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Abstract:

The general principles of direct and indirect methods of frequency synthesis are described. Signal
operations of frequency translation, multiplication and division are analyzed and degradation of the
input signal stability is discussed.

Synthesis techniques which have application in the VHF and UHF frequency ranges under
investigation are presented as follows: 1. Several broadband frequency multiplication techniques
employing the Hot Carrier and Step Recovery diodes are analyzed. Graphs showing performance
characteristics allow prediction for wide ranges of circuit parameters and input and output operating
frequencies.

2. The analysis of a broadband frequency divider using a Step Recovery diode is presented. The divider
executes subharmonic oscillations of order 1/2 and has an operational bandwidth greater than an octave
in frequency. Graphs showing performance characteristics are presented.

3. A ring modulator is described using broadband transformer coupling and matched Hot Carrier diodes
to perform frequency translation through 1 GHz.

Experimental data presented for the VHF and lower UHF frequency range appears to confirm the
analyses of the various signal operations under investigation.
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ABSTRACT

The general principles of direct and indirect methods of -

frequency synthesis are described. Signal operations of frequency
translation, multiplication and division are analyzed and degradation
of the input signal stability is discussed.

Synthesis techniques which have application in the VHF and UHF

frequency ranges under investigation are presented as follows:

1,

Several broadband frequency multiplication techniques employing -
the Hot Carrier and Step Recovery diodes are analyzed. Graphs
showing performance characteristics allow prediction for wide
ranges of circult parameters and input and output operating
frequencies.

The analysis of a broadband frequency divider using a Step
Recovery diode is presented. The divider executes subharmonic
oscillations of order 1/2 and has an operatiocnal bandwidth
greater than an octave in frequency. Graphs showing performance
characteristics are presented.

A ring modulator is described using broadband transférmer
coupling and matched Hot Carrier diodes to perform frequency
translation through 1 .GHz.

Experihental data presented for the VHF and lower UHF frequency

range appears to confirm the analyses of the various signal opera-
tions under investigation. '




'1.0 STATEMENT OF THE PROBLEM;

Frequency'synthesis is the generation of sinusoidal rf signals
Qf a desired frequency from a frequency standard in such a manner that
the accuracy and stability of the derived frequency is not seriously
degraded from thaf of the standard. Modern communication systems
and precision laboratory measuyement techniques in many different
fields require signal sources which possess this frequency precision
and stability. Electronic qircuits and system techniques fof use in
solving the specific frequency synﬁhesis requirement are fairly well
known'fof the frequéncy range pf a few cycleé per second to severalv
hundred megacycles per second [1-T]. This is not the case for the
lower UHF and microwave frequencies. This study treats several syn-
thesis techniques which have direct aﬁplication in the VHF, UHF,
and microwéve frequency ranges.

This tgesis is‘divided-into six chapters. The statement of the
problem and a discussion of techniques to be investigated for
application in frequency synthesié systems are presented in Chapter 1.

Tﬂe system conceﬁt of a-fredﬁency synthesizer is presénted in
Chaptér 2. The significant differences in-the overgll system opera-
'tioﬁ are discussed with the aid of'éeveral block diagrams of typical.
difect gnd indirect synthesis methods.

In Chapter 3 signa; operatio;s, which -are used in either the
direct or indirect synthesis methods, are anal;gedo Tﬁese operation?

.are frequency translation, multipiiqation and division. The purpose?




2

of this chapter is to investigate the input signal stability degrad-
ation-in the output signals with reference to inpﬁt as the signal
operations are performed.

The basic operating principles and analysis of techniques of
- performing a desired signal opgration are presgnted in Chapter k.
Many authors have described the various performance characteristics
of- several of the techniques under investigation, but no one of these
has treated the data presepfation in a manner with sufficient depth
for the‘general design situation. In these cases theoretical -
computations have been carried out and the results presentéd in &
manner which is felt'preseﬁts'a much broader scope. These presenta-
tions allow performance prediction for wide ?anges for variation of
circuit parameters, of operating characteristics and of input or
outpuf operating frequencies._ The analysis presented formulates
the basic operational limitations regarding the signal operation
being considered, and gives the basis by which experimental results
of implemented operation may be compared.

In Chapter 5 the design, implementation and testing of the
techniques analyzed in Chapter 4 are carried out to determine the
performance capabilities of the practical realization.

In Chapter 6 the summary and conclusions .are presented. Several
specific application of the investigated signal operation techniques

are discussed. Suggestions for further research investigations are




also presented.




2.0 FREQUENCY SYNTHESIS

When crowding of the frequeﬁcy spectrum was not a problem and
frequency inaccuracies could be tolerated, the tunable L-C oscillator
was a practical means of providing the required channel.frequencigs
for various multi~channel equipment. Crowding of the spectrum
?equired closer channel spacing and increased frequency accuracy. The
crystal oscillator was used to satisfy this fequired increased
frequency accuracy. The multiple-crystal synthesizer was developed
.to satisfy the requirements of multi-channel equipment. The single
crystalﬁireéuency synthesizer was‘proposed to fulfill the accuracy
and stability requirement in equipment covering a very large number
of communication channels.

The single crystal frequency synthesizer retains the proferties‘
of the multiple crystal synthesizer énd at the same time eliminates
the problem of maintaining a large number of crystals to the same
accuracy. The accuracy and stability of the 6utput signal are
essentially equal to that of the reference oscillator.

Present day frequency synthesizers, regardless of the synthesis
scheme used, have the common objéctive of referencing all generated
'frequencies to a single standard freguency. This single standard
frequency is generated by an extremely accurate and stable oscillator.
The required output frequencies are obtained in some synthesis

procedure by direct multiplication and division of the standard

frequency, which are combined by the operation.of either addition or
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subtraction to give the derived output frequency. In other ;chemes,
the final output frequency is compared directly or divided down to a
frequency which can be compared wi£h the standard frequency. The
comparator output furnishes the control‘signal for locking the output
signal to the standgrd.

Synthesizers can be divided into two main categories. These
are termed direct and indirect. Mixing of a set of frequencies derived
directly from the standard to obtain the final specific oﬁtput
frequéncj ié defined. as :.direct synthesis., Méthods which ultimately
control the output of a phase-locked osciliator are defined as
indirect synthesis. The common characteristic regardless of the
synthesis method employed is to generate a desired frequency from a
frequency standard in such a manner that the stability and accuracy
of the deri;ed frequency is not seriously degraded from that of the
’ standa;d. The multiplicity of oufput signals available are all
harmonically related to a specific subharmonic of the standard

~oscillator.

2.1 DIRECT FREQUENCY SYNTHESIS.
For frequency generating systems that are classed as direct
synthesis the general principles of operation'can be illustrated as

in Fig. 2-1. From this Dblock diagram it ié clear that the output

frequency is related to a subharmonic of the reférence oscillator.
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The selection of positive integers a and b will determine the sub-

harmonic'spacing between available output frequencies.

' £ (2 0)
xb b/a £ ._ ca
R . NE—— . % mixer I
‘ multiplier !
A
fo/a
cf
o
£ .
s o - Xc
<a Q,__________w .
divider multiplier
Reference
Oscillator

Fig. 2-1. BLOCK DIAGRAM OF DIRECT FREQUENC¥lSYNTHESIS.




In the actual system realization of a synthesizer using this

method to obtain many possible output frequencies, a highly stable

. reference oscillator with multiples and sub-multiples are mixed in

elaborate ways to produce the desired outputs.

A more general block

diagram, which indicates the complexity that may be involved in

' generating a set of output frequencies for a giveﬁ application, is

illustrated in Fig. 2—2.

REF.
0sC.

3>

multipliers

multipliers

IR IR

Fig. 2-2.

dividers

f————~ switching

selectivity
and
mixers
Foe
P

output (s)

AN,

dividers

SOURCE SYNTHESIZERS.

GENERAL BLOCK DIAGRAM FOR DIRECT FREQﬁENCY——SINGLE
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The ‘synthesizer of 1ea§t system complexity would consist of
multipliers and dividers directly connectéd to the reference oscillé—
tor and their outputs used to generéte the désired output frequencies.
The next level of system complexity would be several parallel
multiplier~divider ;ombinations to generate the desired outputs. The
complexity ‘can be continued on to the multipliers and dividers that
are not directly connected to the reference oscillator. |

The majority of synthesizer equipments that have been built
Tall ﬁndef tﬁis category. These systems typically provide 1 to 50

million frequencies that are manually selectable.

2.2 INDIRECT FREQUENCY SYNTHESIS.
for frequency generating systems that are classed as indirect

synthesis, a controlled osciliator feeds the output terminals of the
synthesizer directly. The'frequeﬁcy of the output oscillator is
continuouély monitored and compared to a reference frequency, and
avtomatic adjustment of the oscil%ator frequency is made to maintain
its output at precisely the desired frequéﬁcy.

. As in the direct synthesis class, this discussion cannot include
all the many types of synthesizerg that have been developed in the
indirect synthesis category. Twouéxamples have been selected that

include a wide cross-section of the systems in this class.

The autpmatic phase control KAPC) method of frequency synthesis
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is presented in Fig. 2-3. This system is an electronic servo that
does not permit a steady-state frequency error to be developed

between the reference frequency and the voltage controlled oscilla-

tor (VCO).
- Synchronized
ase ' Output
Comparator Control . ' P .
and. Voltage veo f
Control : o)
I
f.
fif if Mixer 2= DU
nfi
Sub-
Synthesizer fl Harmonic
and —— o
Frequency Generator
Standard "’

£ip = |nf. & F

Fig. 2-3. AUTOMATIC PHASE CONTROL SYSTEM BLOCK DIAGRAM.
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The VCO output is mixed with a harmonic of the sub-synthesizer

output.f This produces an intermediate fregquency signal fi

1° t

which is compared in the phase comparator with fif from the sub-

synthesizer. The comparator output is a voltage proportional to the

phase error of the converted fi signal to the synthesizer fif

f
signal. The comparator output is passed to the control circuitry of
the VCO.

The APC system holds the VCO on frequency by varying the control

voltage so that the two fi signal frequencies are identical but, in

£
general, differing in phase. This overall operatioﬁ provides a
= +
frequency lock for fo .nfl * fif . |
Figure 2-4 illustrates an example of digital method of indirect

freguency synthesis. The output of the VCO is divided by n and fed

to the phase comparator.

. Synchronized Output
Phase Voltage B> VCO
Comparator Control

: T - Divider
. fo/n :
r

) fs . fo = nf
Divider f——-i  Frequency

std.

Fig. 2-4. DIGITAL FREQUENCY SYNTHESIS BLOCK DIAGRAM.

odel
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fhe comparator has the divided reference frequency, fr, as the
other input. -The output of the phase comparator provides the VCO
correction voltage if the two inputs are not identical in frequency.
Therefore, the frequency of the VCO is automatically phase~locked to

-

- the reference standard.

2.3 SYNTHESIZER PERFORMANCE SPECIFICATIONS.

In general, the system application determines the pérformance and
configuration of the synthesizer. The sfecific application will
aictate several or all of the.following performance specifications:

1) frequency coverage aﬁd‘resolution

2) method of frequency éelection

3) speed of switching to desired output_frequency

L) accuracy and stability

5) spectral purity.

The rf tuniné range for a specified application (or equipment)
in which the synthesizer is to be incorporated will in general set
the frequency coverage needed. The system channel capability will
determine the mumber of incremental frequencies required for
commupications applications.

Spectral purify is one of the more critical performance féctors
of a syntheéizer. Complete spectral purity implies_fhe absence of

noise and spurious frequencies. In general the reference frequency
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standard used to drive a synthesizer will be of resonable quality

and poéséss an output signal power spectrum as shown in Fig. 2-5.

0 -

-ho
=l
: i
ori .
8 -80 |
-S.l L
S |
S ~120 | /\

]

£
"o

Fig. 2-5. OUTPUT SPECTRUM OF A FREQUENCY STANDARD.

The output signal of the frequency standard is specified by the
harmonic distortion present, the qon—harmonié related outputs, and ’
the signal-to-noise ratio for a specific output signal bandwidth.
Each of the quantities are specified in db. The db (decibel) measure

is defined as

. P .
number of db = -10 log §9_’ - : - (2~1)
. i .

where, for the specification of a frequency standard, PO is the power
at the oﬁtput frequency fo. For the harmonic distortion specifi-~

cation, P, is the poWer at each of the harmonics of fo. For the

1
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is the power at each of the spurious

non-harmonic components, Pl

_frequencies. For the signal-to-noise ratio P, is the total power

1
associabted with the specified output signal bandwidth.

A high order of specfral purity existing in the synthesizer
output requires that noise and spurious frequengy generation be kept
to a minimum throughout the entire synthesis process. The spurious
frequencies appearing in the synthesizer output are the result of
either the filters used within the synthesizér presenting a finite
attenuation (rather than infinite) to undesired frequency components
or improper shielding of the various sﬁbsys‘tems° In some cases the
spurious outputs may Eé'a combination of both the filtering and
shielding problems. Spurious frequency generation coupled with a
find incremental frequency resolution capability requires much greater
system complexity. | '

Direct frequency synthesizers héve‘been constructed which maintain
the spurious compoﬁent level at 90-100 db below the desired output
signél levels., Indirect synthesizers, using filter time-constants
up to 1 second in the control loop, have been able to obtain spurious
levels .greater than 100 db below the output level.

| The stability of the synthesized outpdté are dependent on both
spurious levels and the frequency.resolution;

In applications requiring fast switching between selected

output frequencies, the design dictated is usually the direct method.
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The required control loop filters in the indirect method limit their

speed of fesponse due’ to the bandwidth of the filter used.

2.4 gsuMMARY

An attempt has been made to show that frequency synthesizer
designs evoive from é few bésic signal operations. The signal
operations are frequency translation, frequency multiplication
and frequency division. The grouping of these signal operations
may be performed in a wide variety of combinations depending upon
the specific system requirement. By skillful choice of operations,
systems may be designed for a_given application with an accuracy

limited only by the primary reference oscillator.




3.0 SIGNAL REPRESENTATIOHS AND OPERATIONS APPLICABLE TO FREQUENCY
SYNTHESTS.
The basic signal operaiions that must be combined to describe
a specific frequency synthesizer of the'tWo broad classes diséussed
in Chapter II are frequency translation, frequency multiplication
and frequency division. In all these operations the prime concern is
minimum degradation of the initial standard short-term stability
while pefforming the desired operation. These sigﬁal operations are
defined and their theoreticél performance criteria set down. This
" then will form the basis to which actual circuit performance can be

compared.

3.1 SIGNAL REPRESENTATION
The signal and noise which the bdsic standard delivers aﬁ the

outpﬁt terminals is the input signal for the wvarious signal opera-
_tions considered: This signai is éséuﬁed to have & large signal-
to-noise ratio along with a very narrow output signal bandwidth.’

It is assumed that the standard has been in operation for a sufficient
length of time such that the start-up transients of the standard can
“be neglected. Also, the long-term effects of frequency drift in

th§ standard output due to component drifts from aging or temperature
fluctuations will not be considered in this anaiysis. These léng—

term effects can be eliminated by appropriate control of the -

standard. As in any system there exist possible transient responses
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aloné-with the normal steady-state response for the signal operations
being analyzed. The analysis that follows is coﬁcerned only with
the steady-state response.
For the stated assumptions the signal being generated by the
standard can be expressed as
s(t) = A cos wt. | : (3-1)

and the noise being considered expressed as

= + | R . —_
vn(t) vc(t) cos wot | vs(t) sin wot (3-2)
where
A = fixed amplitude
wo = gtandard output frequency

vc(t) and vs(t) are both narrow-band random processes which ére
slowly varying functions compared to the individual cycles of s(t).
A detailed discussion leading %o equation (3-2) may be found in
" peference (8]. |

The result of,addiﬁg signal and noise to obtain the output
'signél delivered by the standard is

vy (t) = s(t) + v (¢) (3-3)

Substituting (3-1) and (3-2) into (3-3) yields

. . .
vl(t) (A + vc(t)) cos w t vs(ﬁ) sin wot

B(t) cos (ut + ¢ (t)). TR (3-4) oo
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where

be) = Jaev 62 e v @2 (3-5)
and
. vs(t) :
tan ¢(t) = e e _ (3-6)
. : e :

For large signal-to-noise ratios
N ' '
o(t) = Av_(¢) _ : (3-7)

Equation (3-L4) to (3-7) specify the input signal to be used in
the analysis of the signal operations presented in this Chapter.

A complete model of the standard, setting down the mechanisms by

which it generates this output signal, has not been described. The

signal and noise that it delivers to the next element of the system

is the oscillator feature of interest.

3.2 FREQUENCY TRANSLATION.

Frequency translatiqn has been used for many years, but the
general problem of spurious frequency generation has often been
treated lightly or ignored. In this section some of the generél
properties of frequency translation including the generation and

suppression of spurious frequencies is discussed.

~

3.2.1. GENERAL TRANSLATION
Mixers with filtering.perform the function of frequency trans-

lation in a signal chain. Mixing is essentially a modulation
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in which one signal is modulated by another signal producing the

lower and upper side frequency components. Mixing action is

achieved. by means of a non-linear device and thus many frequency

components may be present in the output of the mixer circuit. The

operating parameters of the mixer stage will determine the ratio of

the desired output(s) power level to the undesired outputs.

Frequency translation is in general accomplished by multiplying

the signal to be translated by a sinusoidal signal of appropriate

frequency to provide the desired translation. For the ldeal case,

consider vg(t) in Fig. 3-1 to be given by
vz(t) = cos wgt.
Then the output vo(t) is expressed as

vo(t)’= vl(t) cos w,t.

vi(t)___gb Mixer - |l Filter

e

vo(t) .

- vplt)

Fig. 3-1. FREQUENCY TRANSLATTON.

(3-8)

(3-9)

Desired Sum
or Difference
Frequency
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Fourier anaiysis shows that this, process translates the input

frequency w, or an input freguency spectrum by an amount i-wz. For

1
a single input frequency, Wy the frequencies existing in the output

are given by

(3-10)

The desired sum or difference frequency is selected by filtering.

3.2.2 éENERAL MIXER

As previousiy sfated, mixing.action is fundamental to the process.
of frequency translation and is accomplished by use of a nonlinear
device; as a fesult, modulation products in the output will exist
and many fregquericies other than Wy + W, along with possible addi-
tional spurious responses at W, Considering a general noniinear

mixer, the output vo(t) may be expressed as

= + ’ -
o) = I T ey con (gt = nuge + g -G
. mM=O n=o
where
a = constant
mn
¢ _ = constant phase shift

mn
Spurious responses are generally produced with signals existing at

undesired frequencies which satisfy the following condition

-

=- +. . . 3 . —2.
fo mfl + nf2 (3-12)
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where
| fl = gignal frequency
f2‘= translation frequency
fo = desired output frequency

m and n are integers > 1.

The choice of frequencies which are to be used in-the trans-
lation scheme depend on several.factors. This dependence in all
cases relies on how well the extraneous Eignal can be rejected in
the output of the mixer. Several ﬁeans are available to aid in
accomplishing the required rejeétion such as narrow-band filters,
frequency spacing, and an effective cancellatioﬁs of many components
by balancing techniques. In the desired translation case the |
frequency of translation and the sets of harmonié sum and difference
components do not fall within the output bandwiath of the mixer.

In these cases the required extréneous signal réjection is provided
by the filter response in the mixer output. In the cases‘whefe
the‘translation siénal frequency falls in the output signal band-
width, balancing is required to elimiﬁate the;e components. The

next two sections describe unbalanced and balanced mixers.

3.2.3. SINGLE DIODE MIXER
The single diode mixer will be presented in.terms of solid

state diode mixers in that the conversion conductance analysis
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applies directly. The analysis can be extended to the transistor
mixer by considering a diode mixer followed by a transistor ampli-
fier. Then the conversion gain is £he sum.of the diode conversion
loss at the linear signal frequency .and the transistor gain at the
" desired output frequency.

The high conductance of a diodé in the forward direction and
very low conductance in the reversé direction provides the necessary
non-linearity for mixing. fhe de voltage-current characteristics

of the diode ié expressed as

i(6) = I [2(v(E)+V ) 1]

I av®)* | (3-13)
k=0

where Vo is the de bias voltage, ay is related to the diode conduc-
tance, and v(t) is the total inétantaneous ac volfage'across the-
junction. Therefore, no diode mixer is truly piecewise linear nér
truly square law in its operation. The commonl& uséd diode is an
exponential iaw mixer.

The exponential expression éxpanded as a Taylor series yields

2] + av3b) + ... . (3-14)

2 3

i(t) =a + t) +
1‘t) a alv( ) + a
The output voltage for a conventional mixer, Fig. 3-2, is

equal to the diode current times the load resistance. The voltage,

v(t), is the sum of the translating and signal voltages,
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vlgt) and v2(t). —
Applying vl(t) = A sin mlt and v2(t) = A, sin ,t to the mixer,

the current expression for v(t) = vl(t) + vz(t) becomes

i(t)

1

a *a; (Al cos wt + A, cos wgt)

2
+ a, (Al cos w.t + A_ cos w2t)

1 2
3
+
ag (Al cos wlt + A, cos w2t)
+ e
= ) -
a, al Al cos wlt + al A2 cos w2t
2
a a A a A
271 22 271
+
> + 5 + 5 cos 2wlt
. asA 2
+ cos 2w2t
+ azAl A2 cos (wl + w2)t
+ aEAl A2 cos (wl - w2)t
+ s e e . ) . : (3_15)

If eqﬁation (3-14) contains high order terms then the diode
current expression (3-15) will have components associated with
the harmonic sum and difference frequencies.

In the output of the mixer for the case a, # o for n > 2, the
frequency- components present are wl,‘ge, wl #‘wz, mml, N,

mw, * nw, (m and n are integers).




The signal-to-noise ratio of this mixer with an ideal trans-

being zero will be

lating signal and coefficients higher than a,

D

N
1

@
@ E

Fig. 3-2. CONVENTIONAL MIXER.

that of the.signal input. However, if even ordered coefficients
greater than a, are not zero then the output signal-to-noise ratio
will'be_degraded since these products fall in the desired output

bandwidth and therefore cannot be removed by filtering.

3.2.4 BALANCED MIXERS

The single diode mixer discussed generatgé-a large number of
spurious products. Suppression of thé signal and translation
frequencies along with some of the harmonic d;fferencesrgenerated is
desired. Two types of balanced mixers, generally called full

lattice and half lattice, are commonly employéed to meet these

requirements. The half lattice modulator allows suppression of only‘

one of the injected signals. The full lattice or ring modulator
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allows suppressioﬁ of both injected signals and their harmoniecs.
However, some harmonic sum and difference components still remain.

The half lattice modulator can be represented as shown in

et

Fig . 3—3 .

o
.
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/
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Fig. 3-3. HALF LATTICE BALANCED MODULATQOR.

Aésuming balanced diodes and transformers the output currents
il(t) and iE(t) are expressed as
3 .

\ + v + v2 +a, v +
158, a, 3 coe

B
i

o - =3 -
i, =a  *ta) v +a, vV tayv + e | , (3-16)

<
n
<
+
I\)<'.

<
I
!
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+
<
n




These voltages and currents are all functions of time as was the case

in the single diode analysis. The notation has been changed merely

for simplicity. The modulator output across RL is gilven by

(1

vo 1

— 12) RL

_ - 3
—‘RL (2a1 vt haz vV, + 2a3 vy

+ 6aé vy V22 + Bah vl3 A

o A T | (3-17)

As béfore, if we consider only coeffiéiénts ags 87> and a5

We obtain the desired translation, Wy + Wos with no degradation in

the signal-to-noise ratio at the output. The even harmonics of Wy

and all harmonics of Wy have been cancelled out. For the general
case, a # o for n > 2, the frequency components present are wl,

. -

w, ¥ w., nw

1= Y 1> O

p * ney (m an intéger and n an odd integer). As in
" the single diode case, the signal-to-noise ratio will be degraded
if the even ordered coefficiénts greater than a, are not zero,

' The double balanced ring or full lattice modulator is shown
in Fig. 3-4. Using the same anal&sis as used for the half lattice
‘modulator and balanced transformefé and diodes the load currents
are thosenof the ﬁrevious modulaﬁér plus two additional currents

associated with the reversed polafity diodes D3 and Dh' The load

" currents due to the addition of ‘these diodes are-
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Fig. 3<4. RING MODULATOR.

The negative signs are the result of reversing the polarity and
cross—connection of the additional diodes. These current equations
are obtained by substituting in e,cfluation (3-16) =v and =¥ for v

rand V fespectively.

The output voltage associated with these currents is
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. . ' ‘ 3
1o st = - -
(1l 12) RL_ Ry [ 2a, v, + haevlvz 2agvy
5 )

- ba_ v v, + 8ahV13

3712 Vo

3
+ SaLI-Vle T ooee J (3"19)
The output voltage for the ring modulator is obtained By adding

equations (3-17) and (3-19) which yields

v, =_RL [8a + l6ahv13v2 + l6ahle23 + veol (3-20)

2¥1%2
Considering coefficients ass g5 and a5, We obtain the desired

translation w, * w, with the cancellation of the two input signal

1 2
freguency components. For the general case, a, # o for n > 2;
the components present in the modulator output are muw,, + nwy
(m and n odd integers).
A comparison of the spurious products in the output of the
several mixers discussed cleariy points out the édvantage of the
ring modulator. |
The statement was made regarding the various mixer circuit
configuration considered as to a reduction of the input signal-to-
noisé ratio in the mixer output if the even order coefficients greater
than a, were not zero. This can be easily checked by considering a
:higher'ofder expansion and using equation (3-4) as the expression for
the input signal and assuming a noise-free, sinusoidal translation
signal at' frequency f2. It will be found that the noise level is
increased for the condition of a higher order tfaﬁsfer function than

a In Appendix A-the short-term frequency stability of a signal is

20
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: relaﬁed to the existing signal-to-noise ratio. This relationship
provideé a meéns for detefminipg the effééts on the stability for a
given decrease in the mixer output signal-to-noise ratio. The
common definition of short-term stability (for measurement interval T)
is used in the derivatioq of Appendii A. Short-term stability is
the ratio of the rms frequency deviation in the measurement time to
the nominal frequency.

The relationship between the fractional frequency stability and

the signal-~to-noise ratio is given by (

. W . .
1 g 1 1/2
s ==1 + ] (3-21)
g (SNR)lT (SNR)QTQ .

where

w, = Midband angular frequency

(SNR)l = Signal-to-noise associated with memory type
(Type 1) noise in the mixer output.
(SNR)2 = Signal-to-noise associated with non-memory type

(Type 2) noise in the mixer output.
T = Measureﬁent interval.
Wi = Bandwidth of the type ihnoise.
. Memory noise (Type 1) is asééciated with noise genefaﬁed Withiﬁ
the osciliator generating the siéﬁal to be translated. Non—meﬁory

noise (Type 2) is associated with noise which originates between the
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. basic oscillator and the oscillator unit output terminals. The
mixer will not‘be able to distinguish between the two types of
noise and both signal-to-noise ratios iﬁ the mixer output will be

reduced by the same amount.

3.3 FREQUENCY MULTIPLICATION. -

In this séction the general properties of an ldeal frequency
mltiplier are discussed. It will be pointed out that the fractional
frequéncy stability in the output of the ide?l frequency multiplier
is the same as the stability of the input signal.

Consider a déviée whose input-output relationships are as shown
in Fig. 3-5, with the input vl(t) and output v2(t). Consider an

input, vl(t), to the multiplier of the form

Vl(t) = A cos w t, 5 (3-22)

Fig. 3-5. IDEAL FREQUENCY MULTIPLIER. | o
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Then the output of the frequency multiplier is
ve(t) = A' cos nu_t, (3-23)

where

A' = fixed amplitude related to A by a constant (A" = kA)

n desired harmonic (integer > 1)

The means of obtaining the desired frequency multiplication
* under consideration here is that of employing a nonlinear device.
The input signal 1s applied to the nonlineér device to generate

the nth harmonic of the input frequency . The input-output

relationship of the device 1s expressed as

v, (t) ='an [vl(t)]n, ' ~ (3-2h)
where

a = constant of the device

n = desired harmonic

Consider an input, vl(t) to this multiplier as given by
vl(t) = A cos w_t : (3-25)

Then the output from the frequency multiplier is
n :
v2(t) = a, [A cos wot] . (3-26)

The nth harmonic terms at the output is

..anAn
v2n(t) = 2n—l

cog'nm;t. o - (3—27)}

Ll L
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Now let the input signal also contain a noise voltage as
discussed in Sec. 3.1, and given by (3-4). The output of the

vmultiplier as a result of adding signal and noise is
vp(t) = oy (4 + v (6)) cos w e+ v (8] sin ut]™ (3228)
The ihput\signél-to—noise fatio to fhe multiplier must be very
large if it is to yield a narrow spectrum after multipiication in
frequency synthesis systems. Assuming a large signal-to-noise
ratio the output of the multiplier neglecting‘the nonlineaer noise

"terms can be exﬁanded and expressed as
_ n n-1 n
vz(t) =a, [(A” + nA .vc(t)) cos Wt +

na?t vé(t) cosn_lwot'sin wot] (3-29)

The nth harmonic term at the output is

.anAp-l .
v2n(t) = o1 [A cos nwot + nvc(t) cos nu_t
o+ nvS(t) sin nwot] (3-30)

The signal-to-noise ratio at the output can be expressed from

(3-30) as
"AQ.

R (TR + VL))

(SNR)O

.l ' . :
=5 (SNR)i. o | | (3~31)
n )
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Where

(SNR)i Signal~to-noise ratio at the input

(SNR)O Signal-to-noise ratio at the output.
Thus the noise power has been increased by n2, the multiplication
factor squared, relative to the output .signal power.

In Appendix A the fractional rms frequency deviation of an
oscillator output signal is given as
. W

S N A S S LV (3-32)
6, ~ (SNR) T (SNR)2T2

o

The short-term stability of the output signal (after multiplication)

can be expressed as

W _
5= nio [ (SNR%ng (SNRt - L2 (3-33)
n2
where
(SNR)nl = Signal-to-noise ratio associated with memory type
noise in multiplier output |
(SNR)n2 = Signal-to-noise ratio associated with non-memory type

noise in multiplier output.
Since the multiplier will not be able to distinguish between
input noise sources both signal-to-noise ratios will be decreased

by the square of the multiplication factor. Thus, (3-33) Dbecomes

Ll bl bl b
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2.
..nw .2 : .
L 4 /2 : (3-3L)

= t T + 2
1 (SNR)QT

Tn nwO. (SNR)

S

which reduces to

=5_.
n T

Therefore, the ideél multiplication process does not alter the input .
oscillator stability. |

It is shown in the Appendix B that for a higher order transfer
characteristic than required, the output signal-to-noise ratio
is degraded more than that of the nth order characteristic diécussed
here. It is shown there that the orders contributing to this

degradation are the a for j > 0.

n.+ 2j

3.4 FREQUENCY DIVISION.

In this section thg general ?roperties of an ideal frequency
divider are discussed. It will be shown that the frequency
stabili%y of thé output of an idéal frequency divider is ﬁhe same as
the stability of the input. | )

Consider a device whose inpﬁf—output relationships are as
shown in Fig. 3-6. |

First; consider the device &riven by a perféct input signal

(noise being excluded) expressed by

vl(t)-= A cos w t | s . C ‘(3—3?)

[ T
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vl(t)———a> in S v2(t)i

Fig. 3-6. IDEAL FREQUENCY DIVIDER.

with fixed amplitude A and frequency Wy The frequency divider

will produce an output signal v2(t) expressed as

. ..wot :
ve(t) = A' cos ~—, | (3-36)
where n is an integer and A' = kA. This device is also referred to

as a divide-by-n or n-divider.
Now let the input signal also contain a noise voltage term. The

" input signal vl(t) for this case as discussed in Sec. 3.1 is

vl(t) = B(t) cos [wot + ¢(t)]
= B(t) cos ¢' (t). ' (3-37)
For this vi(t) the divider output ve(t) will be expressed as
wt .. . )
vp(t) = B () cos [ 2+ 4Ll (3-38).

vhere again n is an integer and B'(t) = kB(t).
From this definition of an ideal frequéncy divider two charac-

teristics are apparent. First, that it is the instantaneous

Ll
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ffequéncy'not the Fourier components that is being divided by the
number n. In equation (3-37) B(t) and ¢'(t) are real functions of
time, For signgls pf interest here, the signai—to-noise ratié wiil
be large and therefore, - Bﬁt) will be essentially a constant. For
this assumption B(t) will contain none of the zero prossing of
vl(t), and ¢'(t) is-defined as the-instantanéoﬁé phase angle of
vl(t); and wi(t) = ggééﬁl-is by definition the instantaneous
:fréquency.. The amplitude function ﬁ(t) is the instantaneous amplitude
and the magnitude of B(t) is terméd the envelope. Second, the
frequency divider will leave a constant-envelope inpﬁt signal‘
unchanged except for a constant scale factor.

"From (3-38) and the expression for the fractional short-term
 stability (a-21) given in Appendix A, it follows that thé stability

~of.the input signal after frequency division is not affected by the

ideal frequency division process.
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4.0 ANALYSIS OF TECHNIQUES INVESTIGATED
~ The availability of new semiconductors with highly refined

perforﬁance éharacteristiés has made the re-evaluation of common
~design approaches necessary. Several semigonductor devices now
available yield system functions with significantly increased per-—
formance lévels and in many cases will provide.systém simplification.

Techniques that employ several of the new semiconductor aevices
will be analyzed. The major characteristic desired in'the.techniques
investigated ié that of broadband input and output frequency
characteristic while performing é specific circuit function. If
the circuit égérafion does néf naturaliy have this‘characteristic theﬁ
it is desirable that it.be capable of providing the fequired broad-
band operation by employing rapid electronic switching or tuﬁinge

" The discussions in this chaptér are classed under the'three
signal operatieons presented in Chapter III. Parametric harmonic
generators wﬁich use high Q input and output filteérs have been
oﬁitted from the discussions. Only two sinusoidal voltages are
allowed to exist across the nonlinear capacitance. One'voltége
appears at the fundamentai"frequency, w, and the cher voltage
appears at the nth harmonic, nw. All other frequencies are shorted
out. Analyses présented in the three references [93, [10], and.[11]

establish minimum and maximum efficiency levels for the varactor

multiplier restricted to reverse bias operation.
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4,1 SEMICONDUCTOR DEVICE CHARACTERIZATION.

The diodes used in the analysis presented in sections k.2, 4.3,
and 4.4 are classed as ideal nonlinear resistances or ideal nonlinear
reactances. The ideal nonlinear resistance is approximated by the
old work horse, the'point contgct diode and the more recently
developed Hot Carrier or Schottky Barrier diodes. The ideal nonlinear
reactances are approximated by the varactor diodes designed either
for strictly reverse blas operation or forward conduction.

The.ideal nénlinear resistor diode is alperfect rectifier as
the V-I characte:.c'istics ‘shown in Fig. 4-1 indicate. It is charécter-
ized by a devide with zero resistance under forward bias and with
an infinitg.resistance under reverse bias. Another important
characteristic of the perfect rectifier which is not pointed out
by'Fig..h—l, is that the device exhibits zero capacitance. The
capacitaﬁce referred to being either device case capacitance or a
capacitance associated with the sforage'of conduction carriers.

| The ideal nonlinear capacitahce may be characterized as shown
in Fig. 4L-2. This is a charge (q) vs voltage characteristic. The
" nonlinear capacitance is characteriged by an infinite capacitance
uﬁder forward bias and zero capacitance under .reverse bigs, with

. complete recovery of charge vhen the voltage drops to zero.
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Fig. 4-1. IDEAL NONLINEAR RESISTOR CHARACTERISTICS.

v

Fig, 4-2. IDEAL NONLINEAR CAPACITOR CHARACTERISTICS.
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4.2 MULTIPLICATION.
.Frequency multiplication using the nonlinear resistor has been
developed by C. H. Page [12]. His results give an expression for

. the maximum harmonic generation efficiency as

P, =P +. ) P >} nePﬁingP ' (4-1)
n>1 n>1 n '
where
_ th .
Pn = power generated at the n ~ harmoniec
Pi = fundamental power
PO =-converted dc power.

For any specific value of n, two relations may be obtained from

(b~1) as
P <=5 P, N (4-2)
n .
and
p. > (n°-1) B - | (4-3)

Equation (L4-2) gives the maximum effiqiency liﬁit as l/n2 for the
condition of all other harmonics being zero. Equation (4-3) shows
that the remaining fundamental poﬁer (when equality holds) is
éonvérted to de.

Greéter efficiency can be expeéted for the ‘nonlinear capacitor

since the device would not rectify and hence input power conversion




o) ,
to dc power is eliminated. Manley and Rowe [13] nave derived the
geﬁeral set of power flow relationships for an ideal nonlinear
reactance in a.general circuit configuration using ideal frilters.

The equation they obtained are

[=+] [e]

.mP
I 1l == 0 o . (b))

m=0 n=-o mfl+nf2

o m.m .
) ~anr - © _ ~ (4-5)

n=0 m=-® 1 2
where Pm,n is the power flow into the reactance at frequency mfl and
nfz. These relationships.are independent of the shape of the non-
linear characteristic and the power levels employéd. With proper
filtering, these relationships prediét that a lossless nonlinear
reacfance used in a harmonic generator configuration has a conversion
efficiency of 100%, regardless of the harmonic involved. fo illus-
trate.this resﬁlt, consider power flow allowed gnly at two frequencies,

one beiné the fundamental frequency (f) and thé other the desired

harmonic (nf). Equation (L4-4) then reduces té

T, Tn o (4-6)
f nf ' T
whére
P_ = power at f (supplied.by input geﬁeéatof)
P = power at nf (delivéred to output load).
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Equation (L4-6) giveé Pn/PO = 1 Wh;ch.indicates the 100%
harmonic conversion efficiency, independent of the multiplication
order n.

The discussion thgs far has served to set the-theoretical
1imit; of harmonic conversion efficiencies obtainable depending upon
t;e nonlinearity employed. In the sections that follow, discussion
will focus on techniques which perform the muitiplication function
but whose maximum theoretical conversion efficiencies fall shoft of
upper theoretical limits. Fér a set of system specifications, these
less efficient techniques may be dictatea in the system realization

by such factors as cost, size, tuning speed, etc.

4,2.1 RECTIFIER DIODE HARMONIC GENERATOR.
Two broadband rectifier aiode circuit techniques to be analyzed
aré the élipped sine wave generator and the full wave rectifier.
The equivalent circuits for these:generators are shown in Pig. L-3.
The anaiysis of the clipped ;ine wave generator is givén in
Appendix C. The theoretical conférsion 1éss for the harmonic
f¥equency components appeariﬁg across Ry are shown in Fig. Lh-l, and
Fig. 4o5, as a function of the haif-conduction angle 6. The curves
pfesented in Fig. 4=l are for thgieven order harm&nics of the input

" frequency and those presented in Fig. 4-5 are for the odd order

harmonies. : _ - §
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Lo

L

(a) - )

Fig. 4-3, RECTIFIER GENERATOR EQUIVALENT CIRCUITS.
(a) Clipped sine wave generator

(b) - Full wave rectifier.

The déta presented was calculated on one degree incremgnts usihg a
digital éomputer. .

Figure 4-6 presents the minimum conversion loss associated
ﬁith each harmopic as taken from thercomputed data. The minimum
loss associated with the even order hérmonics occurs for 6 = 90°
and the numbers associated with each-odd order graph entry indicate

the value of 9 at which their respective minima occurred.

I )
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Thé harmonic spectrﬁﬁ of the full wave rectifier can be
obtained from the half wave rectifier spectrum (6 = 90°) by adding
6.02 db to the even order values. These values are also presented
in fig. h-6. The deviation from the maximum efficiency, 10 log l/n2,
can Be determined direétly for either the clipped sine wave or full
ﬁave rectifier genérators.

The curvé at the bottom of Fig. L-6 indiFates how this type of
generator might be used when a braodband spectrum is desired; If
a half-conduction angle 6 = 84° were used the odd-order harmonic
spectrum, 3rd to 19th harmonic, would vary less than 10 db from the
maximum attainable output.

For an even and odd high order harmonic spectrum of a particular
characteriéﬁic an angle 6 between 85 and 90 degress would be used.
As indicated in Fig. h—é the most efficient of the techniques under
consideration here is the full wave rectifier used as a frequency

doubler, n =2,

4,2,2 BROADBAND NONLINEAR CAPACITOR HARMdﬁIC GENERATOR.

The‘broadband—harmonic generator has been analyzed by Léenov
"and Uhlir [14]. The equivalent ciréuit for the broadband nonlinear
cabacitqr.harmonic generator is sﬁown in Fig. h—7; The diode.used
in this anaiysis has infinite cap;citance under forward bias,

complete recovéry of charge when the voltage drops to zero and zero




) I T 2

b7

capacitance under reverse bias.

nonlinear
capacitor

N
L1

(we)

Fig. 4-T7. BROADBAND HARMONIC GENERATOR EQUIVALENT CIRCUIT.

The analysis of this harﬁonic generator is presented in
Apﬁendix D. The theoretical convérsidn loss for the harmonic

frequency components appearing across R. are shown in Fig. 4-8 and

L
k-9 as a function of the half—fofward conduction ang}e 6. The
curves presented in Fig. 4-8 are for the even order harmonics of the
input frequency and those presentéd in Fig. 4-9 are for the odd

. order harmonics. This data was qémbuted on ten degree increments
uéing a digital coméuter. :

. . LA . .
Figure 4-10 presents the minimum conversion loss associated

with each harmonic as taken from the computed data disregarding the
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conduction'angles requireé for these minima. Comparison of Fig. L4-6
and 4-10 wiil indicéte the éuperior peffofmance of this broadband
generator to the fectifier diode generator. This efficiency

advantage increases as higher order harmonics are considered.

%,2.3 BROADBAND STEP RECOVERY DIODE HARMONIC GENERATOR.

In harmonic generation, where the diode is operated with inter-

mittent forward.conduction, the performance will depend on minority
carrier lifetime, 1, and the junction retarding.field as diécussed
in referénce [15]. Minority carrier lifetimé determines the amount
of stored chérge that remains in the Jjunction at theApnseﬁ of
reverse recovery and the rate of carrier recombination during
recovery. The Junction field determiﬁes the stored charge
available for removal during storage conduction. For a minority
carrier lifetime of zero, the diode characteristics are those of a
nonlinear resistance as used in the analysis of h.é.l. " If the
mipority-carrier lifetime is assuﬁed infinite, the diode characteri
istiés are those of tﬁe nonlinear capacitahcé used ip the analysis
of 4.2.2. This section is concerned ﬁith the broadband harmonic
'genefating characteristics associg£ed with the class of diodes
having hiéh Junction.retarding fiélds and finite darrier lifetimes.:

The broadband analysis presented here parallels and analysis

presented by Krakauer [16], With;many graphical additions which givé

i
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a clearer understaﬁding of the multiplier performance as wt and ¢
aré varied.
The equivalent circuit and steady sta‘té current waveform for this
analysis is shown in Fig. bL-11. Circuit.current starts to flow at
wt = @ Whén the input voltage overcomes the bias voltage, V, plus
the diode barrier voltagé; V. Diode current flows until wt = 6 + ¢

at which time the stored charge has been depleted.

wt

Fig. L4-11. SRD BROADBAND MULTIPLIER EQUIVALENT CIRCUIT AND CURRENT
’ WAVEFORM.

LLb L
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‘The relation between 0 and ¢ is derived in Appendix E and is

expressed as

. -d/w
sin ¢ - wt cos ¢ + wTe ¢/t

2 2

Tan 6 = 57
-0T sin ¢ - cos ¢ + w” 1= (1-e” Ty 41

(4-7)

where
w =\input frequehcy
T = minority carrier lifetime
8 and ¢ as indicated in Fig. L4-11.
Valués for 6 were computed, for wt values between 0.1 and 1,000,000,
as a function of ¢. The results are presented in Fig. L-12. As
illustratéd, the wt dependence is essenfially eliminated for wt > 10.
The harmonic spectfum conversion loss associated with the
current waveform of Fig. L4-11 is also presented in Appendix E. The
calculation was carried out using a digital computé;. Several
graphs of the computed data are presented for various value of wr.
Fig. 4-13, b4-1L, L-15, 4-16 are the harmonic spectrum presentations
for wt = 3.0. Fig. 4-17, L4-18, h—l9; 420 are fhe presentations
for wt = 10.0, and Fig. 4-21, L-22, L-23, 4-24 are for wr = 100.0.
Fig. 4-25 presents the minimum conversion losé associated
wifh each harmonic disregarding the condition angleP ¢, required
for these minimums; The dependence of the generator conversion loss

as a function of the wt product is.clearly illustrated.
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- Another set of curvés can 5e presented from the computed data
which_ipdicate more clearly the conversion loss dependence for a
specific harmonic as a function éf $. A set for even and odd order
harmonies for wt = 3.0 are given in Fig. 4-26 and 4~27 respectively.
Still another graphical presentation which relates harmonic
number, conversion loss variation and ¢"imay be presented as in

Fig. 4-28. This presentation along with that of Fig. 4-25 would

" present.the necessary design information for a specific application.

Curves similar to those of Fig. 4-28 were drawn for wt = 1.0,
10, 100, and 1000. If the design application can tolerate a
deviation from the minimum conversion léss‘presented in Fig. L-25 then
¢ will have a range of falues. The rénge_of ¢ for selected deviation
levels of 1 and 3 db of the minimum conversion loss as a function of
wT are given in table L-1. |

The diode discontinuity for this analysis was assumed to be
instantaneous. In the practical multiplier a finite trahsition.

time, t,, exists. The effect of this on the harmonic generstion will

t

be discussed in Chapter 5.

k,2,4 STEP RECOVERY DIOQDE HARMONIC GENERATOR WITH RESONANT LOAD.

Replacing the load re;istance in the muitiplier circuit of
Fig. L-11 with a resonant load yields a significant increase in

the conversion efficiency at the harmonic associated with this
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Table L-1
RANGE OF ¢
Wt 1 db | © /3°db

1.0 : _ 175-255 n> 8
3.0 225-235 . n > 13 175-275 n> 6
10.0 225240 n > 10 © 175-280 n'> 6
100. 225-240 n> 10 . 175-280 n>6
" 1000 225-250  n>9 175-280 n>6

resonance. An analysis of this type of multiplier [17] has been
presented which gllows its performance to be determined. The
discussion that follows will parallel this aﬁalysis with sevgral
~graphical additions which give a clearer understanding of circuit
parameter variation on multiplier performance.

The equivalent circuit for the harmonic generatofVWith a
resonant load is shown in Fig. 4-29. 1In this énalysis, only
exponentiglly decaying sinewave outputs are considefed. The circuit
éhowﬁ consists of an ac drifing source and source resistance Rg
in series with a bias source V.driving the SRD diode and the
.ﬁarallel resonant circui£. The diode, for this analysis is considered

to be an ideal nonlinear capacitor. For wrt > 10 this idealization

is reasonable.

LI
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g .
, ‘ : &
A sin (wt - 8) L_gC 'R
. B L
Ty | -

Fig. 4-29. EQUIVALENT CIRCUIT OF HARMONIC GENERATOR WITH A
RESONANT LOAD. :

Harmonic energy is generated by this circuit in the following
sequence. When the diode is forward biased, current fl5ws through
the circuit. Diode conduction is'éustained until the charge that
has péssed through it becomes zero. The diode then ceases to'
conduct ieaving a current, I, flowing in the inductance L. With the
diode cut off the energy stored in thé-inductéﬁce is dissipated in
the load. It is assumed that the circuit starts from rest for each
conduction étate. This requires that the energy in the resonanﬂ
circuit be dissipated by the tfme the'ﬁext conduction—interval begins.

The analysis of this multiplier is given in Appendix E. Two

conversion efficiencies are defined, which when combined yield the
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overall performance of the multiplier. One efficiency is defined

in terms of the conduction characteristics and is expressed as

o
P_. = 10 log [ ] ab , (4-8)
L1 oq 12 |
. q l <
where

_ el

% TR
g

E = amplitude of driving source
Rg = generator source resistance
I = current in the inductance at the end of the diode conduction.

Values for this relationship were computed, for Ql values between
.1 and 80, as a function of ¢. The results are presented in
Fig. 4-30 and Fig. L4-31. |
- The relationship between 6 (angle of diode current initiation)
and ¢ (angle at which diode current ceases) is given in Fig. 4-32.
The second conversion efficiency is defined in terms of non-

conducting state and for the desired harmonic is éxpressed as

..Q
P_. =1.96 - 10 log [ —3-[1-e’n/Q2(“"¢/2)]2] ab. (4-9)
L2 n )
'where
Q2 = nwC RL
n =-harmonlc number

-1/2

nw = (L Q)
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Values for this relationship were computed, for Q2/n values between
.2 and 2 as a function of ¢. These results are presented in
Fig. L4-33.
From Fig. 4-30, 4-31, and 4-33 the overall conversion loss,

P for the harmonic generator can be determined by adding the two

R
appropriate conversion losses for a given conduction requirement.
From ¢ the value of 6 can be determined and therefore, the bias
voltage V.

From the computed values, conﬁersioﬁ loss characteristics as
functions of Ql and Q2/n were determined. These chafacteristics
are plotted in Fig. 4-3L and 4-35. It can be seen from these curves
that the minimum value of P,J._1 is 8.5 db, This minimum occurs for
Q = 1.2 and Q2/n £ 0.8. 1In designing multipliers of this type,
these two sgts of curves may readily be used to set limits on circuit

values to be used where an acceptable PT

is speéified.

In the design of a multiplier, variation of the conduction
characteristic ¢ and the resulting performance.degradation are of
considerable interest. Table L4-2 presents thé degradation expected
for stafed range of ¢ and specific values of Ql" This table was
generated by coﬁsidering all values of Q2 between 0.1 and 2.0 and
letting the corfe;ponding minimums set the range of ¢ to be considered.

This table then places a lower tolerance level on each curve of

Fig. 4-35.
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0.1,

0.2

k.3
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Teble k-2

OVERALL CONVERSION EFFICIENCY DEGRADATION

Variation (deg.)

240-200
245-205
255-210
265-215
270-220
275-225
280-225
285-225
285-230
290-230
290-235
300-240
305240
305-2L0
305-240

305-250

DIVISION

-'PT Varistion (db)

1.0
1.13
1.33
1.66
1.75
1.92
2.15
2.7
2.3k
2.7h
‘2.65
3.2k
3.68
3.58
©3.53

. 3.5

A variety .of circuit techniques have been used for many years

to provide frequency division. These techuniques are classed under
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the categories of relaxation, cdunter, or sinusoidal devices,

The relaxation divider accomplishés diviéioﬁ by the premature
vermination of its natural period due to the'injection‘of a signal
to be divided in such a manner that synchronization is maintained.
Reliéble 5peration of éhe relaxation divider is limited to fregquen-
cies 5f several MHQ.

The digital counter operation is normally that of a fréquency
dividgr. ,The‘counter output is generated as a function of the
required number of input pulses. The advantagé'of this type Qf‘
divider is that of wide integral division_ratios‘and ease of changing
this ratio either electronically or by switches. At ﬁresent the
upper frequency limit of these dividers in solid state integrated
packages ié 150 MHz.

Sinusoidal dividers are used for division at higher frequencies.
- . The regenerative dividers, locked'oscillator divider and parametric

dicdes are employed at the higher frequencies. In general the

opérational frequency range of these dividers is limited by the tuned

circults employed. ‘The locked oscillator divider has the‘a@vantage
_of simplicity over the regenerafiYe divider and some forms of the
parametric divider but has the ma@or disadvantage of providing an
cutput ﬁiﬁh the loss of the syncﬁ%énizing signal,

Parametric oscillators of thé type which satisfy the Manley

Rowe relationship discussed in Chépter 3 have been. discussed by
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Hilibfand.and Beam [18] for order 1/2. This type of divider'
requires- input andlout filters tuned at fréquency w and w/2
respectively. Due to the filters, this divider has a limited
operational freguency range. |

Hedderly [19] and Ryan and Williams [20] present analysis for
parametric dividers possessing wide operational frequency range. The
results of their analysis are illustrated for the case of subharmonic
oscillations of order 1/2. 'In the first analysis [19] infinite diode
lifetime is assumed and in the'seéond anaiysis f?O] the analysis is
for wt < 1. Analyses predicts octave operational frequency bandwidth.
In both analyses the load and generator resistances are ignored.

In thé broadband di?ider circuit presented in the next section
both.load and generator resistances are included. Analog computer
simulations presented predict broadbgnd Qperafional frequency range

for a division ratio of 1/2.

h.3.1. BROADBAND STEP RECOVERY DIODE FREQUENCY DIVIDER.

The divider presented in this section was an out—groﬁth of
several broadband input diode multiplier circuits and experimentation
with the two broadband frequenecy dividers mentioned previously. The
divider executes subharmonic oscillations of order 1/2'and has an
opérationél bandﬁidth greater than an octavg in frequency.

The circuit for the divider is shown in Fig. k-36, and consists

LI
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of an ac generator in series with the reactive T-section of C and

L's driving a SRD diode in series with the load resistance.

Fig. 4-36. BROADBAND DIVIDER EQUIVALENT CIRCUIT.

The more popular method of finding the solutions for the
circuit equations in circuits of %his type is to assume piecewisg-
linear operation. The method of approgch is to assume a piecewise—
linear representation of the nonlinear element, solve the circuit
equations for the 1ine;r regions, and match these ;olutions at.
appropriate boundries of operation. The difficulty with this
approach is that, while the eépations in general may be easily set

up, they are usually difficult to solve. This difficulty exists

for systems with only one conducting and one nonconducting state.

[0 T T
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For this discussion fhe SRD diode in Fig. 4-36 is assumed to be
an ideal nqnlinear capacitance. As discussed in Section 4.1, its
overation is déscribed in terms of'the:charge flowing through it
and the Qoltage across it.

An attempt was maae to solve the circuit equations describing
the oberation of the circuit of Fig. L-36. While the equations are
rélatively easy to set up, a general solution for two linear regions
of operation was not obtained. The analysis in general cannot be
restricted to the case where all conducting and nonconducting
states are, respectively, identical. |

The divider circuit operational waveforms shown in Fig. L4-38
.to Lk-4L were obtained by analog computer simulation. vi appearing
at the top.‘of Fig. 4-38 to Fig. L-k3 is dvl/dt.‘ Vi is the requifed

input for the analog simulation and this waveform was recorded to

. provide a timing reference. The circuit of Fig. 4-37 was used to

generafe the set of system equations to be simulated. The exchange
of circuit placement of R and C from that of Fig. 4-36 was required

to remove an oscillation that appeared in the simulation of the

circuit of Fig. 4-36. Also a value of capacitance has to be assumed’

for Cs" the stray-wire circuit capacitance.

An analysis of this divider given in Appendix F was used in the

analog computer simulation. The Qélues used for the two inductors,

1, and the input capacitor, C, were calculated for divider action
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Fig. L4-37. DIVIDER EQUIVALENT CIRCUIT USED FOR ANALOG SIMULATION.

in the 500-1000 MHz fréquency rahge. The value for the stray-wire

capacitor, CS, was assumed to be 2 pf.

The three frequencies of 500, 750, and 1000 MHz were selected

to obtain typical circuit waveforms and operational power level.
Fig. 4-38 and Fig. L4-39 show the divider waveforms associated with
the circuit of Fig. L4-37 for an input frequency of 500 MHz. Fig.
L-40 and Fig. -4l present the 750 MHz circuit waveforms, and Fig.
" h-h2 ang Fig. L4-L3 pfesent the 1000 MHz operation.

The operational frequenc& thresholds are shown in Fig. L-lk,
At both end limit frequencies the circuit barely sustains the sub-

harmonic oscillation.
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In all cases for the wa&éforms presented, the circuilt was
considered to be ih a steady state condition while executing the
subharmonic oscillation of order 1/2. The determination of the
steady state condition was determined by visual monitéring of the
computer output. In some cases, especially at the end limit fre-
guencies, 15 to 50 cyclés'of the driving wave form Weré required
before éynchronism was established. Fig. L4-45 shows the operapioﬁal
power level range for two bias conditions. Power levels for proper
divider action consist of the area.between the fwo curves for a
given bias condition.

In the design of a divider for a specific octa&e frequency
range a method to determine the values of the two inductors and
~the input capacitor is required. The relationship used to determine
the valﬁes of L and C are expréssed as

1.h1k21 R
- 8

L = w
2

R AL AR _ - (4-10)
w, R )
2e
where QQ is the upper frequency of the octave range desired. The
designer familiar with normalized filter coefficients will recognize

the relationships of (4-1Q0) as those of maximally flat loﬁ pass

filter with equal resistance terminations.s
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4.4  TRANSLATION

In the case of frequency translation the isolation of the signal
and translating frequencies in the mixer output may be adequately
provided by means of filters to separate these unwanted signals from
the desired signal. For the case requiring isoclation of either or
both of these frequencies, the singly and double balanced mixer are
a means of easily providing the required rejection. The advantages-

of using the double balanced mixer were discussed in Chapter 3.

-~

4.4,1 BROADBAND DOUBLE BALANCED MODULATOR.

The double balanced modulator performéncé was analyzed in the
mixer performance discuésions of section 3.2.4. The analysis
presented in 3.2.4 pointed out the superior spurious component
generation éharacteristics of this type of mixer over the common diode
mixer and the singly balanced miger. The characteristics of~the
double balanced modulator can be realized with.many different
combinations of transformers and diodeé. The configuration shown in'k
Fig. 3.4 for the modulator realization is one.éf the simplest forms.

The superior spurious level performance of this modulator
relies-on several factors. If the signal voltage unequally varies
the current‘in the diode sets then unbalance will occur. If the
translating signal is nof a symmetriéal waveférm, an unequal current-

time relationship will be introduced causing distortion products
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even though the franslating frequency remains balanced.- The trans-
formers used must have a high degree of balance, aﬁd this balance
relies heavily on the physical symmetry of the transformers. The
physicél layout of the transformer becomes very Important for high
frequgnéy operation. Balance of the diodes employed must be main-
tainea over the ehtire forward conduction characteristic required.
The modulator power-handling specification will dictate the
magnitude of this range. Diodes used are of the.rectifier type with
minimum conduction storagé charécferistiés.

The conversion loss for this double-balanced modulator is
calculated in Appendith.- The calculati&n is made assuming a
balanced circuilt, ideal rectifier diodes and a square wave switching
voltage. A conﬁersion loss of 3.92 db is calculated for either of
the desired sum or.difference frequency producté. This value will

be used in comparing the performance of the modulators presented in

Chaptér 5.
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'5.0 EXPERIMENTAL RESULTS

iThe implementation énd testing of the techniques of Chapter L
was carried out to determine the practibility and repeatability of
these techniques. It should be kept .in @ind that the combinations
of the signal operations used in a synfhésis scheme for one .
application will not necessarily be those employed for another, even
~ though thé frequeqcy range of.operation may Bé essentially the same.
For example, in one system the efficiency of the rectifier diode
harmonic generator (as inefficient as this method is) may be suffi-
cient for the frequency multiplication requireménts. In énothgr
system the efficiency requirpd may dictate the uses of the harmonic
generator with a resonant load which is either made up of switched
filters of different center fiequencies or one electronically tunable
filter.

As will become apparent from the performance datg‘preéented,.'
the frequency range of operation of the circults tested is from
10 MHz through 2 GHz with the input cir;uit having maximum operational
bandwidth. The reasoning behind this requirement is that broadband !
input circuitry eliminates operational tuning over a spepified
'ffequenp& range.

The diodes used in the cénstruction of the rectifier harmonic
generators and the full lattice modulator were of the hp 2900 type
which employ a metal-silicon barrier junction and utilize eléctrons

for majority carrier conduction. The low capacitance (Co = 1.2 pf)
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and sh5g£ minority carrier lifetime allow the use of this diode from
low frequeﬁcies through the UHF range.

The characteristics of the step recovery diodes uséd in the
various ﬁultipliers and dividers are gifen in Table 5-1. The diode
pafameters tabulated afe capacitance (Co), effective minority carrier
lifetime (1), and transition time (tt). The capacitance, CO, is
measured withlzero applied voltage and a frequency of 1 MHz. The
minority carrier lifetime is not a constant but is dependent upon
both érive level and temperature. From the @iode specifications

this may increase 50% in the circuit investigated.

5.1 MULTIPLICATION.

In this section the experimentalAwork that was performed with
the various methods of obtaining frequency multiplication discussed
in Chapter L are presented.

| In order to obtain a very broadband coupiing circuit, consider-
able effort was expended on development of a low-power transformer.
Man& different ferrité materials were investigated along with a
variéty of toroid dimeﬁsions and'Winding configurations. The
"material finally used was the 3E2A Ferrite material manufactured by
Ferrocube. The large initial permeability (5000 at 25°C) of the

3E2A material requires fewer turns for a given low frequency response,

Windings invesfigated consisted of a twisted pair of Formex wire for

b
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Table 5-1

DIODE PARAMETERS

Type . Copf tns{(min) . ttns (max)
0102 20 100 2
0103 20 250 5
0112 3 ' 50 - 0.3
011k 10 125 T 0.h
' 0151 ' 1.6 - 20 0.15

the single primary-single secondary transformers and of twisted

three-strand and parallel three-strand (fastened together in a

triangular configuration) for the unbalanced-to-balanced transformers.

The parallel three-strand Formex #40 wire windings on a .190
outside diameter 3E2A toroid core gave the best results. For
frequencies of operation below 10 MHz and up to several huﬁared MHz,
T to 10 turns was found to provide the necessafy coupling for
efficient operation. For operation above 10 MHz, 3 to 4 turns was

found to be sufficient.

.5.1.1 RECTIFIER DIODE HARMONIC GENERATOR.
The two braodband rectifier diode harmonic generators constructed
)

"are shown schematically in Fig. 5-1. The diodes employed in these

generators were the type hp 2900,
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Pl ' o 1: LT ¢
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. wd . s e

o (
(a) Clipped Sine Wave Generator (b) Full Wave Rectifier Generator

Fig. 5-1. RECTIFIER DIObE HARMONIC GENERATOR CIRCUITS.

Data obtained for the clipped sine wave generator employing a
Y—turn and.T—turh transformer.a;e presented in Fig. 5-2 and 5-3,
respectivel&, for an input_powgr levei of 20 dbm. The solid curves
aré drawn for the zero bias condition (V = 0).- Comparison of these
two dafa sets will show the high frequency superiority of the h—turn
trénsformer circuit over the T-turn. The deviation of 4.8 db of
the data presented in Fig. 5-2 from that predicted in Section h.2.1
_can be accounted for by considering. transformer losées, circuit and
diode capaci£ance and finite diodé impedance under forward conductign.

The dashed curves were oﬁfaigéd by adjusting the biaé voltage;
V, to obtain optimum output at thé harmonic being measured. Again

the L4-8 db deviation from the predicted levels can be observed.
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For the measurements made on this generator and in general for
all the various experimental circuits tested refer to Fig. 5-b,

The desired power level from the signal source is adjusted by
monitoring the voltage across the 50 ohm load. With the desired
maximum available level set, the signal is applied to the device
under test. The output is then monitored on either a spectrum
analyzer or a sampling oscilloscope. The two attenuators are used
to insure that the output impedance of the generator and the termina-

ting impedance are both approximately 50 ohms.

Signal
Generator
Circuit
Attenuator — O O Under ! Attenuator
Test
50 ohms +
t g — .
Voltmeter _%_ Sampling Spectrum
- Oscilloscope Analyzer

Fig. 5-4. MEASUREMENT DIAGRAM.



106
“Data obtained for the full wave rectifier generator is presentéd
in Fig. 5-5 and Fig. 5-6 for 8-turn agd 3-turn transformer windings
respéctively. From the data presented the second harmonic conver-
sion loss is typically 15 db or less for input frequencies through
%OO MHz. The suppression of the fundamental and third harmonic
are at least 18 db and 25 db below the output power level respectively.

The.output level available over the efficient doubling range !
approximately 5 to 6 db from the 8 db loss predicted in section
4.,2,1. This deviation can be accounted for in the same way as the
clipped sine wave case.

The effect of thg input impedance variation for the full wave
rectifier ‘generator is shown in Fig. 5-7. The curves present the
variation of the input level as measured at the input to the full
Wave.circuit for thrée power levels. The reference levels (dashed
curves) were set with a 50 ohm termination.

Both of thé rectifiler diode harmonic generator types constructed
produce usable output spectrums through at leaét 1 GHz with
reasonable agreement with the 1deal prediction. GSeveral different
“diodes or diode pairs were used to obtain the data presented along
with interchange of transformers. The diode pairs were matched to

less than 10 mv deviation from each other over a current range of




Second Harmonic Output in db (ref. Pjp)

LOT

fab
|
I
Yosiipl T
-5L
=10 f“n
ot gk s " A
__.‘}-—P"'C:""‘—"‘* g EE™ —— .1’
P "‘*Q == Lo

* \\\\ LN

= V. A

15 WS

v | o

!

_»_:I
NENA
.Q“
N
-20 N
\
.
N
00 00 1200

Input frequency in MHz.

Fig. 5-5. FULL WAVE HARMONIC GENERATOR OUTPUT.




1
n

-10

-20

Second Harmonic oQutput in db (ref. P;.,)
I
I
n

=

H

4

*

<

80T

1]

pr o

L 00 1200
Input frequency in MHZz.

Fig. 5-6, FULL WAVE HARMONIC GENERATOR OUTPUT.




Input Variation in db

20

10

D

£

>

=
e
=

= ENREEE
T ] 3 I &
T L) LTI CE T T T - Supundundunnn -lq b -l- ek -]- eI -I- - o 8

-ﬁllil-ll- e -Lu spdshandnndens

200 400 600 800 1000
Frequency in MHz.

Fig., 5-7 INPUT LEVEL VARIATION - FULL WAVE GENERATOR.




110
5.l.é BROADBAND SRD GENERATORS.

_The various curves in the analysis of the broadband Step
Recelving Diode (SRD) generator of Section h,2,.3 were obtained by
assuming that the diode discontinuity ﬁas instantaneous. This is not
" the case with practical diodes. The actual transition time aésociated

S
with each diode used is given in Table 5-1, aﬁa this finite trans-
ition time will résult in an attenuation of the harmonic éontenf.
Using a single-pole approximation to account for a 10 fo 90 per cent
transition time tt’ the harmonic frequency at which a 6 db degrada-
tion will occur is f = O.35/tt and will continue atlapproximafely
6 db for each octave as higher harmonics are considered. The
correction curves of Fig. 5-8 were generated to aécount for this
degradation of the expected output harmonic spectra. A set of
curves for multiplier input frequencies of 100, 200, 300, and hOO.MHZ
are presented for thg diode transition time of 2.0, 1.0, 0.5, and 6.3
ns, |

The variation of the mipority carrier lifetime (T) due to
temperatu?e can be offset by the choice of the dibde to be empio&ed.

- If the wt product is maintained at 10 or greater the effect of the
lifetime variation can be minimized (see Fié. L-25),
Several broad-band SRD harmonic generators were constructed as

shown in Fig. 5-9. The transformer used was of the type previously

discussed and had b-turn windings. The ﬁarmonic spectrum obtained
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Fig. 5-9. BROADBAND SRD GENERATOR CIRCUIT.

from the experimental multipliers are pres;nted in Fig. 5-10 through
Fig,.S—lh for five diffe?ent diodes. The various multipliers were
driven at a nominal poﬁer level of +10 dbm. Measurements were
obtained by a test circuit connected as shown in Fig. 5-2.

Considering finite diode transition time and transformer losses
yields reasonaﬁle agreement between the various harmonic specturms
obtained and the theoretical spectra of Section 4.2.3.

The diode conductlon interval, ¢, of the multiplier varied from
approiimately 220° for the hp 0112 and hp 0151 diodes to 26Q° for the
hp 0102 aﬁd hp 0103 diodes.  This conduction interval measurement

was obtained from a sampling oscilloscope waveform.

7
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'The input impedance of the multipliers tested varied approxi-
mately 2:1 over the input frequency range of 100 to 500 MHz.

The external vias voltage, V, was at zero volts for the data
presented. This voltage was adjusted to optimize various harmonics
as the multipliers were in operation. The variation of harmonic
amplitudes was consistent with the expected %a%iation presented in
L,2.3 as the bias voltage V was varied causing the conduction
interval, ¢, to changg'considerably.

The various multipliers constructed were oﬁerated over a -10° to
50°C temperature range with no apparent degradation'in performance.
The external bias voltage was held at zero volts for the temperature

.tests. o %

5.1.3' SRD‘RESONANT'LOAD HARMONIC GENERATORS.

Several SRD resonant-load harmonic generators were constructed
with transformer coupling as shown in Fig. 5-15. The input trans-
férmer used was of the type previously discussed and had 10-turn
Windings.

The harmonic spectrum bbtained from several experimental
multipliers are presented in Figi 5-16. The fourth order spectrum
of Fig. 5-16(A) was obtained from a multiplier constructed for

200 MHz output using a hp 0102 diode. The multiplier was operated

with the bias voltage V at zero volts and the output coupling link
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s

Fig. 5-15. RESONANT LOAD SRD HARMONIC GENERATOR CIRCUIT.

{

terminated in 50 ohms. The circuit values for'this multiplier are

as follows:

L = .04 uh
¢ = 16 pf
Qe/n = 5

Q, = .25 (for R, = 50 ohms ) /
Fifth and sixth order multiplier operation produced spectra
containing the desired harmonic a? -20 db (reference - Pin = 20 dbm)
and all otﬁer componenps at -L0 db or lower. |

Fié. 5-16(B) shows the spectrum obtained from a mﬁltiplier using

a hp 0103 diode and the following'circuit values:

L

.08 uh o
‘ .

I

C=32pf ‘ \

Q2/n = 1.75
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Ql = .k
The 9th order 6utput was ~-20 db With_uﬁdesired components -40 db or
lower. Circui£ adjustments were made for operation through the 17th
order. Desired outputs of approximately -20 db and undesired outputs
of ~40 @b or lower were obtained.

’ Aﬁotﬁer multiﬁlier was constructed using a hp 011l diode and
a.tunable cavity as the output circuit. For a 50 MHz input signal
the multiplier could be adjusted for operation at the 15th through
20th harmonic. The spectrum shown in Fig. 5-16(C) was obtained with
the cavity tuned for the 18th harmonic. This spectral distribution
was typical for the.range of operation observed. Desired harmonic
levels were in the =15 to -20 db range.

The‘tfansforme; input of* the multipliers were replaced with LC
impedance métching networks and self biasing circuitry. Typical
oufput spectra obtained with the tuned inputs are shown in Fig. 5-17.
The coﬁversion loss obtained for harmonics of n > 9 was typically
-n db. e .

Multiplier circuits were operated over the —i0° to 50°C
. temperature range with no apparent Qegradation of the output harmonic

]

energy.
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5.2 DIVISION.

In this section the experimental work that was performed with
the frequency divider discussed in Section 4.3.1 is presented.
Frequency dividérs were designed for subharmonic operation‘of order
. 1/2 through the 100 MHz to 1 GHz frequency range with component
placement as given in Fig. 436, The frequenc& ranges used in the
experimentation are 100-200 MHz, 200—hOO.MHz, 350-700 MHz., and

{
500-1000 MHz. The values for the inductors L and the capacitor C

were calculated using equation (L-10) for Rg = RL = 50 ohms and are

tabulated in Table 5-2.

Table 5-2

I, AND C VALUES FOR FREQUENCY DIVIDERS

w (Mitz) ;(uh) C(:éf)
200 ' .056 22.6
400 .028 - 11.3
600 | .02 - 8.0
700 016 | 6.45

1000 . 011 e k.5

The experimental test circuit used for measurement of the .

divider oﬁeration is that of Fig. 5-2 with the divider as the unit '

under test.
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Fig.. 5-18 through 5—25 show the operational data obtained from
the above design values and the four different step recovery diodes
used. Fig. 5-18 and 5-19 present the required power level for the
executioﬁ of the subharmonic oscillation of order 1/2 and the effect
of iﬁput impedance-variation fespectively for the 100-200 MHz
diyider. The power levels for which the divider will execute a
subharmonic oscillation consists of the area between the two threshold
curves shown for each‘diode. Fig. 5-20 and 5-21 present the operé—
tionai data for 200-400 MHz divider. The 350~T00 MHz divider
operation data is presented in Fig. 5-22 and 5-23, and the 500-
1000 MHz divider data is shown in Fig. 5-24 and 5-25.

The effect of the diode parameters can be readily seen in
Figures 5—18 and 5-20. In each cése as a different diode was used
the value of the input capacitor C Waé adjusted slightly to obtain
as wide an operational frequency bandwidth as possible!

Proper divider action over the'desired-range of the 350-700 MHz
and -500-1000 MHz dividers could be obtainqd with only the hp 0151
diode. The parameters of the ﬁp 0112 are starting to have their
'effect on the divider operation as can be seen in Fig. 5-20.

The operational power level aata obtained for the various
experimental dividers, presented in Fig. 5—18; 20, 22, 2k, all
present the genefal shape predictéd by Fig; 4-45, The data pre-

sented in Fig. L-45 was calculated for a 500-1000 MHz divider cireuit.

e
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Powef curves of Fig, 5—2& were obtained from an experimental divider
designed for this operational frequency range and comparison of
these data sets indicates reasonable agreemént between the theoretical
and experimental data. The junction potential, wo’ of the hp 0151
diode used is approximately 0.7 v.

In tﬂe construction of the individual difider circuits, high Q
air coils and good quality variable caéacitors were used along with
layout minimizing lead leng%hé and proximity effeéts. |

From Fig; 5-19, 21, 23, 25 the input impedance variation can be
determined for the individual dividers under circuit.operatioﬁ. The
curves present the deviation in db as recorded from the voltmeter
(see Fig. 5-2) between the voltage level across 50 ohms and the
voltage level applied to the divider input terminals.

Several operational output waveforms and 1/2 order harmonic
spectrums for the 500-1000 MHz, 200-400 and 100-200 di&iders using
the 0151 diode are shown in Figures.5—26 through 5;30. These |
output waveforms are of the general form obtained from't@e computer
analysis presented in Fig. 4-43. The operational waveforms shbw
-that, as a function of input po&ér level, the divider may operate
with one conducting»and one ndnconducting interval or two sets of

conduction and nonconduction as was predicted from the computer

analysis and presented in Fig. 4-39, L1 and k2.

Ll
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-When the input powef ;evel to the divider is varied between the
operatiqnal thresholds the 1/2 subharmonic content ranges‘from
-6 to -1k db which is a reasonabie power level variation.

The various spectrum plots of Figures 5-26 to 5-30 indicate
that a usablé m/2 harmonic spectrﬁm, for m > 1, is also available,
It appears that this spectrum follows the outpﬁt predicted for the
broadband step recovery diode multiplier. 1In order to determine
" this analytically, the solution of the system'éf equations defining
the divider operation are required. This has not been done.

The various dividers constructed were operated over a Oo.to

50°C temperature range with no apparent degradation in performance.

5.3 TRANSLATION.

"In this section the experimental work that was performed using
the ring modulator discussed in Section 3.2.4 is presented. The
modulators were designed to operate over as lafge a frequency rangé
as possible, and are schematically represented as shown in Fig. 5>-31.

The balanced transformers used.in the modulator were equivalent
to those discussed in Section 5.2. Various diode guads were chosen
.to.have de charac%eristics %hich_were matched to less than 10 my
deviation from each other over a current fange of O—30_ma.

Convérsion lpss characteristics for two different sets of

transformer windings are given in Fig. 5532 and Fig. 5-=33.
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1ko

Port 1 Port 3
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?ort 2 (%j%_ﬁh

Fig. 5-31. RING MODULATOR CIRCUIT.

The 10-turn transforﬁer had its trifilar winding equally spaced
- ground the periphery 6f a toroid core. The 3-~turn transformer
windings were laid in as close as possible to each other. Each of
the sets of characteristics are the averages of data taken for
several different transformers and several different diode quads.
For.the data presented the translating (éwitching) signal was
applied to port 2 at +7 dbm and the signal to be translated applied
to port 1. Power levels of -10 dbm and -20 dbm were used as the
“drive level at éort 1., From Fig. 5—32,-33 it can be seen that the
modulator with 10-turn transfdrmers yield superior performaﬁce over
the lowef_frequency range of 10 to 400 MHz, whereas, for the
freéuency range e#tending on up to 1 GHz the modulator with fewer

turns provides more acceptable performance characteristics,

L1
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The carrier rejection curves of Fig. 5-3U4 indicate the relative
balance presented to the circuit by the transformers and diodes
quads. The carrier rejection labeled "forward" was measured across
a 50 ohm load at port 3 with port 2 terminéted in 50 ohm and a
drive signal of +7 dbm at port 1. The reverse rejection was
measured with port 1 and 3 interchanged. The fejection presented by
the modulators using 3-turn transformers is much more acceptable
.than the 10-turn transformer modulators. This is as expected since
the matching of lead lengths and uniformity ¢f winding spacing
between turns is easier to control.

From Fig. 5-35 the gffect of the input impedance variation of
the modulator is shown. The curves present the deviation in db as
recorded from a voltmeter (see Fig. 5-2) between the voltage level
across 50 ohms and the voltage level applied to port 1 with ports 2
and 3 terminated in 50 ohms.

Typical impedance characteristics (Rp, Xp, Z) for the two
transformers used are presented in Fig. 5-36. The data- was obtained
from rf bridge measurements with the transformer center tap grounded
"and a load of 200 ohms across the secondary windings.

The mixer balance from pdfﬁ 1 to port 3 is relatiyely the same
as the forward rejection to port 3. Port 3 to port 2 is typically

5-10 db less than the reverse rejection measured at port 1. The

balance measured from port 2 to port 1 is typically 5 db less than
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the forward rejgction. The balance from port 2 to port 3 is apprdxi—
mateiy 10 db less than the reverse rejection.

The mixer intermodulation pfoducts are typically less than 45 db
(referred to switching level of port 2) under the drive conditions
for which data has been presented.

These mixers haye been operated over the temperature range of

0° to 50°C with no apparent degradation in performance.
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6.0 SUMMARY AND CONCLUSTONS
In the preceding chaﬁters it has been demonstrated that effective
use can be made of severél recently develbped semiconductor diodes in
wide-band techﬁiques for the synthesis'of precision frequencies over
wide frequency ranges at VHF and UFH frequencies. The application.
of these devices was e#amined in detail under the operating con~
ditiohs associated with frequency .translation, multipliéation and
division.
6.1 SUMMARY OF RESULTS.
As a result of this research effort the\performance level of the
various sigﬁal operations investigated can be réasonably anticipated.
| The diode harmonic generator constructed produced usable
outputs beyond 1 GHz within 8 db of the predicted values. Both of
these circuits have applica%ibns where frequency doubling is desired.
The'performance of broadband SRD multipliers with resistive
loads can be predicted by uéing the conversion‘curves of Fig. L4-25
and the diode transition curves Qf Fig. 5-8. In applications
requiring harmonics of the third to the sikth,_a diode can be
selected that will provide usable'output levels. Holding the bias
.voltage of the diode at zero volts ﬁill not seriously degrade the
multiplier performance while eliminating any tEmpérature dependence

of the oufput on ‘the biasing circﬁitry.
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The output of a broadband SRD gengrator with a resonant load
can be predicted by using the curves of Fig. L-3L or Fig. L-35 and
Fig. 5-8. To use these curvés ciréuit.Q's must be known or estimated.
The spectral output of_this multiplier peaks at the desired harmonic
with a better conversion efficiency than that of the resistive
lpaﬁ generator. .However, the frequency range of operation is
limited by the resoﬁant—load cﬁaracteristics.

The realization of a broadband divider circuit can be obfained
from the calculated values for the various circﬁit elements given
by the relationship of equations (4-10). . Propér subharmonic
spectrum generation of the ordér 1/2 was obtainéd through 1 Glz
employing the hp 0151 diode. Other diodes used were useful over
various freguency ranges dépending upon thelr capacitance, minority
carrier lifétime and transition time. The hp 0151 diode had the
" smallest values for all three of the above mentioned parameters.

The dividers tested generated a m/2 spectrum which appears to
féllow the broadband SRD generatof characteristics.

The various circuits discussed above all have outputs that
confain a number of éther harmonics along with the desired one,
Additional filtering must be pro&ided in applications where the
output must contain a single frequency. If the various analyses are
to be used, the additional bandpgss.circuiﬁfy must be'isplatgd from

the circuit butputs under discussion by either an amplifier with a




150
resiéﬁive input_imbedancé or by a resistive attenuétor. A voltage~
tunable_narfow;band filter could be used in applications where
filtering is required over a certain frequency range.
Ring modulators to perform the frequency translétion function

can be implemented using carefully constructed trifilar transformers
" and matched diode quads that have a very broad operating frequency
range. The 10-turn transformer configuratioﬁ provides an operational
. frequency fange of 10 to 400 MHz- and the 3-turn configuration has a
usable range extending to 1 GHz. Carrier rejecfion of =30 db can

be maintained with a conversion loss of 5-10 db for‘éwitching.

levels of +T7 dbm and drive levels of -20 to -10 dbm.

6.2 SUGGESTIONS FOR FURTHER RESEARCH.

It is suggested that further analysis be done in the following
areas: ’

(1) Purther analysis associated with the prediction of the 1/2 -
order harmonic spectrum energy of the frequency division
technique discussed is recommended. -

(2) To date, the analysis of the step recovery diode circuit
oéeration has been limited to fixed bias operation. It is
suggested that an investigation of alloﬁing the bias to bé

varied by a low frequency signal be undertaken. With further

investigation it might be possible to employ this technique
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to produce phase control over the output signal.
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APPENDIX A
DERIVATION OF SHORT-TERM FREQUENCY STABILITY

In this section a relationship between short-term frequency
stability of a signal‘and the signal-to-noise ratio is presented
which can be used in determing the effects of signal operations on
the basic stability of an oscillator system by considering thé
degradatioﬁ of the signal—to-néise ratio., Thé analysis presented
here can be obtained from references [21] and [22]. ~

Short-term frequency sfability is eﬁpressed'as the ratio of the
rms frequency deviation in the measuring interval T to the nominal
‘frequency of operation, where the fregquency deviation is due fo
random noise effects. Long—term effects of éging and temperature
changes along with initilal startup transient effects are not con-
sidered.

For this discussion the output signal characteristics of the
$ignal source (oscillator) are of interest and not the oscillstor
model which wotlld present the mechanisms which produce the output
signal and noise. The noise effects in the output of a signal source
are classified into two types. Type I noise is considered to be
generated within‘the-oscillator. A noise pulse within causes a
permanent phase change that cénnot be corrected. Type I noise
effects cause a cumulative phase error as additional pulses appear.
Type II noise includes the noise which is external to the basic

oscillator and does not have an effect on the basic oscillator.
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Type II noise ?esults in a‘fhase error which is not cumulative. The
effects of Type II noise are onl& instaﬁtaneous. Therefore, Type I
is,classgd as én infinite memory and Tybe IT is zero memory .

Consider the oscillator signal designated as

s(t) = A cos w b (A-1)
with the noise expfessed as

vn(t) = v, cos wt + v sin w_t | (A-2)
Where~wo is the midband angular frequency and v, and v, are
uncorfelated functions of time which vary sIOwl& and randomly‘as

narrow-band random processes.

The signal of interest is expressed as
vl(t) = s(t) + vn(t)
’-_.— + i -
(vc+A),cos wt + v, sin w . (A-3)

An equivalent form for (A-3) is expressed as

vl(t) = p(t) cos [wot + ¢(t‘_)_] (A~L)
where
oP(6) = [v +alP+v? (a-5) -
. LY E .
tan ¢ (t) = =37 : : (a~6)
c :

The function p(t) is called the envelope of the wave énd

$(t) is called the phase of the wave. With large signal-to-noise

LIt (o
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ratios

b(t) 5 v_/a . , (a-7)

From (A-7) the cumulative phase error due to Type I noise for

k pulses in the measuring time T is given as

H
e

[vl v, o vk]/A = K:Z \ . (A-8)
i=]1

The number of independent noise pulses from the sampling theorem is

k, = 20T - (2-9)

where Wl is the single-sided bandwidth of the noise. Since the

phase error due to Type II noise pulses is not cumulative, the error

due to this type of noise in the measuring interval is expressed as
. l , .
T [V(x)-v(o)] (A-10)

The total phase error is expressed as
1 2WiT ‘ . .
¢ == [ ) v, + V(1) - V(o)] - (A-11)
e A 121 i .

The mean square phase deviation is given by

(Aan)2 2 . | (A-12)

= [¢T-on]
where

e S
Since the noise pulses are independent, (A=11) and (A-12) give

[N
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(897 = &5 [2v,® + v¥(1)17%(0)]

5 [y (a-13)

Now from (A-1) the signal power is P = A2/2 and the noise power
from (A-2) is
(A-1k)

Since v, and v are from independent random process with the same

variance, (A-14) can be expressed as

_ 2 _ 2
N=v,© =, (a-15) |
) {
Using equation (A-8) and (A-15) yields
2v.2 = oW1 v ° = oW N7 (A-16)
5 i 1 171
and the mean équare phase deviation becomes
—_—s W, TN N
2 11 2
= + -
(29_) S 5 (A-17)

where Nl and N, are the Type I and Type IT noise powers respectively.

2
The mean square frequency deviation is expressed as

— — WN, N )
(b0 )% = 7% (807 = 5=+ 5 < (8-18)

Pt 'PTQ

“and the fractional frequency stability is

2 :
S = (Aw ) el Yo /e (A-19)
© T ey t o Ert e

o . o
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The signal-to-noise ratio for the noise can be expressed as

. .
(SNR)l = ﬁi
(SNR), = P

2 Nz . _ {A-20)

Using (A-20) in (A-19) yields

1.1 ; J1/2 _ | (A-zlj
(SNR),T

Equation (A-21) is the principal result of this Appendix and
shows the importance of both types of noise Eower, the Type I

bandwidth, and the measuring interval.
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APPENDIX B
NONLINEAR DEVICE ANALYSIS.
In this discussion the output relationship for a general non-
linear device is determined from analyses presented. in references
[22] and [23]. The input-output relationship for the generali

non-linear device is given by

ZlaJvln . . ‘ (B-1)

where vy is the output function. Assume an input to the device of

v. =(A+V )coswt+v_ sin w t (B-2)
in c o s o

where
v, cos mot + VS sin mot'is narrow-band noise of center freduency
fo. The mth term of (B-1) Wi;l yield the following terms of interest

™ cos™ L 4t sin w . (B-3)
o o

v, = (adv )™ cos™ w bt + mv_ (At+v
in c o s c
With large signal-to-noise ratios at the input to the device only

the linear noise terms will be of importance and (B-3) becomes

v, Mz [Am+mAm—lv 1 cos™ w £+ oAy cos™ 1w ¢ sin o t. (B-L)
in c o s o o °
After appropriéte trigonometric substitutions and manipulation,

the signals in vln at the k harmonlc of the input frequency

(for k¥ = m~2p) are
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T\m m m-1 1-m m
(v, )y = [&% +ma™v 12 .(;{m*k)) cos w_t
2
, m .
T e ) sin kw t, (B-5)
s "1 o
E(m—k)

where (?) or nCr denote the binomial coefficient.

Using the above relationships the output power at the desired

kbh harmonic is
: 1-2k, 2k A2,k 4+ 2py . 2 ‘
po= 2 T L] (57 Pla, + 2] (B-6)
- D b :
. . P_.O X
Tow, if the condition

a ) P,
k+ 2p +2 En [(x + 2p + 2)] (x + gp)"l<< 1 (B-7)

% + 2p P+l P

where

mlb :
N

pin =

then (B-6) can be approximated as
k a ,
l_ki .2 . k + 2 :

= + + ——— -8

Po = 2 Py oy [1+ (w2) By o o (8-8)

If the condiiton of (B-7) holds the noise output power becomes

P

B k=1 .2 2 (£+2)(k+1) ; ak%z _
N, = 2 Fp, Fh e Sl 4 M in e 1. (B-9)

Ll L
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The output signal-to-noise ratio becomes

(SN‘R).O
“+hus, if By
the (SNR)O

end the mﬁ

noise ratio

(SNR) ., a, . .
- - i [l _ (k-;;Z) k+2 P. ] (B_lo)
k ak in

+ 2p, for some p > 0, is not zero

(SIR). -
—_— : o (B-11)

k2

h law device, with m > k, will yield a 1ower’signal—to—

and therefore a decreased signal stability.
\




APPENDIX C

:CALCULATION_OF THE HARMONIC SPECTRUM OF A CLIPPED SINE WAVE

' ‘ R
2 =
- Pig. C-1. HARMONIC GENERATOR EQUIVALENT CIRCUIT.

Assuming the input voltage to be Vm cos wt the resulting output

voltage across R_ for the interval ~m<wb<m is

L

v(t) V& (cos wt — cos 6) for -6<uwt<6
=0 - for |wt|>6 ' (c-1)

The output waveform .is shown in Fig. C-2.

-
L o l wt = 6
o=ty -\e»/ /\
: \ 1
V‘T/ /I__ I T W _ _:' t~+
\ - 7 -
h \ ‘ v =
\‘\ I'/ Vm Vm/ (Rg + RL)

Fig. C-2. OUTPUT WAVEFORM FOR HARMONIC ANALYSIS OF THE CLIPPED
: ; SINE WAVE.

The -output voltage, being an even function of time is repfesen—
table by a cosine series. The normalized Fourier coefficients of

cos nwt are

Lbo ),
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o °
a = l—J (cos wt - cos 6) cos nwt dwt
n T g .
"~ 1 . sin(n-1)6 . sin(n+l)® 2 sin n6 cos O
= - + -— —
S [ (n-1) n+l n 1. (c-2)
The conversion loss in.db at the.nth harmonic is defined by
PLn = 10 log Power available from generator (C=3)

Power output at ntH harmonic

For the assumed input volfage, the available power at the input is
2

_om
Pin - 8Rg : . | _ (C=k)

<

The output power at the nth harmonic is

v 2 a 2 R

. .
Pn = m n 2 . ‘ . (C"'S)
2‘Rg + RL) . .

Substituting (C-4) into (C-3), the conversion loss for the nth

harmonic is

_ 2 e fa
PLN = ~10 log a " for Rg = RL (in db). (Cc-6)

The computer programs used to calculated the conversion loss as

a function of 8 can be found in the computer program Appendix.

N




APPENDIX D

NONLINEAR CAPACITOR ANALYSTS

AN >
V cos wt g NC
m .

o .
£ -
Fig. D-1. NONLINEAR CAPACITOR EQULVALENT CIRCUIT.

Assuming the input voltage to be Vm cos whb, the resulting output

voltage across RL for the interval -0<wt<¢ is

v(t) = Vé (cos wt - cos 8) -8<wt<¢

=0 p<wt<27-0 ‘ (D-1)

The output waveform is shown in Fig. D-2.

Fig., D-2. OUTPUT WAVEFORM FOR NONLINEAR CAPACITOR ANALYSIS.

When the net voltage across the nonlinear capacitor is in the

forward direction, the capacitance for this state is very large.

Since the capacitance is large, the current amplitude is determined

by RL and Rg. When the applied voltage is reversed, all the charge

which was stored during the forward bias interval will be recovered.

Referring to Fig. D-2, this requires area Af = Ar' When wt = ¢

Lt




(]

LIy b

16L
2ll the charge is recovered, the current returns abruptly to zero.

The requirement between Af and Ar is expressed as

=3
1l

)
' —
. J Xm (cos wt - cos 8) dwt

2V! (sin © ~ fcos 9)
m

=
1

¢
J V' (cos wt - cos 6) duwt
T o B

V& (sin ¢ ~ sin 6 - ¢cos 6 + Ocos ) ' (D-3)
and from A, = -A ) . \
T . r

sin ¢ - ¢cos 6 = cos 6 - sin 6. ' (D-L)
The solutibn of this equation gi&es vaiues of ¢ for corresponding
specific values of 0. Numerical values for ¢ may be obtained from
Fig. D-3. | |

The normalized Fourier coefficlents of the expansion of (D-1)

" for n # 1 are given by

sin(n-1)¢ , sin(n+l)¢ cos B sin n¢

=L -
& T T 2(n-1) 2(n+l) - n
sin(n-1)6 . sin(n+t1)é -cos 6 sin nd ]
2(n-1) . 2(n+l) n
b = }_[_'cos(n—l)¢ _ cos(n+i)¢ cos B cos né
n 2(n-1) 2(n+l?. n
+.cos(n—l)é cos(ntl)e ;icos'e cos nb ] (D—5*

A2(n—1) T 2(n+l) - | n
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Fig. D-3 ¢ and © FOR NONLINEAR CAPACITOR ANALYSIS.
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Here an and bn are the coefficients of cos nwt and sin nwt
respectively.

) t
The output power at the n"h harmonic is

2

V_ R ,

Pn = __I_n._..]-:'_.g (ane + 'bn2).
2(Rg+RL) :
. “th ..
The conversion loss for the n harmonic is (for RL = Rg)
P._ = -10 log (a 2. b 2) (in ab)
In n n )

(D-6)

(D-7)

The computer program used to calculate the conversion loss as

\

a function of 6 -and ¢ can be found in the computer program appendix.




" APPENDIX E

STEP RECOVERY DIODE ANALYSIS '

N
'l\/\/\l W
Rg -SRD

6‘1Lo<:

Fig. E-1. STEP RECOVERY DIODE GENERATOR EQUIVALENT CIRCUIT.

Assuming the input voltage to be Vm sin wt the resulting output

voltage across R, for the interval -6<wt<6+¢ is

{

V! [sin(wt + 6) - sin 0] 62uwt<B+é

L

il

v(t)

=0 B+ <t <2+ : © (E-1)
The output waveform is shown in Fig. E-2.
/\ ,/“\
vV (,l \ . / wt —

| \ 7 ‘
) ,’,/ I Vo= Vm/(Rg+ R.)

. .. 3
8 fo— ¢~ "\ L

v

Fig. E-2. OUTPUT WAVEFORM FOR STEP RECOVERY DIODE CIRCUIT.

The steady-state condition for © and ¢ are obtained by consider-—
ing the continuity of charge (Q). The total stored charge is ex-

pressed as

ERE-ERIOH : T wa

ot
- |©

[
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i(t) = —8 [sin (wt + 6) — sin 8] (E-3)

and T is the recombination lifetime.

The solution of equation (E-2) for Q is

v ~wt
- m W wT cot 6 + 1 .
Q* ¥R ( NI ) [wt + cos 8) e+ ( —— ) sin wt
g L W +T
+ (.l—-— cot 8) cos wt - ( - 0t )] (E~L)
T wT

At @t = ¢ the charge (Q) is zero, substituting this condition

into (E-4) gives the solution for 6 in terms of wT and ¢ as

=9
_ sin ¢ - wtcos ¢ + wre”’
Tan 6 = 55 Y
~uT sin ¢ - cos ¢ + 0 T" (1-e Y + 1 (E-5)

The cémputer programs used to calculate 6 as a function of ¢
and Wt can Ee found in the computer program appendix.
| The normalized Fourier coefficients of the expansion of (E—l)
are given by’

a. = [sin (8 + ¢) - sin 6]2 -

1 2n -

forn# 1

. =';__t cos(n-1)(6+¢) - cos(n-1)6 _ cos(n+1)(6+¢)-cos(n+l)6
n - 2an

o) (1)

‘sin 6°sin n (6+¢) - sin sin‘ne]
: — :

-2
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1 1. . oy .
b, = 5;-[¢ -~ 5 sin 2(6+¢) + 2sin 6 cos (6+¢) ~ sin 6 cos 6]

"for n # 1

b = 1 [ sin (n-1) (6+¢) - sin (n-1)8
no 27 (n-1)

sin (n+1) (6+¢) - sin (n+1)e
- (n+1)

+ o 5in 0 cos n(6+¢) — sin 6 cos nod 1

o - (5-6)

Here an and bn are the coefficients of cos nwt and sin nwt
respectively.
““th ..
The output power at the n  harmonic is
2 2
+
v RL(an bn2)

P = . : (E—T)
oo 2(Rg+RL)2 :

The - conversion loss for the n°l harmonic is (for R, =R )
P._ = =10 log (a 2+b 2) (in db). : (E;S)
In ) n n .
The computer program used to.calculate the conversion loss as a
function of wt, 6, and ¢ can be found in the computer program
éppendix. Values used in the calculation for wt, 6, and ¢ weré
~generated using the.computer program for equation (E-5).
For the discussion that follows the ‘load resistance RL in the
circuit of Fig. E-1 1s replaced by a resonant circuit RLLC. The

harmonic power generation of this circuit is restricted to the

following operation. When the éPPlied voltage across the diode is
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.positive, diode conduction starts‘and cufrent flows in the circuit
until the charge that has passed through the diode becomes zero.
At this ﬁime the diode switches off leéving fhe current Io flowing
in the inductance. The stored energy is dissipated in the load
before the beginning of the start of the next conduction period.
The results of the analysis will be the determination of the harmonic
génerating efficiency. The analysis considers two conversion losses
and the overall total loss being fhe sum of two quantities.

The equivalent circuits associated with this manner of operation

are shown in Fig. E-3 for the conducting and nonconducting states.

R
. g :
foVV\A 1
. o > .
iy |
A sin (wt - 8) L
L

v

L

(a) - . (b)
Fig. E-3. HARMONIC.GENERATOR WITH RESONANT LOAD EQUIVALENT CIRCUIT.
(a) Conducting equivalent circuit.

(b) Nonconducting equivaleﬁt circuit.

The Eonducting state will bé;analyzedvfirst. For convenience

let V = kA. The circuit driving voltage v(t) is expressed as




171
v(t) = A [sin (wt - 6) + k] - . (E-9)

where t is measured from the beginning of the conduction state.

For the circuit of Fig. E-3a, using the initial condition of i = o
at t = o, the circuit current is expressed as
sin 6 + Q. cosb
i = é—-[sin 8 + [-sin & + L - ] eﬁRgt/L
a R 1+Q 2
g , 1
sin (wt - 8) - Ql cos {(wt - 8) o
+ ] (E-10)
1
Egquation (E-10) can also be expressed as :
: in(. - - i 0+
id =_%—-[sin g + sin{wt 261/2w) + [=-gin 6 + EEEL&ET%%E]
e (1 + ) (1+9,°)"
- . E-11
. & Rgt/1] - (z-11)
where
_ whL
9 TR
g
and
tan ¥ = %E . (E-12)
g ' i «
The charge (q) that has passed through the diode is expressed as
t . oo
q = I i, at. h (E-13)

o

Trom equation (E-13) the charge (q) is expressed as




lYé

cos (wt - 6 - P) - cos (6+y)

A
g == [t sin 6 -
, Rg (1 + le)l/z
L . sin (6+y) -R_t/L
- = [sin 6 - : 1 (1 -e 78 )] (E-1k)
Rg (1 + Q12)1/2

If wt = ¢ when g = o, the diode ceaseé conduction and a relatilonship
in terms of conduction constants 6 and ¢ and the circuit parameter
: Ql is given by

1-cos ¢ -Q sin ¢ + ng 1 - e_¢/Ql)
tan 6 =

Q,-Q; cos ¢ + sin ¢ - (l+Q12)¢ + QlB (1~ e_¢/Ql) (E-15)

The current in the coil at the end of the conduction state is

obtained by substituting wt = ¢ into (E-10) which yields

2
i Q,cos 8 - Q. sin © _
‘I =& [sine+ [ = . ] Y
: +
& 19
sin (¢-0) - Q, cos (6-0)
+ 5 ]
+
.l Ql
and
I AR 1 (E-16)
o =R ‘
g .
The energy stored in the coil at wt = ¢ is
2.2
_1 2 1 LAT . S 5 :
J = 5 LAI0 =3 - > joules. S (B-17)

bl
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The total harmonic power associated with (E-17) is expressed as

2
. LI 2.2
5 =W oy wLA™ T R
?H = 5}-(—37—) ——— watts: (E-18)

LR
g

A conversion loss can now be defined associated with the conduction

interval as

- Avad
P = 10 1og | vallable Power 1 (E-19)
L1 P
H
where
Power Available = A2/8 Rg for V < o.
Substituting into (E—19), the conversion loss becomes
P =10 log ( ——= ) ab. ' . (E-20)
Il 2 , :
2QlI.

" Numerical data for P_. was obtained using equations (E-15) and

1 .
(E-16) assuming values for ¢ and Q, by the digital computer. The
program used in the computaéion is given in fhé computer program
.appendix.

‘Now attention will be turned to_the nonconducting state with
the equivalent circuit being that of Fig. E-3b. It will be assumed
that the circuit is tuned to the nth harmonic with a ;easonable
value for Q2 and that the initial energy of the capacitor is

negligible compared to that of the inductor. With these assumptions

the voltage across the circuit for the nonconducting state is




' T

17k

expressed as

- ..—wnt
v(t) = —prh_e 2Q2 sin wnt
Where
. .EI ) P .l .
p ===, Q, = nwC/G_ and @ = —— = np (E-21)
R 2 L n 1/2
g , (Lc) /

and t 1s defined to be zero at the start of the nonducting state.
Now Vn, the magnitude of the voltage across the circuit at

the harmonic frequency nw is expressed as

<
1

elv | - | _ . (B-22)

<
1

1 mTV(t)—j'nwt
T, at m < 1. : (BE-23)

In (E-23) mT is the nonconducting state duration and equal to

(21 - ¢)/w and T = 27/w.

From (E-23) .
~ (B—+jkn) (1-2)
. =—pLw Q - Q 2
N n’2 -n(m-9¢/2)/q; ., -lte- ™2
v, = —§;H~——,[l_e o R — T thg ] (E-2k)

Now provided that most of the power from'the damped oscillation
'hag been dissipated when it is terminated by the sfart of the next
conduction interval, the exac£ point at which the waveform terminates
is immaterial. Therefore, suppose that Un(wm-¢/2) is a multiple of
21 and provided th >> 1, the last term in the brackets can be

neglected in comparison to unity. With these approximations

Ll Ll

L
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v, is expreésed as

~pLw Q

y &--_nB2 [l-e—n/QQ (m - ¢/2)1. (E~-25)

n 2mn

‘The second conversion loss P can be defined as

L2
PH
PL2 = 10 log [ Power at nw in RL 1. (E—26?
Therefore, PL2 can be expressed as
2PH
PI',2'= 10 log [ T2, 1 ao
n L ‘
Q, . - .
= 1.961 - 10 log [ ;1—2— (1-e~2{m = ¢/2) /Q'a]._ (E-27)

Numerical data was obtained assuming values for ¢ and Q2/n
by the digifal computer. The program used in the computation is
given in the computer program appendix.

| For a given condpction characteristic ¢, the total conversion
loss in generating the harmonic nw is found by'adding P and P

' 1 L2
calculated from the appropriate circuit constants.
It was assumed in the analysis that the energy was all dissi-
pated during the nonconducting state. A.limit of one tenth of the
initial energy left at the next cénduction starting was determined

experimentally [1T7]. Thé analysi? also ignorea the effects due to

"the capacitor during the conduction state. It can be shown by .

appropriate computation that for Qpefational‘condition removed from i
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the maximum inductive energy condition that this approximation is
reasonable and improves at the rate of n2. Therefore its effect

~ on the conduction characteristic ¢ will be small.




APPENDIX F
~ STEP RECOVERi DIODE FREQUEﬁCY DIVIDER ANALYSIS

In this diécussion the ideal nonlinear capacitor character-
istics will be assumed for the stef reéovery diode., This is
Justified for wrt > 10 as was presented in‘Chapter L,

The gnalog simulation of the circuit shown in Fig. F-1 will be
considered first, as it will be used as a subportion of the overall
analoé simulation of the divider circuit. The circuit consists of
an ac.generator, v(t), in series with a bias source, VO, driving

the SRD diode and the resistive load, R The diode starts to

L

conduct when the voltage across it is zero and continues in the

VA 3

v(t) . . EEFL 'V

i S

Fig. F-1. SERIES STEP RECOVERY DIODE AND RESISTANCE EQUIVALENT
CIRCUIT.
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conduction state until the net charge that has passed through it is
zero.. The diode stops conducting when the charge that has passed
through-it is.zero and remains nonc¢onducting until the voltage across
it again becomes zero.
The analog simulation of this circuit is givem in Fig. F-2.

Fig, F—3'ﬁresents £he input output relationéhips for the simulated
circuit for a value of wo + V = -,5v. ’The simulation presented is

" actually for a negative v(t) in With the.output of amplifier 4T
providing v(t) - (wo + V). These polarities are required in

the overall simulation that follows for the complete divider.

v(t) - (lbo + V)

R L ——t 17
© —{30)— 1N1 - 1N2
@;_{Gomparator j I

oo
1N2 | 1NL .5
llP{Comparator Qgg

—v(f)_

Fig. P-2. BLOCK DIAGRAM OF STEP RECOVERY DIODE IN SERIES WITH R

SIMULATION. L
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c R _ SRD
v

I
. L ‘

vy |
weaidessos C R
r} —p 7D Eg L vo

— —
- o

t

Fig. P-4, SRD DIVIDER EQUIVALENT CIRCUIT FOR SIMULATION.

The equivalent circuit of the divider is shown in Fig. F=ly,

The node analysis of this circuit.yields the following set of

equations:
(v,-v,)
_ 2 '3
(vi-vy) € R
g ~
(vo=vy)
2 37 _ 1 1 -
K = L.JVBQt + T J (v3 v),) dt

Lo,
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Rearranging (F-1) gives

v v
V2 S V1T g TR g
: gl g1
v3 =V, - 7T J v3dt + T J Vhdt
i 1 Tid
(RS, dt = == - = -
vy LCQ J v3dt ch f vhdt C2 . . (F=2)

The values to be used for simulation are

el
[l

L - o0 .
R =50

g ‘ .

L = .012yh

C, = 4, 5pf

C, = 2.0pf (assumed stray capacity).

Using these values and time scaling T = lOlO t equations

(F-2) becone

vé = vi - .hhhvg + .hhhv3 |
vl = 72 ~ .833 J vodt + .h17:J v)dt .
vi = b1t J v3dt - JhaT J v)dt - 50 i, (F-3)

Equations (F-3) were used in_the analog simulation of the
divider. The block diagram and computer connection scheme is

presented in Fig. F-5.
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v1 generator

4l7 -
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417 .
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b +v Ny W5
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Fig. F-3 BLOCK DIAGRAM OF BROADBAND DIVIDER SIMULATION,
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APPENDIX G

BAﬁANCED MODULATOR ANALYSIS

N ' I~ . .
///////“ —0

)

v(t)f(t)

v(t)

Qo

»"\g‘
-
e

~l
1 A

o]

-Fig., G-1. DOUBLE BALANCED RING MODULATOR.

A switching function, f(t), as represented in Fig. G-2 is
assumed to calculate the minimum conversion loss of the type of

‘modulator shown in Fig. G-1 with ideal rectifier diédes.

£t~

-] C

Tree
iy

i
fS

Fig. .G-2. SWITCHING FUNCTION r(t)

The Fourier series for f(t) is

ERE

[sin wst + é-siri 3wst +oeea] (¢-1)

£(t) = =

where b ='E—-for n odd.
n m™m
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For an input of v(t) = A sin wot the output, e = v(t) £(t),

is expressed as

Chp sin 3 wst
e = —[sinwt sin wt + sin w t
o i o} s o} 3
sin 5 mst
+ si — -
sin wot 5 + ool ] (G-2)
— + —
;‘hA : cos (ws wo)t .cos (wS wo)t cos (3wS wo)t

Tt 5 - 5 * g

- cos:(3ws+dojt ,
iiatia H-ANIY - (6-3)

The amplitude of the sum and difference frequency terms,
W =0 and ws+wo, are the only coefficients pertinent to the
conversion loss calculation.

The cgnversion loss (in db) at either the sum or difference

frequency is given by

- A T , . _
P, = 20 log 1777 = 20 log 5 = 3.92 db. (G=k)




' APPENDIX H
DIGITAL COMPUTER PROGRAM LTISTINGS

CLIPPED SINE WAVE ANALYSIS

X=50.0%3,1416/180.0
D0 40 Mi=1,)0
M=1
PRINT 100
100 FORMAT(1H1,32H FOURIER COEF. CLIPPED SINE WAVE)
PRINT 101,X
101‘ FORMAT (1HO,3X,38 X=,2X,F10.6) \
PRINT 102
102 FORMAT(1HO,3X,38 N,8X,3H VN)
AX=2,0%X
AllﬁkX+((SINF(AX))/2:0)—((SINF(X))*(COSF(X))*E.O))/3.lh16
PRINT 10k ,M,A11 '
104 FORMAT(1H ;§X,13,3X,E10.h)
DO 20 N=2,20
Bl=N-1
B2=N+1
B3=N
B1X=B1*X
 B2X=B2*X

B3X=B3*X
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Al=(SINF(B1))/Bl

. A2=(SINF(B2X))/B2

103

20

40

10

100

101

43(2.0%( (STNF(23%) )*(COSF( X 1)))/E3
AN=(A1+A2-A3)/3.1416

ANT=ABSF (AN)
ANDB=20.0%(0.43429)* (LOGF (ANL) )
PRINT 103,N,AN,1NDB

FORMAT(lH ,5%X,13,3%X,E10.4,3%,F10.4)
CONTINUE

X=X+(1.0%3.1416)/180.0

CONTINUE

CALL EXIT

END

NONLINEAR CAPACITOR ANALYSIS

READ 1, THETA, PHI,I

FORMAT (2F10.4,13)

PRINT 100
FORMAT (1H1,3X,28H NONLINEAR CAP FOURIER COEF.)
PRINT 10

FORMAT (1HO,3X,2H N,8X,3H VN)

M=1
X=THETA*3,1416/180.0

Y=PHI*3.1A16/18.0
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X2=2.0%X
£2=2.0*Y
A11=(0.5%Y)+(0.25%8INF(Y2) )~ (COSF (X)*SINF(Y) )
Ai2=(0;5*X)+(O.25*SINF(X2))—(COSF(X)*SiNF(X))
Al=(A11+A12)/3.1416
B11=-(0.25%COSF-Y2) )+(COSF (X)*COSF(Y))
Bl2=-(COSF(X)*COSF(X) )+(0.25%CO8F(X2))
Bl=(Bli+Blz)/3.1h16

AB=(A1%¥A1 )+(BL¥B1)

F1=SQRTF (AB)

105

F1DB=20.0%(0.43L429)*(LOGF(F1))
PRINT 105,M,F1,F1DB

FORMAT(1H ,3X,12,4X,E10.4,3X,F10.4)
DO 40 mw=2,25

B=N-1

BB=N+1

BBB=N

XB=X*¥B

XBB=X¥BB

XBBB=X*BBRB

YB=Y¥*B

YBﬁ=Y*BB

YBRB=Y*BBB
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106

Lo

300

100
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AN1=((SINF(YB))+(siNF(XB)))/(2.o*B)
AN2=((SINF(YBB))+(SINF(XBB)))/(é.O*BB)

AN3=-( (COSF (X )*2INF (YBBB) )+ (COSF (X ) *SINF (XBBB)) ) /BBB
Aﬁ=(AN1+AN2+AN3)/3.1h16
BN1=(~(COSF(YB) )+ (COSF (XB) ) )/2.0%B)

BN2= (- (COSF(YBB) )+(COSF(XBB)))/(2.0%BB)

BN3=( (COSF (X ) *COSF (YBBB) )~ (COSF (X ) *COSF (XBEB) ) ) /BBB
BN=(BN1+BN2+BN3)/3.1k416

A£N=(AN%AN)+(BN*BN) \

FN=SQRTF (ABN) .

FNDB=20.0%(0.43429 )% (LOGF (FI))

PRINT 106,N,FN,FNDB

FORMAT(lH ,3X,123MX,ElO.h,3X,F10.h)

CONTINUE

IF(I) 10,10,300

CALL EXIT

END ‘ :f .

THETA AND PHI FCNS OF WP= 1.0, TO 1,000,000

W1T=1.0
DO 10 I=1,7

PRINT 100, W1T »
FORMAT(lHi,éX,5H WT =,2%,E10.4)

PRINT 101
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101 FORMAT(1HO,2X,4H PHI,6X,6H THETA)

102

103

20

10

X=5.0%3.1416/180.0
DO 20 N=1,72
XW==X/W1T

VN=SINF (X )-W1T¥COSF (X )+W1T*(2.71828%%(xw))

VD=-W1T*SINF (X)~COSF (X )~WLT*WLT* (2. 71828%% (XW) )+WLT*W1T+1.0

V=VN/VD

THETA=ATANF (V)
X1=X#¥180.0/3.1416
THET1=THETA*180.0/3.1416
PRINT 102,X,THETA,X1,THETL
FORMAT(2E10.4,2F10.4)
PUNCH 103, X,THETA
FORMAT (2E10.4) |
X=X+5.0%3,1416/180.0
CONTINUE

Y=I

W1T=10.0%%Y

CONTINUE

CALL EXIT

END
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THETA AND PHI FCNS OF WI= .1, .3, 3

. W1T=0.1

100

101

102

103

20

DO 10 I=1,3

PRINT 100, W1T

FoﬁMAT(1H1,3X,5H WI' =,2X,E10.4)
PRINT 101

FORMAT{1HO,2X,4H PHI,6X,6H THETA)
X=5.0%3.1416/180.0

DO 20 N=1,72

XW=-X/W1T

VN=SINF (X)-W1T¥COSF(X)+W1T*(2.71828%%(XW))

VD=~W1T*SINF (X )+COSF (X)-WLT*WLT* (2,71828%% (XW)) WLT¥W1T+1.0

V=VN/VD

THETA=ATANF (V)
X1=X*¥180,0/3.1416
THET1=THETA*180.0/3.1416
PRINT 102,X,THETA,X1,THET1
FORMAT(zElo.A,eElo.h)
PUNCH 103, X,THETA

FORMAT (2E10.4)
X=X+5.0%3.1416/180.0
CONTINUE

Y=T
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370

101
90
91

70

10

102
103

125

191
W1T=3.0*W;T+(Y—1.o)%2.1
CONTINUE
CALL EXIT
END

8

FOURIER COEF VAR WT

PRINT 101

FORMAT (1H1,21H FOURIER COEF. VAR WT)

READ 90,WT

FORMAT(Flo;l)

PRINT 91,WT

FORMAT (1HO,3X,5H WT =,F10.1)
READ lO,PHI,THETA,NN,NEND
FQRMAT(QElo.h,Iz,Ie)
PHI1=PHI¥180.0/3.1416

THET1= THETA*180.0/3.1416
PRINT 102

FORMAT (1HO, 2X,4H PHI,6X,6H THETA )
PRINT 103,PHI,THETA,PHI1,THETL
FORMAT(zElo.ﬁ,QFlo.u)

PRINT 125

FORMAT (1HO,3X,2H N,8%,3H VN)
X=PHI+THETA

Y=2.0%X




111

192
VA1=(SINF(X)-SINF(THETA))*(SINF(X)—SINF(THETA))/6.2832
VBl=(PHI-kSINF(Y)/2.o)+2.o*(SINF(THETA*COSF(X)))
V32=-SINF(THETA)*COSF(THETA)

VB3=(VBL+VB2)/6.2832
VAB=(VA1¥VAl)+(VB3*VB3)

V11~-SQRTF (VAB)
VilDB=2o.o*o.h3h29*LOGF(V11)

PRINT 111,V11,V11DB .

FORMAT (1HO,3X,28 1,5%X,EL0.4,3X,F710.4)
DO 50 N=2,20

A=N

TN=THETA*A

TN1=THETA* (A+1.0)

TN2=THETA* (A-1.0)

PTN=X¥A

PTN1=X*(A+1.0)

PTN2=X*(A-1.0)
Al=(COSF(PTN2)—COSF(fN2))/(A—l.O)
A2=(COSF(PTN1 )+COSF(TNL1))/(A+1.0)
A3=-2,0%(SINF (THETA)*SINF(PTN )-SINF (THETA)*¥*SINF(TN))/A
AN=(A1+A2+A3)/6=2832
Bl¥(SINF(PTN2)-SINF(TN2))/(A-l.o)

B2=—(SINF(PTNL) SINF(TNL1))/(A+1.0)

| I DO V" .Y




DU 99 R | S Y A

110

50

T1

300

193 |
B3=2.0*(SINF(THETA)*COSF(PTN)stNF(THETA)*COSF(TN))/A
BN=(B1+B2+B3)/6=2832
V=(AN*AN )+ (BN*BN )

CN=SQRTF (V)
CNDB=20.0%0.43429*LOGF (CN)

PRINT 110,N,CN,CNDB

FQRMAT(lﬁ ,3X,12,5X,E10.4,3X,F10.4)
CONTINUE

IF(NEND) 71,71,370

IF(NN) 70,70,30

CALL EXIT

END

PULSE HARMONIC GENERATOR

Q=0.1

PHI=(5.0*3.1M16)/180.0.

DO 11 I=1,16

PRINT 100

100 FORMAT(1H1,5X,38 Q,11X,4H PHI,OX,lH THE,9X,4H XIO,

1 9X,S5H XI02,9X,3H PL)

DO 10 J=1,70
PHIQ=PHI/Q
TN1=(Q#Q)*(L.0-2, 71826%* (-PHIQ) )

TN2=1,0-COSF(PHI )-Q* (SINF (PHI)

)




103

500

10

301

302

19k
TD1=Q*TN1+Q-Q¥*COST (PHI)
TD2=SINF (PHL)-(1.0+Q*Q)*PHI
TND=(TN1+TN2)/3D1+TD2)
THE=ATANF (TND )
X11=(Q*COSF(THE)—Q*Q*SIN?(THE))/(1.0+Q%Q)
XI2=(SINF(PﬁI—THE)—Q*COSF(PHI—THE))/(IfO_Q*Q)
XTO=XI1*(2.71828%%(~PHIQ))+SINF(THE)+XI2
XI02=XTI0*XI0
PL1=(2.0%X102%Q)/3.1416
PL=-10.0%(0.43429)%*(LOGF (PL1))
PHA=PHI¥180.0/3.1416
THA=THE*180.0/3.ih16
PRINT 103,Q,PHA,THA,XIO0,XI02,PL
FORMAT(1H ,3(3X,F10.4),2(3X,E10.4),3X,F10.4)
PUNCH EOO,PL
FORMAT(F10.4)
PHI=PHI+5.0*3.1M16/180.0
CONTINUE
XI=1
TF(I-10)301,301,302
Q=0.2%XI
GO.TO 305

Q=5.0%(2.0%%(XI-11.0))




195
305 PHI=(5.0%3.1416)/180.0
11 CONTINUE

PAUSE
QN=0.1
PHI=(5.0*3.1M16)/180.0
DO 13 II=1,i1
PRINT 200

2@0 FORMAT(lHl,ﬁX,BB Q,llX?hH PHI,9X,L4H PL)
DO 1k JJ=1,70 .
X=(1,o/QN)*(3.1hi6-PHI/2.0)
XX=1.0-2.71828%%(-X)
KXX=QN¥XX*XX
PLI=1.961-10.0%(0. 43429 }*L,0GF (XXX)
PHA=PHI¥*180.0/3.1k16 |
PRIﬁT'QOl,QN,PHA,PLL

201 FORMAT(1H ,3X,F10.k,3X,Fl0.k4,3X,F10.4)
PUNCH 501,PLL B L

501 FORMAT(Flo.h) '
PHI=PHI+5.0%3.1416/180.0

1L CONTINUE
XII=II
QN=0.2*XIi

PHI=5.0%3,1416/180.0




13

100

10

20

16

300

70

196
CONTINUE

CALL EXIT

END

PL+PLL

DIMENSION PLL(11,70),PL{70),s8(11)
READ 100,N |

FORMAT (I3)

DO 11 I=1,11

DO 11 J=1,70

READ .10,PLL(I,J)

FORMAT (F10.4)

11 CONTINUE

DO i5 IN=1,N

DO 16 JN=1,70

READ 20,PL(JN)

FORMAT (F10. 1)

CONTINUE

PRINT 300,IN

FORMAT (1H1,I5)

DO 50 IR=1,70

bo,7o 1¢=1,5
S(IC)=PL(IR)+PLL(IC,TR)

CONTINUE




151

50

301

80

197
PRINT 151,(s(IP),If=1;5)
FORMAT (1H ,S(SX,Flé.h))
CONTINUE
PﬁINT 301,IN
FORMAT (1H1,I5)
DO 60 IR=1,?O
DO 80 IC=6,11
S(Ic)=PL(IR)+PLL(Ic,iR)

CONTINUE

_ PRINT 152, (8(IP),IP=6,11)

152
60

15

FORMAT(1H ,6(5X,F10.L4)
CONTINUE
CONTINUE
CALL EXIT

END
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