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NOISE AND INTERMODULATION IN THE IONOSPHERIC
SOUNDER RECEIVER FOR THE ALOUETTE AND ISIS SATELLITES

The problems associated with sounding the topside
of the ionosphere over a wide frequency range with limited
transmitter power and a long extendible electric dipole
antenna system are described.

Estimated interference levels from ground based HF
transmitters are given, and the effects of such interference
on the sounder receiver are described, )

Noigse figures for various receiver front-ends are
given when driven by an electrically short antenna having
a source impedance which is large and essentially capacitive.

Intermodulation and noise characteristics for
different transistor amplifiers, resistive mixers and
parametric up=-converters are also given.

1. INTRODUCTION

The main experiment in the Canadian Alouette and ISIS satellites is a
swept frequency ionospheric topside sounder, The sounding principle used in
these satellites is as follows: a pulsed RF eignal of frequency f, is
transmitted vertically down into the :I.on?a;}zhm. When it reaches a region of
electron density given by the expression!3

¢ 2
N - &—
e 8005
where No = electronu/cm?
and f =

o frequency in kHz,
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and if we neglect the effect of the earth's magnetic field, the signal will be
totally reflected and the time spent for the signal to travel down and up again
is measured. If the frequency f, is swept, one can generate a display or
ionogram in the form of plasma frequency (and therefore electron denaity) vs
distance of reflection level from the satellite. Simultaneously a plot of the
cosmic noise level is obtained from the AGC output of the receiver.

The frequency range required for sounding is from approximately 20 MHz
to as far below 1 MHz as possible. In Alouette II the sounding receiver
frequency range was from 0,13 MHz to approximately 1l4.5 MHz., The antenna
system used for this bandwidth consiste of twn crossed Hertzian dipoles
measuring 75 ft. and 240 ft. tip-to=-tip respectively. These antennas are
connected to the transmitter and to the receiver via a T/R switch and a cross-
over network. For ISIS-C - a magnetospheric satellite to be launched in 1972-73,
the intention is to sound from 10 kH2-20 MHz. In addition, the satellite will
be put into an elliptical orbit with a perigee similar to that of Alouette II
(1,6. 500 km) and an apogee of the order of 15-20 earth radii. Extending the
sounding frequency range down to 10 kHz will necessarily put severe limitations
on system performance at the low end of the band. The use of a single receiving
gystem for both ionospheric sounding and cosmic noise measurements compromiges
and complicates the receiver design and it would be much easier to perform the
cosmic noise and sounder measurements using separate receivers,

In the sounding system we have two major problems, firstly, the "echo"
signal from the ionosphere has to overcome the cosmic noise level appearing
on the antenna terminals. Secondly the system noise temperature at the
receiver preamplifier input terminals must not be set by the effective receiver
noige temperature. With the receiving system used in Alouette II the lowest
frequency at which cosmic noise measurements can be made is around 600 kHz,
Below this frequency the effect of increasing antenna mismatch loss and
relatively high sounder receiver noise figure results in the cosmic noise being
masked by receiver noise. In addition, a beat-frequency between the two VHF
telemetry transmitters gives a serious interference signal cemntred at 510 kHz,.
At first it seemed likely that much of this telemetry interference could have
been eliminated by the eddition of VHF traps at the input terminals of the
Alouette II receiver. It now seems however, that the non-linearity of the
plasma will emsure generation of this beat frequency signal.

There are three obvious solutions to the signal-noise problem at low
frequencies. The first is to raise the peak power of the transmitter pulse,
the second is to reduce the antenna mismatch loss by making the antenna dipoles
longer, and the third is to make the transmitter pulse longer and the receiver
IF and post-detection bendwidths narrower, The first and third suggestions
both involve higher average transmitter powers while the first suggestion of
course has the added complication of higher peak power, Increasing the
transmitted power also raises power supply problems since a doubling of the
average trensmitter power, for example, will only raise the signal/noise
ratio 3 db while doubling the power drawn from the spacecraft batteries. A
major improvement in signal/noise ratio could be obtained by the second
approach, i.e. making the antennas longer., But here again one will come up
against serious practical problems in the form of mechanical constraints, and
experience in Canada and the U.S. suggests that a practical upper limit at
the present time is about 2000 ft. tip=to-tip for a sounder dipole.* As an-

% The U.S, Radio Astronomy Explorer satellite to be launched in 1968
will have two extendible tubular V antennas, the largest V having
a pole length of 750 feet. ‘
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example of the antenna impedance problems at low frequencies, a plot of the
resigtive and the reactive part of the impedance vs frequency (from 10 kHz -

1 MHz) for the 240 ft. dipole in Alouette II is shown in Figure 1. It should
be mentioned that these are computed results and assume free space conditions.
When the antennas are embedded in a plasma, at frequencies near and below the
plasma frequency, the impedance can be quite different from the free space
values. These working conditions frequently occur for Alouette I and II and
the effect on antenna impedance is at present largely unknown. In addition

to noise and mismatch problems the sounder system can, at times, experience
severe interference from ground based HF trangmitters. One finds that vhen
the satellites pass regions with high broadoasting activity that the ionograms
and the AG? ecords can be badly degraded by this type of interference.

T.R. Hartz'1/has made a systematic analysis of the AGC records from Alouette I
and has shown good evidence of high correlation between ionogram interference
and transmissions from HF transmitters on the ground. He found that night time
interference was much higher than that appearing in the daytime, and concludes
from his study that interfering frequencies must be in the frequency range
above the F layer penetration frequency (f,Fp), Very good correlation appeared
between these interference phenomena and f£oF2. On the basis of some obviously
uncorrelated frames it was concluded that D layer absorption was probably
unimportent. From an experiment made it was also found that it was unlikely
that there would be significant interference due to signals propagating through
the ionosphere by the whistler mode.

Data from the Alouette II satellite supports this analysis. The
important difference between Alouette I and II with respect to interference
is the insertion of three bandpass filters in the preamplifier in Alouette II
to provide better interference protection. The filters cover the frequency
ranges O.1 = 2,0 MHz, 2,0 = 7.0 Miz and 7.0 = 15 MHz respectively.

An investigation by H. Kowalik(2)shows that interference from ground-
based transmitters is to be expected. For example, in the frequency band
9450 = 9,73 Mz (i.e., half of 19 MHz, the frequency of the first IF in
Alouette I and II) there are more than 350 transmitters with transmitted
powers greater than 1 kw distributed around the world, and there are 54
channels in this band separated by 5 kHz. 50% of them have more than 50 kW
output power and some more than 150 kW, Typical antenna gains are about 22 db,
fan beamwidths 35° (3 db points) and elovat{.o? angles are typically between
7° and 20° depending on frequency. Kowalik'2?) made calculations for the
Alovette I antenna system to get an approximate figure for interference levels
and made the following assumptions

(1) elevation angle to the satellite = 15°

(2) distance to the satellite = 1450 statute miles
(3) trensmitter antenna gain = 20 db

(4) satellite antenna gain an average of 2 db

(5) polarization loss = 3 db

UNCLASSIFIED
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(6) losses in the spacecraft antenna matching network = 10 db
(7) input impedance of the sounder receiver = 400 ohms from 1 - 10 MHz.

The results are shown in Figure 2. Although the transmitter antenna
gain of 20 db for the lower part of the frequency range is quite unrealistic,
the calculations should in practice provide a good basis for assessing inter—
ference probabilities in the sounder system since low frequencies will not
normally penetrate the ionosphere. We will come back to Figure 2 later. For
the present we will only state that for a 1 MW transmitter located on the
ground, interference levels across 400 ohms receiver input terminals can be
as high as 50 = 60 mV in Alouette I, and 160 - 200 mV in Alcuette II, The
increased level in Alouette II is due to the fact that the received
is proportional to the length of the antenna as long as the antemna is matched.
The gain for matched conditions only changes slightly with frequemncy: for an
infinitesimal dipole the gain is equal to l.5, for a half-wavelength dipole
it is 1.64. In addition, Alouette II's 500 km perigee is half that for
Alouette I (1000 km) (see also Appendix B in this report).

2. DEFINITIONS OF INTERMODULATION

There are several types of distortion phenomena in a receiver system,
For the present application we have mainly three general types of interference
which can give us unwanted distortion, namely;

(1) intermodulation
(2) 4image frequencies

(3) frequencies at or subharmonically related to the IF of the receiver.

Effects of cross modulation on the performance of a receiver have never

been observed in practice and can probably be neglected. This is essentially
due to post detection filtering of the desired short pulse signals. '

2,1 INTERMODULATION

In the stages ahead of the first mixer the most serious intermodulation
occurs when two or more high level unwanted signals are present on the antenna
terminals simultaneously and have frequencies such that their fundamentals or
harmonics can be combined to give the frequency the receiver is tuned to, its

image frequency, or a frequency within the pass-band of the first IF crystal
filter. ‘

In the mixer the problem will be slightly different: If two or more
unwanted signals are present and their fundamental frequencies or harmonics
combine with the LO frequency or harmonics of it to give a mixing product

UNCLASSIFIED
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inside the IF crystal filter bandwidth, we can get serious interference. Even
worgse 1s the case when the mixing product is equ?l to the IF frequency without
the LO taking part. According to Hartz's report 1) this may be the main
interference mechanism in the Alouette I satellite. Typical combinations in
the pre-mixer stages are then:

fl ha fzz fo, second order IM

2. + £ fo’ third order IM

1= "2~

Mf. 1Nf2 ';:,fo, M + N order IM

1
In the mixer,
£10- (£ 2 £,) =£, = £ = £ second order IM
£0= (28 2 £)~ £, =f =fip third order M
flo~- ME, £ NE )= £, - £ =fp M+Norder IM
Ly - (M INE) =80 - £ = £
where L, M and N are integers.

In addition, in the mixer we can have

Mfl * Nf2 ~f1p

fl’ fz = interfering frequencies

fo = the frequency the receiver is tuned to
fIF = the IF

£10 = local oscillator frequency

In these examples we have assumed a lower sidebend up-converter

and f107 fIF 7 fsig'

2.2 IMAGE FREQUENCIES

In a double conversion receiver both first and second IF image responses
are possible., If the front end has an inadequate low pass filter then signals
at £, * fp will be frequency translated in the first mixer to fIF « The

1 1

] + fIF1 its image

1
wanted signals are of course at fL01 - i‘H.1 and we call fLo
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in the first IF., In the ISIS=-A satellite the local oacillator sweeps to within
100 kHz of £1p hence the minimum image frequency is ~—2 fIF o The front end

1
of the receiver should therefore have a low-pass filter with an £ _ just beyond
the upper end of the sounding frequency range and having the higheS% possible
attenuation at frequencies > 2 fIF « The antenna system will be quite sensitive

1

to such out of band signals and will become increasingly directional as the
frequency increases i.e. as the antenna becomes many wavelengths long. No
data is presently available on antenna losses at VHF and UHF,

If the first IF has inadequate bandpass filtering, signals at fLO -
1
fIF +2 fIF will be amplified in the first IF and frequency translated to
1 2
frrz . Fog example, suppose the wanted signal
£ = 1,5 MHz
8

and let
19 MHz

L)
=
i /

005 MHz

Then

fm1 = 20.5 MHz
fmz = 18,5 MHz
When £ = 2.5 Mis

first local oscillator

gecond local oscillator

then fm1 - fI = 18,0 MHz
and fLoz - 18,0 = 0.5 MHz = fIFz

£; s therefore called the image of fs in the second IF,

Second IF image attenuation for Alocuette II was 65 db and was achieved
using a single xtal filter immediately following the first local oscillator.
First IF image attenuation in Alouette II was set by bandpass filters in a

preamplifier and was 2 50 db to about 50 MHz with no measurements teken beyond
this frequency.

2.3 SUBHARMONICALLY RELATED FREQUENCIES

Frequencies of the following type can also give interference;

noe flﬁﬁfb or fIF

UNCLASSIFI&D
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Generally most of the interference distortion is expected to come from
second and third order intermodulation. Second order terms can, to a certain
extent, be suppressed by octave band switched filters in front of the pre-
amplifier, There are however three general limitations to such a filtering
scheme, Firstly, one does not know precisely the impedance of an antenna
imbedded in a plasma, and it will also change throughout the orbit because of
changing electron density. This will put a limit on the effective skirt
selectivity achievable with a given number of elements. This situation
becomes particularly serious at and below plasma frequencies. In addition,
one requires less than octave-band filtering because of finite skirt selectivity.
Secondly, filters have a finite insertion loss and can give a significant noise
contribution when put in front of the first preamplifying stage.

The third problem is the T/R switch. Because of the high RF output
voltage of the transmitter it is highly desirable to put this circuit in front
of the filter to avoid breakdown problems in filter components. Therefore the
requirement for the T/R switch must be that it can stand the full interference
level without introducing significant harmonic and intermodulation distortion.

In addition to the problems mentioned here there are others in connestion
with particular preamplifier configurations, and these will be mentioned later.

Third order IM can never be eliminated by octave filtering because the
interfering signals can 1lie arbitrarily close to the wanted signal. To reduce
the probability of third order IM one must use narrower front end filters.

Let us consider a simple calculation showing the dependence of “third order IM
on filter bandwidth. ’

We assume the interference signal distribution to be constant over the
whole band and to have a probability density equal to d per unit bandwidth.
The probability of finding a signal inside the filter pass band is then:

The equation giving the interference of third order is:

_af ¢ aAf
fom2 T -fef,* 7

f, is a frequency in the filter bandwidth 4f, and is here arbitrarily
chosen %o be the center frequency. fi and f2 are interfering signals,

The probability of having a frequency f2 between these limits is then
| p2=*;A£ o d
and the probability for interference by
Lout 2
" is then (because of mutual independence)
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Generally one can say that after the unwanted signals have passed the prem

filtering stages, the only way to reduce distortion is to increase the dynamic
range and reduce the nonlinearities.

It should be mentioned that in addition to these different phenomena
due to external signals, we can have internally generated spurious responses,
for example due to a frequency synthesizer or from other experiments and

equipment (e.g. telemetry transmitters) in the satellite, These problems will
not be taken into consideration here.

3. MEASURING PROCEDURE FOR INTERMODULATION AND NOISE

3.1 INTERMODULATION

A good indication of the linearity of the sounder-system can be obtained
by measuring its second and third order intermodulation products. The
technique used to measure these intermodulation products will be deseribed
shortly, see Figure 3,

Two HP 606A generators were terminated using two fixed 10 db pads and
two 1 db-step attenuators connected together via a three-~port 50 ohm coupling
unit, i.9. when two ports are terminated with 50 ohms, the third port has an
input impedance of 50 ohms. The third port was connected to a low-pass filter.
This filter was again terminated in a suitable matching network to keep the
50 ohm cable properly terminated and to get the proper source impedance for
the ecircuit under test. The voltage at the output of this matehing unit is
then the reference level. The connection between the matching network and
the circuit under test must be kept short. The frequencies were always
measured with a counter,

With the precautions mentioned here this system can measure IM figures
up to 105 db above a reference level of 1pV into 50 ohms.

The measuring procedure is as follows:

The output voltage is set to zeroc on one of the generators. The other
one is get to the wanted frequency and reference level. If the circuit under -
test is a mixer, the LO frequency is set to maximum output IF reading on a
selective pV-meter. The output level is noted.

Then both generators are tuned to frequencies separated the frequency
the system is tuned to (in case of second order intermodulation). The levels
are then increased simultaneously to an output equal to the réference level of
one generator on the wanted frequency. The level of each generator above the
input reference level is then the intermodulation rejection of the system.

The same procedure is used for third order terms e.g. 21'1 hd f2.

UNCLASSIFIED
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The reference level must always be known when a certain intermodulation
figure is given. When measuring parts of a cascaded system, one has to adjust
the reference level on the different test points according to the voltage
levels in the complete system. The right source impedance must also be used
otherwise very misleading results can be obtained, for example, parts of a
system can show poorer intermodulation than the complete system. Usually in
the literature the tangential sensitivity level is defined as the reference
level. But as long as the gensitivity is dependent on the bandwidth, the
abgsolute value of the reference level must be given to obtain any definite
information about the interference level the system can stande In the
measurements presented in this report, a reference level of 2 uV in series with
an antenna resistance of 400 ohms has been used for preamplifier tests. This
allows comparison with measurements done earlier in this laboratory, which
used 1 pV reference at the input terminals of preamplifiers with a 400 ohm
input resistance. The antenna resistance was also 400 ohms. This level has
then been adjusted for different test points in the mixer and buffer amplifiers
assuming reasonable power gain or loss. Using & reference voltage level in
series with a certain resistance will be the most meaningful reference for
comparing systems. Using the power into the device will be meaningless for a
high input impedance circuit such as a field-effect transistor amplifier.

Because of the high level of the interfering signals and the high LO
drive used, extreme precautions must be taken in layout, shielding, and proper
grounding techniques. If this is not done the true limitations of the system
will not show up and repeatable results will not be obtained.

3.2 NOISE

Tangential sensitivity is in this repc:rt defined as the additional
voltage, V,, on the input terminals of the circuit under test necessary to
ra%se the Sutput power level 3 db above the noise-level. From this value the
noise figure can be obtained in the following way if the input is matched:

N .
V]
R
—
NF = ¥TB

tangential sensitivity

source impedance (matched)

Bolzmann's constant

-3 L3 mw H<
i

temperature of the source resistance

B = bandwidth

If the input is not matched one has to take the Thevenin equivalent of the
signal circuit when the output is increased 3 db, let us say we then have a
voltage V(rms) in series with a resistance R The noise figure will then

be (5): a°

UNCLASSIFIED



10 UNCLASSIFIED

vz

4R
—4
NF = =78

In most cases in the present work a noise generator has been used and this is
calibrated to give noige figure levels directly in dbe In Appendix B the
definitions for brightness temperature, antenna temperature, effective
temperature, and system temperature will be found.

4o+ INTERMODULATION IN TRANSISTOR AMPLIFIERS

There are two general causes of intermodulation, namely saturation
effects and nonlinearities, and it is often difficult to separate these two
phenomena. The concept of dynamic range is illustrated in Figure 4. The
distortion caused by saturation will be directly related to the dynamic upper
limit for the system.

Let us take an amplifying device for example. When the signal levels
approach the level for saturation, the input/output characteristics can be
represented by a power series of the following form:

\) g = k +k

2 3 n
ou e V e V +k, V +* eee * kn o Vin

1 in 2 in 3 'in

The coefficients can be a function of the bias for example in a transistor
amplifier, We express V. in the following form to be able to easily pick
out the frequencies in the output:

=1 Ju,t -juyt Ju,t =ju,t
(Vg =3 V.18 ¢V e 1%+ v, . 692% 47, o 2]
One second order term will then be:

Vot <X vlL . v2|

Similar contributions will 'come from all the even order terms in the power

gseries. The third order contribution will typically be of the following form:
V. v

2
I"out. o< kg 1| . 2|
Similar contributions will come from all the odd order terms in the power
geries, If we assume that the series can be terminated after the third term,

the intermodulation from this type of distortion source will have the following
characteristics (assuming |V1| = |V2| )s

Second order IM is proportional to the signal squared, and third order
is proportional to the signal cubed,

The same dependence on signal level will be observed for all non=-

linearities of this type. For example, in a field-effect transgistor the
transfer characteristics is approximately of this form:

UNCLASSIFIED
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- 2 3
LD—kloein"'kzoein *k3.ein

<

vhere k3 L8 k2
This characteristic will always give distortion no matter how great the dynamic
range is.

There are generally at least four nonlinear effects in bipolar transistors
that can give distortion, namely:

(1) emitter resistance dependent on emitter current
(2) current gain dependent on emitter current

(3) current gain dependent on collector-base voltage
(4) nonlinear collector-base capacity

An extensive study and analytical treatment of these effects using an
accurate large-signal model for the transistor has, to the author's knowledge,
not yet been published. This is not surprising because of the complexity of
the problem and the mathematical difficulties involved. Even assuming you
have a high speed computer available, you are still left with a difficult
modelling problem, and your results are of course completely dependent on the
accuracy of your model.

The present opinion in this laboratory is that using a CDC 3200 computer
with one of the big network analysis programs, such as SCEPTRE, will probably
be of some value in comparing different circuit configurations and pinpointing
weak design areas. It is likely that SCEPTRE will eventually be available to
the DRTE Computing Centre, and an effort will be made to use it for inter-
modulation calculationse.

The approach, so far, to the investigation of the different circuits
has therefore been mostly of an experimental nature based on a good physical
understanding of the basic mechanisms involved. In dealing with these
distortion problems, it is worth noting that an improvement in the inter-
modulation characteristics is usually accompanied by an increase in noise
figure. Hence, low noise and wide dynamic range tend to be conflicting
requirements. The first thing to take into account when designing a transistor
stage with low intermodulation distortion is the dc biasing. The emitter
current bias must be high enough to avoid saturation effects but not so high
as to produce an excessive increase in noise figure. The next thing to
consider is the variation of current gain, hpe, versus emitter current, and
to pick a transistor, and an operating region, where the hfe vs emitter
current is reasonably flat.

The nonlinearity in Cyp with voltage did not seem to be a dominant
factor for distortion in the circuits described in this report. In the cases
vhere very good intermodulation figures showed up, the collector voltages were
varied. No difference in intermoduletion appeared. This nonlinear effect
must therefore be "swamped out" by other distortion mechanisms. If the load
impedance is high the C,), nonlinearity will probably show up. The types of
preamplifier configurations using bipolar transistors that have been taken
into consideration for the sounder receiver are mainly:

UNCLASSIFIED
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(1) common-base single ended
(2) common-base push-pull
(3) aifferential amplifier
(4) feedback configurations

The push=pull circuit has an advantage over the single ended version in that

it gives some cancellation of second order intermodulation terms in the output
transformer. This transformer must therefore by very well balanced for the
whole frequency band. Theoretically, some adventege should be gained by driving
these types of circuits from a current source to counteract the nonlirear
emitter~base characteristic. But the source impedance cannot be raised too

much without significantly degrading the noise figure. A curve showing typical

veriation of noise figure versus source impedance for a push=pull common base
amplifier is shown in Figure 5,

Measurements were taken to compare the common base single ended
configuration with the push-pull common base amplifier (both with and without
compensating diodes). 2N2501 transistors were used and the relevant circuits
are shown in figures 6, 7, 8 and 9. The resistance in series with the emitters
and the load were kept constant, The two push-pull amplifiers used the same
transformers. In this way the figures obtained for intermodulation rejection
should be directly comparable, In the measurement, 3 pV was used as the
reference level in order to keep the output well above the pV meter noise level.

Low-pass filters (foo = 1.5 MHz and 4.5 MHz) were inserted in front of
the pV meter (Rohde and Schwarz) to avoid intermodulation in the meter
(interfering signals have to be below 1 mV). In assuming a nonlinearity of
the following form has caused the intermodulation

2 3
in *E3 e Vg,

the intermodulation can be referred to 1pV at the input. The results are
shown in Table 1,

k1 vV, ¢+ k « V

Figure 10 shows measured values of P ) and B (h,_ ) at 20 MHz versus
emitter current for a 2N2501 transgistor. ?ﬁe réason for chSSSing this
particular transistor is that P is relatively flat around a reasonably high
emitter current. When these transistors were used in pairs they were selected,
i.e, matched, for similar characteristics.

From Table 1 it is quite obvious that the third order IM is relatively
independent of compensating diodes and & pushe-pull configuration and is what
we ghould expect. For the second order IM terms the compensating diode gives
between 12 and 18 db improvement, and the push-pull arrangement gives even
more improvement, between 15 and 18 db over the single ended configuration.
The measurements show also that using compensating diodes in a push-pull
configuration will give little or no adventage if both the emitter currents
and the rf volteges on the two sides are adjusted for good balance. A
differential amplifier, Figure 11, was measured at different frequencies for
various values of emitter-resistences and R,e This circuit was easy to
balance and it showed good broadband ch acter%stics. IM results are shown
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in Table 2. An increase in the load from 200 to 800 obms changed the
performance only slightly.

Feedback amplifiers of different kinds are presently under investigation
in the laboratory. ‘

5. MIXERS

The weakest point in the receiver front end seems to be the mixer,
Measurements done in this laboratory and other establishments indicate wide-
band transistor amplifiers are easier to design for low intermodulation
distortion than wideband mixers. Generally one has to trade off between noise
and intermodulation. The constraints put on the mixer were mainly:

(1) noise figure as low as possible,
(2) very high dynamic range for good intermodulation rejectiou,

(3) biasing shounld not be more critical than for the rest
of the system,

and (4) double balancing needed, i.e. both for signal and local
oscillator,

A switched diode ring mixer (ref. 6 to 13) was found to be a promising
solution, and such & circuit was used in both Alouette I and II. (See
Figure 12 for the Alouette II mixer.)

Ideally if we assume the diodes switching between zerc and infinite
resistance and solely controlled by the LO current (diode switching not
affected by signal currents), we should have no intermodulation at all. The
best approximation to these conditions is to drive the diodes with a large
amplitude IO current source, to use very fast diodes with low charge storage
and to have a high source impedance in the signal line to the diocdes.

The reason for using a signal current source is to avoid any influence
on the current waveform from changing diode resistance (12)« The main
contribution to intermodulation should then be due to finite signal currents
perturbing the LO switching of the diodes.

Other contributions to intermodulation can be charge storage effects,
finite voltages across output load resistance of the mixer tending to unbalance
the diodes, non-ideal current sources due to shunt loasses in transformers, etec.,

The mixer circuits should also display good balance over a wide band
and this is achieved by matching diodes and taking exceptional care in
balancing transformer windings. Balancing of the signal line provides useful
attenuation of harmonic and intermodulation products at the IF frequency
generated in the premixer stages.
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assembly in Figure 12 was measured with a 50 ohm source

impedance and showed a typical value of approximately 70 db for second order

intermodulation.
by using resisto
obtained if one

This figure can be improved for the whole band, .1 - 18 MHz,
r8 in series with the diodes. Narrowband improvement can be
carefully balances the ring with small capacitors to ground

from different points in the ring, selecting an optimum IO drive level
(not necessarily as high as possible) and by putting small dc voltage biases

on the diodes.

The intermodulation figure is also of course dependent on the

type of diodes used. The results of the measurements on this circuit will be

mentioned later

We will no
diode mixer, see
shown in Tables

in the general discussion.

w look more thoroughly into a slightly different switched
Figure 13, This circuit was used for the set of measurements
3-8,

The following are some comments on thesge measurements:

(1) The emitter resistances in the input buffer were adjusted
to give an intermodulation rejection better than for the

mixer

itself., The IM figure for the buffer was then better

than 85 db for all frequency combinations measured., The
intermodulation test was done with full LO drive through
the diodes, 42 mA through each diode (O-peak current).

(2) The output buffer had an IM figure better than 76 db for
all frequency combinations measured. To be sure a possible
10 leak should not destroy this figure or that this figure
of 76 db was not limiting the overall performance, an
attenuation network of 20 times was put in the output buffer
keeping the input impedance constant. Repetition of some

IM figure measurements for the whole mixer assembly showed
no change.

(3) Leak from the LO was measured in the following way: the
10 current through the diodes was adjusted to a certain

level

1. using a LO frequency of 19.0 Miz. Id is arbitrarily

chosen as a typical drive level. The reading on a pV meter
connected to the output of the 19 MHz IF strip was then
measured. Then the diodes were disconnected and a current
source was connected to the output transformer and the level

I wa

s raised to give the same reading on the uV meter as in

tfe previous case., The leak was then defined as:

I
Leak = 20 logy, 5%— db.
(]

(An unbalance current AI. will pass through half the primary
winding, but I_ will use %he full primary winding, therefore
2I  in the denSminator.) The leak defined in this way could
be varied from 45 to 25 db with the LO potentiometer. The

lover

level of 25 db is due to the self balancing properties

of the circuit, i.e. a third diode will be turned on when
the unbalance voltage across the transformer exceeds a
certain value.
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(8)
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Third order intermodulation figures were checked for some
frequencies under the different conditions and found to be
approximately the same level as the second order. In this
configuration second order IM should ideally be cancelled
so the figures given here are not the true distortion in
each diode.,

We can also get some cancellation of third order in this
configuration by driving the diodes slightly unequally.
These cancelling effects will show up if, for example, the
IM figure is measured versus drive level. The IM rejection
will not always increase steadily versus drive current, but
can go through one or more peaks. This can happen both for
second and third order products.

One could get the narrow band intermodulation rejection
to much better values than presented here by adjusting the
LO drive or by putting bias on the diodes. This is due to
the above mentioned cancelling effects.

Using trimming capacitors at different points in the ring
also improved the performence considerably. As mentioned
before, our main interest was in wideband configurations,
and solutions that would make it necessary to divide up the
frequency band were not considered at this stage of the
development.

The heatsinks on the LO transistors were removed and the
emitter bias currents in these trangistors were reduced

to 30 mA, to reduce collector capacities and raise the LO
source impedance, Measurements are shown in Table 8. The
intermodulation showed no significant dependence on the local
oscillator drive impedance.

The following noise measurements were done, see Table 7,
The LO potentiometer was adjusted for meximum IM figure
for interfering frequencies of 10 MHz and 12 MHz., This
relatively bad noise figure, 12-14 db, is certainly due
to the high source impedance seen by the output buffer.
The noise figure for this buffer amplifier versus source
impedance is shown in Figure 1. The output impedance of
the mixer is approximately 11 pF in parallel with 6 k ohm
at 19 MHz., With this source impedance and the output
transformer in addition, the noise figure will almost
certainly be > 20 db, The available power gain of the
input buffer is approximately 200 times (23 db). If we
then assume 20 db noise figure in the output buffer,

the contribution from this stage to the overall noise
figure will be 3 db.

The actual power gain of the input buffer is 10 db, The

pover loss of the mixer with 100 ohm resistors is approximately
10 db. The current loss in the mixer is approximately 5.5 db,
The theoretical minimum value is 3.92 db, found from a simple
Fourier series expansion, assuming ideal switches.
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(9) The HP 2350 hot-carrier diodes (Schottky-barrier diodes) can be
purchaged matched for use in mixers (then identified as HP 2374),
The general idea behind this configuration was that it should
be relatively easy to keep a good balance in the system and only
one transformer with relatively narrow band requirements is
necessary (the chokes can be replaced by resistors). This
circuit is therefore suited for the use of thin-film technology.
A circuit designed for this purpose is shown in Figure 15.

A possible advantage of the mixer circuit used in Alouette I
and II, is the higher ratio of local oscillator drive current
to signal current in the diodes due to the fact that the two
conducting diodes are in series for the local oscillator and
in parallel for the signal. The two conducting diodes are
also forced to have the same local oscillator current.
Measurements on both under approximately the same conditions
indicate no great improvement in intermodulation by using the
circuit in Figure 13, but slightly more broadband IM rejection
wag obtained.

A third mixer scheme using hot-carrier diodes driven from voltage
sources and using a special biasing technique described in reference 1,
indicates the possibility of obtaining good narrow band (but temperature
sensitive) third order IM rejection. This technique is based on using
two hot-carrier diodes in a balanced configuration and biased to different
currents to get a cancelling effect of intermodulation caused by the fourth
and sixth coefficient in a Taylor expansion of the diode current versus
voltage. This configuration was not tested here, but can perhaps be of
importance in a receiver design that uses several mixers, and this will be
referred to later in the general discussion at the end of this report.

A mixer circuit using four field-effect transistors as switches instead
of diodes was tested for two types of transistors, the TI 2N3823 and AMELCO
Ul551s The circultry used in these measurements is shown in Figures 16 and 17,
and the results are given in Table 9. The results were not too promising and
further work in mixers using field-effect transistors was for the time being
stopped.

6. PARAMETRIC UP-CONVERTERS

6.1 INTRODUCTION

The possibility of using a parametric upper sideband up-converter was
investigated. The power handling capability for a varactor can be very high.
In addition, terminating such a converter by a narrow band filter results in
a narrow band input signal circuit tunable over a wide range. In the case of
series tuned input and output circuits the impedance will be:
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- A K .
Zin (jUB) = jusco + Us (zout - Rs Y J cj 00000000000(6 1)
I9sut %o

zin (st) = input impedance
C, = equivalent of varactor diode dc capacity

(not the static capacity)
k = consgtant, depending on the diode parameters
2out = impedance looking into the terminating network

from the output port
Ry = diode series loss resistance

We will come back to the above expression later.

Some effort was put into the investigation of such a circuit for use
in the sounder. Because of delivery times the preliminary measurements

presented in this report were performed using components already available in
the laboratory.

6.2 GENERAL THEORY

The theory for up-converters of this type is thoroughly dealt with in
the literature, references 5, 17, 19, and here we will only give some of the
basic considerations.

The equivalent circuit for a varactor diode is shown in Figure 18, and
simplified for the low frequencies involved in the sounder in Figure 19.

If the diode capacity is made time dependent by a so-called pumping
signal on a frequency f_, it is possible to shift and amplify a signal on a
frequency £f to f wher8 f =f + £ . The device used in this way is called
an upper sifeband®up-conveRter Pif fP £ £ ). This can be made very stable if
properly terminated. The freqnoncieg men®ioned, £ , £ , £ are the basic
frequencies. In addition one will always have a 13werpsid8band, £ - f_, that
has to be properly terminated. Other frequencies are present to aR extént
depending on the capacity-voltage relationship and the way the diode is driven,

There are several ways of analyzing a converter, (references 5, 17, and
19). The most straightforward method to establish the main details of the
circuit will be the linearized admittance method.

Here the following assumptions are used:
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C(t) =Co+Cl cos Upt oooco'ocooooooo(602)
= G, (L +2 Ycos wpt)
=c,A+Y (ed¥p? + e'j“pt)_]

Co, Cl = real quantities

wp = pump frequency
ol

Y = . = relation between the first harmonic of the

0 pumped capacity and the dec-capacity (dynamic)

The following currents and voltages are assumed present:
v=yv ot sy * gmiugt , y GJWit 4 y ¥ mJuit |y GlUot , ¢ * g=Jupt
8 8 i i o o

....(6.3)
R R A A R AR A SRS Sl
....(6‘4)
ws + wi = wp
W tw =Tw 0000(605)

8 P )

N lower sideband frequency "idler"

€
1}

upper sideband frequency
w_ = gignal frequency
We will only mention here that all information about the pump circuitry has

disappeared in this procedure, and the method can not be used for calculating
the overload characteristics and distortion. Using the relation:

1 =4 [o(t) v(t) ceee(6.6)
the following matrix can be set up!

Y [ 1T [.#

I, =JwCy  =Juy ¥ % 0 v,

I = |Jug¥ Oy Jug Cy  Jug Y Cy v, esssl(6s7)

..I° 0 jwo‘( Co Juw, Cq V°J

In an upper sideband up-converter Vi’ = 0. Then:
Is = jwsco jws {c vs 0000(608)
Io _J"’o Y Co  Juw, co v, :
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This is then the relation for the signal currents and voltages of the
frequencies of interest assuming the idler-frequency is shorted., It can be
shown, reference 5, that a slightly different matrix will appear if the idler
current is zero,

As long as the idler has a reactive termination the equations (6.3) can
be used as a good approximation. If the idler has a termination that is
slightly resistive, the gain will drop drastically.

The theoretical maximum power-gain is according to the Manley-Rowe
relations, given by:

o =L veee(649)

The circuit for further analysis is shown in Figure 20. The two
parallel resonant circuits on £ and f£_ are put there to symbolically express
the necessary filtering. In prHctice ?t will be done differently. and RO
are losses, R is diode loss, L and L_are present to tune out the réactive
part of the iflput and output, imsedanceg.

o To simplify the calculations, the matrix (6.8) has to be inverted and
we find:

1 - X1
s Jugly'  JugGp L 6.10)
v - - Y' 1 I .ooo( 010
° jusGO' juoco' °

where to a very good approximation both for an open circulted and short
circuited idler %reference 5 page 39):

Y1 = (
[ XXX J (6.11)
t =
c0 c0
Equation (6.10) can also be written:
v 2, Z I
s 1 12 8
- 0'01(6012)
A 2n 2 L
and the diode-resistance R_ can be directly added to and Z.,.,. From here
on the calculation of gainf input and output impedance®, etc. E@o straight-

forward and the details can be found, for example, in references 5, 17, 19.
We will only give the results here.

The transducer gain can be expressed in the following form assuming
resonance in both input and output circuits:

UNCLASSIFIED



20 UNCLASSIFIED

R, Y2
G:A R&.&

A
¢ (“a 00)2 ERQ * pi ¥ Ra)(RXz+ Ro * Rs) * —L—“ m 2 ]
8 0

0

2 ....(6013)

G, has a maximum value for R, = R, assuming the total losses are the same at
ikput and output, i.e. B‘l + ﬁa = B.o + Rs = R,

This value of Rg is:

x2
Rg=13L=R\/1 + 3 eeee(6414)
usuocoz R
2
RgN Wy CO for s 7 2 > 1 evse(6415)
0
The input impedance, Z;_n, is given by:
2
Z' ='—l—' + r 0000(6016)

in  jw_ C 2 1

0 “s¥% c0 (jwoco * R,b * Ra ¥ 1:lo ' j“’oLO)
Z. differs from 2 (see Figure 20) in that R in (6.16) 18 assumed pulled
oif into the input'Bnd output circuits.

' '
At resonance Z, will be equal to Rin given bys

in

2
R' = r 0000(6017)

in 2
wswo C:0 (R,b+ Ro * Ra)

Agsuming losses in the output circuit negligible compared with R,:

R;-n = __Lz____ 0000(6018)
2
Y8 O0 130
Similarly 2
R' = I 0000(6019)

out 2
W Co (l?.g +R o+ Rs)
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or if Rg;§> Rl + Rs
2
R' - —‘L—— 0000(6033)
out ww C 2 R
so 0 '¢g
Yis a parameter that depends on drive level and the diode voltage-

capacity characteristic. In reference 5 pages 127=-219 values of C, and ¥ are
listed vs drive level for abrupt junction diodes and graded junctign diodes.

6.3 NOISE

Assuming the major contribution to the noise in a parametric up~-converter
is coming from the thermal noise in the circuit losses, and that the shot noise
is insignificant, it is then possible to calculate the noise factor using the
equivalent circuit shown in Figure 21. This assumption can be justified from
the literature, reference 5., Here C_ is inserted in order to consider the
general case of a highly capacitive @ntenna. This equivalent can then be

further simplified as shown in Figure 22 where:

le = jw C

;
80+Rg+Rl+Rs+JwSLs+JwC

8 a
1

=1
Z22 JwOCO * 319* Rb * Rs * onLo
Then the following matrix equation will be considered:

!
®ns le le 1ne
'

eno Z21 Z22 ino

where e g 8nd e,, are as given in Figure 21.

coee(6s21)

1
Putting e = 0 will give us the noise current 1no due to ®. and then

also the delivePR8d noise power P, to R,;

1l
i “as
no = ! s00e 60
in
and 2 2
e Z R
Pl = ns l 2[' £ ; ) oooo(6o23)
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Putting o = 0 gives us ino due to e__:

no
e
ino s - ' 00 1 2 0000(60210)
2 - 242
]
and delivered noise-power P2 is given by
2 'I 2
R
P2= h' h : :& > 0000(6025)
2ap Iy =iy h,
The noise figure is then:
P, +P
NF:J-T-Z 0000(6026)
5
Where:
T R
'
P = P - o.co(6027)
1l 1l ToRg + ‘rdRs + TR1
Using the values for the Z's, L and e . gives the following expression
after simplification:
2
T..R_+ w C T..R_+ TR
NF=1+—¢-J—&+—E—Q J-L—.ﬂ>n§ni+n + 3§ [(w L
To R.g ¥ T0°Rg g s s s

2
33 - g) vere(6028)

8 o

Before proceeding further we assume all temperatures equal to To to
simplify the expression

R + we\? (R +R
2
3,3, )] oo
s a [+)
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Under normal conditions the input circuit is in resonance:

R+ wc)2/R +R 2
NF=1*-E§;'ﬁ ("%'fQ) <"‘§'—R_'g"2> (Rg*Rl*R’> 0000(6030)

In this case the value of Rg giving best noise figure 1s equal to:

X /R M
g wsg X ‘i:‘T‘% 0000(6031)

R =~

+ R R +R (6 )
NF =1 + Rg + Ei_.‘?'g eoee(6e32

Assuming L, =0and C, # o
2 2
and (usCO) (R8 + Rl + Rs) < 1
R +R c \ 2
NF’R’JEQ-—:T(-E 1+ EQ 0000(6033)
g a
Here is also assumed that Rg is of less or the same order as the losses.

Agsuming a transformer ( 1 : n) on the input

R +R C 2
NF'R"'&—"J 1l + -2 nZ) 0000(60310)
Rg nsz Ca
From this:
nopt = 1/ Eﬁ 0000(6035)
R +R)C
and NFOpt = i;-'&'—"“)_"'g 0000(6036)
<, R, « Cy
Therefore
_...l—. eeee\Oe
NF ot ng T (6437)

if the transformer turns ratio is given by equation (6.35).
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For the 240' dipole antenna used in Aloustte II, R_ = ,1/, and C, =120 pF
at 100 kliz and assuming free space conditions. Ir8ye further asstme
R, =100, R &R, ¥ = 1/3 and C, = C, we get:

Fmin = 36 db 0000(6038)

It will easily be seen here that tuning out antenna and diode capacities
by the series choke gives a very narrow band, high Q, input circuit. The
reason is that to avoid too much reduction in available gain the load impedance
has to be high and the resistive part of the input impedance is therefore low.
The resistive loss in the choke will in this case also control the noise figure
for the parametric up-converter itself.

The available gain, G
avy

which depends on the noise figure of the amplifier following the parametric
up=converter. The noise figure for the cascaded system is given by:

s has to be kept above a certain minimm value

NF, -1

=NF, + _2

12 1 0000(6.39)

G

av,

The available gain, Gav s can easily, under these working conditions be a
1

large loss, and the noige figure can be entirely controlled by the second term
in 6.39.

6.4 BANDWIDTH

An extensive study of the ultimate bandwidth limits for parametric
up-converters is carried out in reference 18, pages 111 - 123, From these
considerations bandwidths of 10 3 1 are relatively easy to obtain, under
normal working impedances, if some sacrifice in gain is allowed,

In practice pump leak and distortion problems will probably be limiting
factors. We will come back to these considerations in the general discussion
of the system.

As mentioned in 6.2 the linearized admittence method gives little
information about distortion from saturation effects and non-linearities.

A speclal case is relatively easy to analyze more exactly, i.e. the
current pumped abrupt junction diode, references 20, 21, In all other cases
the exact calculation is extremely difficult to carry out, mainly because the
diode is not a pure capacity (it has at least a resistance in series) and a
non~-abrupt diode gives an infinite series for the pumped capacity. The diode
used in the measurements to be presented here has a capacity voltage slope very
close to that of an abrupt junction varactor. According to reference 21 an
up-converter using such a diode will have no 2nd and 3rd order intermodulation
from non-linearities, but the saturation effect will cause distortion. It is
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shown (21) that the gain of the up-converter is a function of the input current,
i.e. the output current can be expressed as a power series of the input current.
From this expression the intermodulation is found directly. The 3rd order
intermodulation is shown in Figure 23 versus PO/P where P_ is the output
power and P is the maximum output power. We wil? come balk to Figure 23

when discusgfng the experimental results.

6.5 EXPERIMENTAL RESULTS

As mentioned before, components available in the laboratory were used for
the preliminary measurements covered in this report. The diode used was
1N5148 (Motorola) because of its high breakdown voltage, large power handling
capacity, low losses and because it has a capacity-voltage characteristic close
to that of an abrupt junction. An Alouette II 19 MHz IF amplifier and crystal
filter were used for amplifying and filtering the upper sideband.

To reduce leak from the high level pump source a balanced pump circuit
was used, and is shown in Figure 24 both for current and voltage pumping. This
arrangement of the pumping eircuit makes it very convenient to tune the circuit
separately without affecting the tuning of the input and output circuits.

When the pump circuit is tuned properly and made broad enough to cover the LO
frequency range, the input and output circuits can be simply tuned up by series
inductors and suiteble matching networkse. A small capacity can be inserted in
series in the output circuit to avoid shunting the input frequencies and to
terminate the lower sideband reactivelye.

An additional advantage of using a balanced pump circuit is the ability
to stabilize it without affecting the input and output circuits too much.
Whatever you put between "the hot sides" of the diodes will not be seen from
the input and output ports.

Several circuits were designed covering different frequency ranges and
both current pumping and voltage pumping were used.

Going from voltage pumping to current pumping did not improve inter-
modulation significantly. This result should indicate that the intermodulation
in these cases primarily has its origin in saturation effects. In addition,
the voltage pumping scheme was much easier to implement, balance and stabilize.

It was necessary in the measurements to concentrate on the low frequency
range in order to be able to obtain any gain using 19 MHz as output frequency.

The circuit presented in Figure 25 had the following characteristics:

Tangential gensitivity < .05 pV into 50U (5 kHz bandwidth
centred on 800 kiz).

Noise figure at 800 kHz & 2.7 db.

Dynamic range ~ 141 db (equals 0.6V at the input).
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Intermodulation (2nd and 3rd) approximately 80 db without
tuning (5 kHz bandwidth) and rebalancing for each frequency
combination (IM above 1 pV),

The output voltage with a constant voltage in series with 50 ohms on the
input is given versus frequency in Figure 26, The dc bias voltages on the
diodes were * 20V and the diodes were driven fully. R, was 50 ohms. The
signal input circuit was tuned for 800 kHz and the output for 18.9 MHz (in
this case a crystal filter with 18.9 MHz center-frequency and 120 kHz bandwidth
was used with insertion loss less than 6 db).

Assuming that all intermodulation is coming from saturation effects of
the type discussed in reference 21, we can get a rough idea of the inter-
modulation level we should expect to have.

If we do not include the filtering properties of the up-converter, the
intermodulation level according to our definition should be (3rd order):

P_ o(19) 2/3
P e G
ref

IM =10 log

PBm = maximum output power from the up-converter

Prer = the reference poyer level on the input of the up-converter
G = small signal gain of the up-converter

In the experimental up-converter mentioned above the maximum output
power was measured at approximately 150 mW. The gain was close to 20 times
for 800 kHz (the frequency used in the IM measurements i.e. £ ), Using 1 pV
into 50 ohms as the reference input level, we should have an fntermodulation
rejection of approximately 84 db. In addition to this rejection by the diodes
themgelves, the filtering properties of the up-converter on the interfering
frequencies will increase this figure,

Another up-converter covering the signal band 2.5 to 4.5 MHz and output
frequency of 19 MHz was measured. Because of the low available gain the noise
figure measurement using a 50 ohm source impedance (matched) was strongly
affected by the circuitry following the converter. Intermodulation measurements
are shown in Table 10, In the 3rd order IM figures the filtering effect is
easily seen. According to (6+40) the 3rd order IM should be equal to
approximately 87 dbe.

Generally we can then say, assuming that saturation effects cause the
intermodulation, that the requirements for getting good intermodulation
rejection will be:

(1) High pump level (because P o<P_ ) and this requires
dlodes with high breakdown®VoltaBd"Bnd high minimum
capacity (21),

(2) Use low gain in the converter (which in turn increases
the noise figure).
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(3) Use a orystal filter on the output that (together with its
matching network) gives a highly selective input.

A third up-converter tuned to 300 kHz and using lower drive level
(Vogag =% 7V) was designed. The following measurements were done on this
ci?%uft that had 50 ohms input impedance using a step-up transformer.

Noise figure at 100 kHz with source impedance equal to the actual free
space antenna impedance of a 240' dipole (see Figure 1) is 64 db. The inmput
impedance was 50 ohms using a step-up transformer 1l:4.7. The transformer was
taken out and the noise figure was measured using a source impedance 2.2 ohms
and no series capacity. The noise figure was then 30 db. The noise figure at
300 kHz using the actual antenna impedance was 52 dbe

The noise figure for this circuit using the proper 50 ohm source impedance
was approximately 2 db on 300 kHz. In addition to the circuits mentioned here
other circuits were designed and they were showing the same typical character-
istics as mentioned before.

7. GENERAL SYSTEM CONSIDERATIONS

It can be concluded from the previous considerations that there are two
areas where the parametric up-converter can have certain advantages over other
system solutions.

(1) For the very low frequencies where the antenna is
quite reactive and where, because of high mismatch
losses, intermodulation rejection is of small importance
but noise figure is of great importance.

(2) For the upper frequencies where antenna efficiency is much
higher, noise figure becomes a secondary consideration, Due
to strong interference from solar noise bursts, and HF signels
from ground based transmitters penetrating the ionosphere,
high intermodulation rejection is required to avoid generation
of spurious signals within the receiving system.

Let us consider (1) first. In Figure 27 the equivalent noise temperature on
the antenna source resistance is plotted versus frequency for different front
ends for the 240' dipole source impedance. Here the noise figure of the
following stages is assumed equal to O db. A4s mentioned before, the large
mismatch losses due to the high capacitive reactance of the antenna will in
most cases be the controlling factor for the noise figure together with the
noise figure in the stages following the front amplifier (or converter) i.e.
F, -1 will be the largest tern in the expression for the nolse figure. The
Gi :
up-converter equivalent noise temperature has been calculated assuming an
untuned signal circuit and a direct coupling to the antenna (without a
transformer). The input capacity has also been assumed equal to the antenna
capacity. The loss in the output circuit is the parameter shown in the
Figu.re 27 )
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The solution for the low frequencies using an up-converter can be to use
it as the first stage, or the up-converter can directly follow a field-effect
transistor buffer. The up-converter used in the first mentioned manner will i
then have a wideband low pass input where the diode capacity will be one of the |
low pass filter shunt elements. The filter must have a cutoff frequency =~ 2 MHz. |
The pump power must be low because of difficulties with IO leakage when the |
pump frequencies are so close to the IF, The idler termination cen cause
difficulties when going down to 10 kHz which is the present goal for ISIS-C,
Leak and filter problems will obviously be the main problems using the up-
converter in this way. Secondly one has to rely upon a low noise second stage.

The idea of using the up-converter after a field-effect buffer will now
be briefly explained. The field-effect amplifier will not be affected by the
antenna series capacity as long as the input impedance is kept high, see
Figure 27. It has therefore a relatively good noise figure and broadband
characteristics working from the highly reactive antenna. The up-converter
following this buffer can then work from a "normal" source impedance and will
therefore have very low noise figure compared to resistive mixers. The overall
noise figure will then be minimized. The main objection against this system
is due to the difficulties involved in adding a low-pass filter between the
antenna and the input to the field-effect transistor. Using a filter in front
of the FET will ruin the noige figure or make the antenna circuit narrow band.
If the filter is removed the field-effect transistor must operate in the
presence of wideband high-level interference from the antenna. Third order
intermodulation rejection is very good in a field-effect transistor but because
of its square law transfer characteristic second order IM is bad. Some sort of
a balanced system could perhaps reduce second order intermodulation products to
acceptable levels. In practice critical circuit adjustments and tracking of
transistor characteristics would probably be required.

For the higher frequencies where intermodulation rejection is of great
importance, the parametric amplifier could perhaps have some advantages over
resistive mixers. The reason is that it should have relatively broadband IM
rejection if the assumption that intermodulation is coming from saturation
effects is true. Then the intermodulation rejection will be directly related
to the pump level and this can be increased considerably over the levels used
in the preliminary tests in the laboratory. Filtering for leak is no problem
because of the wide separation of the IF and the pump frequencies., To get
sufficient gain to overcome the noise figure of the next stage for the upper
frequencies an IF around 100 MHz should be used. That is well within the state
of the art for crystal filters. The crystal filter input characteristics

together with its matching network must give the input port the characteristics
of a narrow band filter,

Generally it can be stated that solving all the problems for the different
frequency ranges in ISIS-C is impossible in a single systems It seems to be
necessary to divide the total frequency band up into octave bands, with
prefiltering to reduce second order intermodulation and then use switched front
ends designed especially and matched for the different bands. For some of

these bands it should be sufficient only to switch the filters and compensating
elements,

In using such a system with multiple bands, the hot-carrier diode mixers

can be of great value. As mentioned before they have narrow band properties
much better than the broad band performance described earlier in this report.
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The Aloustte I and II mixers had not as good broadband characteristics as the
one deseribed in detail in this report, but good narrow-band figures were easier
to obtain in those mixers. The scheme used in Alouette II can therefore not be
excluded.

In addition the balanced hot-carrier diode mixer mentioned in reference
1 should, according to the data sheets, have very good narrow-band inter-
modulation rejection because of the cancellation of third order products which
is quite unusual in a balenced circuit. Unfortunately that type of mixer is
very temperature sensitive but this problem can be overcome.
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APPENDIX A
ANTENNA TEMPERATURE AND SENSITIVITY

Brightness defined as:

b = lin £3 (A.1)
A0

48 = flux power ensitg per uiit area andl it
frequency |W o M=< , Hz™ steradian™ Tn.

AN = incremental solid angle subtended by the source
at the point of observation.

Using the Rayleigh-Jeans approximation to Planck's law for radiation from a
black body we have:

bl = 2-"-;551 (A.2)
(
T = the temperature in degrees Kelvin
& = radiation wavelength
k = Boltzmann's factor

Brightness temperature can now be defined using this expression.

The brightness temperature of a noise source is defined as the
temperature in degrees kelvin of a black body put in the place of the noise
source and giving the same radiation.

Therefore

- 2 _1 (A
=b . o3

Ty =b 0% 3% )
Tb = brightness temperature

Received noise under matched antzgpa conditions will then be?

w=32-.b.4f. . dNL (Add)

r An
It is assumed constant brightness (b) in all directions
Af = frequency bandwidth

A, = antenna effective area in the direction given by the
incremental solid angle dJv.

The factor of one half allows for random polarization of the noise.
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From (A.4):

4n
ZOT .k
=4 D 2 K.
WeEge X s Of . X )iF A
A L
= keTy o At .ff;;dn (A.5)

It can be proven that the integral is equal to one.

Therefore:

Ur=k.Tb.Af (A.6)

Antenna temperature is then (ideal antenna and no other noise appearing
on the antenna terminals)

T = T] (A.7)

If the noise source only covers a solid angle L around the maximum gain
direction, the antenna temperature will be:

JU
T, =Ty 'j;: (A.3)

Lﬂl is the effective antenna beam Angle), For several noise sources we have:

n 2
b . A o A AD 1
- e ) n_ (
Ta = & 2.k (4.9)

n=1

b_ = brightness in the direction of the incremental angle
2 an, and effective area of Ah

The factor of 2 in the denominator allows for random polarization.

Operating or system noise temperature is defined as follows:

Top = TO(F-l) + 'I'a (A.10)
To = 290 °k ?
F = the noise factor of the receiver ;

Ta = antenna temperature

TO(F-l) is also called effective input noise temperature (To)'
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op__e 8 (A.11)

Brightness or sky temperatures deduced from measurements obtained by Alouette I
and II are shown in Figure 28 (See ref. 23).
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APPENDIX B

ANTENNA EQUATIONSG

A receiving antenna can be presented by the equivalent circuit shown in
Figure 29, Here

A 1 ° 2 (B.1)

I1 = transaitting antenna equivalent current

Z21 = transfer impedance between the two antennas

V, cen also be expressed in this way (v, and I, in rms values):

va=11.221=//403220A0Pav ’ (Be2)
where Rzz = RO(ZZZ)
A = effective antenna aperture with matched load
P,= Poynting vector at the receiving antenna

Received power is then generally:

4LR,, oA P
222 + ZL 2

R, (%)
A4 R T2,°2.12) Fav

= A' * Pav ‘ (B.3)

A' = e¢ffective antenna aperture taking into account the mismateh
between the antenna termination and the load,

The relation between gain and effective aperture is:

823.%\5 (Bo4)

Receiver power under matched conditions on both transmitter and receiver is
given by:
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2
8. 8 o% A . A
W, = R T I
(4m r) ™

r = distance between transmitter and receiver

W = power received

x
1}

¢ = power transmitted
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Fig. 1. Antenna impedance versus frequency.
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SIGNAL ACROSS RECEIVER INPUT TERMINALS mV.

) 2 4 6 8 10 12
FREQUENCY MHz

Fig. 2. Signal strength at receiver terminals for various ground
transmitter powers.
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Table 1. Intermodulation of common base amplifiers.
Intermodulation
Rel'crence{ Single |[Compenzated Compenrated
o Mbz | ¥, MHz | T, MHz Level Ended (Cingle Ended |Push Pull {Push Pull
3.5 0.0 2.5 1 uv 7% db 91 db 9 b 91 db
F—‘l 7.5 9.5 15.0 L pv 72 db 8 db 8.5 db 5.5 db
g .9 7.0 7.0 Ly 12 dv 8? db % b 91 ab
51 .9 L.o .o 1 v h ab O db 97 b 9% db
:S, (into
50 ohm)
7.5 3.0 .5 1 v 88 du 88 ¢b 88 du 37 db
2.5 h.0 15.5 1 pv 37 db 85 db 88 db 8¢ an
A
5 ) 3 5.1 1 pv 68 db 89 db 85 db 87 db
<l .9 h.o 7.1 1 v 88 ab 89 db 5 db 87 ab
o
o (into
e 50 ohm)
Table 2. Intermodulation of differential amplifier.
Fo(MHz ) [F1(MHz) F2(MHz )|Reference | Ry=Ro=56 ohm |R1=Rp=75 ohm|R1=R5=100 ohm
A 3.5 6.0 9.5 1 v 88 db 89 db 92 db
y 3.5 9.5 13 0 1 v 86 db 85 db 90.5 db
C .9 3.0 3.9 1 uv 87 db 93 db 93 db
£ .9 4.0 4.9 1 v 86.5 db 93 db 93  db
I
N
& 3.5 8.0 12.5 1 pv 8l «db 83 db 86 db
. 3.5 6.0 15.5 1 v 81 db 82 db 86 db
0 .9 3.0 51 1y 81 db 83 db 86 db
4 9 4.0 71 1y gl db 83 db 86 db
4
o




Table 3. Second order intermodulation comparison of switching

elements.
Local Oscillator : E ' .
Frequency (MHz) 19.5 | 21 24 29 34
Frequency Fj(MHz) ! 10 i 1.2{ 3.8 10 3 2 3 7
Frequency Fo(MHz) 10.5: 1.7 5.8 12 8 8. 18 8
| i
brive Series
Current  Resistance Intermodulation above 1 HV
mA(peak) (db)
HP 2374 23 none 730w 9 (Wi T B ) T
.
[ | i
_1N60os 23 mone |70 (70 | 7% | 781 70 73| 76| 75
L2N3L.93 * 33 none  !75 .73 | 77 i82§ 72| 68| 70| 68
)\ ; i
¥ - "0-pF" transistor diode connected (collector-base) .
The icanl cscillator potrntiomctor was aijusted for interf.ring frequencies
77 710 MMz and Fp - 12 MMz and then lockad,
Table 4. Second order intermodulation comparison of series
resistance.
Local Oscillator ;
Frequency (MHz) 19.5 21 24 29 34
Frequency F)(MHz) 10 1.2 3.8} 10 3 2 3 7
Frequency Fp(MHz) 10.5{ 1.7 5.8} 12 8 8 18 8
Drive Series
Current | Resistance Intermodulation above 1 HV
mA(peak) ! (db)
|
{
| up 237, 23 ' none 7ol |79 L9 15 M| 76| 72
r - '
| WP 237, 23 10 obm {75 | 78 | 73 fes | 78l | 72| 70
! l H
HP 2374 25 100 ohm | 75 Ji75 75 77| 76 77| 8l 85
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Table 5. Second order intermodulation versus drive Level.

- -
Local Oscillator
Frequency (MHz) 19.5 21 2L| 29 %l
Frequency F, (MHz 10 1.2 38110 3]2 (3 7
Frequency Fp (MHz) 10.5 | 1.7 4 5.8] 12| 8| 8 |18 8

Drive Series

Current Resistance Intermodulation above 1 uv

mA (Peak)
HP 2374 13.6 100 ohmff 85 db| 82 db{79 db| 88.5db{ 78 db|80 db|85 db( 88 db
HP 2374 25 10r ohm{ 75 db{ 75 db}75 dbl 77 db | 76 db| 77 db{81 db] 85 db
HP 2374 L2 100 ohmf 81 db| 85 db|83 dbj 89 db | 77 db] 77 dbl 75 dbl T4 db

% The local oscillator potentiometer was adjusted for interfering frequencies
Fl = 10 MHz and Fy = 12 MHz and then locked.

Table 6. Additional second order intermodulation measurements.

Local Oscillator
Frequency (MHz) 19.5 21 2L 29 3
Frequency F (MHz 10 1.2 3.8] 10 3 2 3 7
Frequency F, (MHz] » 0.5 1.7 5.81 12 8 8 18 8

Drive Series

Current Resistancg Intermodulation above 1 V

mA (peak)
HP 2578 0. none 72 dbj 80 db] 79 db 79 db [0 db] 71 db] 74 db] /1 dH
HP 2374 3.5 10 ohm 74 bl 67 db| 81.5d485 db [70 db| 65 db| 78 dbl 82 db
HP 2374 12 39 ohm 78 db| 80 db| 84 db {86 db 82 dy 76 dbl 80 dY| 78 d
HP 2374 13.6 100 ohm 85 db| 82 dv| 79 db[88.5d478 day 80 dy 86 4y 88 dy
2N3493 7 none 70 dbl 70 db| 71 db{75 db |78 dw T4 dq 60 d{ 58 dy

% The local oscillator potentiometer was adjusted for interfering frequencies
Fl = 10 MHz and F, = 12 MHz end then locked.
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Table 7. Noise figure of mixer assembly.

Iocal Oscillator MHz MHz MHz Tocal Oscillator (peak
Frequency %_; 3L 25 20 JT___through each diode)
HP 237k and no db db db MA

resistors 12.51 13.0 | 1k4.0 6.3

HP 2374 and

29 ohm resistors 12.0| 2.5 | 13.0 12

HP 237k and ;

100 ohm resistors 12.5} 12.0 | 13.0 13.6

INGOCY9 and no

resistors 13.51 13.5 | 1k.0 23

2N349Lk and no

resistors 14.5) 14.0 | 140 33.6
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Table 8. Second order intermodulation for different local
oseillator impedances.

Local Oscillator
Frequency (Miz)

19.5

21

24

29

34

Frequency Fj(MHz)

10

1.2

3.8

10

Frequency Fo(MHz)

10.5

1.7

5.8

12

18

Drive
Current

mA(peak)

Series
Resistance

Intermodulation above 1 uv
(in db)

HP 2374
(without heat sinks)
On LO Buffer

13.6

100 ohm

81

81

85

79

75

7

79

HP 2374

(with heat sink on)
LO Buffer Tran-
sistors

13'6

100 ohm

85

82

78

86

88

HP 2374

(with heat sinks)
On LO Buffer
Transistors

The signal choke
Mas replaced with
two 1K res. and the
DC-current through
the LO-transistors
was 20 mA

13.6

100 ohm

85

84

83

86

82

75

76

78

The 1O potentiometer was adjusted for interfering frequencies

F1 = 10 (MHz) and F2 = 12 (MHz) and then locked




Table 9. Second order intermodulation in field effect transistor

mixers.
IM Above 1 uVv

Fo MHz F, Miz F, Miz 1551 2n3823
.5 .2 .7 54 db 68 db
10.2 10.7 66 db <5 db
15.2 15.7 69 db #7 db
2.1 .5 2.6 70 db 63 db
5.2 7.3 69 db 63 db
4.2 16.3 73 db 66 db
5 L 5.4 73 db 64 db
5.2 10.2 71 db 64 db
10.2 15.2 75 db 66 db
10.2 .5 10.7 68 db 67 db
4.3 14.5 70 db 71 db
15 .5 18.5 66 db 70 db
7 8 66 db 6iv db

Table 10. Intermodulation in parametric up-converter.

2nd Order IM Above 1 uv

FO MHz Fl MHz Fo MHz ™
3 4.1 1.1 82 av
2 3.6 1.6 78 db
2 4.1 2.1 80 db

3rd Order IM Above 1 vV —
FO MHz F) Miz | F, MHz M
3.0 2.4 1.8 79 db
5.0 2.6 2.2 7% db
3.0 2.8 2.6 73' db
3.0 3.2 3.4 75 db
3.0 3.3 3.6 78 db
3.0 3.k 3.8 80 db
3.0 3.5 L.o 82 dv
3.0 3.6 4,2 83 db
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