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ABSTRACT

A new type of frequency synthesizer utilizing Mode Locked SAW oscillators,
CZT transducers, and rapidly switchable nonlinear diodes was experinieritali..y demon-
strated to be both feasible and promising. The conclusions from this work with a
first preliminary model are as follows: The Mode Locked SAW Oscillator (MLE0 ) is
able to provide a set of synchronized and stable short rf pulses with lengths in
the range of 50 to 100 nseconds . These pulses can efficiently drive a set of CZT
transducers that are used for generating counter flowing SAW discrete chirp signals.
By using the sum frequency , signals are synthesized directly at rf frequencies.
The Chirp Z Transform approach to frequency synthesis is particularly attractive
because it provides means for switching frequencies in a coded sequency within
time intervals as short as 50 ns. This was achieved experimentally in the present
program . Equally important is the fact that the frequencies are deteut ned only
by the physical position of the selected taps.~~ This leads to an additional advan-
tage of this approach in that highly se1ective~~~~ ters are not required; commonly
available filters can be used for rejecting out\ o’ç band signals resulting frc*n
other nonlinear terms • The results also confirmed”that the carrier frequency of
the output appears to be fixed only by the CZT transducer geometry and is indepen-
dent of the input carrier frequencies. The programmable frequency steps are also
independent of the input carrier frequencies. Finally , with the use of the coher-
ent and stable pulsed outputs of the Mode Locked SAW Oscillator, generation of
coded sequences of frequencies become highly reproducible.
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Mode Locked Surface Acoustic Wave Oscillator
For Coherent Frequency Signal Synthesis

1.0 INTRODUCTION

This report described the work carried out by UnJ.ted Technologies Research
Center on the application of Mode Locked Surface Acoustic Wave Oscillators for the
development of coherent frequency signal synthesis techniques. Research under this
program was directed to~~rd the development of the UTRC Mode Locked SAW Oscillator
(MLEO) (Ref. 1), in a modular form that can be applied to a new, state-of-the-art
frequency synthesizer using the Chirp Z Transform which is under study at NIJC,
(Ref. 2). The goals of this program were three fold: i) to demonstrate that the
broadband pulsed rf output of the NLSO module is stable , coherent , and consistent
with theoretical predictions ; 2) to design an ~~~O module with characteristics
suitable for the NUC synthesizer including programmable output frequencies and 3)
to fabricate , test , and de liver to NUC an MLSO module based on the design and
engineering conclusions reached at UTRC and NTJC.

In this program a pair of MLEO’s were developed to generate coherent and syn-
chronized rf pulses at two different frequencies. These rf pulses were then used
in another SAW component to excite counterfiowing discrete-chirp wave forms in a
region containing an array of SAW taps. Each tap could be independently turned on
through an associated semiconductor diode to provide a “non-linea.r” cw output at
the sum frequency of the t~~ counter flowing chirp signals. The sum frequency is
programmable through the selection of the desired SAW tap because the tap position
determines the relative timing between the chirp signals. The output signals at
the sum frequency, as ‘..ill be discussed in the text, are not smooth sinusoids.
They contain the equivalent of programmable frequencies in the sense that, if the
signals are down-converted to base band, the resultant signals are good approxi-
mation to sinusoids.

The Chirp Z Transform approach to frequency synthesis Is particularly attrac-
tive because it provides means for switching frequencies in a coded sequence within
t ime intervals as short as 50 ns. This was achieved experimentally in the present
program . Equally important is the fact that the frequencies are determined only by
the physical position of the selected taps. This leads to an additional advantage
of this approach in that highly selective filters are not required; ccnmion].y avail-
able filters can be used for rejecting out of band signals resulting from other
nonlinear terms. Finally, with the use of the coherent and stable pulsed outputs
of the Mode Locked SAW 0s~illator , generation of coded sequences of frequencies
become highly reproducible.

1
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This report contains a description of frequency synthesis based upon the I
analysis of discrete chirp waveform in Section 2. A discussion of a pair of syn- I
chronized ML$O’s and experimental results are given in Section 3. The experi-
mental results on frequency synthesis obtained with the SAW components are
presented in Section 14. Finally, conclusions and recommendations are given in
Section 5.

2

- 
. - ~~~~~~~~ 

- — — —-
~~ --~~~~~~~~~~ .~~~,.~~~- 

—



R76-922155-3

2.0 FREQUENCY SYNTHESIS USTNG DISCRETE CHIRP WAVEFORMS (CHIRPED Z fl~ANSFORM)

2.1 Introduction

Frequency synthesis techniques using highly stable reference signals, including
comb spectra , have been highly developed. In a variety of these techniques frequency
mixing, frequency dividing , variable filtering , and phase locking with feed back
loops are used extensively (Ret’. 3). In most cases, these techniques do not allow
for rapidly switching between frequencies as would be required for a coded sequence
of frequencies where chip lengths are as short as one microsecond. With the use of
SAW concepts, it has now become possible to achieve submicrosecond switching times
(Ref. 14) and to select the desired frequency by simply selecting taps electronically
in a delay line in which discrete chirped signals are present (Ref. 2). An additional
benefit of’ using SAW components in the scheme to be described in this report is that
he individual elements are relatively simple and compact and therefore leads to
reduced cost and ~ize.

:: Analysis of the Use of the CZT Waveforms

the frequency synthesis technique discussed in this report makes use of counter
flowing discrete chirped signals in a SAW delay line. The spatial distributions of
two such discrete chirps, at and are depicted in Fig. ~-la for t = 0 when the
leading r dges of the two counter flowing signals are just crossing the axis. The
two chirped signals have r~ifferent carrier frequencies. The output is obtained by
mixing these two chirps so that the output may be at either the sum or difference
frequency. The output is obtained by the mixing of the signals in nonlinear diodes ,
that can be switched on or off as desired , at any one of the taps in an array of
~.aps e nnected to a common output line. In this section,we will discuss how the
programmable frequencies are synthesized , what the limitations are and what spurious
e t ec~ s can arise.

The discrete chirp is generate ] in a SAW Chirped 7 fransform Device (czT) (Ref.
‘). ihe Input to the ‘~Z L  is a train of short synchronized rf pulses at an accurately

determined pulse spacing , I . The Mode Locked SAW Oscillator, discussed in Section 3
of’ this report, provides thi3 type of input to the CZT . The discrete chirp generated
by th (~V [ can be described as a contiguous series of N short rI’ pulses each with a
duration i T/N , at some carrier frequency and with abrupt changes in phase between
them. These short pulses will be ca.iled TI

ChiPS
? ? . The changes in phase along the

wave ‘.‘ary such that the accumulated phase is proportional to the square of the d.is-
tanc . The phase changes are produced by exciting two parallel trains of chips with
90 degree phase diVfer eri~e and with amplitude weighting. The amplitude weighting is
selected so that when the two quadrature components of’ a chip are added the desired

3 
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phase is obtained. The output from the CZL is also periodic in the distance L or
the t ime T. A most important property of the output of the CZT is that , if there
are an even number of chips in the length L (or time T), then the periodic output
is equivalent to or approximates a signal for a continuous chirp that goes on
forever.

Before formulating the situation mathematically, we will state that the essential
features of the synthesis technique can be determined by considering that the chirps
are continuous.

ilie use of the continuous chirp notation simplifies the analysis of the operation
and also allows the discrete chirp to be discussed in terms of equivalent continuous
chi rp parameters as is frequently done in the literature. The justification for
his approach is that both the continuous chirp and discrete chirp signals when

sown-converted to base band (by using the continuous carrier frequency signal as a
local oscillator), results in low frequency signals that are similar enough that
they can be favorably compared . In the general notation used for traveling waves,
the variable in the argument of the function describing the rf chirped SAW pulse
must he of the form

8 = wt - 2TTx/ A (1)

if the rf in the pulse is linearly chirped, the full argument takes the form

A r g = 8 ÷ a 82 + Ø  (2)

where a is a constant take to be determined that fixes the range of the chirp. The
argument is sketched in Fig. ‘~-1b at t — 0 for the forward traveling wave as a
function of distance for the interval X = -L to X = 0. Both the continuous chirp
and the discrete chirp are shown for comparison. The slopes of the discrete steps
are all constant and parallel to the dashed linear curve , which is the constant
frequency line corresponding to the carrier frequency. With the no~ation used in
Eqs . ( 1) and ( 2 ) ,  the variable X will bc used to designate a tap position where the
wave is to be sampled.

The relationships between the range of the chirp, the r~iaximum range of the
programmable signal frequencies , arid the parameters of the SAW device will be
discussed next .

We will define the function F to represent the traveling chirped SAW waveform;

F A E x p j [A r g J (3)

14
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where 2
Arg = e

1
+a~~81 + Ø ~ (14 )

and where

8 w. t - 2ii x/~ ( 5)
1 1 1

the subscript i, designates a carrier frequencies under discussion and is the
wavelength . The basic interval of the chirped signal will be defined at t = 0 as
extending from X = -L to X = 0, where L is the spatial length of the chirped SAW
signal on the crystal surface and is selected to be a multiple of 

~~~~ 
Thus , at

t = 0 the corresponding range for 0 extends from 0 = _2uL/Xi to 8 = 0. An arbitrary
phase constant is allowed for by 0. The equivalent instantaneous chirp angular
frequency is determined from Eqs. (it) and (5),

d (Ar~g)
= dt = ~~i 

+ 2a.w.8. (6)

The maximum frequency change in the chirp frequency is

Aw = 2a.w 8 = 2a.w
2 
T (7)max u max i i

Therefore, in general

~~~~~ T
a
1

= 2~~~ (8)

Graphical consideration of how the two counterfiowing discrete chirp signals
interact at various tap positions, x, shows that the maximum range for the pro-
grazmnable frequency deviation at the sum or difference frequency is

AWp max 2
~~c 

(9)

where f0 = l/ ’I and where ‘1 is the length of a chip. We will also call f’c thesampling frequency. Further consideration of the discrete frequency chirps them-
selves indicates that with respect to Eq. (8)

Aw = 2nf (10)max C

These statements are based upon the fact that at base band frequencies, the highest
modulation frequency could only have a period of 1 . With the relationships given
in Eqs. (9) and (10), the expression for the slope constant, aj, in Eq. 8, becomes

5
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ii fc Ta . = 

(w1
T)
2 (U)

Finally, from Eq. ( i t ) ,  the argument can be written as

Arg 8 + i
~
rf
~
T 

(

~~~
)2 + (12 )

with the variable of the chirped term normalized to w
~ T = 8~~~~~.

‘the discrete chirp parameters can be introduced for use in the second term of
Eq. (12 ) as follows:

The discrete time values using n, an integer, as a running variable is

t~ = flT (13)

The discrete space values using m, an integer , as a running variable is

X
m 

= m A x (lit)

The increment , Ax is defined by,

2NAx = L (15)

where the number of chips in the chirp is N and is defined by

N ’ r = T  (16)

Finally, we can write for the discrete values of 8 in Eq. (17 ) for use in the
second term

In l m \
B w 1

T~~~~ -~~~~j )  (17)

Equation (12 ) can be expressed for the discrete chirp, with the help of Eq. ( 9) ,  as
2

~~0 (18)

The first term in Eq. (18) with respect to the function F of Eq. (3), Is a continuous
function generating a constant frequency while the second term generates the chirp
which has only discrete values. The discrete values of n and m are determined as
the continuous variables that satisf’y the conditions:

6
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n for n T < t < ( n + l ) T  (19)

m for4<x< (m+1)~~~ (20)

In order to determine what factors effect the character of the frequency
synthesized signals, we will continue a general analysis with continuous chirps In
thi s section . For the continuous chirp, the Instantaneous frequency from the travel-
ing wave formulation is:

= w
1
[1+2a.(w1

t - 2u x/,~.) ]  (2 1)

From Eq. (21) ,we note  that the function describing the instantaneous angular
frequency is also a traveling wave . This expression does not apply directly to the
discrete chirp. For counter flowing chirped SAW signals, having frequencies f1
and f0. tha t would be used to generate the programmable output signals, we can write

F1 
= A .Expj [81+ a1 

8
i 

+ (22 )

F
2 

= A
2
Expj{82+ a2 

+ 021 (23)

where
81 = w

1
t - 21rx/),

1 (214)

and

0
2 = w

2
t - 2Ttx/,~2 (25 )

The slope constants are allowed to be arbitrary at this point. The nonlinear
signal output corresponding to the product of the signals F1 and F,~ at some fixed
position X where the two waves are sampled , is

S = ~~, A1
A
2 
Expj~e1 

+ 02 + a1 0~ ± a2 + + (2 b)

Then substituting Eqs . (214) and (25) Into Eq. (26) and taking the time derivative
an expression is obtained for the programmable frequency

d Arg(S) 
= Wl ± U)2 

- ~ (
~~~ i 

± 
~2 )  

x + 2(a
1

w~~ ± a2w )  t (27)

7
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0

The upper signs corresponds to the sum frequency and the lower signs to the
di fference frequency. The second term in Eq. (27) represents a programmable shift
In frequency proportional to x while the third term represents an undesirable chirp
contribution independent of x .

The programmable frequency shift with x is made maximum when ~~ > 0, if for
he sum frequency, a2 > 0, and if for the difference frequency a2 < 0. Fortunately,
the undesirable chirp terms, for the above conditions, can be made to vanish if

2 2
I a .l Iw.l (28)

for all values of w.~ and w~ (as is the case for the CZT) or if

2 2
a I w  = a (°9)1 01 2 02

In Eq. (29) w and w are the specific reference angular frequencies that are used
to define the relationship between Ja1J and Ia0!. The desired expressions for the
programmable frequencies can be obtained by substituting Eq. (28) or (29 ) into Eq.
(27,) and by using the other conditions given in this paragraph. The desired expres-
sions are:

2 x
w = w  + w -14a w —

p 1—  2 l iv

for the condition expressed by Eq. (28) and

, 2 2~~
2 1 W

i ~2
w
p 

= w
1 ± w2 - 2aw — —

~~

- j — (31)
\W 01 W

02/

for the conditions expressed by Eq. (29),where v is the phase velocity. The x
frequency relationships expressed by Eqs. (30) and (31), while depending upon x,
are independent of whether the sum or difference term is used. The undesired chirp
term becomes either zero , for Eq. (28 ) or

/ 2  2
2 I~ l ~2

wt 
= 

~~~~~~~~~ I —

~~

- - —
~~
- 

~~ (32)
\w01 W02

8
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for Eq. (29). Equation (32 ) is seen to vanish at the reference frequencies , i .e. ,
when u~ w01 and ~2 = w00 simultaneously. it is evident that Eqs . (30), (3 1),
and (37 ) also apply if a1 ~~0. The conditions on the signs of a1 and a9 given
earlier in this paragraph also define the relative directions of the chirps. For
the sum frequency, the spatial variation of the chirps are in the same direction,
while for the difference frequency the chirps are in opposite directions . This can
be de termined by reference to Eq. (6).

The CZT transducer generates a discrete chirp signal by providing a sequence
of rf chips with abrupt changes in phase such that the accumulated variation in
phase equals that of the quadric component in the equivalent continuous linear
chirp, Eq. (2) and Fig . lb. Since the changes in phase are only determined by the
physical design of elements in the Chirp Z Tran sform SAW transducer, these discrete
chirps a’~ f~ and f., can be madc to have the same accumulated phase variation by
using identical transducer lengths, tap numbers, tap spacing and tap weighting.
The consequence of this choice in design is that the con(lition given in Eq. (28) is
satisfied automatically.

Additional insight and design information can be obtained by using Eq. (30) to
rederive an expression for a1. Let AWpmax be the maximum programmable frequency
ran~ when x L/2. i’h~n

2
A w  =2a w T ( .

~pmax 1 1

where i is the time duration of the chirped pulse. The value L/2 is substituted
into ~q. (30) because the counter flowing CZT SAW waveforms will overlap identically
wi thin a spatial pr r i o iJ ~~ii- T of L/2. Thus, the chin , coefficients introduced in Eq.
(6) .i comes

11(Af )Tpmax
a~ = 2 , 2 (314)

w.
1

this result confirms the s4a 4 mcn~ made in Eq. (8). ‘he programmable equivalent
frequencies from the iscrete chirps can be written from J:q . (30) as

f1 ± f
2 

- (o ~~~ )~ (~~)

by using the definitions of Eqs . (13) through (16), where m goes from 0 to N to
cover all of the tap positions .

- Is
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2.3 Analysis of the Effect of Carrier Frequencies

Other input frequency dependent terms must be considered with respect to the
waveform generated by the CZT transducer when the frequencies are to be varied. The
important terms for frequency synthesis are those for the discrete chirps that give
rise to the sequence of short rf “chips”. There are abrupt phase changes from chip
to chip such that the accumulated phase at the nth chip is proport ional to n2.
fhesc phase changes are provided for by the weighting of the quadrature finger sets
in the CZT transducer where each finger set generates one chip of the sequence. The
other term which must be considered also produce abrupt phase changes from chip to
chip. The source of these additional phase changes can be understood by observing
‘hat the weighted finger sets in an ideal CZT transducer are spaced by an integer
number of wavelengths. Furthermore, the CZT transducer is pulsed with an rf pulse
that is essentially equal in length to the spacing between the finger sets under
ideal con iiticn:. ‘

~‘herefore , at the center frequency of the CZT transducer, if the

~
.
~eighting of the finger sets are constant, a continuous and smooth sinusoidal rf
waveform would be generated. However, if the rf frequency of the applied pulses is
iifferent than the center frequency, the resultant rf waveform is no longer contin-
uous. This occurs because a finger set of the CZT will generate an rf waveform
or a single chip, whose length is no longer a multiple of a wavelength. In fact,
the deviation from a multiple of a wavelength can be expressed as an angle

A8~ 
— (36)

where eCT is a multiple of 2n at the center frequency (i.e., 801 = w
0
T).

The contribution to the total argument used to define the traveling wave
generated by a CZI transducer (see Eqs. (12) and (18)) becomes :

where 0 = wt - 2TT~~ and where 8 is the spacing between the finger sets in radians at
the particular input frequency of the pulsed rf, denoted as 1. The second term
occur s because the spacing between finger sets, in general , is not an exact multiple
rf’ 7ii radians and the third term is the discrete chirp term. Only at the center
frequency, f0, 

does this term not make any contribution . The subscript n is used
In the second and third terms, as was clone before, to denote that 0

~
/8
~ 

takes on only
integer values n as the continuous variable 8 passes through the corresponding inter-
vals flO T < 0 .~ (n + 1) e~.

he significance of the second term can be seen by considering next the
equivalent expression for the argument in continuous form , since this form allows

10
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the use of explicit expressions for equivalent signal frequencies. Thus , the time
derivative of the argument of the equivalent continuous signal of Eq.. (37) gives
for the instantaneous chirp frequency

d(Arg) /f1
_f
01\w1 

w
= 

dt 
= ~l 

- 

~0i~I~ 
+ 

~ k~e ) (38)
01 T T

In the frequency synthesis process, either sum or difference frequency terms of the
two counterflowing chirped SAW’s are utilized. The second term in Eq. (38), when
applied in the derivation of the programmable frequencies from the counter flowing
chirped SAW ’s , would given an additional frequency offset term , when reduced to
simplest form, as given below :

6f -(r
1 

- f ’
01

) ~ 
~~~ ~02~ 

(39)

:hes~ terms aci d linoaxl:i n thi. other term generated U:, the chirp components. The
upper sign correspond ~~~ usi~~ ‘he sum frequency and the lower term to the difference
frequency. The full expression for the equi valent proe ’Ta.znmable fr equencies from
}.q. (~5) becomes:

= 
~l 

± ~2 - (f
1 

- ‘0l~ ± ~
‘
2 

- ~‘O2 ~ ~~
‘
ma) ~ ( 140)

or

= .± f02 (Aç~~~ ) ~~ (141)

Lhe resul’ expressed by Eq. (14i) is unexpected. as it indicates that the output
signal carr ier Is independent of the input carrier frequencies f1 and f 2. Thus , if
the output is converted to base band using f1 ± 

f2 as a local oscillator signal,
there would be an off-set in frequency given by the terms in parentheses in Eq. (140).
This last observation is important for aiding in interpreting the experimental
results , because in our experiments , a synchronous local oscillator signal was used
that corresponds to mixing 

~l 
and f2, the two carrier frequencies.

This analysis , since it is based upon an assumed equivalence between the
continuous and discrete chirp , does not give a completely accurate result. The
chirped pulse waveform from the CZT has even symmetry about the mid-point. There-
fore, the resultant output waveform should also have even symmetry with respect to
the tap region. rff ~~~ implies that only one half of the programmable frequency range,

~~
‘max in Eq. (14 1), can be obtained or that the useful range for m is only 0 to N/2.

The experimental results show this behavior.

11
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~ 1

2.14 Frequency Synthesis Circuit

The block diagram for the frequency synthesis technique is shown in Fig. 2-2 .
The detailed discussion in Section 2.2 above, explained how the chirp section, the
tap region and the nonlinear mixing generate the desired programmable frequency
signals. I~ecause the length of the steps in the argument (Fig. 2-1) are large com-
pared to an rf cycle, the output signals are not readily recognized as having pro-
grammable frequencies. However, if the output signals are down-converted to base
band where the length of the step are now small compared to the sinusoidal period ,
the pro~

-
~ranmable frequencies do become evident. In Fig. 2-2 each of the discrete

:~h irp  ROM ’s performin~ the CZ’I launch the pair of counterflowing chirped signals.
The nonlinear operation providing the s’im or difference frequency from the desired
tap i~ accomplished by causing the diode in series with that tap and the output bus
to hr i ased t o  an optimum curren t bias value . The frequency select function con-
5i5~ 0 ’ COflflCC ~n . ‘he 1e~~ i re i diode to the “on” bias bus. Each of the chirp
sec ’ ions Is driven ~:i a mode locked SAW oscillator (discussed in detail in Section 3)
which provides a s:tor~ coherent ri’ pulse. The two mode locked oscillators are
s.11chroni~ed .o a common ‘ri~~~r source. In order to contain the diodes in a closely
.pacei array tha ’, weul. na’.ch ‘he t ap spacing, as would be required in a practical
applicat ion, ~he lie Ic :lr ~k in FLy . 2-2 represents an array of diodes that we
fabricatel using ix~tegra’e1 ~ircui t techniques on an ~i0C (silicon on sapphire)
subs~ rate.

12
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3.0 THE MOPE LOCKED ~AW OSCILLATOP (M i.t o )

3.1 D e s c r i p t i on  of the MLi’~’

he M d c  Locked SAW Oscillator (MLS0) is a new type f puL~eI  radio frequency
osc ilia ’or in v e nt  ed by U’!hC prior to the initiation of tb is pr gras . 9 h r  N~LSO
inhe t rOt  ly has a hi gh degree V col ieren c arid stab ii it~ . I t  is ana l g ,os  to the
m i c r .  wave f r e qu c . - y re~ enerat  ly e  pu lsed  osci lla .t r of t ie r - (~~ 

:1’. i t )  and to the
m L d  loCK ed laser’s V Hargr ove (Ed . 6) and eSaria (~~ t’. ( ) . TLe ‘~ St is made pes—
sil le L ecause  cf the bas ic  charac t ,e r i st  i rs  f m d  in ‘he  d’ iay l i ne  c’ i r.  lied . CW .
SAW uscillat r ( b . c .  8).

The CW s ing le - f requency  ~f~W osc i i lat , r is a c lassica l  exampLe 1’ a feedback
amplifier that uses a : ‘A~ delay line to pr vide ‘h e  p : ; i t i v e  feedback si gnal. The
ccc iil a tor  is illust rated by the circuit shown in Fig. 3.1 wi t h th e expander compo-
nent  bypassed. Since t h e  ir i s e r t , i .  n loss at ’ t y p i c a l  t ’ l ~t l ines  is of the ‘rder of
20 c 30 d13, a iar ’c ~~~~~ ack ratio is riot available . ~~~ significant rharacter_
1st ic f this Ak use illater , rc. u lt i ng fr rn the relat ively l u g  time delays avail—
at: 1 with the SAk delay lines , is that many Vrc q~eric ies can sat isfy 1 h’ c nditi~~ns
f~ r ‘ ,~ oscjllat ico.  he rezcuarit c ndition f:.r oscillation occurs for thn~ e fre—
quenc il:: ~hose perioc: of scillation are an exact sub-mJtiple V ‘h: t otal delay
t ime around the feedback ioop. As a result , the p~ scibie f requenc ies of oscil lat ion
t’erm a ccnTh spectrum with a frequency spacing between he adjacent Vreq~ enc ies given
L y  

~a i/Ta, where T a is ‘he  tutal delay time. 1 n fact,, all the frequenc ‘les are
harm.nics of Since the SAW t ransducers of the delay line have a specific fr:-
quency response , osc illat, i us can only oc cur at those frequenc Les which fall wit hin
the passbarid of the e cmtitied ‘ ratiducer response. In general , only that Vi-eq iency
f , r which the initial loop gain is maximum will he excited; however , under certain
r n u i t , ions mode ~ump it ig  ¶ neari y f requenc ies  can occur which results iii unstat le
mo lt  i f requency  operation .

t o  yode I~, ckcd SAW Osci  i l t i t sr  u t i l i : ’.es the mult i ple f re q u e n cy  ope ra t t :r .  capa—
bility of such oscillators to its advantage. in t h e  I.~I~St oscilla’.or a set of
sigu als is exc i ted  In t h e  coml spectrum of p~ ssible CW signals as limited b y ‘h e
circ .iit bandwidth . I t ’ specil’ic ampli tude and phase relat icr i sh ip s  are maintained
between the harmonically rela’ ed components of the o u t p u t  spectrum , the SAW oscil-
lat r can operate as a r’ : ’enera’.ive pulse oscillat r- because c f t .}ie ‘ u s tr u c tiv e  arid
des t r u r t i v e  in te r fe r -c ric e of t ire integrally s lat ed frequencies . Since ‘he  ‘Ak
delay t ime determines the pulse r epet i t i on  rat e as well as ‘he  e x i s t i n g  rf frequency
components , the rf c ,mp t i nts iii s h e  ut .p it . spectrum are all har o t i l : :  of the p u s e
repetition frequency. Ihe operation of a SAW oscillator as a pulsed seilia’ . r can
t e understood by considering t h e  start—up of arm ccc illat sr using a SAW delay line.
If a sh o rt . h ur s ’ of energy w i t h i n  t i m e  passband o~ the transducers is in’ s ‘duced m t .
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i
the loop, it will be amplified and it will continue to circulate if the ioop gain
init ially “xct’eds the circuit losses. However , because of the frequency selective
nature t’ the circuit , there will be a tendency for this pulse t , become less and
less well defined as it circu lat es aroun d the ioop. Finally, a state of stable,
single frequency, UW operation will be reached with the amplifier approaching a
state t ’ saturation such that the net loop gain is unity. On the other hand, if an
element could Lu int roduced which continues to sharpen the pulse as it circulates
around the closed loop, therm the pulse mode of operation could be made to persist..

The pulsed mode of operati c ni can be accomplished by us ing an amplitude expander
ci r c u i t , as was done by Cutler (Ref. 5), toget her with t.he convent ional SAW delay
line oscillator as is indicated in Fig. 3.1. The signal expander action in the
circuits invest igat,ed under this  program was provided by the nonlinear character-
i st i ’: ot a sernic nduct r diode , t h e  expander is shown in general form in Fig . 3.1.
At . small signal levels the diode provides linear operation , but with high insertion
lo~~ for the expander. However; above a c e r t a i n  input I h r hold level where the
diode impedance (‘hang s , the expander i n s e r t i o n  loss decreases rapidly. By t h i s
tendency of the diode , the expander attenuates the lower arnpli’ udL; portion of the
pu lse more than the higher amplitudes; thus the expander sharpens the pulse. The
correct phase and amplitude conditions for the harmonically related components are
es tablished by t h e  s t ab i l i ty  arid coherence of the c i rcula t ing  pulse. ‘the numbe r of
harmonically related components will be restricted to those w i th in  th e  passband of
t h e  c i rcui t .  the  passband of the ioop provides a limit. n the minimum pulse width
the .iIs ’O can generate. I t  is desirable to have the  lew level insert ion loss of he
expander such that the . scillat ions can irui~ ia1ly star

t,. Lacking this , a synchroniz-
ing t r i g g er  pulse can h e  used to activate the expander so tha’ a pulsed signal can
5C~~jtc circulat lug around the loop at a level high e r i : g h i  to remain s e l f— s u s t a i n i n g .

3.2 Expanders

Se veral expander c i r cu i t s  using semiconductor diode~ were evaluated hi ri n g ‘he
course f t h i s  program fur  optimum performance and for t h i ~ p ssil ilit :r of self
starting in he .fl~iO mode f’ . p i ration. ~he most satisfact ory operat ion and the
m u ’ t  rapid change in output w i h  input signal level (i.e.. good signal level expani-
Zion. ), was obt.ained w i t h  the circul ’. u t i l iz i ng  a t ransformer  shown in Fig.  3, 2. i n
‘h i:  circui t , the volt age between th e cen ’ er I ap of ‘he transformer and. the diode-
capacitor arms funct ion  cart be made very small at small s ignal levels corresponding
‘o a h i gh insertion loss. The c i rcui t  ba lan c i tut  is done with capacitors C1 and C2.
he cir’cuit functions essentially as a bridge . For large signals the diode impedance

change: great,ly with he result that, a relatively low insertion loss is obtained.
he circuit in Fig. 3.2 also includes provisions for applying a dc b ias and a trig-
ger signal. The expander c i r cu i t  shown In Fig . 3.3 is a simpler circuit using only
‘he v )i ’age-diviuer act iut between the amplitude dependent diode impedance and the
combined impedance of the SAW ‘ransducer and t h e  bias arid trigger line impedances.

1J4
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the expander act ion (‘ç~~
• this circuit was not, quit e as good as that , using the

t ransforme r , both in ‘ e m s  of amplitude respon se and its ability to sustain mode
locked oscillation in the absence of a trigger signal.

he ampli ~t ic i e  resp ses u t  the trans t’ rme r I .ype expanders used in the fina l
apparat us art given in Fig .  3. l~. N ominall ,’ a 5 dB in put , change frc m t h e  threshold
p w sr levels givs s appr .ximat ely a 15 dit output . change . S r compari:°n . I’ 1g. 3.5
she ’s measurement: n the v 1 1  age divider  t ype of expander . The resu l ts  in Eigs .

ate 3.5 are similar. ‘he diodes used in these expanders were he ftP 2~ ll. The
est opera’ ing results [‘or the expanders incorporated into the MLSO were obtained

with ;:sentiall~’ zero bias on tine diodes ; although , both the threshold level for
expan sion and small signal attenuation could be varied with the bias level. Figure
3 .u show: an ext remely goid response with an lIP 3039 diode ; however , the t breshold
power fo r expande r ac t ion was t O  large for the amplifiers used in ‘.h’: mode locked
loop . Pr per’ act ion of the expander and oscillator requires that th e amplifier:; in
the t o p  I eg in  1 e :;a~ ura ’ e as hi ~ expander eg iuis to narrow the pulse wid th .

he crit c vion V t ’  catisfactory operati n of the expander was ‘hat . :~ lf mode
locki;,’ pei’at ion could o initiated and ha t the pulsed operation would continu e
u . . t }i  w i t  hi and w i~ t l i t the ¶ rigger’ si gnal present . I nde r these  c o t i d i ’  lo tus  , a riarr w
pulse width consisr en with the circul’ andwidth was ou tained. An excessive ampli—
t,ud jut the  ‘. . r i g~~er ~ i u ~~1s ;:onid tend to hold the expander in the low loss s’at e and
result. in widening the ‘ rculat mu g pulse.

A simple direc t 4- ochni hue for reliable self star’ ing was not devised. Instead ,
for  ‘he purpose. ’ of d uozi st r ’a t ing ‘h e  frequency synthiu sis technique , trigger pulses
I re:. a videc pulser were used ¶ 5 :ynchr nize l ot .h ‘

~1~’O and also to ensure self start—
l ug .

h e  expander ct: ;i~ with the diodes men t ioned above essentially f ilowed the
in: ’  an ’ a:ieo s i t  ‘ePa “s as illus ’ rated 1~ ,’ t h e  pho t ograp h :  of t h e  0 c t  pu ’ waveforms

15. 3.7. . ho waveS rn: show a hal f -wave  r ec t i f i e r  charac t en s’ ic under large
signa l  operat ~io’i a’ V1 ‘ 0 ‘~ h: an d  f2 55 I1iJs. . the  expander a l  ion can e recoIl-
nized ty comparing to rt la’ lye peak to peak arnplit.udes under lan ge s igrial ( ‘u l d i t  lori s
to ‘s ose a’ small s ign a l  conch i ’ ion s. The large i grcal expander loss , because of ‘Ice
h all’ wave rect i f i c .’a’ lot , include: 6 dJ~ of i n i r i n s i . c loss .  The f a st , response of ‘he
expanu ’: r is rea o ired it order ‘o maintain ‘he narr. w pulsed widths desired V r’ dri~ -
iuig I i ’ ’  ‘tz :’ ~~~~~ loris

The expander bias levels p rov ided  v a r i a r  Ic a ~e; ua ion in the feedback loop
f t r i o  SAW oscillator as well as expander t hreshold voltage control. h owever, t h e
zero bias co:cdi’ ionc generally ro: died in ‘ b i ~ l e s t . waveforms and So most of the
resul t s were obtained w 1’ h zero do v ltage applied to t he b ias terminals.

Is - ~~~~~~~~~~~~~~~~~~~~~~~~~ 
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The characteristics of  t h e  expander were also influenced by the input impedance
of the SAW transducer: of the delay line and by those of the b ias and t r igger  cir-
cuits. However , the transformer t ype of expander tended t.o be less dependent upon
load conditions . For r eference purposes , the frequency response arid inpu t impedance
of the ‘ We MI,~’. ’i delay lit ie: arc shown in Fig . 3.8 and 3~ ’ . t h e  h igh  level of t ran:—
ducer input impedance ccrta inul ,c, require: t hat . t h u  expanden ’ c i rcu it . ~~t ’ F i g .  3.3 must
us ”  additional shunt impedance: of’ the order of 50 ohm: ‘o achieve sa 4, i s t ’ act . i’ ,

opera ’. ion. ‘line curves in ‘1g. 3.5 show ‘ fiat , t ine n n L o:t 4 sat isfactory resul’ 5 were
fctajned with 33 ohms .

3.3 1! tl ()  Expertm ntal h e t t , u l n .. ;

~4ocj, ’ oc ’ k ’ t  t ’AW Ose illat  rut  were fabricated for the (T1 ¶ fr  ‘ l ( f ,Oio:’ s~n’ h i ’ ’~
Si : ’ ’ ‘1’ u’ thee t v ‘ cc u n it er—V io l n u t  chirped : ignu a ls  were r e q u i r e d  at d i  t’ t ’ ;n ’ent .. f r  .r !u c i r c i e s
he rt’ p u lses ft ’ nrc t h e  t w o  b~1~ t’i ’s however , m u s t , i.e ; ‘ ,— n i ’ h c r n c i z e d  arid s’,ab le. Icc ’

~‘‘re l’an r’ i ‘at ed a~’e ri] I n c t ~ o fh °  c ircul : of 1”ig . 3— 1 and I ” iw .  3.2 thu  ore
121 ’ ~~:. .i ear lier inu 5 ’c~. ion ~.l and 3.2.

c .  se l f ’  mo d . ’ lock t r i g  Sor~ 1’ operat ~~t u  was o f t  ained hg , i ’ ‘ ‘ r  ‘ r’ig ’er ’ing ‘ lie
1 o start .he ci r etila ’ ing rf p ci lses , or :i m i ’ . ially Increa: ir o t  ‘ l i e  ioop

‘al: r y mean: i t t ’ ~ t i t ’  at’.pli.fier b ias t o start CW operat. i .n. Front ‘~~~~~ ‘ ‘
~~ operat i t i ,

h chtt i E’ t o  p cl: ’ ecl ‘ p i ta ’ ion was oh . ta i tied t .y  carefu l ly  r e d u c i n g  lie I: ’ p ga in
(‘ t o ’  pulsed op. rat j en i  was in i t ia ted by ci. ’ he r  I e c h u n u i que . li e loop gain c o u l d  h e
var I . d w i t h i n  l i rn  I t o i st e t  ‘a’ ~ t he pu lse  amplitude . i t h i  t h e  ‘ ‘r ru ct , choice 1’
ad,~ c , t sce nt s a ; , h  compet es • i c e  c ircula’ I t ig  pulse is ab le  arid w i l l  nave  a nar u ’ ‘W

pu1st ~ w i d ’  I’ : d i c t a ’  e l  u . y  ‘ no t asdtc idt.h 01’ the comb i n i e d  ‘Ai’ + rar sduc er  resp ‘55’: .
lenierall:, ’ . exce ;;sive tn’  I or  it i g t i a l  level or e x c e s s i v e  loop u ’a inu  ea lse: t h e  p i:o

v i i ’  S ,s irc:’rease h e  or;d he mi c iml int value.  In the  f i rs ’ case , ‘ I c  expander dot’~ so ’
. r t .  off ’  :oo’ . e ;i ’~’ . ’ u  and in .1 :ecorsi case, t h e  ampl i fier  satura ’. lc~’ . c eu ’ era : ’ s ‘ lie

ez u a t  ler.

h e  t r’i , - gex’ed m o b ’  i f ’  open ’a ’ ioni was se], ec t ed a: t h e  most  p rac ’ ical ce I ’ 1’ t his
pu ’ ‘rat ’ . T h e  same tn gor s i .gr al applied t o  the I w o  ttL.~O ’ u ; fi r hu g s  a h 0 ~g i c e  d s i re ]

s -r io t : ni ‘a’ ion of the ‘we ptul ;c: . A more complex arran c ter c ent  • wh i c h w ocl ’u I cvc c l
‘ u ,  .:‘.; lf mode Luc ked oscil la ’  ct pt ’v v c d i r c g  a t .rig 1” cr ’  Von ’ I c e  see n i ]  , was :et a,.’ i I

I t  t n ’ .  ‘ r ’i~ 1’ , -n ’eui  node i t  was p . t ’ i . b lo  t o  ~~~t atlish a I rigger level and loop gain .1ev, 1
1,’h Ichu  p ’ ’r n i ’. ’ c’d h i .  t v  ‘T.S ’ ’ . ’ to s at.’ u n i ~~t a n . ’  i; with I ! ’  desired pulse shape . n ow—

‘Rn’ , excess ive riuy~e” I ’ve P w o u l d  cause t 114 ’ pulses ‘ o wide n .

hue quali t’..’z of t hu , two output signals after the circuits were adj usted is sho’~m
In Fig . 3.10. The pulse-t;o-pulse coherence is demonstrated by the stable rf wave-
forms o f t ,aj np ,J on an cx ‘m all:, t,riggere l oscilloscope (see Fig. 3.10). In taking
these oscilloscope r , cor ls of the signals waveforms, the sweep was initiated by
‘ lie ‘ rigger si~~’ia1s to the expander, thus also indicating that the pulse repetition

lo
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frequency and the rf frequencies were harmonically related . The frequencies
indicated in Fig. 3.10 are only approximat e since they were determined from the
time calibration of oscilloscope sweep. ‘t he signal frequency f

1 
is the 71~.5 har-

monic and f2 is the 101.5 harmonic of the pulse repetition frequency of the h~ GO ’s.
lie half ha rmonic values correspond t o  the amplifier chains being invert i ng . The

synchronized waveforms of Fig . 3.10 were ( ni:, obtained after it was recognized tha 1~
there were u nequal delay t imes in the two oscillator loops and a cnrmect.ion was made.
A slier ’ sec t ion of :‘oax ial l ine (delay t ime of 20 n s)  was added t ,~ t ine loop at f2 to
i~’onu p c rc s a t e  t’ ’r h’ fact ‘h at the loop for f1 had an addit iorual t uning inductor.
Wi4 Ii the delay t, ime: matched , l o t h  N~ S0’s could be simul taneously  locked to a conmnon
.;ynchronizinig signal. An example where the delay times were not perfect ly matched
is indicated ‘ny Fig. 3.lla where the trigger repetition frequency was such that only

remains locked to the trigger. In Fig. 3.lllt are seen waveforms where both sig-
aLt an ”  unlocked . Unlocked mean: that L ine rf ’ frequenic:,’ was not, harmonically

r’ela ’ ed ‘o t h e  s:,~ irh r  r c i u inig f requency arid t herefore  the individual  rf cycles are
nio~ fixed within the p u l s e  enve l pe. A t ie ’ of osc illoscope reco rd: f a synchro nized
‘.~1~.t (’ isuc lud inu’ the outpt c ’ power spectrum is. :t ’c OWn itu  F i g .  3.12 . t h e  level of
spurLout’ sign al: t etween comb lines is well b elow Co dit arid ‘he fu l l  spectrum repli-
cat i t ’ ‘ ho  rati:d.ccct ’ re.;ponuse’. he rettult ,s It Fig. 3.12 are not, t f io ,v :  for the final
uela , line h u t . are ‘grp i . eal L I  what can be obtained.

17
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hi .O EXPERIMENTAL RESUL’fl3 WITh THE CZT
FRE QUENCY SYNTHESIZER

1~.i Description of the Apparatus

The apparatus for studying a frequency synthesizer using CZT transducers and
programmable nonlinear taps was used in several different type experiments in
order to get. an understanding of how various parameters effect the operation.
This secti on Includes the results of three different experiments ; they are: 1)
t’requorncy synthesis w i t h  pulsed variable frequency carriers and CZT waveforms,
2 ) frequency synthesis with TvU~~0 pulses and CZT waveform and , 3) frequency synthe-
sis ‘~ i t ln short continuously chirped pulses.

The full  apparatus for using the two MLSO ’s and CZT SAW devices is shown by
the L 1,ock diagram of Fig. ~4-l. Originally, it was planned to fabricate all of the
SAW components , the two ~a.so delay line:, the two set,: of CZT transducers, the
tap array and t i i n ~0S diode array on one piece of LirtIbO3. However, subsequent
experiments indicated that the stray radiation from the strongly amplified signals
applied to the CZT, interferreci with the MLSO oscillator:. As a result, the final
assembled apparatus contained two complete sets of SAW components , one containing
only the two MLSO s and the other the two CZT ’:, the taps and the diode array.
In the i lock diagram these SAW devices are denoted as M?3 and M238, respectively.
All ‘1S~ loops contain a SAW delay line , an expander, a resistive signal coupler,
and two broadband amplil.’iers . Amplif ier  A1 is an Avantek VTO51 and VTO511 and
Amplifier A2 is an Avantek VTO513. Amplifier A 1 is provided with variable voltage
t ’or controlling i ts  gain. Amplifier A2 is capable of delivering approximately 30
milliwatts . The amplil’iers designated as A~ are separate external amplifiers that
were added because it was found necessary to increase the pulse amplitude delivered
to the CZT’s in order to increase the signal to noise ratio at the output of the
synthesizer. The seventeen control switches are manual SPST switches that can
connect the “flit” bias supply to any of the diode: as desired . The Sync generator
provides a common trigger signal to the two expanders. An external high pass
l’iltor allows ju st~ the programmable sum frequency signal  to be extracted. Not
shown in the block diagram is a mixer and local oscillator (at nominiallyl14O t~~z)
that generates a base band signal. Easily recognizable programmable sinusoidal
s ig nal: are seen only at base band with t ,b115 frequency synthesis technique.

A photograph of the assembled apparatus is shown in Fi g. l~_ 2.  The photograph
has additional detail: not given in the block diagram of Fig. 1~_l. These additional
details include the controls for the bias for each of the amplifiers designated as
A 1, t h e  “ ON ” bus and controls for i ts  bias , and the separate terminals or ports
f or the .‘ZT ’s and ~vff~~Q outputs.

18
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The various bias levels are : amplifiers type Aj,require +15 volts,
amplifiers type A2 require f2 1 volts , the “ ON ” bus requires a variable supply up
to anout 3 volt (one diode draw: about 0.05 ma for maximum nonlinear output.)

The SAW component: of the CZT frequency synthesizer are shown in the photograph
of F i ’~. i4_ 3~ ‘fl~c delay lines at f 1 and f 2 for the MLSO ’s arc seen as two parallel
path:. Thu’ ion ’ ~~ transducers arc each a pair of parallel transducers with
s i n  x~ arid cc: x~ wei . ’h i t i t ’ ug and with a ~1,/ ’  radian off-set. The o ztput sine and
cosine signal : fro st the two parallel transducers are actually added at the taps
whi ch arc long enough to intercept both signals . Wi re bond: are used for connec—
tb :: to various bonding pads on the LINb O3 and for connections to the diode array.
‘rhe in’tn~ rtant, time dimension: for the CZT transducers and the tap region are given
in I i ’ . ~~~~ I’i~e 16 l i ng er  ct: in the CZT transducers are spaced 76.5 ns apart
and t ine  17 fin~ ’. ’r sets i n  the tap re-ion are 38.1 ns apart. The dimensions will
l o  ;sefu l sin n u t . o r t r e t i n n ~ the ~‘xrer imental waveforms . The fin er pair: i n  the
°ZT are l’i u r t , i u ’ r ’ sp l i t  in to  1/8 wavelength: wid ths to reduce finger reflection:.

Tine diode array .n : i n u . ’ Silicon on Sapphire ‘airication is shown magni fied in
F l ’ . ~-t — 5 . The node array va: fabricated in our own facili t ies. The diode: are
spaced by 5 nil: and are connected to a common output bus. The diode array was
bonded to the b ase nlate along side the SAW components . The “ON” state consist:
of biasing a diod ‘or opti mum effi ciency in mixing. This correspond: to a diode
current less than ~‘.l ma. At sero bias current, the diodes are left floating. The
signal level: on the out put  bus were 15 to 20 dB less than the desired :i~nal
‘enerated by mixing. A diode could also he switched into a linear mode, at about
0.8 ma, for which no 5.1 ~nificant ns .i xin.- ‘ec u’s; for this condition , the sum of the
two SAW signals is obtained. This mode of operation was useful for signal diagnos-
tics . The element values in the diodes in the array are; bias resistor - 2500 ohms,
diode capacitance a ’, “n’ i a ; - 1 pf, and an equivalent seri es resis tance of
50 ohms.

I~, .2 ( , rt e rvat ion:;  of Wavefo x~~s with Pulsed rf P .i gnals

The CZT section of the frequency synthesizer was evaluated by driving the
transducers with short ri’ pulse: that were generated by applying switching techni-
ques to ow signals. In this way the rf frequencies and pulse repetition frequencies
could he used a: parameters in the experiment. In addition, the ow source: could
also be used to ‘enerate a synchronized L.O. signal that, in turn, could be used
to produec the base band signal from the synthesized signal . The block diagram of
the experimental set-up is shown in Fig. 1~..6. The higher frequency f2 (nominally
85 i€z) and the sum frequency 

~n 
( nominally 1112 ?v~’Is) are generated by tunable

ow oscillator:. The lower frequency f1 is generated from f2 and f~ by mi dng
(i.e., f1 r3 — f’~). Thus the synthesised signal at the sum carr ier frequency
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is always synchronized with the sum frequency L.O. signal. This fixed phas ing
between the two signal,s results in a stabilized output signal at base band. High
pass and low pass filters were used, where requ ired , to remove unwanted si~~’ials
(refer to Fig. I~-6 ) .  Tine experimental parameter: included f2, f3 = f

1 
+ f2,pulse

repetition frequency and tap selection for nonlinear operation or linear operation.
The signal levels of the pulsed rf at the CZT transducer: could be made as large as
‘
~O dan .

Typi cal signal: from the fZT transducers as they appeared at the taps are di:-
played in Fig. ~~~~~ Both si n -i c bursts to show spurious signal levels, and contig-
uous bursts to show the continuous signal are included. The timing between
single chips , the timing between the input pulse and the CZT bursts, and the
pulse lengths are in agreement with the timing diagram in Fig. 1~

_14,~ The accuracy
of’ the relative timing between the two counte r flowing bursts is indicated by the
signals  in  F ig .  ~~~~~ . Here the diode: are set for linear switching so that the
two :i g’nal: simply add or more correctly overlap, since the carrier frequencies are
different .  With a length of approximately 50 ns , the individual chips from the
two :1 ~na1: are seen to overlap very accurately and the beginning of each CZT
burst at a tap is pronounced . The results shown in Fig. 14-8 have raised one
unresolved question , however. According to the physical dimensions of the original
art work, the dimensions of the contact mask and those of the finished SAW device,
the center of the tap array ( tap number 9) should be exactly midway between the
two fyi transducers . We have not been able to explain why the electrical signals
of Fi’. 14_8 indicate that tap number II is at the midpoint. The signals displayed
in Fi g’s. 14_7 and 14~8 show that the amplitudes of the individ ual chips are only
reasonably constant. Ti s is indicative of the uniformity of the array of finger:
and also 01’ the accurac , r of t in ’  amplitud e weighting. The correlation of a discrete
chirr t’ ignal is shc~n in b i n ’. If-) where all of the taps are simultaneously turned on
in the linear switching mode. The correlation peak s appear with a Deriodicity in
carrier frequency of a~ t rox’bnat i .*, 0.8 ~~~ which is tine chip frequency. The fre-
quencies for uhi clu the correlation peak : arc found are accurate’; however, some
personal j ud~~se:t ‘~ia: involved in determininc when the “les t” correlation occurs.
This  acrount: for why the frequency differences are not in more accurate agreement.

The fre quency synthes is  with the pulsed rf signal: driving the CZT transducers
resulted in tb’ i gnal wave forms shown in Figs . 14~lO and 14~li. To obtain these
result:, all the varian le: listed earlier were adjusted for the best base-band
wave forms. The signal: recorded in these figure: include those from all of the
o~ erat i nu ’ taps . After  fina l  assembly of the SAW components , it was found that taps
numbered 1, 2, 8, arid 10 were not operating. The set 01’ frequencies which gave
the result: were: 

~~ 
~I .5~~u I ; ’, ,  

~2 
=85.5~vU1z, and a repetition frequency ofO.83If1vU1z.

The d”n’;i gri ‘e luencic , .~ wen ’c !‘ , 5.72, t~2 85.8, and 0.827 ~~z ( the se values are
basee iporl the physic al length of tine CZT transducers). For the results in Fig. 14-10,
the frequencie s were adj us ted to give zero frequency at tap ~‘1, the physical center

. 0
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of the tap array . For Fig . 14_li , 
~1 was reduced so that t,hc zero frequency signal

appeared at tap 17. lIne general quality of the sinusoidal signal: leaves room
for improvement and , i n  part , i s  due to leakage through the turned-off swi tches ,
electromagneti c couplin. , lack of uni formi ty in the CZT transducers, and inadequate
fi1. ter~ na, .

.‘g unanti ’ 1 na t  1 r suit  was the capability of the base—band zero frequency
~~~i t i o n to oc d i ~‘t .t ’d at will from one end of the tap array to the other by
s h i f t i n g  on” n ’ t ine pul: ’ carrier frequencies. Recall that the base-hand signal
was ‘.,‘it ,’ rat.~~l 7 nr v i d n i  a local oscillator signal at exactly the sum frequency
of t)e ‘wo ~n n i, :, .~nirrier frequencies . The explanation is obtained from the
anai’,’s i :  In ge ’t .i )fl 2.3 which showed that the effective carrier frequency for the
PAW ,‘ ‘nial: ‘ ‘ :~‘n” ~t e i  n y  t In e ‘8T transducer: is independent of the input pulse
carr;  ‘ !‘ r i , t ’ n ~~”,r ;  t. is () n LL y ile ’t , rmined by the spacing between the finger set: of
t}~~ ~~n ” 1 n~t U ; t ”r. i;eref ’ ”e , i s ’ t ine  rf  carrier frequencies  are varied in the experi-
mental ~; n . ~ of ‘. h- , the nd. effect is a: though only the local oscillator
t ’req renncy ‘~‘ ‘r ’ v”.r~ec1 . or tini s reason, the zero frequency base band signal can he
jo : U, rs~~i a t arn :,r one of’ t }ie tans . For a carrier input frequency that places the
‘.ero f’ r ’equencv at an iin t ’.rmediate position between taps no recognizable base band
f requency is obtained . In l ’a ’t , it was found that the input frequencies must be
set within approximately I ~0 hj is ot ’ the correct frequencies in order to obtain
n ’ood n a s ~ -ba nd :i ’na].:. me question raised by these experiments is whether or
not tie :yntiiesised siur; frequency signal may in fact be a good quali ty signal over
a widei’ ran ’~, of ’  carrier frequencies than the experimental technique of Fig. 14-6
indicates .

The p~,ys ical d ,i r .en: ions of the SAW device  give a (~ •5 n: spacing between
fin -er ru’t~ in the .iZT . This  yields a chip frequency or sample frequency of
1 .07 ‘ii:. hased upon th is f’ast~, the operating frequencies should he 65.~~6 and 91.5
yH:. For a chip frequency Oi ’ 12 ITils . the operating frequencies should be “0 and

~ ~~~ g e e  :mallbut nerhap : significant discrepancies may partially explain
;ciny ne t te r  waveform :  and wider ran ’es i n  input signal l’rcquencic were not found.

A: e:t .ina t,e iTO,; made of t i n .’ peri od of’ tine continuous frequencies generated
from t ’ne  osci l loscope ‘~si me c a l i b r a t i o n  of’ Figs . 14-io and ~4-il. The values deter-
mod corsuare ,‘avorand y  “ ri t i  tb ’. table of value: ( Table ~l—l )  based upon harmonics
of the l owest l’requency po:s~ l i c  inamely l/T 0.833 ~~1:; (where T = 1.2 ~J’s, the
chirr .i pulse length was determined from the oscilloscope trace:).
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TABLE 14 ,..l

BASE BAND FREQUEI”ICIES

‘fap F’req. Per iod
No. MHz ~sec

1 6.6614 .1 . 60
2 5. 831 .170
3 14.998 .200
14 14.165 .2~t0
5 3.337 .30
6 2.hy,
7 1. 17 .00
8 ~~~~~ 1.20

9 0 to

10 .g3 3 1 .20
11, 1 .7  .60
12 2 .~V 9  • li~
13 3 .332 .30
114 14 1e5 .21i0
15 )~4 • ) ~ .200
iI 5. ‘YL .170
17 e~~~ l~ .leo

Chirp pulse lenrt . l ;  = 1.2 ~:ec
prf 

~
. 0.~~33 ~~T s

14~~ Observations of Waveforms w i t h  t i e  ~.1Po’:

Tie experiment: described i n  3ection ~-i .2 allowed parameter: such as frequency
and repetition rate to be vari r ri :0 as to obtain the best possible results wi th
the PA W components as they were designed and fabricated. The quality of the
synthesized frequencies as displayed at base band, however, was not as good as
dr :.;ired (see Section 14.2). Similar results were obtained using the mode locked
PAW oscillator to drive the CZT transducer:.

The mode locked SAW oscillator: fabricated in this program were essentially
fix-tuned component:. Provision: were not made for several iterations on SAW
component: fabrication in order to obtain optimum quality in the frequency synthe-
sized signal:. The apparatus used is that given in the block diagram of Fig. 3—I.

22
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The actual operating small signal gain values were generally reduced from the
maximum values possible in order to obtain good pulse waveforms. The addition of
externally supplied ampli fi er: were found necessary in order to increase the ~ff,,sO
vulsed output so that acceptable signal-to—noise ratios would be obtained at the
o u t n i n t ,  t e rminal :  for the pro; ’ramm c’d t’requeincics . The two MLSO’ s operated well
synchronised to . - .’ ther  at 1)2 .5 l I l t ’, and 85.14 i’~Iz , respectively. These frequencies
arc not the ones f’onu’nd optimum for the OPT sections (~ ee Section 14. 7 ) ;  however ,
t h e  ou nsi ut signals did show nartial frequency synthesis in the base band signals ,
see Fl ’. 14-17. Since the rf carrier frequencies of’ the pulsed signal: are determined
1 the SAW delay line:, it was not conven i ent~ to derive a synchronized local oscilla-
tor  ,~i rnai at the sum frequency . Instead , a tunable oscillator was carefully tuned
snn t il  an optimum aPpearin g si jial. was obtai ned. The applied local oscillator
f requ en cy was 11114 ~f l Iz~. The sum frequency, determined I’rom the calibrated oscilloscope
traces of the WL ,W ) ’: was 1147 . MHz . It is interesting to note than an L .O. frequency
of ih ~II: and there ‘ore a 11~ , ~U I z sum frequency was used in Section 14.2 to give a
“ zero heat ” :;si .’mal at the center tap . According to the analysis of Sec t ion 2 , the
physical d imensio ns ;  of t1n ~ PZT component: determine the carrier frequency of the
out ruit :1 ‘nal independently of’ the rf pul:e frequencies . Thus the fact that the
center tap (Tap °) shows a I’r . lliency of rouyl’nly 1.7 P]{z instead of zero frequency
s consi sten t with the i ’act that an L .O . f’rcquiency of 11414 MHz is off—set  by 2 MH:

f rom tine desired value or ’ l~h .  T~UIz . The particular combination of parameters for
the If 0~ where only tb .’ repetition frequency could be varied , probably exu ’lain
why the synthesised ~-rav’ fon’ns were distorted.

The qaa.ity of the signals in Fig. 14-12 is critically determined by the rf
ca r r i e r  f requ en ci es . Thi s was found experimentally in flection 14.2. The analysis
inn fl4 :tionn 2 does not show t h i s aspect of tIne frequency synthesicer characteristic:.
It i s  ev id en t that  in f u’t lner  work it would i c  helpful to redesign the ~•1SO ’: so
that controlLed eharn~’. s.s can. be made .i n tine ri carrier frequencies in order to be
able to uring’ nil of’ the ; aran;seters of the SAW components into proper relationship.

r rquenncg S:pithesis wi th Short—I ~~~:ed Li near
Chirp: and Switching Times

The p:ograim~nat 1e outnut from tine discrete chirps is different than that from
continuous chirp:. 1’or comparison purpose:, a brief experiment on frequency syn-
thesis was carried out with continuous linear chirps within short pulses. The
chirr ed signal was generated from a common chirp signa l through a series of mixing
operations . The pulse l n gth: were 3 microsecond: . The experiment was carried out
uzin ’ a circuit that is equivalent to that in Fig. ~-l” . The circuit was also
instrumernted so that electronic control signals could be applied to the diode array.
In these experiment: i t  was possible to view the output signal , in this case the
difference-frequency , directly. The result: are shown in Fig’. 1-f—l1#a and h. In

23
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Fig. 14-l14a, signals for three different output frequencies are shown. The
frequencies were estimated from the t ime base calibration’i of the oscilloscope. The
quality of the sinusoidal waveforms is good and any distortion due to signa l leakage
f rom the turned—off taps is not evident on the scale of this signal display. In
Pig. 14—TJth swi tching from one frequency to another is shown; the switching is accom-
lisn i by the timing of the diode control pulses as indicated in Fig. 14—13. The
:w i t c l n i u ’ t ime  is seen to be le:: than 100 ns. Although the waveforms generated
by the continuous ch i rps have a high quality, it must be remembered that each
ch i rped pulse must he longer than at least twice the de:i red pulse length of the
output in  order to obtain a constant output fr equency during this desired output
p ulse duration. The requirement for continuous pulse: of different frequencies or
for a cw output wouij d requJ re several parallel channel: and a somewhat complex
:‘wi t ciinn ’ arrangement.

i’iie s irr ose of this section was primarily to show t ine rapid switching capability
of the ~nnte ’ruted circuit diode array that was used in this program.

14 
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5.0 S~JMMARY

A new type of frequency synthesizer utilizing Mode Locked SM Oscillators,
CZT transducers , and rapidly switchable nonlinear diodes was experimentally
d emonstrated to be both feasible and promising . The conclusion s drawn from work with
this first preliminary model are as follows: the Mode Locked SAW Oscillator
(ML S0) is able to provide a set of synchronized and stable short rf pulses with
lengths in the range of 50 to 100 ns. These pulses can efficiently drive a set
of C3T transducers that are used for generating counter flowing SAW discrete
chirp signals. By using the sum frequency, signals are synthesized directly at
rf frequencie s . The result s also confirmed that the carrier frequency of the
outpu t appears to be fixed only by the CZT transducer geometry and is independent
of the input pulse carrier frequencies . The programmable frequency steps are
also iniependent of the input carrier frequencies.

The CZT component s together with the programmable taps do generate programmable
iiscrete rum frequency signals. These signals were viewed at base band in the
present work since the signals at the sum frequency of 1146 MHz are not easily
recognized . The full range of frequencies was obtained . The quality of the base
band signals, however , were found to be strongly dependent upon the relationship
between the pulse carrier frequencies.

From the experimental results and the analysis it appears t hat the fabrication
of the SAW component s and exact design dimensions and other parameters will have
to be more carefully controlled in order to avoid signal distortion . In further
work it would be useful to modify the MLSO’s so that limited tuning adjustments on
the rf carrier and repetition frequencies can be made so that the output of the
synthesizer can be tuned for optimum waveforms. On the practical side it would be
desirable to electrically isolate the key SAW components to reduce stray signal
level: and also to re-examine the way in which the components, the MLSO ’ s th e C T ’s
and the array of diode-tap are interconnected and coupled in order to ascertain if
a stronger signal can be obtained with fewer stages of amplification.

The experiment: nn d analysi s of the results indicates that a number of problem
area s exist with respect to obtaining a useful apparatus. From the promi sing
preliminary result : obtained in thi s program it is clear that more extensive
experimental and analytical work is desired in order to determine what can be
ultimately done with the MLSO-CZ’r frequency synthesizer in terms of signal quality,
stability, range of programmable frequencies and rat e of frequency hopping .
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MODEL FOR COUNTER FLOWING DISCRETE CHIRPS
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EXPANDER AMPLITUDE RESPONSE
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EXPANDER WITH HP 2811 DIODE
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EXPANDER WITH HP 3039 DIODE
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EXPANDER WAVEFORMS
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MLSO SYNCHRONIZED PULSED OUTPUTS
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MLSO PULSED OUTPUT NEAR SYNCHRONIZATION

- 93,75 MHZ

a) SYNC PRF = 0.837 MHz
SWEEP SYNCHRONIZED
TO SYNC SIGNAL

b) SYNC PRF = 0.828
SWEEP SYNCHRONIZED
TO SYNC SIGNAL

76 08 106 9

.4



R76—922 155—3 FIG. 3—12

111

——I -

~~~~~ ~t-~~~~—- 1

— i - .~..k
_

16 02 “ 3 2

.4



R76—922155—3 FIG. 4— 1

‘
1
” — — C ’ ~~~~O-—

r~~~~i 
— - o w 

~~~~~~
o - —

I I 0

~ I a

I I
\~ / L_

~
_J 

_ _ _ _ _U) \ /  I _ _ _ _ _ _ _

0-
N g ~— —  — O r ~~ 0--

_ _  _ _CD
4
0

_ _  
_ _ _ _ _

76-08— 106—3



FIG. 4 — 2I --R76-- 922155--3 . 
~
‘

C) ~~~~~~

~~\ ~~~~~ ~~~~~~~~~ 
.
~~~~~

~~~~~~~~~~~~ 
iF- Ti’ ~~~~~ ~~~~~~~~ I ~~~~~~~Z _••_,4 1 (

— .~~ I N  ~~~

Cl) 

-

- 
-$~~ ‘~~~ f 

-, 
. 

—

4 r—~11._~~I •

4 r- &) . - 
—

1~- ~~~~~~~~~~~~ 

.- 

- 

I I12~
k 

- 

.

- ‘T)~ ~- ~

• . 
- 

, 
C

~~~~~~~ 
~~~~~~~~~~~~~

.4



R76 92215~ 3 F I G. 4 -
S
I

r ~~

___  _ _ _ _ _ _  
~ ;, -I - =

_ _ _ _ _  _ _ _ _ _  ~~~~~~ ~~~~~~~~~~~ ~~~~~~~~______  — ‘-~______ 
~~~~~~~~ 

I
~~~~~~~~~~ ____ 

____ ,:~

I ‘ “s . 

I ____

~ I~ IL~ ~
jj _ _  

. 

-
.

2 . -.0 _______ __________ 
______ -~ :,0. 

_ _ _  

r .~~~~ 

- 
•.~~~~,. ~~~ ~~~~~

U 

-

_  

_

_

~~~ 
#~~ . . II- 

~~~~~~ 
. 

1; .4. ~~~~~,

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~‘I ‘~ 4~~ ~. . .J ~’ . . .,. . -

4, 

.1 
.
~ 

~ 
e . I 

~~~ 

~~~~~ ~

j ,~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• 

~~~~~~~~~~~~

76 08 I • .

.4 .- _ _ _  
____________________________________



R76—922155—3 FIG. 4—4

Ill
a
Ui
(2
z
U.
U.
0
In
I-

____________ Ui— (I)
a z

_ _ _ _ _  ____  

iii
0

__- -__

In~~~ a
I-

76— 08—132— 1

_ _ _ _ _  ——- ----
.4 . . .. ________________________________



R76— 922 155— 3 FIG. 4— 5

i : - T: ~~ 
‘

~~~~~~~~~~~~

Ui

>
-J
-J
a
Ui
>0

.4



R76—922155—3 FIG. 4 6

76—08 -106- 4 

--. - .  .
.4 



R76—922155-- 3 
FIG 4 — 7

SIGNALS FROM CZT TRANSDUCERS
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CZT LINEAR OUTPUT SIGNALS AT VARIOUS TAPS WITH
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BASE BAND SIGNALS USING PULSED RF SIGNALS TO DRIVE CZT’S (REF. TO TAP 17)
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BASE BAND SIGNALS USING MLSO’S TO DRIVE CZT’S
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SYNTHESIZED SIGNALS FROM CONTINUOUS CHIRPS
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