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ABSTRACT

This report describes an experimental and theoretical study of nonlinear
tapped delay lines for use in electronically programmable, long code Phase Shift
Koy (P3K) signal correlation and encoding. The programmable delay line device
studied here, which is called 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. PSK Signal processing is
accomplished at the P diode-taps of the signal processing region of the device
by a low power, wide bandwidth, nonlinear mixing process. PSK input and cw
reference voltages are applied to the two delay line inputs at center frequency
f1 and £, respectively and the correlation output at the difference frequency is
received at a common electrode summing 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 fransducer. Each correlator module has an associated
cascade delay channel fabricated on the same SAW substrate to allow interconnection
with identical modules for long code PSK processing.

The design, fabrication and testing of 6L aud 128 tap devices are described
! 4 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
PSK sequences with chip rates equal to, or a multiple of 9.8 MHz.

Operation of these devices as programmable PSK encoders and correlators is
demonstrated with experimental results compared to theoretical behavior. Appli-
cation 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-
tion and error compensation are demonstrated.

: J 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, 1024 chip cascade correlator.

Y AR AR LI




R76-922275-3

ACKNOWLEDGMENTS

The authors are pleased to acknowledge the many contributions made by
others during the course of the program. The successful construction and per-
formance of the 64 and 128 tap correlators is due in large part to the micro-
electronic expertise of E. Branciforte who fabricated the devices. Careful
processing of the silicon on sapphire diode arrays and diagnostic devices was
performed by B. Bujnarowski. Detailed measurements of the device parameters were
carried out with the competent assistance of W. Sheades and D. Kleeberg. The
authors have also appreciated and have benefitted from discussions with D. Webb
of the U. S. Naval Research Laboratories and L. Sumney of the U. S. Naval
Electronics Systems Command. A. J. DeMaria and M, Gilden have provided their
enthusiasm and support. Thanks are also sincerely expressed to the Illustrations
and Word Processing Groups for help in assembling this report in final form.

L




R76-922275=3
LIST OF TILLUSTRATIONS
|
Figure No. Page No.
1-1 Close Up View of 128 Tap PSK Diode Correlator Module M230 ., 1
1-2 Programmable PSK Diode Correlator Configuration . . . . « . 5
1-3 PSK Diode-Correlator Cascade Circuit. « « o ¢ o o o o o » o i
2-1 Schematic View of the pth Tap In The PSK Diode-Correlator . 9
22 PSK Diode-Tap Equivalent Circuit Models . « « o o o o o « « 10
1 2.3 $0S Diode Array For PSK Application . « « « o o s v ¢ ¢ « » 1k
2=l SO Psk Diode-Pair Current-Voltage Characteristies. . . « . 15
2-5 Single Tap Measurement's of Phase Reversal And Power

Dependence on Bias Current. « + « » o« o ¢ & s o o« « o &« » 5 16

3-1 Programmable PCK Diode Correlator Configuration . . . . . . 23
32 UTRC 64 Tap Programmable PSK Correlator . « « « « « o« « o« o 24
3-3 PoK-64 Rectangular Pulse Correlation and Dynamic Range. . . 26
3-L SK-6l4 Convolution Output Versus Pp=Poe v v v 00 oo v 27
3-5 PSK=-6L4 Convolution Cutput Versus Input. « « « o« « « o o o« o 28
3-6 PSK-64 Encoded Waveforms at £ =29.5 MHZ v v « « . o o « &« 29
3=7 Circuit Diagram for Programmable PSK Correlation

Experiments o e e el il s e R e e e e el e e e e e Lol
; 3-8 64 Chip Psuedo-Random Sequence Correlation. « « « o o « « . 32
% 3-9 PSK-64 6L Chip Pseudo-Random Sequence Input o « « o o o « o 33
[ 3-10 PSK-6L4 Barker Code Correlatione o« o « o « o o o o o o o o o 3k

' a3 Close Up View of 128 Tap PSK Diode Correlator Module M230 . 36
I L2 UTRC Programmable 128 Tap PSK Diode-Correlators . . . . . . 37
L3 M230: 128 Chip CW Sequence Correlation « « « « « o « o « o 40
Lol 128 Tap PSK Diode Correlatior M229 . o s 4 o 4 o o o o & « &« 41
i L.s M230s 127 Chip Bncoded Signalisi s viiv e v oo v & & % s « 43
¥ L-6 M230: 127 Chip M-Sequence Encoded Signal . « « « o o o o o Uk
L7 MW29: 157 Chip Bneoded Slgnals + « s » v v « w » ¢« » s s » U5
4.8 Circuit Diagram for Programmable Correlation Experiments. . U6
k-9 Autocorrelation of 127 M(6,7) Burst Sequence. « « « « « « o 48
L-10 127 Chip (1,7) MeSequence Burat Codes + « v o s « s » » & « U9
ha1l Autocorrelation of 13 Bit (128 Chip) Barker Code

| Seduences v » v 5 o o % & % .w @ @6 # 8 @6 Ee ww e w 9w DO
| h12 Autocorrelation of 127 M(6,7) Cyclic Sequence « « « « « . . 51

1 413 128 Tap PSK Diode-Correlator Pair Encoding-Correlation
EXpOrIMEnibs v o s & @ 4.7 5 3 6 & b4 BB w4 B e s e D
L1l 127 Chip PSK M-Sequence Encoded Waveforms . « « « « o « o o 5b

415 128 Tap PSK Diode Correlator Pair Encoding-Correlation

BXparitments o o 5 5 % 0 v 5 v 0 bt 8w w BB EE s A DD

i _
:

| iii




_ Y e o= e e ———
!

R76-922275=3
! LIST OF ILLUSTRATIONS (Cont'd)
|
Figure No. Page No.
5-1 PSK Diode-Correlator Cascade Circuit. ¢« ¢« ¢ ¢ ¢ ¢ ¢« o o o« Bif
52 Broadband Transducer Circuit Including A Lumped Element
Tmpedance Invertiers 0 di ool el oo e e e el ol el e ol e sl lwl 59
5-3 Cascade Delay Channel Transducer Impedance. . « « « « o« o« 60
5-1 Computed Inverter-Tuned Cascade Delay Channel
b Characherlstaiasd bl el L et e e s 61
3 5-5 Inverter-Tuned Cascade Delay Channel Performance. . . . . 62
5-6 Gascade et CareIi bt o e e 64
5-7 Cascade Circuit PSK Encoded Signal. . « « o o o o o o o o 65
5-8 Cascade Circuit Correlation of 256 Chip CW Sequence . . . 66 1
5-9 Cascade Circuit Autocorrelation of 225 Chip M-Sequence. . 67 3
5-10 Electronic Switching of PSK Tap Programming . . . . . « . 69
5-11 Signal Correlation in Presence of Interference. . « . « o« 70
6-1 Similation of the Autocorrelation Response of A 2 Module
Cascade Including Bandlimitinge o« o « ¢« ¢ o ¢ ¢ o o « o & 77

|

E‘ 6-2 Simulation of the Autocorrelation Response of An 8 Module
i Cascade Including Bandlimiting. « « « ¢« ¢ ¢ ¢ o o o & o &
|
|
I

iv




(g s s

R76-922275-3

; LIST OF TABLES

i Table No. Page NNo.
: I Comparison of Correlator Parameters 39
H BE Cascade Channel Transducer Circuit Parameters 58

EETL Chip Weigh'ing Produced By Finite System Bandwidth k4




caamminedeaatoe. o

R76-922275=3

Programmable PSK Correlators
Utilizing Nonlinear SAW Delay Lines

1.0 INTRODUCTION

1.1 Program Scope

This report describes an exploratory research and development program which
was directed toward the development of the UTRC PSK Diode-Correlator device in a
form suitable for high chip rate, electronically programmable, long code PSK
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. PSK signal processing is
accomplished by converting the input IF frequency signal (fl) 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 51gna§ at each tap. RF voltages at frequencies
fl and f excited at each tap are applied to antiparallel diode-pairs which perform
as miniature product mixers with desired product output at f, = f2 & fl. 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 diode and resis-
tor array in silicon-on-sapphire, a microelectronic mixer array is created with
exceptionally good tap to tap isolation, efficient mixer 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 rates 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 control of f2.

The major goal of the program was to demonstrate that the PSK Diode-Correlator
could be built in the form of the 128 chip programmable modules which can be
operated in cascade to provide long code PSK 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 PSK Diode-Correlator modules were delivered to NRL personnel
at the close of the program. Each module consists of a 128 tap programmable PSK
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. 1l-1.
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The scope of this program encompassed two phases:

Phase I: PSK Module Development

Phase I addressed the basic design, construction and operation of the PSK
Diode-Correlator module for use in PSK signal correlation and encoding. An
equivalent circuit approach was utilized to relate important PSK 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 while maximizing module bandwidth. A novel tilted interaction
region design on a lithium niobate substrate was adopted which satisfied this
goal. A Ob tap prototype PSK Diode-Correlator was fabricated and experimentally
evaluated as a programmable PSK signal encoder and correlator. The design of a
broadband cascade delay channel allowing minimum signal distortion when cascading
several modules for long PSK code processing was also established and experimentally
characterized.

Phase TI: A Multi-Mode Approach to Long Code PSK Signal Processing

In this phase, two deliverable 128 tap PSK Diode-Correlators were designed
and fabricated to demonstrate the principles 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 PSK codes of length 1024 or larger.

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

Theoretical analysis of the ideal module performance and of the effects of
system errors when cascading modules for long PSK code processing were also carried
out. TIn particular, the effect of finite module bandwidth on long code correlation
performance was assessed.
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1.2 Background And Method of Approach

Phase shift key (PSK) modulated waveforms find application in secure and
multisubscriber communication systems because of their high matched filter detec-
tion probability in the presence of hostile interference and because >f the )
large number of nearly orthogonal sequences available (Refs.2-5). Surface |
wave matched filters offer a highly competitive 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
advantage 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 embodiments are undergoing active development. The
capability of code programming and electronic reprogramming in the field after
fabrication of the basic unit offers the considerable advantage of cost reduction
and multiple system applications.

A

Here, we describe a unique approach to the realization of the programmable
SAW PGK matched filter which utilizes the nonlinear interaction between surface
waves within a diode tapped delay line. This device differs from other program=
mable 5AW correlators in its simple hybrid construction, requiring only two diodes
per tap, low power consumption, large dynamic range and high tap to tap uniformity.
In addition, the device is directly ammenable to large time bandwidth PSK signal
processing and cascading of individual modules to form a long code programmable
matched filter. The nonlinear approach offers additional system flexibility via
the electronic adjustability of the device reference frequency allowing direct
compensation for phase errors such as Doppler shift or changes in ambient tem-
perature of the delay line. l

A schematic diagram of the PSK Diode-Correlator is shown in Fig. 1-2. 1In
common with previously described Diode-Convolver devices (Refs. 16-21), the PSK
Diode-Correlator is a hybrid combination of a piezoelectric tapped delay line and
an attached silicon-on-sapphire (SOS) integrated circuit 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
equations both enter the tapped interaction 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 significant advantages of low intertap relfections, 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.

e

The device operation relies on the nonlinear mixing between input signal and
reference waves at frequencies fl and f,. respectively within a bi-phase coded
diode tapped interaction region. Phase coding is provided by control of a uW
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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
polarity. The matched filter bi-phase code is thus simply programmed by means of
the bias polarity sequence applied to the diode taps, with 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 with
preservation of correlation time scale. Since correlation is obtained through a
product mixing process, the desired correlation output is received with carrier
frequency f, = f2 £, The basic correlation module may be incorporated within
a cascade, as shown in Fig. 1-3, for long PSK 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 fundamental operation and design of the PSK
Dicde=Correlator is developed and the fabrication and performance of two 128 tap,
9.8 Mz chip rate programmable devices are described. These devices are operated
as programmable PSK signal encoders and correlators and also as a matched pair
transmission system. The operation of a two module, 256 chip cascade correlator
is reported. System characteristics of high speed programmability, interference
rejection and error compensation are also demonstrated.

Theoretical analysis of the cascade circuit and the effects of system
errors on long code correlation waveforms is also developed. This analysis is
found to predict accurate signal processing of 1024 chip PSK codes by a cascade
of eisht 128 chip modules identical to the modules developed for this program.

lahia s e
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2.0 PSK DIODE-CORRELATOR DESIGN

2.1 Introduction

The basic characteristics of Diode-Correlator devices have been developed
in earlier programs directed toward applications in electronically variable chirp
signal correlation and in high speed Fourier transforms (Refs. 16-21). Here we
shall focus our attention to the special features that make the PSK Diode-Corre-
lator different from earlier devices.

A tutorial theory is developed to explain the programmable phase-amplitude
characteristics of a single PSK diode-tap. This theory provides an adequate model
for calculating the bi-linear coefficient, two port insertion loss, and dynamic
range of the complete correlator. The design criteria and trade-offs available
in practical PSK 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

2.2.1 Fundamental Operation

The salient difference between the PSK Diode-Correlator and earlier diode=-
coupled, nonlinear tapped delay line devices (Refs. 16-21) is that two diodes are
used at each tap as is shown schematically in Fig. 2-1. The simple antiparallel
diode connection allows both amplitude and phase polarity of diode-tap nonlinear
output to be chosen by simply adjusting the magnitude and sign of the applied
dc bias current, I, . The fact that reversing the sign of I simultaneously
reverses the phase polarity of nonlinear output is more easigg seen by considering
the simplified circuit models shown in Fig. 2-2. In Fig. 2-2a, the interdigital
delay line transducer-tap is represented by voltage sources V 1 anf V 5 corres-
ponding to tap excitation at frequencies fl anc f2 and a frequency dependent
transducer impedance, Zg. The other P~1 diode taps have shunt admittance Ypo1
which is shown in parallel with the output load RL. Diagnostic experiments on
the nonlinear mixing efficiency of the antiparallel diode pair have shown that the
major source of nonlinearity is due to the forward biased diode. Thus, if positive
bias current is applied in Fig. 2-2a, the circuit may be further simplified, as
shown in Fig. 2-2b, to represent the antiparallel diode circuit as a forward biased
diode, a capacitance due to the circuit and reverse biased diode, and a current
source at the sum or difference frequency f, = f_ & fy which is due to nonlinear
mixing. 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
first order by
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FIG. 2-2
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L. =< (Ibp/evi) Vo1 Vpo (2-1)

=}

where V__ and V__ are the ac voltages appearing across the diode pair at f
and f, and V. = n kT/q is the effective diode junction thermal voltage. Note
that the sig% 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
reversed ahd the phase polarity of mlger output coupled to Port 3g§s also
reversed. This verifies the simple PSK bias current control described earlier. |

The basic guantity to be computed in the theoretical analysis of the PSK
Diode-Correlator is the amplitude and phase of Port 3 output due to nonlinear
mixing at the pth tap. Once this quantity is known, the operation cf a P tap
correlator can be described by summing the Port 3 contributions from all P
taps. Let us assume that the desired nonlinear output is centered at the
iifference frequency, f, = f = f . Analysis on earlier Diode-Correlator devices
(Refs. 16-19) has shown +hat2the %ort 3 output due to the pth diode~tap can be
expressed in phasor notation by

Vs = HE Y 2=2
3P plogls Eeo @)
where H 1is the Port 3 mixer transfer coefficient for the pth tap. can be
derivedpfrom Eqe. (2-1) with the help of Fig. 2-2b and a few circuit definitions.
We shall define

= y -
Zpg = Zgy 2, (2-3)
as the pth tap series impedance when evaluated at frequency f;. The impedance
Zbi is the total series impedance of the antiparallel diode pair. Zbi is well
represented by H

Zp; = Lep * J w; Cpl (2-4)

where gy = I /V is the dynamic conductance of the forward biased diode. The
shunt admittafce due the other P-1 diode-tap will, in general, have a series
representalion,

E

X § = 1/Z 2=
(i) nZ::l (1/z ) 5)
n
because Z i and Z 5 vary with bias c&gient. It will also be convenient to define
a tap 1oa8 impedagce ZLi which is the parallel combination of Y( i and G = l/RL. X
Further, we shall define the total shunt admittance YPi due to all P diode %aps as
P
= ) Dl
Yo n};l (1/z_.) (2-6)

i 4
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With these definitions, one may show that Hp is given by

_ (Tnp/2Vq®) Zo) Zp Z3 (2-7)

(Zpy + 200) (B + 2pp) Zp3 (Y3 + Cp)

Thus, H is completely defined in terms of the diode-tap circuit parameters.
Note thBt all quantities which vary with diode-tap bias Ibp are given a subscript

po

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 they represent. Since interdigita%ltransducer-taps are bidirectional
and we assume peak voltages in all equations, the relation between tap generator
voltage and acoustic driving power is

2
Pat =1 Vg | = /4 Byy (2-8)

where R ; is the tap radiation resistance at frequency fi. Consequently, the
Port 3 nonlinear output due to excitation at the pth tap can be written,

Vop = B WRg1 Rgp Py Py (2-9a)
and the output power
o 2 N
P, = v3p| /2R, (2-9b)

Finally, for convenience in later analysis, it will be helpful to def'ine a
relative tap output coefficient gE which is normalized to unity at a specific

value of tap bias current, Ibo’ hus,
v3p = A, &, (2-10)
where
Ao = 4 WR Ryp Py Pp Ho (2-11)
Hy = H.p (1:bp = Ibo) (2-12) 3
and
g, = H/H, (2-13)
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2.2.2 Characteristics of S0S Diode Arrays for PSK Delay Line Applications

The active switching elements of the PSK Diode-Correlator utilize an integrated
circuit array of antiparallel diode pairs and their associated bias resistors.
Silicon-On-Sapphire (SOS) has been chosen for the substrate material in order
t o provide high diode isolation and to simplify the thin film resistor fabrication.
The two inch SOS starting wafers are characterized by a one micron thick n type
silicon film with carrier concentration of 1010 em=3 and 3 ohm-cm resistivity.

The detailed fabrication process for these and similar arrays developed earlier
for electronically variable radar applications have been previously reported
(Refs. 19-20).

A photograph of a portion of the completed diode and resistor array is shown r
in Fig., 2-3. The n' cathodes of the diodes in the upper row are connected to a
common aluminum electrode, as are the p-type anodes of the diodes in the lower
row. By electrically shorting the upper and lower common electrodes togerther, the
antiparallel diode array is obtained with centrally located p-type bias resistors.
For the 128 tap devices considered here, the .010" element spacing requires a 1.3"
array length possessing highly uniform diode snd resistor characteristics. This
requirement has been satisfied with measured diode characteristics uniform to #

1/? percent and typical bias resistors Rb = 3000 ohms ré percent.

The dc current voltage characteristic of a PSK diode pair, as observed from
the bias port, are given in Fig. 2-4, Note the excellent symmetry of these
characteristics 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 180° by reversing the polarity of the dec bias current,
E o? applied to the antiparallel diode pair. The phase reversal accuracy of a
single tap test circuit was determined quantitatively by using an HP 8405A
vector voltmeter and a coherent cw phase reference signal. The tap circuit con-
sisted of a single SOS diode pair with input signals at f; = 70 MHz and fp, = 100
_i MHz coupled through 1 pf capacitors to simulate acoustic wave excitation. The
phase of the difference frequency output at f_ = 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 | I, P o,’ where I = .O4 ma is the bias
required for maximum nonlinear output amplitude at input power levels of P, = 0 dBm
I and P, = 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 S] Ibp/Ibo[

< 2.5. A switching speed of approximately 100 nsec was also measured.
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In the present application only phase programming is required so that all

{ . taps are biased at the same dc level | Iy | =| Iio!l - Tap amplitude programming
is also possible by varying the bias amplitude. From Eq. 2-1, a linear relation-
ship between nonlinear output current and dc bias current is predicted at small

de bias. At larger vias, it can be shown (Ref. 19) that the output current is
proportional to the inverse square of the dc bias current. The experimental
dependence of the relative output power P3 /P o on normalized bias curren%,

i IbD/I‘o‘ s, for a single dual diode SOS degay line tap is shown in Fig. 2.5b
where 30 corresponds to the maximum power generated at I, == Ipoe These measure-
ments were performed using a dummy tap on one of the two 828 tap PSK Diode
Correlators, M-229, with electrical input powers of Pl = P_ = 10 dBm and

Ibp = .03 ma. The predicted output dependence on bias current is closely followed
in both high and low bias ranges with a single tap output dynamic range of

creater than 30 dB observed.

e

2.3 Device Configuration and Design Parameters

As shown in Fig. 1.2, both signal and reference input waves are launched at
the same side of the diode tapped, nonlinear interaction region. A slanted tap
confiruration (Ref. 23) was adapted which differs from the in-line tap geometries
used in previous Diode-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 electrodes in the acoustic wave path. Even with
reflection cancelling eight wavelength fill-in electrodes located between taps
(Ref. 24) the in-line geometry on LiNbO3 resulted in losses as high as 0.15 to
0.20 dB per tap for wave frequencies near 100 MHz. Losses of this magnitude
result in severe nonuniformity of the interaction and are unacceptable for the
present application,

With the slanted configuration, propagation losses and spurious reflections

are significantly reduced. Each tap is successively offset in the transverse
direction by an amount AW, = .004" so that the tap width, W, = .087", is a

{ fraction of the input transducer beam width, Wy = 0.61". The portion of the
input beam intercepting a given tap thus propagates through a reduced number, m,
of equivalent in-line taps where m = wt/det = 11. The reduction in propagation
losses is countered by increased input transducer losses since the taps now inter-
cept only a fraction of the input acoustic beam width. However, the overall

} s correlation insertion loss is still reduced relative to an equivalent in-line

u geometry since the total power division loss for both input and reference waves,

2 given by 20 LOG wt/wo = 17 dB, is lower than the in-line propagation losses for

128 taps.

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, f) = 71.1 Miz and f, = 100.5 MHz and tap spacing, AL = 014" such
that AL is an odd multiple quarter wavelength at both frequencies. Split
finger tap electrodes are also utilized to further reduce intertap reflections.

Eighth wavelength fill-in dummy electrodes between taps (Ref. 24) were not
used and are in fact undesirable for the slanted tap geometry. Their inclusion
would result in severe wavefront tilt at a tap because of the variation in delay
at points along a tap width resulting from the linearly decreasing prior metalli-
zation pattern. Tap efficiency would be reduced since the wavefront and inter-
digital tap electrodes would be no longer parallel. However, for the tap design
adopted here, with a low metallization to free surface ratio in the propagation
path between taps, the wavefront 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
written as the summation of the individual tap outputs from Eq. 2-10, as

vy (1)edw3t = J(wa - w1t A, 2 g, S(t-t, p)e""(“’Z""l)*'p (2-1k)

p=1
where £ is the time delay from the signal input transducer to the first tap,
= (p - 1) AT is the delay from the first to the pth tap, w; = 2 m f;, and
4= . /] v | «+ Inwriting Eq. (2-14), we have assumed equal GXCltathn at each

‘ap résultlﬂv from the equal reflection and propagation losses of the slanted
electrode geometry. It is this condition which allows undistorted, uniform
interaction 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/em on
LiNbO3 (Ref. 25) which can be compensated by tap apodization.

The exponential phase term within the summation of Eq. 2-1k is eliminated by

requiring that the nonlinear output from all taps add coherently. Phase coherence
is met when

(wz-wl)tp =2mnn (2-15)
which corresponds to

fo=f] = n/AT = n Ry = f3 (2-16)
where ny and n are integers, n = no/(P-l) 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. 2-1L4 becomes
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P
Vi(t) =8, T g S(t-tol-tp) (2-17)

which represents the correlation between the input signal code and the tap
sequence, Because the tap weights are fixed in space, the correlation time
scale is preserved.

2.3.1 Insertion Loss

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

P

=
2

- ¥, P B, (2-18)

where F_ is a terminal bilinearitycoefficient which is a function of toth delay

line ané diode parame‘ers. Maximum output power (and therefore minimum insertion
loss between ports 1 and 3) is obtained when the cw reference power is increased
to the point where the diodes begin to saturate. The latter condition occurs
when the diode ac current becomes equal to the dec bias current. FT may be
defined in terms of the input transducer conversion efficiencies, H; and H,, the
acoustic beam splitting and transmission efficiency for the slanted electrode
ceometry, HS, and the internal bilinear coefficient, FI:

F,.=H, H H2 F (2-19)
L - B I %

For input transducer and tap widths of W_and W, respectively, and for trans-
mission through m equivalent in-line taps prior tc detection,
W
H £ .—L
mT 2-20
s W, (mT) Kg (2-20)

where T is the average acoustic transmission efficiency per tap and the factor
Kp represents the effect of wavefront tilt on the conversion efficiency of a tap
resulting from the slanted geometry.

From Egs. 2-9 to 2-13, the internal bilinear coefficient, FI’ defined
as the ratio of the output power to the product of the acoustic powers driving the
taps, is given by
P
3

Lisd . °
FI = PP, 8 P | B |" Ry Raz/RL (2=21)

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

-

i,

e i e ekt s




R76-922275=3

2.3.2 Output Dynamic Range

The dynamic range of the Diode-Correlator is determined on the lower limit
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

Pn = 1.5 kTB (2=22)

where k is Boltzman's constant, T is the Kelvin temperature and B is the band-

width, Maximum noise output will be obtained when the port 3 output circuit is
impedance matched, in which case the noise power delivered toport 3 will be the
same as the noise output due to a single diode.

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

N 2
E i = I (Zgs * zLi)l n B (2-23)

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

D.R. = P = ) ol
3s/!’n F , / 1.5 kTB (2-24)

I Pa.sl Pas

2.4 Capability For Electronic Compensation of System Errors

2.4.1 Introduction

The phase coherence condition, given by Eqs. 2-15 and 2-16, resulting in
coherent addition of the nonlinear output signals at all taps, is perhaps the
single most important requirement for achieving maximum peak to sidelobe perfor-
marce of the PSK Diode Correlator. This is, in fact, true for any linear or non-
litear delay line correlator. Slight chip to chip deviations from phase ccherence
add cummulatively along the delay line, and in the worst case result in total
cancellation of the correlation peak response. The severity of the effect is
greatest for PSK signals having high time bandwidth products, since it has been
shown (Ref. 27) that the degradation of correlation peak response varies as

v in(mA
b L e i) reass)
V3max o
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where Ap is the accumulated phase error along the length of the device, equal to
the product of the number of chips, P, the number of rf cycles per chip, n, and
the fractional phase error between successive chips. Phase errors may result
from a number of sources including errors in the signal or in the delay line
intertap time delay.

In the following, we shown that the nonlinear mixing process of the PSK
Diode Correlator offers an electronic adaptability not directly available in
linear delay line devices, for restoration of the correlation peak response in
the presence of phase errors.

2.4.2 Doppler and Temperature Compensation

When phase errors are present between the received PSK signal and the
correlator taps, such that Egqs. 2-15 and 2-16 are not satisfied, the difference
frequency output voltage of Eq. 2-1L4 takes the form

P -3A
V3(t) =a X g, s(t-t-t) e 448D (2-26)
p=1
Where Aen_ in the accumulated phase error at the pth tap. This error may result,
for example, from departure, Nul, f'rom optimum'signal frequency due to Doppler
shift. The correlator intertap time delay, AT = AT + 8T, may also be in error
due to thermally or mechanically caused variation in the wave velocity or by
fabrication errors which add linearly along the delay line. The resulting phase
error at the pth tap of tke Diode Correlator is related to these variables,
assuming small deviations, by
G A
= n = — e e
A‘Pp w3 w3 AT (2-27)

The difference frequency output now occurs at w "= w, + bw, where buw
&”9 - 8w_. The possibility for offset of the correla%or re%erence frequency
has also been included and offers a unique method for directly compensating for
the system phase errors within the basic module. For example, Doppler shift of
the received signal is directly cancelled by an equal offset of the cw reference
frequency. Ambient temperature variations may also be compensated, by adjusting
6w2/w =-aT6T where ap is the thermal coefficient of time delay and &T is the
fempe}ature shift (Ref. 28), 1In addition to compensation for undesirable system
deviations, the electronic adjustability also permits detection of signals having
intentional variations in frequency allowing the possibility of increased system
security or additional system subscribers.

The sensitivity of the PSK Diode-Correlator to the Time Delay errors such as
caused by changes in ambient temperature is in itself reduced relative to the
equivalent linear SAW 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 ratio of rf cycles per chip n/N, equal to w3/ml.
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3.0 EVALUATION OF A PROGRAMMABLE 64 TAP PSK DIODE CORRELATOR

A prototype 64 tap PSK Diode Correlator was fabricated and tested to evaluate
the characteristics of the slanted tapped interaction region geometry, described
in Section 2.3, and to demonstrate the basic capabilities of the nonlinear PSK
encoding and correlation technique. Based upon these tests, modifications to the
prototype design were then included, where appropriate, in the design of the two
128 tap PSK Diode Correlators described in Section L.

3.1 64 Tap Device Parameters

A schematic diagram of the programmable 64 tap PSK prototype correlator is
shown in Fig. 3-1. The input and reference signal waves at frequencies f, and f,,
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 = fp * f)| is generated by means of forward biased diode nonlinearity.
The nonlinear signals produced at successive taps may be selected in phase or 180°
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 dummy electrodes to
provide essentially equal attenuation at any tap along the array. The taps consist
of N = 1 transducers having split /8 electrodes (Ref. 24) with center frequency
of 85 MHz and tap spacing AL = .Olbinch. For Y cut Z propagating lithium niobate,
this corresponds to a chip rate R, = 9.81 MHz. Intertap reflections are minimized
by choosing fy = 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 propagation loss and spurious reflection level by reducing 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 satisfied with f3 = 29.4 MHz = n R, where n = 3 cycles per
chip at the difference frequency.

The prototype 64 tap PSK correlator fabricated as described is shown in
Fig. 3-2. Note that the integrated circuit silicon-on-sapphire (S0OS) 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 Np = 2.5 and N, = 6 interdigital period of split )\/8 electrodes respectively
with an acoustic beam width of 0.36 inch. An additional input transducer has been
included for diagnostic purposes.
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As shown in Fig. 3-2, a compact, special purpose printed circuit board
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; = 29.4 MHz from the 64 tap device operating
at f; = 71.1 Miz and f, = 100.6 MHz is seen in Fig. 3-3. The triangular
output waveform is the correlation between the 6.4 us input signal and the tap
weight coefficients for equal bias current applied to each tap. High spurious
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-U4 and 3-5 demonstrate the device efficiency and linearity between
output and input electrical power levels when operated with tap bias Ibp = 0.017 ma
for maximum efficiency. A maximum output power of P3 = -16 dBm for P; = By = 24k dBm
is obtained. From Fig. 3-4, deviation from linearity, which represents the onset
of saturation, occurs at P; = Po = 10 dBmn. A minimum twc port insertion loss of
35 dB is observed from Fig. 3-5 for P, = 2k dBm with an output signal dynamic
range exceeding 60 dB.

3.2 Operation as a 64 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 64 tap prototype module
as a PSK signal encoder is shown in Fig. 3-6 for input and reference signal power
levels of 24 dBm. 1In the upper photograph, all chips are programmed for constant
phase, while in the middle photograph the taps are programmed in a pseudo-random
bi-phase sequence. All but one of the 64 taps are found to function with tap #43's
inactivity most likely caused by a poor wire bond.

Small variation in amplitude between chips was observed. However, this
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 4. True phase
reversal between chips is seen in the lower photograph of Fig. 3-6 by comparing a
portion of the 64 chip PN sequence with a cw phase reference. The observed output
power level of the encoded signal is reduced from the correlation output level of
Figs. 3-3 and 3-4 by the ratio (1/P)2 or 20 log 1/64 = -37 dB. The encoded output
level is therefore -53 dBm.
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2.3 Operation as a 64 Chip PSK Signal Correlator

Correlation of an externally generated PSK sequence with the programmed tap
sequence of the PSK Diode-Correlator has been evaluated using the circuit of
Fig. 3-7. The external PSK sequence of bit length T and is generated using a
programmable Hewlett Packard 801l6A pulse generator with chip rate adjusted equal
to R, of the Diode Correlator. Since the pulse generator provided a continuous,

repetitive 6L chip sequence, the reference signal at f, was pulsed on and off
r e

fo qual times, T, and timed to spatially overlap the signal wave propagation
along the interaction region. The correlation output at f3 produced over time
2T by this technique is of course identical to that produced using a cw reference

signal and a single nonrepetitive input bit.

gure 3-5 shows the correlation results for a 64 chip pseudo-random sequence
length T =6.54 ysec and chip rate of 9.81 MHz. The correlation output

>f the AL tap module programmed with the matching code is seen to closely reseuble
the theoretical output calculated for this PN sequence both in sidelobe structure
anl peak to sidelobe ratio of 1k dB. Note also the clean spectral response and
true nulls observed in the expanded output waveform.

of

The noise like appearance of the PN input sequence to an unmatched correlator
is shown in Fig. 3-9 with all the taps programmed with constant phase.

Figure 3-10 demonstrates the matched correlator response to a 13 chip bi-phase
Barker code input. 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 with the 22,8 dB ratio expected for this sequence, however, some distortion
in silelobe structure is apparent.
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FIG. 3—-10
BARKER CODE CORRELATION
—_
—~—g—
22.8 dB
2T
—r——
INPUT 13 CHIP BARKER CODE THEORETICAL CORRELATION
1.96 MHz CHIP RATE OUTPUT
1 20 dB
PEAK/ SIDELOBE
RESPONSE
Lj 0 i
'4.——21‘—._..'
DEVICE OUTPUT WITH TAPS MATCHING INPUT CODE
Py = —10 dBm, P, = +15 dBm
Bh R10-165-9




R76-922275-3
4.0 EVALUATION OF A MATCHED PAIR OF PROGRAMMABLE 128 TAP MODULES

4.1 128 Tap Device Parameters

Two 128 tap modules were fabricated and delivered under the program.
Photographs of these modules are shown in Figs. 4-1 and 4-2. The 2.5 x 1 x .040 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 cascade 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 64 tap prototype
device described in Section 3.1. Signal and reference input transducers comprising
ports 1 and 2 respectively were series tuned at frequencies f) = 71.1 MHz and f, =
100.5 MHz respectively. Both have a split x/8 electrode design with N; = 2.5 and
N, = 6 interdigital periods and a 0.63 inch acoustic aperture. The delay line tap
transducers are operated untuned, with a center frequency of 85 MHz and have N = 1/2
interdigital periods consisting of 4 split ()/8) electrodes. This modification |
from the prototype 6L tap correlator design which had N = 1 split electrode taps,
followed from experiments involving 4 additional diagnostic devices. These devices !
were identical except for the number of eight wavelength electrodes per tap. Tap
designs of N = 1 and 1/2 interdigital periods with and without the addition of
fill in, intertap 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.

s A B ke

The taps were spaced by AL = .Olk 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 .00k inch. With a tap aperture of .087 inch, a given tap will
experience decreasing reflections from 22 following taps, or only, 11 on the
average. Wave propagation loss is also reduced relative to an equivalent in-line
tap geometry. Theactive tapped interaction region is preceded by 2l dummy taps so that
wave propagation characteristics prior to each active tap would be identical.
The difference frequency output at f3 =fy, -f) = 29.4 MHz is taken at the common
bus electrode comprising port 3. Tap to tap phase coherence is satisfied with
f3= n Re corresponding to n = 3 cycles per chip at the difference frequency.
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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 diode bias current
applied through its bias resistor Rpp = 3000 ohms.

The SOS diode array elements of the correlator were ultrasonically wire bonded
to the adjacent delay line taps using .00l inch aluminum wire. The associated
S0S bias resistor array was bonded to the multi-conductor printed circuit board
shown in the upper portion of Fig. 4-1. A coded connector was developed to mate
with this printed 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. 4-2.
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 sec input signal, a cw reference signal and equal
bias, Ib = 0.02 mA, applied to all diode taps. The triangular correlation
between ghe input and tap cw codes is shown in Fig. 4-3a 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 dB is shown in the double exposure of Fig. L-3b. Direct electromagnetic feed-
through suppression is > 60 dB.

Correlator insertion loss and dynamic range information are shown in Fig. L-4
where the output power, P3, is plotted versus input signal power, Py, for several
reference input power levels. Diode tap bias of Ibp = 0.02 mA is chosen for
maximum nonlinear output under nonsaturating small signal conditions. The bilinear
relationship given by Eq. (2-21) is seen to be well satisfied up to the onset
of diode saturation output powers. For Pp = 24 dBm, saturation onset is observed
at P, = <23 dBm and the maximum saturated output level of Py = -18 dBm is found.
Correlator insertion loss of 40 dB is found at P, = 24 dBm and P levels less than
15 dBm.

rable [ summarizes the comparison of experimentally measured correlator para-
meters for M229 and M230 with theoretical parameter values calculated from the theory
described in Section 2.3. The theory accurately models the small signal device
performance over the wide tap bias range from 102 to 1 ma. By assuming that large
signal saturation begins when the diode dc bias equals the fundamental fl, fp driv-
ing currents, saturation level correlator input and output power levels are esti-
mated which appear to be within 3 dB of actual device performance. Perhaps most out-
standing is the 75 dB output noise to saturation level dynamic range.
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TABLE 1

COMPARISON OF CORRELATOR PARAMETERS

fltqiz)

VEWR

lotal Beam Division
Loss, H.° (dB)

lap Piezo. Coef. (K2)

Internal Bilinearity
Coef. F; th(de)

Ixternal Bilinearity

Coef. F "
Coef Fe Opt(dlm)

P3 JA\(dBm)

Pig = Lgs(dﬁmw

Dynamic Range (dB)

M229 M230 Theory
1.2 Tl LA
100.5 100.5 100.5
29.4 29.4 29.4
L7200 18781 4373
T3
25
L7 1.6
T+6
S L
20
.035
-22 225 -26
-57 -60 -60
=24 -26 =27
17 19 19
79 7 75
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M230: 128 CHIP CW SEQUENCE CORRELATION

lf’ = 71.1 MHz, fy = 100.5 MHz, 13 = 29.4 MHz

Py = Py = 24 dBm)

fy INPUT

93 OUTPUT

50 dB
DOUBLE
EXPOSURE

FIG. 4-3
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128 TAP PSK DIODE CORRELATOR M229

POWER OUTPUT VERSUS POWER INPUT

FIG. 4-4

-10

—~20—

-40—

P3 (dBm)

6o}

-70 —

(1‘ = 71.1 MHz, '2 = 100.5 MHz, 13 = 29.4 MHz)
Ibp = 0.02 ma

-50
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4.2 128 Chip PSK Signal Encoding

An encoded PSK signal and readout of the diode tap uniformity is obtained by
applying a short rf burst (T «< AT) to Port 1 and a cw reference signal to Port 2.
Photographs of the impulse response for M230 are shown in Fig. 4-5 for two tap
bias codes. Input power levels and frequencies are P} = B = 2L dBm, fy; = T1.1 MHz
and fp = 100.5 MHz. The -20 dBm output power level is 42 dB lower than the output
with all taps coherently summed. This compares well with the 20 Log(1/128) dB =
-1 dB loss expected. All taps were biased equally with ‘Ib | = .04 mA, Figure
L-5(a) shows the tap readout at f3=29.h MHz for equal phase tap 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 the 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 function, while several taps of device M229 were defective
because of bonding difficulties during device fabrication. An encoded 127 chip
PSK sequence is shown in Fig. L4=5(b) for M230 where the diode taps are biased in a
127 chip biphase M-sequence. An expanded portion of this sequence is shown in
i, U4=6(a) showing reversal of the chip to chip phase when compared to a cw refer-
ence. Also shown in Fig. 4-6 is the spectrum of the encoded biphase encoded signal
centered at the difference frequency of 29.4 Miz. The sidelobes of the sin x/x
spectrum are suppressed 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 submicrosecond code pro-
sramming rates, The encoded signals obtained from device M229 for cw and biphase
coded taps are shown in Fic, 4=7. The three missing taps were caused by bonding
difficulties during fabrication. Random nonuniformities of < 1.5 dB are observed.

4.3 Correlation of Actively Generated 128 Chip PSK Sequences

Correlation characteristics of several actively generated PSK sequences were
tested using the circuit of Fig. 4-8. An HP 8016A programmable pulse generator
and doubly balanced mixer was used to biphase modulate the signal carrier at fre-
quency fl=71.l Miz with chip rate Rc=9.81 MHz matching the device tap spacing. The
desired modulated burst length was then selected using a HP 214 pulse generator.
The amplified signal and cw reference at frequency f2 = 100.5 MHz were applied to
Ports 1 and 2, respectively of the correlator. The output at f, = 29.4 Miz, after
transmission through a 15 MHz bandwidth bandpass filter, was amplified and displayed
on an oscilloscope.
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M230: 127 CHIP ENCODED SIGNALS

f 71.1 MHz, f2 = 100.5 MHz, f, = 29.4 MHz

s =
Py = P2 24 dBm, Ihp 0.04 ma

T 100 nsec, Ty = cw

(a) CONSTANT PHASE TAPS
(b) M—SEQUENCE TAPS

FIG. 4-5
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M230:127 CHIP M—SEQUENCE ENCODED SIGNAL

(Py = Py = 24 dBm, f; = 71.1 MHz, f5 = 100.5 MHz, f3 = 29.4 MHz)
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Matched filter correlation of a 127 chip biphase M-sequence burst is shown in
Fiz. 4<lk. The M-sequence chosen corresponds to that derived from a seven state
shift recister generator having feedback taps 6 and 7 with modulo 2 addition (Ref.
5). The experimental peak to sidelobe ratio of 21 dB is within 2 dB of the pre-
dicted 23 dR response for this sequence. The display of Fig. 4~9(b) was photo-
craphed in a single exposure by overlaying a strip of Kodak Wratten gelatin Filter
#99 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. 4-9(c).

Matched Tilter correlation of a different 127 chip M-sequence having equivalent

chift register feedback taps 1 and 7, is shown in Fig. L4-10. The experimental
20.2 dR peak to sidelobe ratio is within 1 dB of the theoretical 21.2 dB. Also
chown is the cross correlation waveform between an input cw sequence and the M-
sequence tap code. The central null of 34 dB relative to the matched filter corre-
lation peak, is a measure of the ultimate peak to sidelobe ratio achievable with

the present device., This is to be compared with the theoretical 42 dB null. The

ross correlation between this sequence (feedback taps 1, 7) and the previous M-
cequence (feedback taps 6, 7) is shown in Fig. 4-10(c).

) G

Thirteen bit Rarker code autocorrelation results are given in Fig. 4-11. 1In
this case, each bit corresponds to 10 correlator taps except for the lBth bit, which
ic composed of & taps. The waveform cenerated 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 of approximately 20 log 1//ﬁ 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 given 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 254 chip code composed of a repetition of 2(127) chip M-sequences, and correlating
this code with the same 127 chip code programmed within the correlator as shown in
Fig. 4-12(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. 4-12(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
taps.
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FIG. 4-11

AUTOCORRELATION OF 13 BIT (128 CHIP)
BARKER CODE SEQUENCE +++++——++—+—+

ACTIVE CODE GENERATION
(DEVICE M230, P,y Py 24 dBm)

21.5 dB
EXPERIMENT

223 dB
THEORY

{4 21 dB
y DOUBLE
8E XPOSURE
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AUTOCORRELATION OF 127 M(6,7) CYCLIC SEQUENCE

ACTIVE CODE GENERATION

(DEVICE M230 P, P:) 24 dBm)

30 dB
DOUBLE
EXPOSURE
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4.4 Matched Pair 128 Chip PSK Encoder - Correlator Experiment

The input signal generated actively in the previous experiments is replaced
by a nonlinearly generated signal obtained using another PSK Diode Correlator module
M230. With reference to Fig. 4-13, an encoded signal is obtained at 33 = 29.4 MHz
as described in Section 4.2, After amplification, mixing with the encoder reference
frequency, fp = 100.5 MHz, and transmission through a 15 MHz bandwidth band pass
filter, the encoded signal is translated to f; = 71.1 MHz and is fed to the second
PSK correlator M229. The cw correlator reference is derived from the same fp
source 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 be arbitrarily programmed in the desired PSK sequences. The biphase
signal produced by the encoder at the difference frequency f,, and after mixing to
the input frequency f, are displayed in Fig. 4-14. Note that at f; and f3 each
chip contains 7 and 3 rf cycles respectively. Phase reversal between chips at the
input carrier frequency f; is shown in Fig. L-1L(b).

TR

The matched filter response for both encoder and correlator programmed with a
127 chip M-sequence code (feedback taps 6,7)is shown in Fig. 4-15(a). An expanded =
view of the correlation peak is giveninFig. 4-15(b). The M-sequence autocorrelation
function closely follows that shown in Fig. 4.9 obtained with an actively generated
signal 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
constant phase is given in Fig. 4-15(c). These results demonstrate that the matched
pair PSK diode correlator 128 chip transmission system performs in a comparable
manner to an equivalent system utilizing active code generation.
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128 TAP PSK DIODE

CORRELATOR PAIR ENCODING—CORRELATION EXPERIMENT

AUTO CORRELATION WAVEFORMS

127 CHIP M—SEQUENCE
(6,7 FEEDBACK TAPS)

(f4 = 71.1 MHz, fy = 100.5 MHz, f3 = 29.4 MHz)

EXPANDED VIEW OF M—SEQUENCE

CONSTANT PHASE TAPS

CORRELATION PEAK
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5.0 EVALUATION OF SYSTEMS APPLICATIONS :'

5.1 Introduction

In this section we consider applications of the PSK Diode Correlator module
within the systems environment. 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 PSK signal.

5.2 Application to Long Code PSK Signal Processing ﬂ

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 usec 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

{ transducers. One would expect a similar performance when cascading lithium niobate
PSK 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 PSK correlation of codes with length up to 1024 and longer
can be achieved by cascading 8 or more of the modules described here.

5.2.1 Cascade Delay Channel Design

The cascade delay channel must be sufficiently broadband to allow accurate

signal transmission and low bandlimiting for the required number of cascaded
i modules. To achieve a cascade delay circuit 3 dB bandwidth equal to the chip rate,

Re, with Q modules, requires that each cascade delay channel has a (3/Q) dB band-

width equal to R,. For a 102k chip code, with 128 chips per cascade and R, = 10 MHz,

eirht modules are required, each having a 0,375 dB bandwidth of 10 MHz. Our approach

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

tuning circuit shown in Fig. 5-2. This circuit has been demonstrated to provide !

almost maximally flat transducer response with relatively low insertion loss and
i high triple transit suppression (Ref. 29). The low pass PI-section shown approxi-
mates a uniform transmission line having impedance Zj and quarter wavelength fre-
quency fr. 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
tuned transducer are shown in Fig. 5-3, with the theoretical curves computed using
the circugt parameters listed in Table II. The electromechanical coupling coeffi-
cient, K = = ,035 is that found by Bristol (Ref. 24) for eighth wavelength elec-
trodes on y-z lithium niobate. The transducer electrode capacitance, Cys» and
shunt capacitance, Cgy, were found using the measured total capacitance Cp = Cy +
Coy and varying the ratio CN/CSH until a sufficiently good fit to the data was

obtained.
1
TABLE IT
CASCADE CHANNEL TRANSDUCER CIRCUIT PARAMETERS
Variable Definition Value
N No. of I,D., Periods 2.5
fo Center Frequency T1.5 MHz
Ke Piezo Coupling Coefficient 3.5%
{ Cp Active Electrode Capacitance 5.0 P,
i Csu Shunt Capacitance 1.0 PE.
Ro Series Resistance 2Lk
L Series Tuning Inductance 826 nH
Using these circuit values, optimized inverter parameters were determined.,
A maximally flat response at the transducer center frequency, fy, was found for
fr = 68 Miz, essentially independent of Zy. As shown in Fig. 5-4(a), a nonzero

slope of the insertion loss curve versus frequency is possible at other values of
f1. This 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 MHz are given in Figs. 5-=U(b) and 5-U(c) as a function of inverter impe-
dance, A maximum bandwidth of 32.6 Miz is calculated for Z1 = 170 ohms with a
corresponding insertion loss of 20 dB at fgy = 71.5 MHz.

Values of Z1 = 132 ohms and fI = 68 MHz were chosen for the experimental
inverter circuit with corresponding network components Lp = 220 nH and Cp = 15 pF.
The computed and measured insertion loss of the inverter tuned cascade delay
channel of M230 is shown in Fig. 5-5. An experimental 3 dB bandwidth of 20 MHz
was found with a minimum insertion loss of 18 dB. The 7.l MHz periodic nonuniformi-
ties in the bandpass were found only for the actual 13.05 usec cascade delay
channels of M229 and M230 and were not observed in an identical but shorter 6.42
usec 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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CASCADE DELAY CHANNEL TRANSDUCER IMPEDANCE
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FIG. 5-4

COMPUTED INVERTER—TUNED CASCADE DELAY CHANNEL CHARACTERISTICS
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INVERTER—TUNED CASCADE DELAY CHANNEL PERFORMANCE
DEVICE M230
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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 1024 chip sequence delay. A 3 dB bandwidth of 24 MHz was also achieved. The
measured triple transit suppression of 4O 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 128 tap correlator modules is shown in Fig. 5-6. The cascade delay channel
iz 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 fl = Tl.,1 MHz is split between the first
module input Port 1 and the cascade channel, with a cw reference frequency at £y =
100.5 MHz applied equally to both modules. The output at f3 = 29,4 MHz were then
summed, filtered, amplified and displayed on the oscilloscope. Differences in
module insertion loss were compensated by adjusting the cascade channel circuit
sain 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 (4, 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
pA 1.5 4R 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 Evaluation as a 256 Chip PSK Signal Correlator

The triangular zutccorrelation output for a 26 wsec input cw paase code is
shown in Fig. 5=8 for 4+ = 5 dBm and Py = 24 dBm. Spurious suppression for the
cascade was 50 dB as saown in Fig. 5-8(c), is the same as found for each module
separately. The matchei filter correlation response for a 255 chip M=-sequence
is shown in Fig. 5«0 along with the computed ideal response. Except for the first
trailing sidelobe level of 20.5 dB, all sidelobes are down by 22 dB or more as com=-
pared to the computed 22 dB for this sequence. The higher trailing sidelobe level
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CASCADE CIRCUIT AUTOCORRELATION OF 225 CHIP M—SEQUENCE

4 (fy = 71.0 MHz, Py = 5 dBm, f, = 100.5 MHz, P, = 24 dBm)
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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 summed 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 communication system. Experimental demonstration of electronic switching
capability of the PSK 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
M-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 cw code bursts are rejected as shown in Fig. 5-10(c). Terminals of
a multiscriber system may thus be programmed or electronically reprogrammed in the
field after producting of the basic correlator module.

5.4 1Interference 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. cw 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 PSK Diode correlator with cw jammer interference
added to the desired 127 chip M=-sequence signal input is shown in Fig. 5-11. Both
the jammer input to signal power ratio varies from -10 to +23 dB with signal power
P; = 5 dBM and reference power P2 = 24 dBm, the output signal to noise ratio is
seen to decrease from 17 to 4.5 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 worst case 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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ELECTRONIC SWITCHING OF PSK TAP PROGRAMMING

(IbT = 4 ma)
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TAPS: cw /cw
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SIGNAL CORRELATION IN PRESENCE OF INTERFERENCE

(127 CHIP M—SEQUENCE SIGNAL, cw JAM)

f5am = fSIGNAL = 71.1 MHz, Py = 5 dBm, P, = 24 dBm)

JAM/SIGNAL (dB) (S/N)guT (dB)
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taps is also expected; however from Fig, 4-U4 this is minimal for interference levels
less than 10 dBm. 1In contrast, interference rejection of a competitive digital
correlator system has been found to optimize at a fixed total input power level of
-12 dBm with rapid degradation at lower levels due to internal clock noise contri-
butions (Ref. 15).

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

s discussed in Section 2.4, deviation from the optimum input frequency
results in a reduction in correlation peak to sidelobe response by an amount equal
to sin TAD/mAp where A, is the total phase error given by Eq. 2-27. For an input
sicnal frequency f; = 71 MHz and a chip rate R, = 9.8 MHz, a 3 dB decrease in peak
to sidelobe response is expected for a linear delay line correlator with Afl = -35
kHz (Ref. 27).

This also holds for the nonllnear correlator with fixed reference frequency fs.
Experimentally a range of Af = - 1 37 Hz was measured for a 3 dB output peak to side-
lobe degradation for a 127 chip M=-sequence correlation. However, when both f1 and
f5 were varied by equal amounts, the peak to sidelobe level was restored even for
much larger frequency excursions. In fact, not until Afl = pAf, = ¥ 3 MHz was the
restored peak to sidelobe ratio degraded by 3 dB relative to that obtained at fre-
quencies of f; = 71.1 MHz and f, = 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 PSK Diode Correlator may be
adjusted to accurately process PSK codes over a wide input carrier frequency range
allowing subscribers tuned to the various carrier frequencies in addition to com-
pensating for input signal Doppler shift. Additional security could also be achieved
by adopting a fast frequency hop code composed of Q successive bits, each of different
signal carrier frequency, and each bit composed of a varying P chip PSK sequence.

The matched correlator would be composed of a cascade of Q, PSK Diode Correlators,
each having a different reference frequency and code programming which could be
continuously updated.

ik
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6.0 ANALYSIS OF THE EFFECT OF SYSTEM ERRORS ON LONG CODE CASCADE PERFORMANCE

6.1 Introduction

In this section we will summarize the important parameters affecting PSK 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 Q cas-
caded modules, each having a P diode-taped signal processing path in parallel with
a cascade delay channel. The signal wave at w; is coherently delayed between
modules and mixed with a continuous reference wave at frequency wp at each diode
tap. The nonlinear tap output signals at w3 = w, = Wy, have their relative phase
controlled by the polarity of the bias currents driving the diode taps. In both
the encoding and correlation modes, the PSK code may be rapidly altered by repro-
gramming the tap bias sequence.

The formalism for predicting the effects of the major error contributions on
the output waveform is developed in terms of those factors directly relating to the
PSK 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
using 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, 1024 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. 2-14. By cascading Q of these modules in series,
a code of length PQ may be processed. The output voltage of the qth module may
be written

P
Jogt _ jlwz-w1)t A =3 (wp-w1)ty
v, (t)e = e Ay 32& S(t-tgp -t )e (6.1)

3q

Here, A, is the effective nonlinear coefficient, is the tap code ( 1),t o1 1
the time delay to the first tap, tp = (p-1)AT is %ge time delay from the first to
the pth tap, AT is the intertap delay, equal to the reciprocal of the chip rate,
Ros and S(t-t o1-t ) is the input signal. By design, the input and reference fre-
quencies satisfy ghe relation

(1)2"1)1=w3=nRC’n=1,2’39-", (6.2)

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

In the presence of system or fabrication errors, the degraded module output
has the general form

T2
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where subscripts p, q identify variables pertaining to the pth tap of the qth module.
Each tap may now have a variable amplitude Ap aQ and phase error, Ao The output
frequency, wg , differs from the design frequency given by Eq. (6.2 by an amount

AW e ;

The chip ambiguity function (Refs. 28, 32), x$ q(T') where 0 < 1' <AT, results
from the convolu’ ion between the input transducer and ﬁepthtapoffMe(l cascade module.
Its maximun value, Xp’q(O), occurs when a signal chip is centered at that tap at L
7! = 0, For infinite system bandwidth and with other errors negligible each signal

chip has a rectangular envelope and contributes an equal + or - unit to the summa-
tion with xp,q(o) equal to unity. For finite system bandwidth, the envelope of

each signal chip is no longer rectangular, but has a rise and fall time associated
with the system bandwidth after transmission through (q-1) cascade delay channels

and an input signal 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(o) for equally coded neighboring chips and minimum contribution for
unlike neighbors. Computation of the bandwidth related correlation degradation

may thus be made 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
by either taking the inverse Fourier transform of the system frequency response prior
to the pth tap of the qth module, or experimentally through direct measurement.

The latter 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
assuming a constant, trapezoidal or triangular chip envelope 'depending on the
equality of the neichboring chip codes and the ratio v(q) of rise time Tx(q) to

cnip duration AT = 1/Rg,

vig) = IB;(:‘*—) (6.1)

This analysis leads to the rise time and code dependent weighting X D,q (O) of
each chip's contribution to Eq. (6.3), given in Table 3. In the table, Sp q repre-
sents the signal code at the pth tap of the qth module. 4
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TABLE III
Chip Weighting Produced by Finite System Bandwidth -
T:
Neighboring Chip Code Xp,q(0) v(q) = R(a) -
Relationship AT
S =5 =5 : 1 o< <1
bei S d re g v(a)
L
S =5 A8 8 =¥(q) <1
5
P=1,9 "p,q "p+l,q Ly(q)
or 3
s #S_ =S 1 - v(q) 0<vY(q) .5
p-1,9° p,q p+l,q
: v(a)
S S S 1 - === 0=y = 1
p-l,q# p,q# p+l,q 2 (@)

The phase error, Ao qQ’ 1s defined here as the sum of the accumulated errors

of prior cascade moduleq, Am , and a term Amv which varies with tap number. 4
To first order, the varying p qhase error 1is given’by
v fw3 |, 8T R
= n(p-1) 2n + =)+ 6. '
49y, o = Bloe 1) AniCe “Iq @ (6.5) 1

where n is given by Eq. (6.2), 6T is the intertap time delay error resulting from
temperature, crystal orientatlon, or other errors, and AmR is a random component.
The constant phase error term, Aw Q’ is then

2 (s, + 0’ o) (6.6)

“xamination of Eqs. (€-5) and (6-6) reveal several error compensating techniques.
rst, since ALy = Ao = AW is the difference between reference and signal fre-
rrors, rnppler shift of a recrived signal may be offset by an equal shift
relopence frequency. A reference frequency offset may also be applied for 3

2, orror compensation provided that the errors, 6T/AT\ , are constant for ?

Me accumulated phase error, AwK , may be independently cancelled by

. aze *11ft inserted between mscades. These compensating techni-
- art Jlar importance to long code PSK processing where accumulated
I “rale ‘he correlator performance.
e |
neoded signal of total length PQ, the
wed , becomes 3
by WP 3 8 -39
o Y . (v')e 79 s(t-t

e A P Pq (6.7)
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where t;, o = F(q-1)P + (p-1)]AT. This encoded signal may be heterodyned back to
| the original signal frequency, wE.

It will be convenient to use a single subscript, k, in describing the correla- |
tor cascade output, such that k = (q-1)P + p. The correlation output may be 3
separated into two summations which describe the output before and after the desired |
correlation peak. For O < t < PQ(AT), the output is given by

f v3°(t)ed“’3ct - e-"“sc'; él W (r*) sck,_ sE‘u, S8 me""“’rx (6-8)
where
K=a1ltoR
Wplet) = Ack AEK -k+1 xck(") xEK ') (6-9) 1
and

T (o] E
Mk-mk"”x-k*l (6=10)
Following the correlation peak, for PQ(AT) < t < (2PQ-1)AT, we find
PQ-K "
c c c E - g
V3c(t)er3 b, Jugt kZ: W (r')e ey 8k © e (6-11)
=1
where
J
! K=1¢toe Q-1
s E c (6-12)
W (') =A A
k(7= Ay r-k+1 k() prq-k,,l
3 and
1 T C E .
B2 e =8P wuk * 09 p_gen (6-13)
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This formalism may be applied in general to any PSK sequence to be processed,
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 function of the particular PSK code (Ref. 28) in addition to the pro-
cessor parameters considered above.

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

The formalism 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 z 1.5 dB and chip
rise time for each module (corresponding to y(q) from Eq. 6.4 of v(1) = .285 and
v(2) = .493) were directly measured. Neglecting other system errors, the computed
autocorrelation waveform for the same 255 chip M-sequence used in the experiments
described in Section 5.2 is shown in Fig. 6-1(b) and compared with the ideal response
of Fig. 6-1(a)., The degraded peak to sidelobe response of 22 dB computed for the
tlith sidelobe is in agreement with the experimental results of Fig. 5-9.

Unlike the ideal waveform, the first near-in sidelobes before and after the
correlation peak have the same phase as the correlation peak and are 20 dB down.
This results in the apparent widening of the peak since the first null in the res-
ponse does not occur until 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
arreement with the prediction, however, intertap regeneration effects may also con-
tribute to these lSt trailing sidelobes., A reduction in the correlation peak by
1.3 dB is also predicted. The major contribution to the waveform degradation in
this case was caused by bandlimiting. The 1.5 dB random amplitude variation con-
tributed less than .1 dB degradation. Random phase errors of T 1 degree were also
considered with negligable waveform degradation.

6.4 The Effects of Bandlimiting on the Autocorrelation Response of an
8 Module, 1024k Chip Cascade Correlator

The effect of finite module bandwidth is considered when eight correlator
modules, identical to the 128 tap devices constructed here, are cascaded to form
a 1024 chip programmable correlator. From the results obtained in the 256 chip
correlation response discussed in Section 6.3, as well as the work of others 4
(Refs. 30, 33), bandlimiting must be considered in accurately predicting the cas-
cade correlator response. However, its consequences are not severe for broadband
delay channel design. As discussed in Section 6.2, the effect of bandlimiting was
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found by measuring the rise time of a pulse after each recirculation around a i
cascade delay channel and broadband compensating amplifier loop. These measurements §
resulted in the following values of v(q) defined in Eq. 6.4: -

P V(1) = .245 v(5) = .7
v(2) = .k93 v(6) = .737
v(3) = .59 v(7) = .786
= 675 ¥(8) = .798

Y(&)

Using these wvalues, and including the effect of the code sequence given in
Table 3, the degraded autocorrelation response for a 1023 chip M=-sequence was com-
puted. The sequence used was computed for a shift register generator having feed-
back taps 3 and 9 added modulo 2 (Ref. 5). The computed ideal and bandlimited
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 i
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
chip 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 3.1 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
stare 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 15t and 2Md sidelobes.

It is instructive to explore the cause of the above autocorrelation degrada-
tion, 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 1023 chip burst M-sequence having a specific initial condition of the
10 stage shift register generator, namely (100000000Q). The first 9 chips of the
code produced by the shift 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.
Within the first module, having long runs of equal tap phase, an excess correla= %
tion 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
bandlimiting, each module does not contribute equally since, from Table 2
neighboring chips 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 positive sum results. For other sidelobes, the corresponding code off-
set results 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. TIn addition, the shift register initial condition may also be a contri-
buting factor; however, further 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.
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7.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DEVELOPMENT

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 4B
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 autocorrelation
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 (~ 6 yw/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 approaching
100 MHz without significant increase in power consumption or device complexity.

Utilization of the nonlinear approach has been shown to provide an additional

degree of flexibility to a PSK receiver through the capability for compensation

of signal frequency offset or phase errors by electronic adjustment of the cw
reference frequency. This capability allows restoration of the autocorrelation
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
shift 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 due

to changes in ambient temperature of the delay line is also predicted.

A cascade approach to long code PSK processing has been studied and demonstrated
for a two module cascade circuit. The experimental results, together with simula-
tion by digital computer, predict accurate signal processing of 1024 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 bandlimiting within
the cascade delay channel. Improvements in the correlator tap structure and broad-
band delay channel would further enhance the device performance by reducing the
spurious level and bandlimiting effects.

While an 8 module 1024 chip cascade is feasible, cascades of many more
modules are impractical because of increased power consumption, cost and complexity.
An alternative technique is particularly attractive 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.
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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 weighted taps, the device takes the form of a generalized transversal
filter having equal tap weights 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 filters combined in phase
quadrature. Such a device would be capable of correlating arbitrary nondispersive
or dispersive waveforms such as PSK, Chirp Z or frequency hop signals and would
represent a new state of the art in SAW device technology.
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resistor array. PSK signal processing is accomplished at the P diode- .
taps of the signal processing region of the device by a low power, wide 1
bandwidth, nonlinear mixing process.j PSK input and cw reference voltages i
are applied to the delay line inputsfat center frequency fl and f2 .
respectively and the correlation output at the difference frequency is {
received at a cammon electrode summing 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 substrate to allow interconnection with identical modules for long
code PSK processing.

\ghe design, fabrication and testing of 64 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 PSK sequences with chip rates equal to, or e multiple of 9.8

MHz. % ‘

Operatéon of these devices as programmable PSK encoders and correlators is
demonstrated with experimental results compared to theoretical behavior.
Appiication 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 reprogrammability,
interference rejection and error compensation are demonstrated.
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The effect of system errors on the correlation response of a multi-module 3
long code PSK cascade processor is analyzed, and the effect of finite
module bandwidth is discussed in a simulated 8 module, 1024 chip cascade
correlator.




