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ABSTRACT

An attempt 1s made to receive pulsar signals at a frequency
(22 MHz) lowexr than they have been received before. The problem
of high galactic background radiation is the dominant one. The
receiver used optimizes the ratio of signal to sky bacikground
noise.

~ The technique uses the property that pulsar signals are

dispérsed by intervening electrons. Using the known dispersion
relation it is possible to predict the phase of the pulsar signal
at one frequency (.22 MHz) if it is known at another frequency
(150 Miiz). The recéiver then tracks the pulse in frequenecy vs.
time with o bandwidth whicli 1s small enough to match the instan-
eous bandwidth of the signal,

Although it was found that pulsar signals from CJ> 1919
are still too weak to be received on such a system, an upper
limit to their strength was obtained by measuring its sensitivity.
At the time of observation (august, 1869) the signal strength
at 22 MHz, averaged over 2600 pulses, was less than 1.0 x lOma6

. : 2 . . .
-—Joules per m of caplure cross«section per unit bandwidth.
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1. PULSARS

Since pulsurs were discovered in 1968 by Hewish et al. atl
Cambridge, much work has been done to measure the pro?er%ies of
known pulsating sources, and to search for new onesSlPulsurs
signals exhibit veryuﬂﬁsual propertiese At the source they arc
pulses of radio frequency noise whichare emitted over a very
broad range of frequencies (from 40 MHz to a few GHz). The
pulse repetition'rate is exceedingly constant (to within at least
one part i_x)'lO7 per yeur)(g). Although it has been presumed that
the pulses are emitted simultaneously on all frequencies, it
has been found that pulsar signals observed on a low frequency
are delayed with respect to those observed on a high frequencye.
Investigations of this phenomenon have shown that there is disper~
sion caused by intervening electrons along the line of sight

to the pulsar. The measured dispersion accurately fits the

relation )
af .fdc‘
dt T M2y,

where f is the received fréquegzy
¢ is the velocity of light )
fp is the plasma frequency ( f = 8,98 x 107° ne§ )
n, is the electron density in thn intervening medium

dL is an increment of distance along the line of sight,

or &L - 1.2048 x 107%__ 1%
?ne df.

where £ is in Mllz

g is in electrons—cm o.
J(ne dL is known as §h0 dispersion meu;ure and 1s usualiy
quoted in parsec-cm = ( 1 parsec = 3,26 light- years ). An
illustration of the shape of the frequency vs. time curve of
observed pulsar signal is shown in Tigure 1-1., In this
model the pulse widih is independent of frequéncy° There
has been some evidence that the duration of the observed pulse
is longer at low frequencies than at high ones, The effect is
small but requires a more complicated theoretical explanation

of the dispersion (4 + Among the pulsars there is quite a wide



range of pulse repetition rates and pulse durations. The fastest
‘repetition rate is about 30 per second; the slowest is about

1l every 4 seconds, The pulse widths vary from 2 msec tc 200 msec.
The fastest repetition rates are usually accompanied by the longest
pulse durations. Pulsar signals received at 408 Mlz can be seen

in Figure 1-2.

et e e 5 _c,ltoL,_ t

0
Figure 1-1
The pulsar signal sweep (not to scale). t is the pulse width
(constant with frequency). P is the pulsa% period. B. is the
“instanteous bandwidth. 1

The radio frequency spectra of the pulsar signals are
very difficult to obtain because of the large, random variations
in the inteusity of the pulses. Some histograms of intensity
distributions;have been measured for the pulsar CP 1919, ( For
the designation of pulsars see reference 4 ) A measured dis-

tribution can be seen in reference 5, The distribution function



decays expenentially at intensities above the average intensity.
This type of distribution has been observed at several frequencies
by Lovelace and Craft at Arecibo Jonospheric Observatory. Pulses
outside a small frequency range do not seem to be correlated in
inteénsity. For instance, at 430 MHz correlation was observed only im
a range of aboult 3 MHz for CP 1919.

. Figure, 1-2
Pulsar signals received at 408 Miz,

‘The method of expressing pulsar signal intensity varies
slightly in the literature. The intensity will be taken here to
mean the total energy per average pulse striking a unit capture
cross-section per unit bandwidth, The intensities quoted in the
literature have been standardized to this form. Where mecessary
pulse widths for this standardization have been taken from ref-
erence 4.

» Some spectra are plotted in Figure 1-3 for CP 1919. The
wide range of intensities is due partly to the different averaging
techniques used by the various observers, and partly due to the
largé;'long—term variations in pulsar signal strengih., Each
spectrum in Figure 1-3 1s denoted by a letter and a number.

The letter stands for the observatory where the specdirum was
measured. The number is the number of pulse periods used to
obtain the average. Spectra which have been drawn from selected
large pulses or groups of such pulses are hoted. Inevitably,
‘there will be some selection effect because weak pulses will be
lost in background noise. Note that although there are shifts of
overall level, the shapes of the spectra measured by different
observatories are similar.(vwith the exception of one point on
che-Parkes-SPectrum ).

’PeriodSAquoted in the literature are usually referred to

the earth-sun barycentre. Owing to the motion of an earth-



bound observer with respect to this point, the period will be
doppler-shifted. The earib's orbital motion contributes most of
this effect but there is also & daily variation due to its

axial rotation.



Pulsar Signal Intensity

(joules—m—z-Hz_l) x 10726
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Note 1: The Parkes spectrum vepresents a 5000 pulse average. At 85
: Ciee , 2B ~2 -1

MHz identification of pulsecs less than .3 x 10 joules-m “-Hz

was reported to be very difficult. However; the average was deter-

-0 -9 -1

. Zh o A i \ }
mined to he .06 x 10 Jjoulesem "-Hz 7, Because many of the low
energy pulses mey have been excluded from this average, 1l may be

lover than one which includes these pulse

i

&

Note 2: The Arecibo spectirum is a 6144 pulse average at 111.5
MHz, and a 4096 pulse average at 430 MHz.At 111.5 MHz Arecibo
reports thal there is a variation in 6 egual subdivisions of
the data of .85 to 1.3 times the average.Similarly, in 4 equal
subdivisions at 430 MHz the range was from .4 to 1.6 times the
average.(b)ﬁi 40 Milz three observations of 4096, 754, and 3940
pulses were averayged. The range was from .2 to 1.6 times this
averugeg(prlvute letter) Beceuse these intensities were reporied
as peak flux, a factor of 1/ 2 was introducted to determine
thie mean pulse height,
Note 3: The Jodreil speclrum is an average over approximately
8100 pulses‘(ls) Included in this specfxum alt 82 MHz 1is a
Cambridge measurement.(l)
Note 4: At 22 MHz the level of three standard deviations of the
"noise level has been indicated for a 5000 and 8100 pulse average
c

as an upper limit for comparison with the other spectra.



2. JUSTIFICATION OF TUE EXPERIMENT

There are no observations of any of the pulsar spectra at
frequencies less than 40 MHz, and the work done at frequencies
(3)
incomplete, it appears that the pulsar intensity may be less than

-25 - -] , ] . Cy e
107%? joules—m “onz”toat 22 MHz.(see TFigure 1-3), The availability

less than 80 MHz 1s very limited. Although the data are very

of a large antenna at this frequency at the Dominion Radio Asiro-
physical Observatory near Penticton, B.C. makes detection in this
flux density range feasible. The physical area of this antenna

is 23,693'm2. It is comparable to the collecting area of Arecibo
Ionospheric Observatory's circulaer dish at this ffequency. Even

an upper limit in this sensitivity range would be sufficiently
-low 1o be of use in determining the slope of the spectra of pulsar
signals at low frequencies. & spectral cutoff at low frequencies
vwould be useful in restricting theories of the origin of pulsar
signals. Also, since the dispersion is proportional to the invevse
square of the frequency, & measurement of the delay from frequencies
above 100 MHz would give a very accurate dispersion measure.
Thirdly, as indicated in chapter 1, there is some evidende that

the pulse gets systematically wider as the frequency decreuses,
Previously, it had been thought that the pulse widith was indepen=
- dent of frequency. Detection-of-the pulsar signals at 22 MHz would
be a sensitive ineasure of this trend., These considerations provide

the basis of justification of the experimenl described herein.



3. SIGNAL-TO-NOISE PROBLEM

At frequencies necar 22 MHz the background noise from the
sky is considerable. The "coldest" part of the sky is about 40,000
degrees of brightness temperature. In the plane of the Galaxy the
sky brightuness temperature rises as high as 280,000 degredsb( 3)
This radiation is primarily nonthermal in origin.(7) The back-
ground brightness temperature in the vicinity of CP 1919 is about
55,000 degreces.

As explained in chapter 1, the spasciral index for pulsars
is not accurately known. However, from the data available it
appears that the power spectrum of the sky background radiation
has a steeper slope than the pulsar pover spectrum., The slope
of the background radiation is indicated in Figure 1-3 for comparison,

Therefore, at low frequencies the paramount problem is
getting a high enough signal-to-noise ratio. A typical instan-
taneous bandwidth of pulsar signals is 10 klz at 22 MHz (see
Figure 3-~1). Increasing the bandwidth of a receiver to more than
the instanfaneous bandwidth of the pulsar signal increases the
noise level without incredsing the signal level, On the other
hand, the pulsar takes a longer time to sweep through a large band-
width than through a small oné, thereby increasing ihe available
integfation time per pulsar period. It is shown in Appendix a
that the first effect is overvwhelming, and that the opitimum
bandwidth for receiving pulsar signals is the instantaneous band-
width of the pulsar. Now,in order to gain the maximum integration
time per pulsar period, the centre fregquency of the receiver can
be swept so that it follows the frequency vs. time curve of the
pulsar. The result is that the signal-to-noise power ratio 1is

increased by a factor

over an optimum fTixed bandwidtih.
wvhere 6T is the sweep bandwidih of the receiver

Bi is the instantnuaeous bandwidth of tue pulsar



Because of the likelihood of gain fluctuations in the receiver
a compariéon source 1is used in the same way as in a Dicke receiver.(7)
The comparisen is the background noise. The receiver bandwidth
follows the pulsar for one-half of the pulsar period,4and repeats
the sweep for the other half, Of course, the second time the
receiver sees only background noise {(see Figure 3-1), All the
receiver parameters are the same for the first half as for the second
half. The background noise is also the same for both sweeps. The
receiver takes the difference between the outputs of two successive

sweeps which is proportional to the pulsar signal strength.

P

LT Rl Rttt ahal

——

22.25 MHz

d - on = am s em s o e

3~ One Pulsar Period——= : t

Figure 3-1 :
Arrows indicate the path followed by the receiver when i@ is %n
phase with the pulsar signal. For CP1l919 the sweep bandwidth is ’
70.7 kHz and the instantaneous bandwidth (Bi) is 4,2 kllz. CP1919's
heliocentric period is 1.3373011 seconds, '

One important assumption that has been made is that the
bandwidth sweep is in phase with the pulsar. If a search of the
phases is required, thgn'fhe gains in signal-to-noise ratio made

by a sweeping bandwidth are nullified. However, any information
~about the phase can result in a higher probability of detection

with a sweeping bandwidth. If observations are made simultaneously
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on a high frequency as well as at 22 MHz, the phase of the pulsar
signal at 22 MUz can be predicted. Hguation 1-1 can be integrated
to give the time difference between the epoch atl a high freguency
and the epoch at 22 MHz. The time difference is direcltly propor-
tional to the dispersion measure, This problem will be discussed
agaln in chapter 6.

If the pulsars were a steadily pulsating phenomenon in which
one pulse amplitude is statistically independent of +the other
amplitudes, the probability of detection could be increased by
adding one pulse period to thevnext. However, il appears that they
are not statistically independen but odcur in trains whose length

Tor CP 1919 at 25 MHz strong

pulse trains seem to last for alrout onc minute on the average.

..‘& ’
. . 9
is dependent upon the frequency.( )

p3

Therefore, i1t is disadvantageous to integrate for %imes longer

than the average time that a pulsar is active. At low frequencies
the optimum integration time can only be gueéseda The integration
time used for CP 1918 was 30 seconds. Of course, longer integration
can be obtained by a further averaging of the records,

It was decided 1o concentrate efforts on the pulsar CP 1919.
At the time of year thut observations were being made CP 1919
was trensiting the meridian at night. At 22 MHz man-made inter-
ference restricts observations to between about 9:30 p.m. and
7:00 a.m. Also, CP 1919 has an accurately known dispers:ion meaéurei
This accuracy 1s reguired in order to predict the phase of the
pulsar signals at 22 MHz., CP 1919 hus been seen at 40 MHz by
Arecibo Ionospheric Obsefvatory, and there has been considerable

worik done at higher frequencies,
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4, THE ANTENNA

The antenna consists of the North-South arm of the 22 MHz

T-shaped array used at D,R.A.Oe(lO)

It 1s an array of 240 full-
wave dipoles polarized in the Fast-West direction ard mounted
above a reflecting screen. The arm is 4A wide, and its centre
frequency 1s 22.25 Mz, It has a half-power bedmwidth of 14
degrees in Rightlgécension and 2.1 degrees in Declination at

the zenith. Phasing of the individual rows of dipoles in the
North--South arm by switching lengths of cable as delays provides
steering in Declination; but not in Right Agcension.

Calibration of the sensitivity of the antenna was done by
two methods. The first method was to point the antenna at the
well-known, bright source Casseopeia &, Owing to the broadness
of the beam (approximately one hour) in Right #scension, several
scans a few degrees in Declination on each side of Cass. A had
to be made Yo provide a baseline., Cass. A is located in the plane
of the Galaxy. The radiation from tihe Galaxy must be subiracted
from the total in order to isolate the effect of Cass. A
Observations of Cass. & were further complicated by ionospheric
scintillations which caused fluctuations of the order of a factor
of two in the record. However, il has been shown that geod flux den-
sities cun be determined even from sainﬁillating records(llz Conmparison
against a nolse¢ source substituted for the antenna was done in
each case to getl absolute values of noise temperature. This method
gives the overall effective. area including the ohmic loss factor

for the feed cables in the antenna. Cass. A at 22 MHz has a flux

density of 51,400 flux units ( 1 flux unit :_10—26 watts—m S~Hz™) )

(12)

and is randomly polarized., The noise temperature due to . this source

at the input to the amplifier was compared with o standard and found to be
7000 degrees, The resulting sensitivity of +the antenna is then

7.3 flux units per degree. The overall effective area is then

A aﬂa&z = 376 m2°
e S

There 1s a factor two because the antenna is receptive to only

one polarization.



The aperture efficienay is then effective areu = 1.7%,
_ physical area
The other method is to look at tbe background sky. The

region near the North Pole was chosen, This region has an average
brightness temperosture of 38,000 degrees at 22 xMHz., The value of

the brightness *temperature at 22 MHz was obtained from the

value at 38 MHz(ﬁging a spectral index of 2,50(6).
i.e. Ehi _ ig)Z,SO
e = 4
‘where Tbl is the brightness temperature of the background
at frequency fln
sz is the brighﬁness temperature of the background
at frequency fgo

Becaude the output of the antenna is independent of the beam

a
shape (as long as the beam is not so broad that ithe background
sky can . be considered to be an extended source of constant
brightness temperature), this measuremeni gives the ohmic loss
factor. The noise temperature at the input to the preamplifier
was 1in this case measured to be 1180 degrees,

Ohmic Loss Tactor = 1180 o
e aesassan—. 301/9
38,000
Filling TPactor = Overall Aperature Efficiency
Ohmic Loss Iactor
The ohmic loss factor does not affect the signal-to-

. 548

noise ratio significantly. Since most of the noise comes
background sky, cable losses atienuate the signal and the noise
equally. Very little extra noise is added by the cabling system
in the antenna,

The filling factor, however, does affect this ratio
becaﬁsey'in this case, only half of the geometrical area of
the antenna can absorb signal power.But, as mentioned above,
the output of noise power from the antenna is more or less
independent of the shape of the antenna beam., The smaller
antenna has the same noise power but less signal than the

larger one.



5. THE SYSTEM

A block diagram of the system s shown in Figure 5-1. The
22 Miz antenna is connected to a preamplifier which is fed into
an amplifier with a 2 db bandpass of 300 kiHyz centred at 22.250
MHz.It is mixed with a swept local oscillatoer centred at 32.850
MHz, and fed into an I.¥, preamplifier and then a ecrystal filiter,
It is further amplified at 10.7 MHz and then detected. The detected
output is amplified. The signal 1s then fed intc a phase detector
made from fieléd-effect transistors, and then into an integrator .
which is discharged every 30 conds, The output is displayed on a
chart recorder. The timing is done by dividing dewn a 1 MHz crystal
oscillator in the frequency synthesizer. The frequency of ihis
was calibrated with the W.W.V.B. 60 khz carrvier. The timing control

£

provides various triggering levels at the pulsar, as well as a

l7-position, accuratve digital delay. The delay can be used to

trigger a frequency counter so that the output of the local oscillator

can be checked at various points along the sweep.

Fortunately, the pulsar sweep is linear to a good appro <hmae
tion at 22 MHz. In a sweep covresponding to half a pulsar poriod
CP 1919 deviates about 42 Hz from lineavity at 22.25 MHz., This
is only a small fraction of the 4.2 klz instantanceous bandwidtih
of CP 1919, Therefore, a voliage ramp was used to control the
ocutput of the Hewleti-Packard frequency synthesizer as a local
oscillator for the systém, The non-linearity of the frequency
synthesizer was wmore than that of the pulsar. It was measured
to be a maximum of 400 Hz. This deviation is still only one tenth
of the instaneous bandwidth of the pulsar.

In accordance with the method described in chapter 3, the
reference ( sky background) must be subtracted from the source
plusvreference (signal plus sky background). This subtraction
is done by alternately switching the outpul into oppoésite inpuils
of a differential amplifier each pulsar half-period. Since all
switching is done at twice the pulsar repetition rate, there is
no possibility that aispurious timing signal can build up in the
integrator. The off-periods of the phase deltector are over-

lapped slighily so thal during the period of possible {ransients,
ll) & J & bs
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System Diagram: Thick lines represent R.F. paths and moin signal

paths. Thin lines represent paths of contrel signals,
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there is no signal cowing out of the phase detector.
g g

he sensitivity of the system can be calibrated by switching

a noisce on and off into the preamplifier synchronously with the
sweep on alternate half-periods. The overall sensitivity will be
discussed in chapter 7.

The 150 MHz antenna is the 26.5 m paraboliod.locatcd at
D.ReAO. A dipole feed 1s used with a Smyihe preamplifier. The .
detected output is fed into a 2506~channel- signal averager arranged
s0 that one sweep of the 256 channels is one pulsar period. A
typical output from this system is shown in Figure 5-2. The swecep
is triggered from the timing control in the 22 MHz system. The
phase of the local oscillator sweep in the 22 MHz system can be

adjusted reldative to this trigger pulse,
J £ b

One Pulsar Period 0o

A, SNEN B P g A f B p f

e Pulear Signal

Figure 5-2
A typical 10 uwinute average from the 150 MHz system,
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6. THE EXPERIMENT
As was pointed out in chapter 3, the bandwidth sweep must
be in phase with the pulsar signal in order to get the full
benefit of the system. It is possible to get the pplse eprch at
a high frequency and use it to predict the phase at 22 illlz.

The high frequency chosen was 151.5 MHz., The literature indicate§l4)l~

"that the pulsar sigunals are likely to be strongest near 150 Mliz.

If observations are made simultaneously on the two frequencies

then equation 1 can be integrated to give

to,~to, = sochne dL
wherc fz = 151.5 Mllz .

fl = 226250 MHz-
For CP 1919 t = 109,91 seconds. The required phase change can
easily be calculated.

Observations were made in this way on ten occasions. The
phase of the local oscillator sweep was scanned during the

observations to cover a range of about 100 msec on each of the

" predicted phase. This method was used as a compromise between

searching all possible phases and spending the entire observing

, time at the predicied phase. Egrlier observations were made

during which all ¢f the possible phases were scanned, but,
as explained before, this method has no advantage over observing
with a fixed bandwidth,.

Figure 6-1 shows a typical piece of chart record made
during the dbservgtions. The Straight lines occur at the points
wvhen the integrator was reset (every 30 seconds). Therefore,

the value of the output just before this point represents a

‘30 second average. The first section contains only background

noise and the seccnd section contains a simulated pulsar signal

( see Figure 5-1) slightly larger ithan oas standard deviation.
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Output from the 22 MHz pulsar system. The upper trace is background
noise; the lower one is background noise plus a simulated pulsar
signal,



7. THE RESULTS
The minimum debectable brightness temperature will be
determined by the background sky temperature and the receiver
noise temperature, The noise tewperature of the receiver was
measured to be 200 degrees.above ambient temperature. The
background brighitness temperature contributes 55,000 degrees

\
+ 10,000 degrees in the region near CP 19199(13)

The efficiency
with which this is transmitted to the preamplifier is 3.1%.
Therefore,

T, =€l + (l«@)LO 4 T

= 2186 degrees

R

=
[¢7]

vhere T the overall system temperature

T, 1s the antenrn temperature

A
TO is ambient temperature
TR is the receiver temperature -
The stundard deviation of the noise cuipal is
== 2 T‘
e
NBTT

where B is the I.F. bandwidth of the system

T is the integration time .
Tor a single point on the record there is a 30 second integratibn
t{ime, and the bandwidth ( chosen as the instantaneous bandwidth
of CP 1919 ) is 4,0 kHz, Then, '

d': 12.6 degrees o

This figure:is‘somewhat lover than the measured standard deviation
of 13.8 degrees ( taken from 120 samples'). The difference of
approximately 10% is within the limits of accuracy of the
calculations but could also be attributed to low-level, man-
‘made interference. Since the sensitivity of the antenna 1is
6.9 flux units per degree and the pulse length of CP 1919
is 40 msec., then the standard deviation of the noise is

1

e .
R -6 . > s :
ST x 107°7 joules-m “=Hz ( expressed in the same units as

pulsar intensity).
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As explained in chapter & the integration can be done for
longer periods thapn 30 seconds by averaging the records. The total
time that the source is in the antenna beam is about one hour,
If , as 1n a typical night's observations, 120 points are used,
then

o = 1.2 degrees,

This standard deviation of noise corresponds toua pulsar

. wOR ") -
signal intensity of ,34x10 26 joulesem ~_Hz 1,
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APPENDIX

The optimum fixed bandwidth for receiving pulsar signals
can be deduced as followss
The receiver integrates pulsar signal power plus noise pover
over time T], and integrates the noise power over time TO (assuining
that the receiver has a square law detector). The output voltage
of the receiver, v, 15 the differonce betveen these two integrations.
Lee. =&y
It 6B<LB v, = pdB + nB (neglecting constants of

o v, = nB ' proportionality)

0
where p is pulsar signal power per unit bandwidth

t

§B is the instantaneous bandwidth of the pulsar
B is the bandwidith of the receiver

The best signal-to-noise ratic is obtained when

15 maximized, Since the iwo processes v, and v, are independent,

var <¢>:_— var <V1>ﬁ— var 610>.To

If vy and v, are assumed to bs Gaussian, ithen

0

var v, = Z(HB}Z

var vl': 2(95B+nB)2

and var(vd%ﬁ

But T, =. B and T, =T « T

where d¥/dt is the pulsar sweep rate
T is the pulsar period

. . . 2 T

Substituting varé&::n af/dt (= )

. 2 . 2 s s . ! .
Slnce<@> is P &B° the bandwidth B should be as small as possible

as long as OSB<B,

¥ » + ey 2 —— . I
If 8B>B, then v, =(p + n)B
(s} o .
and (o ps Ty ar/as
var v on 0

14 ﬁl
0

o

3 o
a b

P

& a5 large e a8 lon

Therefore, Tl or B should be made as i

frem
U

BCSB., Taking into account the above result, the copiimum receiver

bandwidth must be D = §B.
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