

~~~~~

VV

R76-922275-3

In addition to phase programmability of the diode taps, control of the tap
amplitude is also available by varying the magnitude of the dc current biasing
the diodes. Amplitude control over a 30 dB dynamic range has been demonstrated
in the single tap experiment described in Section 2.2. With both bi-phase and
amplitude w e i~;1 Vted taps , the device takes the form of a generalized transversal
f i l t e r  hav i ng equal tap wei ghts and real coefficients. Programmable bandpass and
notch filters having variable bandwidth may be synthesized with the center
frequency controlled by the reference frequency offset. Complex tap weights may
also be obtained using a pair of programmable frequency f ilters combined in phase
quadrature. Such a device would be capable of correlating arbitrary nondispersive

V 
or dispers ive waveforms such as P8K, Chirp Z or frequency hop signals and would
represent a new state of the art in SAW device technolo&y.

I
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resistor array. P3K signal processing is accomplished at the P diode—
taps of the si~ ia1 processing region of the device by a low power, wide
bandwidth, nonlinear mixing process.~ PSK input and cv reference voltages
are applied to the delay line inputs at center frequency f1 and f2respectively and the correlation output at the difference frequency is
received at a co~mnon electrode ~ufliming the nonlinear outputs of the P
diode taps. Rapid PSK code programming of the correlator taps is achieved
by applying equal amplitude, positive or negative bias to the antiparallel
diode pair located at each delay line tapping transducer. Each correlator
module has an associated cascade delay channel fabricated on the same
SAW anbstrate to allow interconnection with identical modules for long
code PSK processing.

The design, fabrication and testing of 61e and 128 tap devices are described
which utilize lithium niobate delay lines and silicon on sapphire diode
and resistor arrays. These devices operate with signal and output frequencies
near 70 and 30 MHz respectively and have delay line tap spacing chosen for
processing P3K sequences with chip rates equal to, or a multiple of 9.8
MHz. —

~~~

Operat4on of these devices as programmable P3K encoders and correlators is
demonstrated with experimental results compared to theoretical behavior.
Application to long code P3K signal processing is evaluated by testing a
2 module cascade. The detailed design of the broadband cascade delay channel
is described. Systems applications including high speed reprogrammability,

/ 
interference rejection and. error compensation are demonstrated.

The effect of system errors on the correlation response of a multi—module
long code PSK cascade processor is analyzed, and the effect of finite
module bandwidth is discussed in a simulated 8 module, lO2~ chip cascade
correlator.
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