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Abstract

The thesis deals with the extraction of weak radio
frequency signals buried in noise 'by the technique.of

multichannel spectral analysis based on radio frequency

[N

~ lock=-in detection, The technique and the deveIopéd

instrument find extensive use in the fields of radio

‘astronomy, r%mote sensing, and spectroscopy.

. Radlo frequencyaspectSal resolutxon over a reception
range of 0 - 512 MHz qﬁé achieved with a mulchhannel
gpectrum analyzer gonsisting .of a radio—frequency
pte-proqeséor and a set of 64 parallel lock-in receivers,
The reception raﬁgg is divided uniform1§ into 64 evenly
spaced channels’ of 8 MHz bandwidth. The pre-processor
consists of wideband 1low noise amplifiers, wideband
filters, RF mixing, and power splitting, providing
preconditioning of the RF input signal for\ lock=-in
detection by the channel receivers. Each of the channel
receivers are superheterodyne receivers and consist of
a cagaéitively tapped strip transmission 1line filter,
a thermally compensated - squareflaw detector ¢ and
a synthoqous detector. A software controlled electronic
sdanher‘sweeps the outputs of the receive;s for data
acquisition to take place. sttém control was facilitated
through a user programmable microcomputer whigh performs
data achisition, data preprocessing, graphic display, and

tape storage.

iii



The technique for fesoibing weak radio frequency
‘signals has been improved by the application of the
concep;s of parallel processing, modularity, and symmetry.

The concepts of parallel processing as applied to RF
processing of. weak signals were successfully e@ployed in
the multichannel spectrum analyzer.‘ The resdlting system
is characterized by reduced hardware complexity, low-noise
.electronie cfrcuitry,- and improved reliability. The
"cgncepts of modularity and symmetry proved advantageous‘in
;éducing design and hardware development time.

" The channel receiver is a novel“deéign based on- the
principles of superheterodyne reception inco;porating
improved detection stages. X al square-law detection
édhemé for thermal compensgt'on significantly -reduced the
problem of thermal drift.. The gated synchrSnQus detector
scheme eliminated contaminating noise. that was
asyﬁchranous with the chopping signal and also cgopper
transition noise. o

The minimum detectable power across all channels was
measured to be -138 dBm +1 dB. In addition, across all
channels, a noise figure of 3.05 + 0.3 dB and a receiver
noise temperature of .306 + 43 K was measuteq: Through
software‘;pﬁyrol,_the system can peiform auto-calibration,
. address any combination of receivers, 'pérfbrm
préprocessinq of data for graphical display, and perform

digital integration for extended periods of time.

~ »
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Chaptef 1

Reception of Spectrally Resolved Signals
1.1 In%roduction

The radio frequency multichannel spectrum analyzer
(MCSA) has many applications where signal reception is
limited by noise. The mor2 notable fields of application
are spectroscopy, astronomy, and Yemote sensing.

The MCSA has an important role in the spectral

——
resolution of optical signals in the field of high
sensitivity laser spectroscopy. The laser is a coherent

4
CL . v .
source that makes it ideal as an optical local oscillator

for‘the.heterodyninngf optical siénalsr In its simplest
form,” an optical heterodyne receiver (OHR) consists of a
laser local oscillator, a beamsplitter to mix the measured
optical signal and 1local oscillator laser beams, and a
fast photodetector. An optical heterodyne spectrometer
(OHS) consists of an.optical heterodyne receiver followed
by radio frequency ' (RF) processing .such as the
multichannel spectruﬁ:dnalyzer (see figure 1.1).

Laser heterodyne spectroscopy ié well suited for = the
study of absorption aﬁd emiss&on lines because of its high
resg}ution. This hggh resolution is limited by the
uncertainty in laser frequency which, for a high quality
stable gas laser, can be confinéd to a;bandﬁidth of 10 kHE

v

(Siegman, 1971). The first optical laser heterodyne
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detection experiments were performed’ by Nieuwenhuijzen
(1970) on a number of bright stars and the planet Jupiter.
The spectrometer consisted of a He-Ne laser, photodiode
detector; wideband RF amplifier'(ZOO MHzZ) , an& a lock-in
amplifier.

Infrared heterodyne spectroscopy of carbon dioxide on
Mars haé been performed with a multichannel spectrometer -
at Kitt Pgak National Observatory. (Betz, 1975). The
results proveaithe practicality and usefulness of ingrared
heterodyne techniques in astronomy. A spectfal resolution
of several orders of magnitude better Ehaﬁ conventional
methods was obtained. . |

Tﬁe spectrometéf employed '‘a carbon dioxide laser as a
local oscillator ana a cooled (77 K) HgCAdTe detectgr to
produce an IF band from 0 to 1500 MHz. The IF band was
spectrally resolved by a multichannel spectrum anggyzer
consisting of 40 x 5 MHz’bandpags filters with a reception
range of 50 - 250 MHz. Direct RF detection, synchronous
detection, and mul;iplexingawas per formed on each of the
éhannels.

The first tunable 8.5 um }nfrared heteredyne
spectrometer was coﬁstructed using tunable diode lasers
.(PbSe) for the study of black body emission from the Moon
ana Mars. The spectrometer had .a reception range of
200 MHz covered by & bank of 8 x 25 MHz filters (Mumma,
1975) . The RF ‘signal frgm’ éach channel was directly

i

detected, synchronously detected, and then multiplexed for



LN

-~ -

data acquisition.
Infrared heterodyne spectroscopy is ‘well_ suited to
atmospheric studies because of its High detection

sensitivity and high spectral resolution. . The carbon

dioxide laser heterodyne spectrometer at the Goddard Space
Flight Centre and a tunable diode laser heterodyne

spectrometer were utilized to make atjbspheric absorption

measurements based on solar obsemwations of -absorption

lines of CO, and 0O, in the 10 um band (Abbas, 1979) .

2 3

The * spectrométer consisted of 40 x 5 MHz,

23 x 50 MRz, and 1 x 1000 MHz bandpass ({filters. The

outputs of the "filters were processed by direct# 1RE
detection, synchronous detection, and multipi;xing.

Infrared heterodyne spectroscopy of __ammonia ’”and
ethylene in stars has been carried out with a multichannel
analyzerngonsisting of*128 x 20 MHz filter‘ bankg (Betz,~
l931).w\-1&utjal observations were successful and present
work. is directed toward synthe%izing laser local
osqillator frequencies £o higher accuracy.

A multichannel specgrum analyzer <consisting of 1220
channels is presently being built by -the ﬁASA:kmes
Research Centre for the .SETI éroject (Search for
Extra-Terrestrial 1Intelligence). 1Its high sehsitivlty is

achieved through the wuse of 1large existing antennas,

integrating for 1long periods of time; and wusing low

temperature  systems. High resolution is achieved by the

examinatipn of the channels with narrow bandwidths of 4 Hz
4



or less (Billingham et al, 1978).

An optical -heterodyne receiver pravides greater
sensitivity than conventional direct detecgion schemes.,
The fegions.where thesé receivers are most usefﬁl are in
the 3-5 um and 8-14 ﬂﬁ regions where atmospheric windows
exist.

»~ .

In many cases, the output signal from a photodiode,
produced ;by the detection of an opticél signal, is very
noisy. This noisy signél has a signal-to-noise ratio
(SNR) much less than the capability of a direct detection
schem?. The SNR caA be greatly improved by periodically
interrupting the opticai signal, producing a modulated or
chébped optical signal for <coherent processing (Méade,

1983).

The high sensitivity processing of optical signals'is

made possible by the use of coherent detectors. These are

pbase—sensitive detectors that measure difference voltages
by wusing a synchronéué reference voltage derived from the
input modulator or chopper. Phase-sensitive detectiondah
provides amplitude as well as phase informationlin the
presence "of noise and interference. Phase—sensiti&e
detectors that are phase-locked to the modulation or
chopper frequency with no phase - offset are. synchronous
detectors (Meade, 1983).

The p?eservation of amplitude and phase information

makes heterodyne detection systems suitable for

interferometry. Long Baseline interferometers have been

-



used to study fringe signals from the planet Mercury in
the 10 um region (Johnson, 1974).

Coherent processing systems operating on the
phase-sensitive detecto;:_° principle‘ are known as lock-in
detection systems and pﬁe equipment }s known as lock-in
amplifiers (Meade, 1983).

‘ Pre&iously mentioned heterodyne spectrometers are
limited in their ,RF processing capabilities by the
characteristic behavigur ’of each of the RF Dbandpass
filters. Since all filwers are different, the process of
élignment and balancing, with respect to other filters,
places a practical limit to the number of filters in the
"multichannel spectrum. analyzers.

‘The electronic techniques of superheterodyne
receiving were not employed in these spectrometers.’ This
is an important techniqué that is widely wused in common
radio receiveré. Superheterodyne reception is the process
of multiplying two fregﬁencies together (RF signal and RF
local oscillator) 'and making use of the resulting
difference frequency as the intermediate frequency (IF)
band. '

The bengfits of superheterodyne recbption are that
most of the amplification and filtering takes place in the
IF band rather than in the RF band. Amplification at a
fixed narrow frequency band is much easier to accomplish
than at a variable, wider frequency band. In addition,

the local oscillator may be changed to receive a different
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RF band without altering the superheterodyne receiver. IF
filtefkng for a .given bandpass response is easier to
obtain and keep consistent across many receivers.

This thesis  describes a multichannel lock=-in
detection system developed for the coherent proceésing of
optical signals. A radio frequency multichannel spectrum
analyzer has been designed, built and tested for detection
6f weak 'signéls buried in predominantly wﬁige noise.
Sixty-four ¢hannel filters and receivers covering a range
of 0 - 512 MHz ;re employed to extract the signal from
noise. The signal is altérnagely switched or chopped with
a noise. reference and synchronously detected by the
receivers.

The sysEem consists of four parts: a radio frequency
(RF) séction, a deéector section, a digital electronic
section, and a microcomputer section.

The RF section consists ‘of wideband iow noise
amplifiets, high—péss filters and gow—pass filters in the
front-end module. Following this, thére are filter banks
containing a total of 64 channel filters of equal
bandwidth (8 MHz) Qniformly spaced across the reception
range of 0 - 512 MHz. Each of the 64 channels has a
superheterodyne receiver incorporating‘ squafe—law
detection for optimum sensitivity.

The detector section consists of° 64 synchronous

detection or coherent detection <circuits following the



superheterodyne receivers. These maximize the éensitivity
of the multichanneiz, spectrum  analyzer (MCSA) by
significantly reducing all noise, including s?stem noise,
that is asynchronous with the chopped input signal.

The digital electronics supplies all the‘ necessary
control signals | for synchronous detection,
analog-to-digital convers£9n, and data collection.

The microcomputer witﬁ its operating system provides
user and external computer interfacing with the analyzer.
In addition, some data processing and manipulation 1is
possible, such as extended integration times and graphic
displays of system spectral response. The data, once
collected by the microcomputer, 1is transferred to a
minicomputer for further analysis and storage.

The radio frequency‘ multichannel spectrum aﬁalyzer
(MCsSaA) .\was designed aﬁd bu%lt with state-of-the-art
technology. Very low noise, wideband, gallium arsenide
(GaAs) preamplifiers were used as the first stage of
amplification on the front-end module of the MCSA' for
improved noise figure characteristics. Wideband, linear,
double-balanced mixers were employed iﬁ the front-end
module and throughout the system * to minimize
;ntermodulation distortion. Tapped strip transmission
line structures were used as high quality (Q) channel
filters anq power splitters. The concepts of 1lock=-in

detection were applied to detection at radio frequencies.

Two stages of detection, square-law detection and
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synchronous . detection, were employed for optimﬁm
sensitivity. A dual square-law detection scheme was used
to maximize the sensitivity of the RF supérheterodyne
receivers. Each receiver output is synchronoﬁsly detecéed
to improve the signal-to-noise ratio. It also includes
Dicke chopper edge cancellation to eliminate spurious
responses due to edge effects.

The data acquisition system containing a high speed,
l12-bit analog-gg-digital converter can perform a system
sweep and conversion of all the receiver outputs (128 for
both sfbnal and referénce outputs) in 3.1 ms. As with all
of the system, the scanning 1is under control of a
micrgppmputer which also handles data transfer to a
graphics terminal and to a minicomputer. The entire
system was designéd to be controlled by a microcomputer.
In this way, the system can .be °easily reéonfigu;ed and
optfmized for a gjiven application by' chénging the
controlling software.

The multichannel spectrum analyzer is essentially a
multichannel  lock-in amplifier system. Sixty-four
channels divide the reception range uniformly and perform
coherent detection in each channel. The channel receivers
are lock:in amplifiers that coherentiy or synchronously
detect the chopped RF input signal.

3

. The multichannel spectrum analyzer differs markedly

from other spectrum receiver designs. The MCSA uses

multiple channels of a fixed bandwidth and at a fixed



frequency spaced uniformly across the frequency range of
interest. Most other spectrum receiver designs employ a
singie channel that is swept throhgh ﬁiﬂ desiredwfreqqency
range. ‘

The MCSA system is essentially a éarallel processing
system in the time domain, since each of the multiple
channels is continuously receiving signals. The swept
spectrum reéeiver . systéms are essentially serial
processing systems since an event that occurs on the input
will only he :ecérded whep‘it is sfnchronous in time with

the sweeping channel.

This thesis is organized into eiéht chapters which
are briefly described below. ‘

ﬂChapter two describes the multichannel spectrum
analyzer and .its environment. A comparison is made with
more common swept spectrum analyzers. The lock=-in
amplifier techniqgue aﬁd design are discussed. .

Chapter three giQes an overview of the entire MCSA,
emphasizing the functional operation of the system.
Theory suppofting design decisions and characteristics of
the system is présented.

. Chapter four provides details of the structﬁze of the

multichannel spectrum analyier. Each electronic component

of the analyzer is described in detail with supporting

diagrams and schematics.

10
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Cﬁapter five describes the tests and calibrationsr
performed on the system. fests aﬁd calibrations are shown
for individual components and sections of the system. " A
complete sy;tem test and calibration are described and
evaluated.

Chapter six describes an optical heterodyne
experiment for validation and calibration of the
multichannel spectrum.anglyzer.

Chapter seven. discusses the foregoing tests, and
results. In addition,' recommendations regarding the
project are made.

Chapter eight briefly summarizes the project and

presents the conclusions.
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Chapter 2

The Multichannel Spectrum Analyzer System.
2.1 The Multichannel Spectrum Analyzer

The folTowing is a brief functional description of
ghe multichannel spectrum analyzer (MCSA), followed py a
more détailed functional description of the system with
reference to figure 2.1. The application of the concept%
of modularity, symmetry, and parallelism to.the MCSA are
described.

Thé multichannel spectrum  analyzer system was
developed for the acq&isition of signals buried in noise.

To optimize the recovery of the signal, synchronous

detection 1is employed. To accommodate this detection

. scheme, 'the RF input is switched or chopped alternately

with a reference source (e. noise source). This scheme
was derived from a receiver orfginally developed by Dicke
(1946) .

The RF input reception range of 0 - 512 MHz is
covered by 64 channel filters and receivers. Each channel
filter consists of a transmission 1line filter with a
bandwidth 'of 8 MHz. These channel filters are uniformly
spaced across the 512 MHz reception range. Sixty-four
channel ‘receivers are connected to the 64 channel filters

and use square-law detection to recover the signal.

12
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LNA

exLO
PS
LPF
HPF
osC
FB

IFA

DET

DA

SYN DET

rn

low noise amplifier

external locgl oscillator frequency
power splitter

low-pass filter

high-pass filter -

oscillator

filter bank

intermediate frequency amplifier
detetor

differential amplifier
synchronous detector

module ingterface

data acquisition system

centre frequency

radio frequency

local oscillator frequency

Legend for figure 2.1
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The output of each channel receiver is syn;hronously
detected to remove any noise that is asynchronous with the
chobped'RF input. The output of each syﬁchronous detector
is integrated for 6 s by an analog integrator and
collected by the data acquisition system. -A microcomputer
performs some preprocessing on the digitized data and
either displays it on the console terminal or sends it to
the host computer for further analysis. Details of the
operation of the analyzer are shown in figure 2.1.

The letichgnnel spectrum analyzer .(MCSA) can be
divided into seven parts: first section of the front-end
module, secpnd section of the front-end module, filter
banks, receiver modules, data' dcquisition systém,
microcomputer, and host computer. This partitioning |is
based mainly on the physical construction of the MCSA, but
is also a convenient logical partitioning of the system.
| The first section of the front-end module receives
the- RF input signal wusing a low-noise amplifier (LNA).
The output of the LNA may be frequency shifted by a mjixer

and external oscillator to a convenient frequency band in

<

the 512 MHi‘reCepfion range,.- The signal power is split
(PS) two ways with one output going to one side of the
second section of the front-end module and the other

%utbuq‘gqing on for. further processing. The upper half of

Ay

the signal spectrum (LPF, £

Y

c = 256 MHz) is supbtessed and

the lower half éassed.- The lower half of the original

spectrum is frequeﬁcy shifted to-the upper half by mixing
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(512 MHz) and directed to the second side of the second
section of the front-end module.

Section two of the fropt—end module consists of two
identic;I\ sets of circuitry; one for the upper half and
one for the lower half of the signal spectrum. Here,‘&;he
signal is high-pass fil«ered (HPF, fc = 256 MHz) and power
split (PS) four ways. There is a total of eight outputs
for each of the eight filter banks (FB).: ‘

The filter banks ° (FB) consist of eighé channel
filters. These filters are tapped transmission line
structures and isolate the required frequency bgnd for the
receivers. There is a total of 64 outputs from all of the
filter banks.

Four outputs from four different filter banks go to-a,
receiver module. The receiver moéule consists of four
receivers, four synchronous detectors, a local oscillator,
and a module interface. ' Each receiver in a module‘and.
between modules is identical. They have an intermediate
frequency (IF) of 64 MHz with a bandwidth o£ 8 MHz and
square-law detection. The syﬂchrénous detector (SYN DET)
switches in phase with the chopped RF input and recovers
the signal from the multiplexed signal"rand reference.
waveform. The module interface (MI) links the receiver
module with the#®ata acquisition systeh and with the
;ysééh controller of the microcomputer. There is a total

of 16 receiver modules in the MCEA system.
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The data acquisition system (DAS) collects and
digitizes the 64 detected signals from all of thé modules.
This is done under direct control of the microcomputer.

The microcomputer (MICRO) controls the entire MCSA
system by providing control signals for the synchronous
detector and controlling ‘the data acquisition system. Ié
aléo performs some preprocessing for graphic displays at
the console terminal. 1In éddition, it also handles data
transfer to a host computer (PDP-11/23, PDP-10).

The host computer is required for fufthgr data
analysis and storage; it also facilitates software
development for the microcomputer,

In the development'of the MCSA, éhe pr;nciples of
multiplicity and symmetry were emploxfd;' The channel
filters aré organizéd into _filter banks, and receiyers
int'Q.5 multiples of an identical receiver module. This
multiplicity allows subsystem symmetry to be employed,
better.- alignment of moduies, and negligible pick-up of
spurious signals. |

This multiplicity of  design has a number of benefits.

Subs?stem design and implementation are much less time
consuming and tedious, since the circuits are simpiy
reproductions. Design problems and their solutions,
encountered during development, are similar throughout all

of the subsystems,

The 8 filter banks are -~all basically of the same

construction with only minor differences to accommodate

>




-

a

h 18

the different resonant frequencies. All 64 receivers are

‘identical, having the same intermediate frequency (IF), IF.

bandwidth, and detection scheme. ' The receivers only
differ 1in-the local oscillator Erequeﬁc§ and the RF input
frequgncy. All 64 synchronous detectors are identical.
All module A‘ynterfaces are' fdentical _except for

<

wire-wrapped pins that uniquely define an_adﬂress‘for the

‘'a receiver module and receiver.

Parallel process}ng as it is employed in the MCSA has
a number of advantages. Continuous reception at all
frequencies in the reception range of 0 - 512 MHz is a
signiffcant improvement over that ' of a swept spéctrum
analyz€r since an ‘event ocqurrihg at any time will be
received and recorded. This is Ian © important
characteristic as many phenomena of scientific. ipferest
are transient in behaviour.

Parallel proceésing systems may, in general, involvg
more circuitry than a serial processing system, but there
is a trade ofg between _numerous, redundant, .simple

circuits and a few highly complex fgdividual circuits.

Redundancy is an important factor in improving system

- reliability. Failure of a channel or even a group of

channels will not necessarily bring the entire system to a
halt. More elaborate parallel systems may have provision
to replace, a failed subsystem, with one on stdndby,

resulting in no noticeable degradafion of performance.

This 'isaaj,cularily important in aircrafty, or military



systems wheréﬂa system failure can be catastrophic (Hobb,

1970). _ . , .

s
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In general, parallel systems are more expensive than -

serial ones due mainly to the quantit& of circuitry in a
parallel system. In addition, some data acquisition
system is usually required to record and collect the data
generated continuously by all tge channels.

Parallel processing systems are typically usid in

- \
areas of phased array radar, sonar processi&é, radar
processing, pattern recognition, and computer hardware and
;oftware.

The highly parallel MCSA for the SETI project, under
development at the NASA-Ames Research Centre, is a system
for very high spectral resolution of astronomical radio
signal)s. A “typical application of this system would bg

the spect search of the 'water-hole' spectrum (1.420 -
i

'1.667 GHz) ich is bounded by the hYdrogen\and hydroxyl
lines. The effectiveness of such a MCSA is given by the
time-baﬁdwidth product of the system, which is the ratio
of "tﬁg reception range .to ”IE; channel bandwidth
(‘frequency bin'). This is simply equal to the number of
bins or channels that the sysfem‘is capable of analyzing
simultaneously (Machol, 1979).

The Tesolution _capability is the ability to
distinguish between two signals tﬁat dre close together.

The sampling theorem as applied to thée frequency domain

requires uniform sampling by the channels at greater than




twice the frequency interval of ‘interest (Stremler, 1979).
Consequently, for the presented MCSA which has 64 channels
of 8 MHz each, the spectral * resolution is 16 MHz which
implies a minimum separation of 16 MHz ko resolve two
cIosel? placed signals. Resolution can be improved By
increasing the number of samples or cﬁannels in the
frequency interval. Sampling, in practice, must be
greater than the theoretical minimum of twice the interval
(Nyquist rate). Filters are not perfectly rectangular but
have sloping transitiocon b;nds which produce distortion
known as aliasing (Ziemer, 1976).

Since the noise power in a channel 1is directly
proportional go bandwidth ( n = KTB ), it is desirable to
reducé the channel width as much as possible. However ,
for 'awffalter bandwidth, B, it takes at least 1/B seconds
fqr the filter to settle. 1In addition, increasing analog
integration time over 10 secgnds produces marginal
improvement in SNR due to the problem of 1/f noise (Leger,
1976). Howevér, digital 1integration is immune to this

roblem and can perform integration on a chanﬁel for
e;t ded periods of - time.

The upper limi;‘qp the reception ba%dwidth is set by,
the computational /séeeé of théfcomputer.ééd ité memory
size. 'The lower 1imit.on the width of the bin is set by
the stabili£§~aof3thé,system;s.componengs such as: local

oscillators,. amplifiers, powet supplies, and filters.
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2.2 Swept Spectrum Analyzers

A swept spectrum a/alyzer is basically a
superheterodyne receivet where the 1local oscillator is
swepﬁ across the frequency band of 1interest. The 1local
oscillator and RF input signal are applied to a miker and
the output intermediate frequency (IF) is bandpass
filtered and detected. The swept spectrum analyzer - is a
‘common laboratory instrument. In the following, its
Pperation is described and compared to the MCSA.

Spectrum analyzers of this type are capable ofn very
wide frequency sweeps (spectrum range), limited mostly by
the the sweeping capability of the local oscillator (Adam,

1969). Usingh m&;tiple frequency conversion techniques,
improves the togal reception b;ndwidth, but not the
spectrum width. The spectrum width can be increased by
increasing the sweep range of the 1local oscillator. A
device that has .this property is the backward-wave
oscillator (BWO).

A BWO differs from conventional microwave oscillators
in that the output fregquency of «ascillation is not
determined by gesonant circuits, but by a
frequency-selective feedback and amplification process.
This device is capable of voltage-tuned bandwidths of up
to 5:1. " A typical BWO has a range of 2 - 4 GHz. Thus,
the spectrum width.for a spectrum analyzer employing this

device would be 2 GHz. -+

-



Serious problems with the swept spectrum analyzer are

stability in the BWO and 1linearity in the mixer.

19
{2

Phase-locked 1loop techniques have been employed to

stapilize' the sweeping system for the BWO with the result
that inherent FM can be reduced to less than il KHz (Adam,
1969). The linearity of mixers with respect to bandwidth
"and dynmamics is difficult éo improve. Optimal 1linearity
can be achieved by using émall band%idths and ensuringlthe
input RF‘signai is small compared to the local oscil%agpr
for minimal intermodulation distortion,

Resolution is' an important characteristic of l a
spectrum analyzer. ‘1t is affected by thg width and shape
of the IF passband and by the frequency sweeé rate of the
local oscillator. - If two f;eq%encies arevspaced closer
than the passband of the IF pas;band filter, then only a
single response will occur. If the local oscillafor is
swept too fast past a signal, the aekector will not have
timé to respond completely. Resolution is also affected
by linearity of the swept local oscillator. Any inherent
FM in the 1local oscillator will be displayed since the
detector cannot differentiate between the input signal and
the undesired FM signal from the local oscillator.

Simplicity of the MC35A makes it more advantageous
than the swept spectrum analyzer. Local osci;lators are
stgﬁionary and phase-locked to a single reference. This
eliminates the need for compiicated circuitry required to

£

control the linearity of ‘sweep, maintain constant

-
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amplitude; and control FM noise.

The mixers in the MCSA are used only in the
relatively na::g; frequency range of the channel filters
and with a stationary oscillator. Consequently, the mixer
has a l;ngar response aéross that range. 1In addition,
virtually all intermodulation products are praﬁuced well
away from the IF band and are heavily suppressed by the IF
bandpass filter.

The resolution of the MCSA cannot b; directly
compared to that of a swept system since the MCSA is
optimized for detection of signals buried in noise.
Signals that are spaéed closer than the channel bandwidth
of 8 MHz will not be resolved separately. However, the
detector bandwidth, after §yn¢hronous detection and
integration, is the inverse of the integration time of 6

seconds or 0.17 Hz. A typical swept system has a minimum

detection bandwidth of 1 kHz.

23



2.3 Lock-in Amplification

As mentioned in the Introduction, lock-ih amplifiers
are used 1in phase-sensitive detection systems for the
measurement of amplitude and phase of periodic signals
buried in noise and interference. The typical lock-in
amplifier consists of a phase-sensitive detector,
preamplifiers, post-detection amplifiers, and extensive
refetenée processing (Meade, 19813). A functional
description ' of lock-in amplificafign follows with emphasis
placed on its applicaﬁion to the design of the MCSA.

Lock-in amplificafion is used in two main areas of
experimental activity. The first area of use is in signal\

acquisition or recovery of modulated signals from noise.
. T .
N\

The second area of wuse \is in precision measurement of
signals where noise is not a \ta?lem. The first case is
of direct .interest for this th;sis.

Conventional léck-in amplifiers have been optimized

for use in the range of 1 kHz to 1 MHz. This is due to a

1.

large majority of applications requiring such a frequency
range and electronics is readily available for this range.
The techniques of lock-in amplification can be applied to
any frequency, but compromises are necessary to
accommodate technical problems. At radio frequencies,
there are problems with amplifiers, since operational
amplifiers with fheir characteristic high gains, high

input impedance, and low output impedance, do not function




much beyond a few megahertz. In general, at high
frequencies, all components of an electronic system startr
to deviate significantly from the ideal, thus making' the
regquired compensations more&complicated.

The phase-sensitive detector, which is at the heart
of the lockrin amplifier, was originally developed by
Dicke (1946). This detector was developed for a receiver
system known as "™the Dicke receiver (see section 3.5 for
details). The basic lock-in amplifie?x\consisting~ of a
preamplifier, adjustable filter, variable gain amplifier,
. mixer, reference channel, and adjustable low-pass filter,

is shown in figure 2.2 (Meade, 1983).

e
<

The preamplifier on the ﬂigput of the lock=-in
amplifier is a low- noisi,amplifier. The first stage of
amplification must have good noise characteristics rather -
fhan gain, so that noise produced in this amplifier does
not bury the signal further into noise.

. The adjustable filter in the signal channel limits
the noise bandwidth to the vicinity of the signal‘
frequency. This is important mainly to keep the front
stage amplifiers out of saturation. This is possible in
wideband situations where random noise. pulses may add up
and drivg- the amplifier into saturation, resulting in

distortion and intermodulation..

In the detector section, it is-essential to have an
1

ideal multiplier. It must have a linear performance under

all applied levels of signal and noise. Departure from

o
L4
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linearity ‘will give rise to distortion. The switching
multiplier or phase-sensitive detectbr provides the widest
linear dynamic 'fange for signal-recovery systems (Meade,
1983). In this <case, the multiplier 1is driven by a
square-wave switching waveform‘that is synchronizéd to the
applied reference waveform.

The switching waveform is deri&ed from the reference
‘channel and is triggered by the positive-going edge of the
reference channel.. A calibrated phase control can phase

shift the switching waveform with respect to the

reference, independent of frequency.
]

“ﬂ\ The adjustable low-pass filter usually  has a

relatively long time constant or narrow bandwidth to
reduce high frequency noise. However, there must be a
compromise on the bandwidth since, as it decreases, there
will be gr?ater tracking error of the output to follow a
changing signal. Most low-pass filters are simple

one-stage or two-stage RC filters.

Commercial lock-in amplifiers are often specified by

the word ‘'capability'. Systems that are described as

‘capable' are those that can withstand very low levels of
input SNR- (ie.; -20 dB) while maintaining a linear

response to a synchronous signal (Meade, 1983). SNR

-improvément in a lock-in amplifier is limited only by the

minimum bandwidth of the output filter of the synchronous
detector. This improvement is only realized provided that

the desired signal is fixed in amplitude and phase for the
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duration of the experiment and the settling time of the
output filter.

The improvement faqtor supplied b&f synchronous
detection is Bi/Bo where B is the input bandwidth.and B,
is the output bandwidth. The output-signal-to-noise ratio

(SNR&) is given, by:

The multichannel spectrum analyzer is essentially a
multichannel lock-in system with each c¢hannel designed'as
7 ,

a simple 1lock-in amplifier. The front-end, wideband,

28

low-noise amplifiers on the MCSA are equivalent to the

preamplifiers of the basic lock-in amplifier (see figure
2.1). The front—ehd filters and filter banks of the MCSA
are equivalent to the signal channel filter of the lock-in
amplifier, The synchronous detector of the MCSA is
quivalent to the multipli¥r detector section of the
lock-in amplifier. The MCSA has, in additdon, a number of
mixers and 1local oscillators, but tgese only providé
frequency translation and do not affect the lock-in
amplifier.

Thé MCSA, as mentioned in the previous section, has a
minimum output bandwidth of 0.17 Hz. For an input signal
buried in white noise within the receptibn bandwidth of
512 MHz, the improvement factor by eqﬁﬁtion S 2.1 is

@ .
94.8 dB. For a band limited input signal of 8 MHz, the



s

. improvement factor is 76.7 dB.
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hapt 3
Chapter o

Overview of the Multichannel Spectrum Analyzer

“
.3;1 . Noise, shielding, and Griiig/cbns;derations ‘

.To realize the fuil”potential of parallel prédessing
in spéctrum analysis, the problems of.electrbmagnetic
interference (EMI) musg be considered. At frequencies
above a few megahertz, electromagnetic interference (EMI)
becomes a significant -problem. At - a few hundred
megahertz,..EMI 'proﬁlems are severe and réquire the same
attention as the citcuits‘beigg developed.'\

Figure 3.1 *shows a simtle block diagram of a
heterodyAe radio éeceiver-with all the possiblé problems
associated with improper shielding and grounding (Ott,
*1976) . The interface generated within a system can be
divided into four parts: electric field cohpling,
magnetic field couéling, conducﬁi&e coupliﬁg, and commén
impedance coupling.<:The wiring between various stages of
a system are conductors of noise and some stages are
sodrcés of noise. The ground currénts flowing from

:vé:i&us stages flow'through common impedénces and produce
"g noise voltage on the grouﬁd bus.
Noise ~can be broadly defined as an§ undesired
electrical signal present iq‘é circuit. Nonlinearities

that produce unwanted signals in a circuit are not noise

but distortion proéucts resulting from impekféctly built

30
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circuits. 'Thére are basically three categories of noise:
intrinsic noise‘ ddé to thé nature of physical systems
(ievy; thermal noisg, shot noise); man-made noise due to
motors, éwitcﬁés, etc.; and natural disturbanﬁ@s such as
ligbtning‘and the signa}s generated by sun spots.

Electtjc field coupling of noise between two circuits
is analogdu; to. capacitive coupling between the circuits
under considerat;oh. Likewise, if a time varying magnetic
ﬁield’ couples two conductors from tdg circuits, then this
can be represented by a mitual inductance between the two.

Cohdﬁctive coupling of noise into a circuit- is a
serious proBlem and can best be realized by considering
the poﬁér leads of a cirpuit'that may ru; through a noisy

- - ’
environment, pick up the npise, and conduct it "into the
circuit.‘ ‘ -

Noise coupling ‘through common impedance occurs when

currents from two different sources flow through a common

impedancé. The typical situation 1is when "two circuits

have a common ground and the two ground currents flow

through the -common ground impedance. The result |is that
one circuit sees the ground potential modulated by the
ground current of the s;cond circuit as it flows through
the common ground impedance (Ott, 1979).:

Noise éag résult from the galvanic action between
dissimilar .metals. Water vapour or moisture between the

two‘mefais produces a chemical wet <cell. - The galvanic

action causes positive ions from one metal (anode) to be
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trahsfefred to;the.other metal (cathodé) ‘which ' leads to
corrosiog of the anode. The rate of corfosion‘depedds on
the ambient moisture content and the relative éeparation
of the metalsrin the éalvanic,series. For example, a poor
combinatiﬁn of metals is coppér and aluminum with the
result that aluminum is corroded away from the copper.
Plating the copper with 1lead-tin sq}der reduces this
corrosion considerably since thé 'soldér is -closer to
aluminum in the galvanic series (Ott, 1979). .

v Noise due to‘electrolytié action occurs when any two
netals with ~an electrolyte (moisture) ' have - a direct
current flowing through them. :

An effective way to reduce ;hé problemé of capébiti&e
coupi}hg//fj through the use Pf shiéldigg.to br'eak the
capacitive link between two circuits. This can best be
illustrated by considering capacitive bouplihg between two
conductors, one bf which is Shieldéd (ie., coéxial'cable).

Figure 3.2 shows the eéuivalent circuit for vé )
conductor capacitively coupled to a coaxial cable. The :
équivalent circuit éccounts for extension gf Ehe centre
conductor beyond the shield and terminatién in a finite

resistance to ground. The noise'voltage coupled to the

centre conductor with a grounded shield is given by:

SRC, .V .
v, = 12 1 - : ) S |
.'. 1+SR(C12+C29+CZS) -

Minimizing Clz by reducing the,exﬁensién beyond the shield

) <
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?nd’providing é g9od RF ground on the shield‘will minimize

:He capacitively‘coup1ed néise voltage. Multiple ground

. points "on the ‘shield should,not be spaced further than

1/20th’ of a wavelength . of the highest significant
- frequency (Ott, '1976).

Generally, some of ‘the iméedances in figure 3.2 are

much smaller than others.

o S ) ’ ’ 1
R << — 3.2a
SHC12%Cg*C o)
then @rom‘equation 3.1
V., = SRCy,Vy - . 3.2b

Thié is, the-no;sehyoltagé due ,to the capacitance (Clz)
between . the externa} cqnductor and the exposed centre
:conghctof of the coaxial cable. 1If the coaxial cable is

.~bzq§dedf.’t§en .C12 will also include capacitive éoupling
th;bugh;thé;hofes in the shield.

The é;oblems associated with magnetic field coupling
can be'understoodvby considering a ;imilar circuit to that
considered for the capacitive coupling case. Figure 3.3
illuétrateélthe ﬁagnetic coupling .case between a conductor

apd:a shielded coaxial cable. The basic -equations for

inductive coupling into a closed loop are:

35
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~~
-d o
Vn = —— | B-A dA 3.3a
dt /a
Vs = SBACosH = SMIs ‘ 3.3b
where B = magnetic flux density
A = area of closed loop
Vn = induced noise voltage
1
Vs = induced shield noise
M = mutual inductance ’
Is = induced shield current
Rs = shield resistance

Consider now the case of magnetic coupling between
the shield and the inner conductor. If one assumes that
the shield is a a very thin tubular conductor, then for a

uniform axial «current flowing in it, all of the magnetic
~

fields is external to the tube and none is internal. (ott ,

1976) . Since the magnetic flux produced by the shield
also links the inner conductor, the inductance of the
shield equals the mutual inductance between the ihielé‘and
the inner conductor (Ott,‘l976).

The voltage, Vn, induced in the centre conductor by a
. shield current of Is is given by:

3

Jn = SMI-S . ‘ 3.4a

Vg = IS(SLS+RS) 3.4b

[}

~1




SMVs
S Vn = 3.4c
. SL ‘+R
‘ s s
' M= Ls
SVs
SV E 3.44d
S+RS/LS

The last equation implies a Cutoff frequency of
fc=Rs/(2r LS) which . is in the audio frequency band for
most coaxial cables (eg., for RG;SBC, fc = 2 kHz) .-

The external magnetic field <can be eliminated 1if
there 1is a shield <current equal and opposite to that
flowing in the'centre conductor. The fields producéd by
the centre conductor and the shield will cancel.
Therefore, in order to successfully reduce radiation of
magnetic fields from a conductor, the shield should be
grounaed at both ends. It should be noted that magnetic
shielding at high frequencies above cutoff is not due to
the magnetic shielding properties of the shield but is due
to the return «current on the shield generating a field
that cancels the centre conductor's field (Ott, 1976).

At freguencies below <cutoff, a ground plane will
provide a -better‘ return path than the éhield because it
will have lower effective inductance than the mutual
inductance between the shield and centre conductor. Below
cutoff, the éh;eld is one ofﬂthe circuits conductors where
an{ noise current in:it will‘producé an IR d;op and hence

a noise voltage. For maximum noise protection at low

a
’
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frequencies, the shield :should not be one of the signal

conductors. One end of the circuit must be isolated from

ground to eliminate a ground plane return path.
Double-shielded or triaxial cables can eiiminate the

noise problem altdgether since the noise current flows on

the outer shield and the return signal current flows on

the 1inner shield. The two currents, therefore, do not

flow through a common impedance. f;iaxial cables are

expensive, However, ordinary coaxial cables behave like
.

triaxial cables at frequencies above 1 Mﬁz due to a
phenomena known as skin effect. 1In this sftuation noise
current flows on the outside surface of the shield and the
signal cur;ent flows on the inéide sur face.

‘The proper use of groundidg is one of: tm; primary
ways of reducing noise in any electronics system. Thgrtwo
basic objectives involved in thp éesi;n of good g;ouhding
systems are: elimination of common ground impedances
which will generate noise voltages if currents from other
circuits pass through it; and elimination of ground loops
which are susceptible to magnetic fields.. Most €lectronic
systems require three types of grounds: one for equipment
enclosures (eg., chassis, racks), one for noisy high power
circuits (eg., motors),- and one fpr the signal grounds of
lcw-ievel circuits. .

Shields for ;mplifiers should always be connected té
the common’ point of the amplifier ‘even if’it is at a

> 1

different potential than gyround. 1If it 1is connected to

3.9
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, another convenient ground then capacitive coupling

(between: shield-input, shield-output, shield-common)

could setup feedback conditions for oscillation. When the

shield is connected to the amplifier's common. point, one

capacitive coupling is shorted and the feedback

eliminated. Shieldeﬁ cables for differential amplifiers

-~

at low frequencies should be grounded at one end only.
- / )

Grounding should be at the common point of the source or
the common point of the amplifier, never both.

At hfg% frequencies where cables are more than 1/20th
of a anelenégh, éapacitivé coupling tends to complete;
grounéﬁioops at several points, thus making it impossible

to isolate the’ unterminated end. For long cables,

i
"

grounding may be required at least ‘every 1/10th of a

;avelength.

. .
The shielding effectiveness of metallic sheets

- consists of absorption loss, reflection 1loss, and a

correction factor to account for multiple reflections

(Manassewitsch, 1976). In practice, a solid- shield

encgloging a circuit ' can provide more than '90 dB of
shielding effectiveness (Ott, 1976). However, this

shielding is often degraded by 1leakage through seams,

»
v

joihts, and holes.

Leakage from a seam or hole depends on 'the maximum
linear dimension of the opening, thg wave impedance, and
the frequency of the source. For best Shielding,. the

noise induced currents in the shield should be allowed to



flow undisturbed in the manner in which they were induced’

by the incident field, These currents will generate

.additional fields® that will tend to cancel the original

field. Thus a,geries of small circular holes will be much
better at shielding than a large hole of the same area 1in
the shield.

Seams may be required in some cases (eg., 1lids for
boxes) and here, effective shieldiﬁb can be maintained
with the use of EMI gaskets, The gaskets ensure
uniformity of current flow around the box. Lids with
flanges reduce EMI as well by increasing the surface area
around the 1lid's perimeter for better electrical contact
and for capacitive coupling to the walls of the box.

Passive components located in the low-level
eictronic portions of a circuit can be major contributors
of noise. Components such aé: resistors, capacitors,
diodes, and transformers have different noise
characteristics and must be tfeated differently.

Resistors, theéretically, produce a noise power equal
to KTB. However, this ignores the effect of l[f noise or
excess noise which is Aependant on the construction of the
resistor. Generally, the more uneven the DC current flows
through the resistor, the more excess noise 1is generated
kMotchenbacher, 1973). Composition carbon resistors
usually generate the greatest noise, whereas tin oxide;
metal film, and wire-wound are all lower noise devices.

All resistors used in the construction of the MCSA were

At



low-noise carbon film resistors (Philips, CR carbon film).

In general, capacitor noise is not a problem in

-
.

circuit design. A real capacitor does have loss which is
a shunt leakage resistor. Tantalum electrolytic
capacitors work well in 1low noise applicatiéns but are
prone tO noise genefatiom if they are reverse biassed by a
transient (Mogchenbacher, 1973).

The problems associated with electromagnetic
interference during the development of the multichannel
spectrum analyzer were severe, Conscientious application
of * the ’ above noise, shielding, and grounding
considerations has resulted in a relatively noise free

system.

o
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5.2 Front-end Module

The radio frequency front-erid module is the first
stage of RF processing that the signal from the
photodetector passes through. The ‘front-end module
consists of amplifiers, mixers, power splitters, and
filters. This is shown in the block diagram of figure
3.4. The following functional description of the
front-end module emphasize§ the reasoning behind certain
design schemes -in the light’ of theoretical considerations
and practicality.

.The system noise response is largely determined by
the noise behaviour of Ehe first amplifier. Friis formula
for the effective noise figure of a cascade of amplifiers

is given by:

F,-1 F,-1
F =F ¢+ 2 ¥ 3 + ... 3.5
C1 G162
where F_ = nth amplifier noise figure
G, = nth amplifier gain

Consequently, low-noise, high performance preamplifiers
‘are very important as the first component of an RF system.
These amplifiers are normally purchased along with a
detailed test repor£ on their characteristics, since they
are difficult to build. High quality, wideband (500 MHz),

low-noise amplifiers typically have maximum noise figures
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Figure 3.4 Front-end of the MCSA.



of 2.8 :‘4.Q dB (eg.,‘Avantek: AMM-SOZ).

Following the first low-noise amplifiér, othér lower
quality and ﬁore econohiéal amplifieré may be used without
adversely affecting the noise performance,Bf the’ sys£e$3
Lower quality amplifiers typically have maximum noise
figures of 6,0 - 8.0 dB ;nd greater variability 6f VSWRs
of the input and outputl . ._

After the input stage of amplification, there aﬂ/ a
stage availgble for e;ternal mixing to shift the input RF
signal into the 0 - 512 MHz reception range of the

multichannel’ spectrum analyzer (MCSA). This may require

changing- the input amplifiers and mixers to microwave’

@gvices.

The next stage is a 2-way wideband power splitter
where ' half of the signal isﬂpass;d through a high-pass
filter (f, = 256 MHz) to become the upper half of the

.signal spectrum; the other half of the signal passes

through a low-pass filter (fC = 256 MHz) to bécome the

lower half of the signal spectrum. . Splitting the RF
signal spectrum inpo ‘two .parts fécilitages the- RF
processing required later in the MCSA.

| The lower half of the signal spectrum is then shifted
up to the same band that';he upper half of the signal
spectrum occupies by mixing it with 512 MHz from the
front-end local. oscillétor, Since both halves of tse

signal spectrum occupy the same one octave band, RF design

and implementation problems are alleviated. 1In the 256 -
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512 MHz band, UHF, and microwave electronic techniques such

as tapped capacitive filters and strip transmission lines

can be employed. In addition, maﬁy of ‘the circuits
:eqﬁired for the 64 ‘chaﬁnels become similar, requiring
only minor modifications to capacitors and inductors.

The mixer (SRAll) proviaes a minimum of 40 dB

isolation between the LO -and IF ports, but the

feed-through of the 1local oscillator was found to be

excessive. The local oscillator frequency is adjacent to

-

the upper channels and if large enough may saturate them.
The local oscillator EE?idue on the IF output of the mixef
e . .

is suppressed by an additional 30 dB by a helical

resonator. , »

Précticai helical resonators can b% consf;ucted with
unloaded guallty factor (Q) greater than 1000 for the VHF

and UHF b&nds. They are similar -.to quarter wavelength

. . L4 )
transm1s81on‘ lines except their centre conductor is wound

in @ hellx (MacAlpine, 1959). A helical resonator

”
s

cqnsxsts Qﬁ:‘a' coil within a usually cylindrical shield

wlth o%e ‘end in good electrical contact with: the shield.

4

‘lt;;mmet capac1tor may be connected between the open

TRy end -and the shield to adjust the effective
;{;aé§%;1cal léngth of tﬁe‘helical'resonator. Alternately

ﬁi;i;:ﬁéy be " placed in shunt w1th the resonator to add to the

rxéffect1Ve dlstrlbuted capac1tance. '

\

i [} . i
‘% Most of the helical resonator design is based on

RS emgxrlcal equatlons since the rigorous ‘theory becomes

’
‘ KA




cumbersome in- practical situations. Graphical solutions
display a number of 4pr:Ltical parameters that may, be
optimizeén(MapAlpine, 1959). Appendix D describes the
design‘ of the helical resonator used in the MCSA and also

describes a transmission line approximation to the

resonator.

The output of the helical resonator passes through a.
“

"3 dB attenuator before amplification. The.purpose of the
attenuator is to pgovide a wideband resistive impedance
load for the helicalﬁresonator and to absorb reflections
from the input of the amplifier that could rtuin the high-Q
response of the helical resonator. General attenuator
design is shown in figure 3.5 for the <characteristic
impedance of RO.

After passing tﬁrough the attenuator, the _signal is
amplified by a wideband amplifier module. The output of
the aﬁplifier is low-pass filtered (512 MHz) to remove the
band of frequencies that are the sum of the front-end
local oscillator and the input signal. The low-pass
filter also removes harmonics of the local oscillator of

which the strongest will be at 1.024 GHz and 1.536 GHz.

\

The receivers are not tuned to these frequencies but:

intermodulation distortion may produce spurious " resporses
which could be detegted by the receivers.

The output of the low-pass filter 1is terminated by
_another 3 dB attenuator providing isoiation for the next

stage, a high-pass filter (fc = 256 MHz). The combination

&

-~}
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a low-pass and a high-pass filter produces a band-pass

filters

response of 512 MHz. Two separate were
jesigned ‘'rather than one band-pass filter to facilitate
testing and calibration. With separate filters, the upper
‘andé _ower cutoff freguencies can be adjusted
;:dependegﬁly.

The Jdiscussion so far nds  been concerned with  the
crocessing of the lower half of the signal spectru,. From
"Ow On the Z21S5CJss.on wlll appiy o  both halves of the
5.13na. spectr.m. '

The signal passes tnrougnh a high-pass filter (£ =
ZZ€ MH2 tc eliminate sSpir:0Js responses that may be
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sitcat:ion

l3ith-order Cheopyshevw

sharp transit:on band, nijzn atet

and vefy low ripple in tne passband. The

i1ter 1s superior to the Butterworth at cutoff

and s in fact the

and 1n the stopband, optimum all-pole
filter (Johnsoh, 1976) . Data tables for- high order
filtersy are not readily available; however, the

expressions

1970).

for generating the tables are known (Newcomb,
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The output of the high-pass filter is terminated by a
wideband amplifier module which provides a nominal 50 ohms
load for the filter. The amplifier boosts the signal by
10.5 dB  to compensate for the 12 4B loss of'the 4-way

power splitter, which follows.

\
-

The 4-way resistive power splitter preserves the
characteristic impedance (50 ohms) which is used in the RF
electronics for the . MCSA. Commercial 4-way power
splitters are available (Mini-Circuits:' ZFSC-4-1) with
low insertion loss (0.6 dB over 6 dB split). However,
they generate a greater VSWR problem than the resistive
splitter. VThe filter banks, through which the .signal
passes next, are very sensitive to source impedance. . They
behave predictably only when 1loaded by 50 ohms. The
general resistive power splitter design for 'n' ports is

shown in figure 3.6,

'm
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3.3 Filter Bank Realization

The filter banks provide the 64 channel filters for
the multichannell spectrum analyzer (MéSA). The filter
banks are enclosed in eight shielded ‘boxes .or modules;
each containing eight channel filters. Each of the
channel.filters is based on a resonant transmission line
structure, The signal is tapped from a distributor
transmission line by a small capacitar. These channel
filters have been tﬁbfoughly explored éreviously (Wilson,
i981) and will be presented only briefly here.

Shielding is very important for the filter banks
since eight channel’ filters are enclosed 1in the same
shielding box. The nature of fesonant transmission lines
is such that at some points in the line there are either
high currents flowing or high voltages, Accompanying
these are iarge electric and magnetic fields.

| The transmission lines are printed as strips on a

~

double-sided printed circuit board. (PCB) with the opposite
side being a ground plane. Conseguently, electric fields
tend to be well confined to the PCB and do not produce
appreciable interference with adjacent channels. The
electric/ fields reside mainly 1in fthe PCB dielectric
(epoxy-fibreglass, G-10), since it has a relative
permittiv@ty, e of about 4.7. The magnetie¢ field poses
a greater problem since‘the dielectric of the VPCB has a

relative permeability, Bpo of about 1.0. The magnetic

ot
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>
field is mﬁch less confined than the electric field 'with
thé result that parasipic coupling to other structures is
more likely.

IA very accurate approximation @lood, 1980) to the
characteristic impedance of a strip transmission line
(STL) is shown in figure 3.7 along with a cross-sectional
view of the STL. Commonly‘used STLs have 50 and 100 ohm
characteristic impedanceé which correspond to strip widths
of 2.54 and 0.51 mm (0.1 and 0.02 in.) respectively for
1.59 mm (1/16 in.) double-side PCB.. ’

The fregquency gssignments. for the channel filter
centre frequencies are derived from the reception
bandwidth of 512 MHz by dividing it by number of channels
(64) to give a channel bandwidth of 8 MHz. Therefore, the
the upper and lower boundaries of the channel 1is _an

integral- multiple of 8 MHz and the centre frequency, fc'

is given by:

C

f =8n+ 4, {n.=0,1, 2, ..., 63} 3.6

S3
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Figure 3.7 Strip transmission line cross-section
and characteristic impedance, Zo.

54




3.4 Channel Receiver Operation

The channel receiver is functionally described in the
following with emphasis placed on theoretical and
practical consideratiqns. The channel'ﬁsceiver design is
the same for all 64 cﬁannels since there are no circuits
dependent on the RF frequency of the signal or the local
6scillator. This symmetry facilitates assembly of the
receiver by eliminating the need for reproducing a new
layout mask and negative for each receiver. Testing,
tuning, and calibration are simplified since the receivers
have similar characteristics and problems. A functiénal
block diagram of the receiver is shown in figure 3.8.

The "channel receiver accepts two sourceg " of RF
energy, one is theviocal oscillator and the other Qs the
desired signal which has been chopper modulated. The
chopped signalg; coﬁsists of RF energy from the signal
source and RF energy from the reference source.

The local osciliatorvfrequency is chosen such that
the products of mixing, the sum and difference of the
s;gnal and local oscillator, yield one product centred at
the IF centre frequency of 64 MHz. Table 3.1 lists the
channels along with their appropriate ‘local oscillator
frequencies,

Sixteen locai oscillators are sufficient for mixing
the 64 channels to the IF band since the lower half of the

total signal spectrum (0 - 256 MHz) is frequency shifted

«
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Table 3.1 Channel numbers tabulated with channel

addresses, centre frequencies, and local oscillators.

Channel
Number
(hex)

00
0l
02 -
03

04
05
96
07

08
09
oA
0B

0cC
QD
0E
JF

10
11
12
13

14
15
16

1=
-

13
19
1A
1B

1C
1D
1E
1F

Channel
Address
(hex)

3D
39
35
31
'
2D
29
25
21

1D
19
15
11

0D
09
a5
01

Centre
Frequency
(MHZ)

12
20
28

36
44
52
60

68
76
84
92

100
108
116
124

132
140
148
156

164
172
189
188

196
204
212
220

228
236
244
252

Local
Oscillator
(MHZ)

444
436
428
420

412
404
396
388

380
372
364
356

348
340
332
324

144
436
428
120

112
404
396
388

380
372
364
356

3438
340
332
324



Table 3.1

Channel
Number
{hex)

continued

Channel
Address
(hex)

02
06
0A
0E

12
16
1A
1E

22
26
2A
2E

32
36
3A
3E

30
04
08
oC

10
14
18
1C

20
24
¢ 28
-2C

30
34
38
3C

A-."‘n

Centre

Frequency

(MHZ)

260
268
276
284

292
300
308
316

324
332
340
348

356
364
372
. 380

388
396
101
41.2

420
428
436
444

452
460
468
476

484
492
500
508

-

- Local

Oscillator
(MHZ)

324
332
340
348

356
364
372
380

388
396
404
412

420
428
436
444

324
332
340
348

356
364
372
380

388
396
404
412

420
428
436
444

58



to the upper half of the spectrum (256 - 512 MHz) by
mixing it with the front-end Xocal oscillator (512 MHz).
This effectively produces, two signals in the same channel
frequency band. Four channels can be selected such that
mixing with a single common local oscillator will produce
either a sum or difference IF frequency centred at 64 MHz.

The ideal mixer has a number -~ of qualities:
square-law response, wid€ lipear dynamic range, conversion
gain, low noise figure, and high isolation between all
ports. All practical mixers have certain limitations and
as a result third-order intermodulation and
cross-modulation distortion are present (Kraus, 1980).
" The doﬁble—balanced mixers wused 1in the ’receiver are
commercial devices (Mini-Circuits, SBL-1) and have,
internally, well balanced input and output transformers,
and accurately matched diode ‘rings. A h;gh degree of
isolation (50 dB at 5 MHz, 35 dB at 500 MHz) is achieved
by tHe internal <centre tapped éransformers when the LO
drive is large enough to switch the diodes cleanly on and
off. The two-tone, third-order intermodulation products
are typically 50 to 60 dB less than the IF output
(Mini-Circuits, 1979).

In general receiver deéigns, the IF amplifier
supplies the major portion of éhe gain between the antenﬁa
and the detector. In the channel receiver design most of
the gain is in the wideband RF amplifiers in the front-end

.module. It would be uneconomical to use high quality RF
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\amplifiérs for a single channel receiver, but for the MCSA
‘ﬁih 1t 1s cost effectlve. Some IF amplification 1is'® required

\Q;ﬁw the channel receiver to raise theé desired signal above

3 N

\‘«the”l/f noise 1evel 6f‘EF€qdetector stage (DeMaw;%l9§2).

X, Since a flat amplitude response 1is desired in’ the

°
N

N 4
recelver de51gn, as‘QPposed to an FM receiver Wwhere a

l;near phase shift is desired (Kraus, 1980). The IF

1'

ampllfiec prOV1des high gain to  the signals in the

passband and rejects "other épuriops responses from the

N [

am;xer as well‘as]ﬁeed through of the local oscillator and

X " RF 51gnal. 1n gerﬁeral‘L the network at the mixer IF port

,":7 ' S

should pass the IF b@nd and reject all other . frequencies

¢z

(Kfahs,~ l980).~¢ HdeVer, thxs would result in reflection

r ¥
-

* of hlgher order harmonlcs b&ck to the mlxer for remlxlng,

»
-

and may generatg spurious ;gspbnses in the IF band or in

the-RF or LO ports. Wideband termination of the 1IF port

%

‘with 50 ohms and <careful shielding 1is the oAly viable
T alternative, and was the strategy chosén in the channel

receiver design,

4T .

. ® . .
@ " . The knterstage IF filter is a bandpass filter cenE}ed,

at 64 MHz with- a bandwidth of 8 MHz. The filter is a
"n

y single-tuned transformer’ with high attenuation 1in  the

stopband and good passband characieristics. This type of

R

filter+ is extensively used in RF electronic designs

N because it provides impedance matching to the next stage,

-

) :j“ = and DC isolation. 1In this applicétion, the ,[transformer

péssband,' the channel receiver design is similar to an AM-

»
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impedance matchés the Qutput of therIF amplifier to the
detector. diodes.

A pair of matched Schottky - hot-carrier diodes
.o (hBDlOZ) were used in the square-law detection portion of
the channel receiver; One diode is the RF detector while
‘the other is é thermal reference for cancelling the
effects of thermal offset drift. The diode detection
circuitry was designed to detect low-~level signals in’the
range —qg to -30 dBm (Watson, 1969). A good guality mixer
or detecté; diode beh;ves basicélly like a nonlinear

resistor or varistor. ’
The V-I characteristic of a Schottky- hot-carrier

detector diode, is given .by (Watson, 1969):

o qV4/nKT ,
I = I(Vg) = IMe - ' 3.7

.

diode saturation current

electron charge (1.6x10"12¢) "

where I
s

Q
1]

S

»
=]
]

absolute temperature

Boltzmann's constant (l.38x10-23J/K)

-
=
H

o
]

constant (71)

o V3 = diode voltage

i

When Vg = Vo ¢t AV then the above -equation can be
: . 12

represented by the following Taylor expansion:
[ ]




a1 1 d%1 R
I = I(V_+AV) = I(V)) + — AV + - —( AV) "+

3 ... 3.8
dav 2 dv

For an amplitude moddlated wave!, the applied voltage is:

v .
- = (l+msin(w_t))sin(w_t) 3.9%a
s c
\Y
P
v om ’
_—= 51n(wct) + - cos(wc-ws)t - cos}wc+ws)t 3.9b
v 2
P
where v = modulated input voitage P
Vp = carrier amplitude .
m = modulation index
° wo = modulation frequency
W, = carrier frequency

Equation 3.9b shows that the imput signal contains

the angular frequencies w WoTWo s WotW which are the

c’ Cc

same for the second term on the right side of -equation

3.8. The third term on the right side produces the useful

terms for a detector diode and the components are shown in

table 3.2. The expression shows that the output current

at the modulation frequency increases with forward ‘bias

current since dzI/dV2

increases (Watson, 1969).
A real diode will deviate from the above idealized
analysis due "to the effect of parasitic inductance and

capacitance. . Figure 3:9 shows the equivalent circuit for

-

a Schottky diode. For optimum performance as a detector a

A

[{~]




Table 3.2 Third term components of Taylor expansion

of diode equation. d
Third term: 1 d’r .
—_— — O
2 av

from equation 3.8

frequency relative
component amplitude
de 1+ m2/2
w 2m,
s
2
2wS m-/2
2(w - w_) m2/4
s
2W - W m
s
2w ’ {1 + m2)/2
2w + ws m
2(w + ws) m2/4
note: - 'm' is modulation index

- absolute amplitudes are obtained.by multiplying
the above terms by the following factor:

QN 8 ey
' Yp | ]
: 4 I\av?
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Figure 3.9 Equivalent circuit for Schottky diode.
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matching network is required to impedance match the output
of the preceding stage to the junction resistance, Rj,nof

the diode. The diode cutoff frequency 1is given by

fc = l/(27TRSC5). The junction resistance is given by:
av nKT
R. = ———— = 3.10
J ar - ql
The available‘noise power from a diode is as follows
(Uhlir, 1963):
f.14
n,-=- (T + KTB 3.11
i W

where TwKTB = shot noise term

M
1]

flicker noise corner frequency

-
[}

d diode current

Los]
]

band;idth
The above diode nbise equation has a frequency independent
part which 1is shot dr thermal noise, and haé a frequency
dependent part which is flicken\ (1/£) noise. The shot
noise term can alternately be expressed'by (van der Ziel,
19%6): "
~ -

n

e

The sensitivity of a low-level detector i;/determined

by the diode's noise characteristics, parasitic loss,
- .
impedance mismatch loss, amplifier noise properties, and

I = 2qIB . : 3.12-
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detectidon bandwidth (Watson, 1969). Current sensitivity

is given by (Cowley,1966):

Al q 1
B = — = 5 3.13a
P 2nKT R £
meem s 14| [ 1 H—
R.
j o
1 R *+R. ’
£, = J 3.13b
2TC.R. R
C5Ry

£
o
14
"
1]
w
]

current sensitivity
, .
change in short-circuit DC current

15
[ N
]

4o}
H

available input power

Since Cj, Rj” and RS are dependent on DC bias, thgre is a
limif to the maximum value for B as a function of bias and
is generally in the range 1 - 15 pA/uw.

Thé*highgst values of B are obtained for the DC bias
in the ranée of ld - 100 pA. The optimQM‘Qias depends oﬁ
a number of considerations: increasing the forwar - ias
‘reduces the impedance and results in increaseg bvamh;
and flicker noise increases with bias current as equation
3.11 shows. The optimum bias for a detector diode is
usdally determined.experimentally. -The  Schottky diode,

MBD102, was used in the channel receiver design of the

! -
MCSA (Cc = 0.18 pF, Ls = 3 nH, Cj = 0.88 pr, Is =

66

0.02pA). It was found to have optimum detection

sensitivizy at a forward bias current of 20 pA.

’



Detector sensitivity 1is. commonly expressed as
tangential sénsLtivity' (TSS) thch is a subjective term
but an ~adequate measure gor' sensitivity. It can be
direcéii measu;ed from an 6scilloscope trace sinéékit is
the Séint at -which the peak output ofé& _the
signal—élus-noise _equals twice tﬁe value ofﬂpeakznbise
alone. ‘This corresponds to an SNR of 2.5 (see first trace
in figure 5.23). Since a low-level detector |is é’
square-law detector, the output power is ‘proportional *to
the’ squafe of the input power and TSS is proportional to
the square root of the amplifier bandwidth. For RF
frequencies below, 15 GHz, a typical TSS is -60 dBm for a
bandwidth of 150‘KH2. ‘ )

The output of the detector stage of the receiver goes
. into a differential amplifier. Virtually ideal
differential amplifiers are now available and are known as
instrumentation amplifiers.' They have extremely high

input impedances (>1012

ohms), low bias currents of 3 PA,.
and high common-mode rejection ratio (110 dB minimum).

Typical devices are: LF152, LF352, and LH0036.

Y

67



3.5 Synchronous Detector Operation
. . . J
The theoretical basis of synchronous detection is

described along with the functional implementation of this

technique.

>

The ~ synchronous detector as developed for  the
multichannel spectrum analyzer, was based on the original
design first developed by Dicke (Dicke, 1946). The

detector then was known as the switched or Dicke receiver.

Pl -

The receiver was developed for astronomical experiments
where a highly sensitive radio frequency receiver was
. .

required. Figﬁig 3.10 shows the functional layout of the

Dicke receiver. . : ’ R

»

Jhe input of the Dicke receiver is continupusly
switched ' between the signal sourcé, (antenna) and the
comparison or refergncé noise source. At the time 'wHen

the receiver was developed, there were considerable

»

problems with power 'suppry régulation, amplifier gain

stability, and, filter stability. Today, these problems

have ceased to be the predominant obstacle,. Howtver,

.

.contaMinétion of the signal in the . RF amplification

section due to poor shielding ard thermal instability of
N 4

the detector are still a problem today. The Dicke

receiver is the basis from which most present day JIock-in

amplifiers are designed. . o "
7,
The essential idea behind the. Dicke receiver 1is to

multiplex a calibration signal, 1in this case a thermal

n
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noise source, with the destred signal, process the two
together, anq then demu;tiplex them at the output.

. The RF section of the Dicke receiver (figure 3.10)
consists of %mPlification and mixing, to produce an IF

band containing the destred signal, égd the reference.

o :

“sSquare-law detection has been shown to Dbe the best

detection scheme for an optimum sensitive receiver (Kelly,

1963) and this has been wused 1in the next stage of
processing. Such a detector has the added advantage that

its output voltage is directly proportional to its input
LN .
¢ - power. The ocutput of the detector is bandpass , filtered

and wvideo amplif}edhand then demultiplexed to regenerate
the desired signal component and the refeqenée component.
The integrator‘in the post-detection s3tage is éssentially
a low-péss filt;r that integrates.the difference between
the signal and the reference over a long period of time.

’ b

The sensitivity or minimum detectable signalﬂ Tmin,

iver 1is defined to be that condition where the

Signal-to-nolse ratio (SNR) is unity or when T, = T,. The

N sensitivit of a Dicke receiver based on square-wave
modulation and ‘demodulation with no post-detection

bandpass ’filtering and DC video amplification is given by

(Kraus, 1966): L - /
- ZTS s U S Lo
AT . = — S5 ’ 3.14
. min B._/t
HF’."LF
where [}Tmin = minimum detectable signal temperature

§ -



T

system noise temperature

sys
BHF = predetection bandwidth
tLF = postdetection integration time

For a total po;er receiver, the expression for
sensitivity would be the same as equatjon .3.14.but without
the factor of 2 on the 'right side. Since the Dicke
receiver 1is a switched receiver (0.5 duty cycle), it is
only connected to the signal half the time,

" The postdetection integration can be increased up to
the 1limit given by the time signal profile }Kraus, 1966).
However, 1/f noise increases with the integration time,
making extended analog. integration (> 10 s) impractical
{Leger, 1976). - ‘ M

Problems associated with the DC thermal offset“drift
of 'the detectors can be elimiﬁated by AC coupling and
narrow bandpass filtering.at the output of the square-law
detector. .QThere i's some loss of sensitivity but this is
often countered with improved thermal stability. The
above modifications would introduce a factor of ‘WJ374 on

the right side of equation 3.14.- Demodulation  in this

¢

-1

case may be performed with a sinusoid. If sinusoidal =

modulation rather than square-wave vmodulation is used on
the input signal then an 4additional factor of w/4 is
required on the right side of equation 3.14 (Kraus, 1966).

g Generally, the AC -coupled version of the Dicke

receiver is the preferred design for previously mentioned

-



4 . ‘ . . e e
reasons. However, the/synchtqnous detect*Br - in the MCSA

uses the. DC coupled scheme for a number of reasons. The

DC coupling preserves the _universalitQ ~of the receiver

i el

system.  All digitalkéwitching signals and control lines
are undep micrbcdmputer controi and ultimatély under® the
user's céntroi throudﬁ softwgggr» Heﬁce; thé qoﬁfiguratioh
of the MCSA can be altered fram“a ;;yﬁcﬁroﬂous detection

arrangement to a total poyeﬁidetebtion‘arrangement by the

use of controlling .saftware. In addition, DC thermal

offset drift can be ~a¢counted for, ‘'and eliminated by

calculation once the signal has been detected i "and
- J‘ ' ‘ .

digitized.

There are a number of: variations' of the .Dicke

s

receiver with most of them being more complicated schemes
N - S

for balancing the signal and th¥ comparison noise sourceé.

A method proposéd' by Orhang . and Waltmqu‘wi962)

incorporate® gain-modulation for balancing. A’

null-bal3ncing Dicke receiver was proposed by Machin,

¢

Ryle, and Vonberg- (1952) where the output of a noise

generator, which’ is wused as a comparison 1lgad, 1is

N

controlled by a feedback loop from the integra%of utput,

-~ - B CON !
The cdontrol voltage on the noise generator then condains a

[y

measure- of the imbalance in the system. ' q'“

|

These balancing schemes have not been implementéd in

hardware in the synchronous detector of the MCSA.

.

L 3
However, any desired modifications <can be implemented

through software. Once ' the output of the synchronous

*,

»

REC A
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detector has been digitized by an anolog-te-digital
converter,  statistical processing can be applied to the
data that would be difficult or impossible to implement in

hardware,

.

The synchronous detector used in the MCSA consists’ of

two sample-and-hold (SH) gnits with long-time integrators-
on the outputs (seé figqure 3.11). The two SHs altefnately
sample the Imultiplexed signal synchronously with the’
chopper control signai. The characteristics of the'SH cén
be a serious problem 'in sensiti&e receivers. Oné
important component is'the hold capacitor,wh@ch gan be a
significant source of error . ‘in an accurate Sﬁ\bircuit.
Dielectric absorpfion is a problem with most capacitors.

For example, a mylar capacitor may 'sag back' up to 0.2%

after a quick sample. Some capacitors that have low’

Hysteresis are polystyrenae, polyproplene, and Teflon.

Mica and polycérbonate have moderate hysteresis 1loss.

Ceramic capacitors are not recommended since they have

"Very poor hysteresis response and 9r§ susceptible to

micrephonic-.pickup. Digital feed-through can be a very

serious problem if the-capacitor is not shielded from the

”relatively -large digital control signals in <close

L]
proximity. Shielding consists usually of grounded gquard

tracesufpnidted on the PCB around the capacitor pins

s

(Qat'i"onal, 1980).

a
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Figure 3.11 Synéhronous detector block
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3.6. Local Oscillator and Frequency Multdiplier Wperation-

’
4

The local oscillator for each of the 16 modules is
synthesized and frequency multiplied from a single crystal
oscillator. The crystal oscillator (32 MHz) is the
primary reference . frequency which " is divided down to

produce the main reference frequency of 250 kHz. All

‘other ' oscillators are phé§e-locked'to‘the main reference

and ége an integral multiple of . the freqdency. A block
diagram of 1local oscillator synthesis is shown in figure

3.12.

4

local oscillator frequencies is'that the frequency can be
changed, should different frequency assignments be
desired..

The basic block diagram-of a phase-locked 1loop used

in frequency synthesis is shown in figure 4.12a. The

d

-

. closed loop transfer function, H(s) is given by (Gardner,

1979):

8. (S) s+xoxdF<si

where Ko-s VCO gain factor, [V/rad]

Ky = phase detector gain, [rad/s.V]
- (

/,"
~

- tr

=&
ot

The advantage of phase-locked systems for generating »



250 KHz

V€O

/
N _ L ~
X .
© 0SC — : 128 ‘
. : P
A b2 > 'LPF 3

DBLR

—> f10/8

—

#16

:

flo/16

$2 p—>f LPF

DBLR

> flo0/8

»

flo/8 = { 55.5, 54.5, 53.5,

-0SC

LPF
VCO
DBLR
flo

Figure 3.

oscillator

A |

40.5 MHz

flo/16

}

phase I1 of phase-locked loop (MC1HOM6)

low-pass filter

voltage controlled osc1llator

frequency

receiver local osclllator frequency

12 Local oscillator synthesis block diagram.
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The transfer function of the loop filter is:

St 41 ' _ S
F(S) = 3.16
Stlfl N
y B
‘f where t1 = (R1+R2)C‘
tz = R2C'\;

The closed loop transfer function with a passive loop

filter now becomes:

: 2 2
. S(2 w -w_“/K K,)+w .
H(S) = 2 Do dz 2 . , 3.17a
s +2§wns+wn- ’
where A K Kd
w_oo= = 3.17b
n
t4
' 1[K_K 1 m
¢ =- |24 (t2+ ) 3.17c
2N ¢y K Ky

~

It can be shown (Gardner, 1979) that for quick lock-on the
‘maximum difference betweeﬂ éhe VCO frequency Aand thg
reference frequency is Z(WA. ‘

) The ‘f12;uency multiplier , consists bf four
t;ansistors, the ‘first three are driving each other hard

in order to produce harmonics. In each transistor the

=1
2

output is tuned to th second harmonic of the input to.

. ma;imize its transfer to the next stage. The net effect
by the frequency multiplier is multiplication by eight of

the synthesized local oscillétor. ' The fourth transistor

141 . P




is used as a buffer amplifier that drives the four mixers
in the receivers. PMigure 3.13 shows a block diagram of

the fregquency mulgiplie:.

By
5
+
[ .
’
»
- 2z
I
-
»
o

-

¢
<
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3.7 Frohﬁ-end Local Oscillator Operation

The front-end local oscillator is wused in the
front-end module to shift the lower half of the sigﬁal
spectrum (0 - 256 MHz) to the upper half of the signal
spectrum. A block diagram of the front-end 1local
oscillator is shown in figure 3.14.‘ The osciilator
consists of a crystal oscillator (128 MHz) to generate éhe

primary frequency, two frequency doubling stages, and a

L)

buffer amplifier to prbduce the final local oscillator

frequency of 512 MHz required for the front-end mixer.

80

Shielding must be carefully considered in the circuit

design because the circuit, by its nature, denerates a
large number of harmonics that may contaminate the input
RF signal. In addition the oscillator must be well

shielded from the synchronous detector control signals to

prevent any modulation that would be synchronous with the.

operation‘of the detéctor. ’ ‘ "
The crystal oscillator is Dbased on the Colpitts
oscillator which is a design often used. at high

-}

frequencies. The Colﬁitts oscillator'coﬁfiguratidﬁ}:takes
full advantage §f the internal capacitancés Eﬁat are
inherent in all transistofﬁ (RCA Corp.).

The transistor multiplier stages were hesiéned .using

a'combipa;ion of lumped qonponenté (inductors, capacitors)

and distrjbuted components (t;énsmission lines). The high‘

_frequency electroni¢s (512 MHz) on the circuit board makes

1
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XTL 0
‘ 0SC ]
LO output
// 512 MHz .
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\

XTL, OSC - «crystal oscillator
“DBLR - frequency doubler
AMP - amplifier

LO - local oscillator
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A,
use of strip tranémission lines  instead of inductors,

since inductors become too small and impractical.



3.8 Overview of the Microcomputer System

A

system for the ﬁultichannel spectrum analyzer. Figure
3.15 illustrates the interfacing between the microcomputef
and #he RF portion of the multichannel spectrum analyzer
(MCSA). , .
All microcomputer boards plug into an STD bus but not
all make full Qse of 1it. The central procéssing unit

(CPU) board, random access memory -(RAM) board, real-time

clock and programmable timer module (RTC/PTM) board, and

erasable programmable read-only memory (EPROM) board are

the only ones to make full use of the bus while the other
poards (controller boaéd,’,analog-to—dégital converter
(ADC) board) only draw power fr;m the bus.

The input/outbuf (I/0) board provides communication
between the microcomputer, the rest of the analyzer, and
other external devices by the use of serial ports (S1l, S2,
S3) and parallel ports (Pl, P2). The primary source of
I/0 is by the console port (Sl1) . where commands can be
issued for software control of the entire system and whére

results can be graphically displayed. ‘The other serial
L Y N

ports (52 ,S53) are used to link the microcomputer to other

computers (PDP-11/23, PDP-10) for the transfer of data and
software, The parallel ports (Pl, P2) control the RF

portion of the MCSA by issuing commands to the ADC board

(via Pl) and to the"controller”boand (via P2).

A microcomputer system was developed as a control

83
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’ . . ,
The CPU board contains the microprocessor (MC6809)

élus 16K of . on-board CMOS memory. The operating system
for the microcomputer system is resident on the CPU board
with some additional application softWware on the EPROM
board. | ) |

The RAM board consists of 128K of mapped memory for

temporary mass storage of data from. the ADC board.

"'Permanent storége is.handled by sending the data te one of"

the compdters down a high speed serial line (52, or S53).
The RTC/PTM board cohtains a real-time clock (RTC)
and programmablé timer modules (PTM). This board provides
various system ‘timing and clock pulse signals required by
the MCSA. i
The EPROM board contafns'up to 64K of application
software for the microcomputer system. }t may be accessed

through the 5TD pus and loaded into RAM on the CPU board.

The controller board generates control signals for

8%

running the MCSA. It also accepts control signals from

-

the chopper motor itself ‘and from the choppef clock
source, This board is under control of the CPU board by
way of the parallel port P3.

The ADC*® Dboard per forms an analog-to-digital
conversion on the detected signal from the synchionous
detector. The ADC is controlled by parallel éort P2 of

the I/0 board.



L

' ’

3.9° Overview of the Central Processing Unit Board®
J
The basic functions of the central processing unit

{CPU) board are shown in the block diagram of figure 3.16.

The CPU board can be accessed in two ways. One way is

86

through the STD bus and the other is*through a sedonaary ‘

bus connected to the 1/0 board."The' address, data, and

control lines on the secondary bus are unbuffered since

nofhihg else shares the bus. -The address, data, gnd

control 1lines for the STD bus are buffered since it is a

*

shared bus.

The control logic box in the figure repreéeqts all

fhe hardware 1logic requi;ed'fqr selecting memory chips,
sending control signals on the STD bus, and controlling
bus agcess. !

The OPUqboard wé§ designed to‘ be adaptgble to a
multiprocessor microéomputer environment. Such a system
would be able to distribute some of the prpcessi;g
rqquired' in handl}ng th? data generated by éhe MCSA. 1In

particular, graphic processing is time consuming and could

‘be performed by a slave CPU board rather than the master

C§U board. . C/“”//

P
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3.10 Overview of the Input/Ouput Board '

The block diagram showing ‘the functions of the
input/output (I/0) board is shown in figure 3.17. The I/0
board is under complete control of the CPU board, and in
fact can be thought of as an extension of the CPU board.

_The fhteé serial ports (ACIA) all run from tﬁe same .
baudrate generator_ with a few wire-wrap selectable
baudrates -(300, 600, 1200,T9Q90). Inﬁerrupts;gengggted by
thé serial ports and the parallel - ports are encoded
_éccording to priority. The two paralléi ports (PIA) are
the primary receivers and transmitters of data and
commands for the MCSA. The parallel ports can generate
four interrupts .and'are encoded by the priority encoder.
Prior;tf of interrupt may be altered by changing wire-wrap.

connections on the I/0O board.

.
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3.11 Overview of the Random Access Memory Board

The functional components of the random-access memory
(RA&) board are shown in figure 3.18. The board contains
128K of mapped memory for temporary mass storage of data
from the MCSA.
fhe téchnique.of memory mappiné is.very useful from a

software standpoint. For instance, programs operating on

data tables need not recompute offsets for indexed

A

950

addressing when working on different sets of tables.

Changing the memory map automatically redirects the access
to a different physical 1location but the same logical
location. iy

‘ The control logic’box is'required to alter the memory

mapping registers, Ep issue read/write commands to the

]

, dynamic RAM, and to «control the data buffer. The .

operating state of the RAM board is determined by the

setting of latches in the control logic box. The latches
can enable or disablg the board and switch the two 64K
banks of RAM. The refresh 1logic box contains the
neccessary hardwar? logic for generating the refresh
.control signals for transparent refresh of the dynamic
RAM. Thus, no wait states are required of the CPU in

order for a dynamic refresh cycle to take place.
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3.12 Overview of the'Erasable Programmable Read-only

Memory Board

The erasable programmable read—only memory (EPROM)
board contains application programs stored in read-only.
memory and has a total capacity of 64K b?tesw The memory
is arrangéa into two banksﬂgf 32K each, of which only one
bank is accessible at any one time.

The stored software is accessed through tye STD bus
by first communicating with the EPROM board control logic.
Tge EPROM board will be enabled and placea on the STD bus .
in much the same:- fashion as the RAM board is. A latcg\
register controls the enabling and disabling of the board,
and éﬁe switching between the 32K b;nkS\Of EPROM (see
figure 3.19). The decoder/control 1dgic is active when
the EPROMs are being accéss;d and generate the appropriate
chip-enable signals when the EPROMs are selected ana*
deselected.

The clock regeneratot‘circuitry is-required for ‘some

of the decoding logic and for generating valid—addressvand

valid-data signals.

-
/
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3.13 Overview of the Controller Board .

The block diagram of the controller board is shown in-

figure 3.20. It consists of four registers, two
phase-locked loops (PLL), and inhibit control logic,
- One of the four registers controls the other . three

registers. The first and third registers-control the

buffer for control signals and the input clock selector. -

The second register holds the address of the receiver to

he accessed by the ADC board.

The two PLLs generate the chopper signals and the
receiver control signals. The first PLL locks‘to the
clock fréquenéy requ{red to drive the chopper. It has a
very 1long time constant, so it primarily serves ;o smooth
out sudden phase changes in the clock frequency. The
Qecénd‘ PLL is used to synghesize a high frequency from
4which the inhibit control signal is derived. An inhibit

signal 1is required by the synchronous detector to remove

noise at the .edge of the chopper control signal’

trangsition.

94
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3.14 Overview of the Analog-to-digital Converter Board
The ahalog-to—digital conversion<(ADé) board is shown

in figure 3.21. It consists of a 12-bit ADC chip,

multichannel selection, amplification, auto:cakfbtation,

\
dual sample-and-holds (SH), and start/complete logic.

The 12-bit ADC chip has a tyé}cal conversion time of
100 uS but with the addition of speed-up circuitry, the
chip can run at a conversién time of 24 uS. At-the higher-
convers{on rate, the conversion process will be complete
just before the ﬁicrocomputer is ready to accept the data.
At the slower rate the microcomputer would have‘to'wait
some time for comgletioh of the qﬁ%h&étsion protesé. A
complete system sweep of the 64 receiver signal-.and
reference channels takes'3.1.ms ~at the high conversion
rate as oppesed to 12.3 ms at the slower rate.

The ‘data and control data transfer betweéﬁ the ADC
board and the CPU board takes place through a parallel
port (PIA). The control lines permit software control .of
channel selection (l-0£-8), auto-calibration, and
initiation of the ADC sequence,

The dual SH uriit permits acquigition of the input
"signals- by one SH while the other one ﬁolds'iés Yéltage

for the ADC until it has completed the conversion process. -
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3.15 Overview of Real-time Clock and ‘Programmable

Timer Module Board

o

s

~

The RTC/PTM board contains a real-time clock (RTé)
and two programmable—timer‘ modules (PTM) (see figure
3.22). o

The RTC/PTM board is accessed in the same way as the
RAM board; the board control logic is first accessed and
an enable pit is written to the enable latch to activate
the board. |

When the board control logic is deselected and the
enablel bit has been set, the RTC/PTM board will be on the
5TD bué and the RTC amd PTMs can bé programm;d and treated
the same as‘memOfy locations.

The RTC is a real-time clock that provides time of
~day to ‘the second, and the date. It can also provide
periodic interrupt and 50 bytes of CMOS RAM. The RTC Iis
important for event timing during an exper;ment;

The PTM is a programmable timer with three internal
16-bit counters that can be controlled by software to
generate clock signals, and interrupts. It also has three
asynchronous <clock: and gate/trigger inputs. The ﬁTM is
primarily used in the MCSA fogl generating the chopper
drive clock signal. The two PTMs together are capable of
simuléting all the neccessary cégtrol signals f;r the
receiver modules. - They’ proQéd valuable during the

k)

development stages of tHe MCSA system.
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. 3.16 Software Consideratfons

There is a wide variety of software presently
available for microcomputer systems. The criteria for
designing the microcomputer‘;ystem for the multichannel
spectrum analyzer {(MCSA) was to deéign essentially a small
intelligent programmable control system with a 'small yeth
power ful operating system. 1In addition, due to the nature
of research and development, an operating system haé to be
flexible to match a given environment. Thi§ required not
only h;ving the source code to the operating: system, but
having an opetating system th;h.coulé be modified for
cuétom applications., The FORTH operatiné system,
éeveloped originally for radio astronomy applications, met
most of these requirements.‘vThe particular implementation
of FORTH for the 6809 microprocessor (MPU) is fig-FORTH
version 1.0 which is public domain software (Fortﬁ).

The FORTH softﬁare system was defined by Mcoore in the
late 1960s in order- to limprove his productivity as an
applications programmer (Moare}’1980) FORTH was designed
to supply the user with a full set of software tools .which
allow the use of a single language in software problems
(Harris, 1981).

The FORTH operating system normally contains an

-
e

'interpretep, compiler, assembler, editor, and ﬁtilities.
Most of these programs are written in the FORTH language

and hence the operating system is known as a metasystem.

- . ..

e
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Any part of the "FORTH software system can be readily

-

modified. However, a \gkandard for /the FORTH language
(FORTH-79) was defined which has maﬂaged to keep some

. pniformit¥ in different impleménﬁations {Forth).
The underlying principle to FORTH fs Simplicity.- The
design of FORTH is such tEaF it forces the programmer to
.adopt -structured progr;mming te;hnigues,’ to decompose
complex models ‘?nto 'simpler syStgms, and encourage
. bottom—ué implemenfétioh of software moduléé. -Thg deéign
and analysis of a software systegwis stillvthe:t:aditional

top-down approach but it is in the implementation of the

software that FORTH differs from the more usual practice.

In keeping with simplicity, FORTH. contains ‘rowtines
that are quite sﬁall with most having,on;f 6 or 7 lines of
code. This includes the compiler (1-° liﬁe), the./
interpreter (7 1lines), and the 1loader (4 1lineg). A

s typical = complete FORTH operating  system for a

a microcomputer which <can be written- entirely_ in FORTH

itse¥f can reside in less than 8K bytes of memory (Brodie,

A

1981).

Since FORTH is simpler than other operating systems,
. ] ) . .
it executes more gquickly and requires less memory.

High—lévél FORTH routines execute faster than other
equivaleng high-level routines, with speeds approaching
50 - 90% of machine language. Compiled code is bdmpact

with typical FORTH applications requiring about half the

memory that an assembly-language program would ;equire.
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Profluctivity in p;ogram development, when FOR?H is used,
is roughly ten times better than when éssemblyalanguaée is
used and: twice ‘better than when high-level language is
used (Brodie, 1981). '
The. first scieﬂtific use of FORTH occurred when it
wéé- written for a Honeywell H316 at the ﬁRAO (National
Radié Astronomy Observatory) in 1971, 1Its primary task at
. that time was data-acquisiéion for .a radio telescope
(Moore, 1986). Since that time, FORTH has played "an
important role - in a great number of astronomical -
applications. - .

) Unlike most other software systems, FORTH makes use
of 'a stack in passing parameters between subroutines, and
its programming notation is 'the reverse Polish notation
(RPN) made popular by HP calculatprs.

Details of the implementation of FORTH in the
~microcomputer for the MCSA can be found in section 4.16.

Software - programs wused by the system are listed in

appendix F.



Chapter 4
?

Implementation of the Multichannel Spectrum Analyzer

H
Y

4.1 ° sShielding. and Grounding S .
The multichanneT‘§§§Ef?ﬁE’;;alyzer (MCSA) consists of
radio frequency electronics, low frequency analog

‘electronics, digital electronics, and power electronics.

E?ch of these functional blocks requires different design
proggdures to minimize - the effects " of electromagnetic
interference (EMI) that originate from them or, influence
them. The following describes the noise reduction
techniques implemented in the MCSA to minimize the effects
of EMI. ‘

Diecast aluminum.boxes were used for ~shielding RF
electronics in the MCSA. These boxes h;ve flaﬁged lids,
to minimize leakage from the seams. As the 1lids made good
efectrical contact with the.perimeter of the boxes, use of
conductive gaskets was not found to be necessary. All
coaxial cables passing through the shielded box were
carefully decoupled by bringing a small section of the
exposed shielding braid of the cable into electrical
contact with the hole in the aluminum box. Aluminum foil
was packed in the hole for firm support of the cable and
for good electrical conductijity between the shielding~box
and cable. Proper- connectors (BNC, miniature BNC) were

used for the most critical applications and for the best
: . -

- 103
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results.

The shielding boxes were mounted in groups on one
side of aluminum shielding plates to form modules. The
plates support the boxes and give some deéree of shieldiné
between modules by providing—d very low conductive path to
grognd for stray internal or external signals.

The power is distributed‘to each module by a separate
set of power 1lines from a power regulator rather than
adjacently linking' - ('daisy chaining') the modules
together. This eliminat;s-common impedance ground paths
or supply voltage paths between modules. The power on
each ~module is regulated once again to the wvarious
voltages required. This typically provides 75 dB ripple
rejection of §i§nals on the module power line. All power
lines distributed to the modules' regulators are twisted
pairs or triples of wire heavily loaded with capécitance
(3.3 pF tantalum capécitor).

The power lines on the.module were linked to adjacent
boxes since the boxég are in close proximity and the power
lines are heav$# gauge wire. The power lines on entering
the box (ére only RF shorted to each other with a small
capacitor (4.7 nF ceramic capacitor) and not to the wall
of the ghiélding box. If the power supply 1ineé were
capacitively shorted to the wall, then any induced RF
currents.flowing in the wall may flow out of the box along
the power line. The power supply lines immediately pass

through a ferrite RF choke (Fefroxcube:“VKZOO 19/4B) which
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. -

provides up to"800 ohms seriegfimpedance to \RF currents
generated internally or exter;ally.

All of the Rf circujit boards are mounted in the boxés
with a single screw bol;ed to the bottom of the box and
the circuit board bolted on the screw between two nuts.
The RF circuit boards have giound planes 6n the component
side and, aréund the perimeter -of these boards, brass shim
stock Eg;; have been soldered. The brass tabs agé
flexible and long enough to make good electrical contact
with the aluminum box walls when the board is push fitted
and mounted in the box. It is possible‘ to have noise
generated between the brass and al&minum due to galvanic
action but; since the environment is very dry, galvaniq
action and corrosion have not been noticed. 1In the mosgi
seASitive RF élect}onic boxes, éll.of the brass ‘tabs héve
’Been tinned with solder to reduée galvanic action. Géps
between the RF circuit boards and the box walls have been
filled with compressed aluminum foil’ toﬂ exclude any
magnetic fields that Amay ‘tend to circulate about the
board.

Signal lines that exit frém the RF boxes are either
coaxial cables or a twisLed pair of linés which are
grounded at one end only (usQaliy ‘the source) and
terminate at a. high impedance differéntial amplifier.

The digital electronics on the module. tﬁgether with

the RF electronics’ are contained 1in shielding diecast

aluminum boxes. This reduces pickup and modulation of the
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low-level RF signals Ey the high-level digital signals.
The power supply lines for the digital electronics are

driven by a different set 6f regulators from those used

for the RF circuitry. The common connection point is at

.the entrance of the module supply lines.

Control and return signal line§ for the digital
circuitry lopﬂ the module are assembled in ribbon cables
with alternaﬁé lines being a signal ground. The
alternating signal grounds provide excellent shielding
from electric fields béﬁween adjacent 1lines, but only

minimal shielding from magnetic fields. Since all of the

"digital electronic circuits were designed with CMOS

integrated «circuits, there are very low currents flowing
in the control 1lines resulting in very 1low magnetic
fields. Very 1little interference was noticed from the

control lines on the signal lines.

a
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4.2 Front-end Module

The radio frequency front-end module  of the
multichannel spectrum ’analyzer is the first stage of RF
processing for the input signal. It consists of wideband
amplifiers, mixers, power splitters, and wideband filters.
The following describes in detail the implementation of
the front—énd RF electronics. ;

The front-end module consists of two sections, each
being a . module in itself. .The first section‘of the
froét—end mﬁdule that the input signal meets is a wideband
low-noise amplifier. This amplifigr was supplied by
Ag?ntek Inc. (see Appendix C under 'Amplifier - AMMS502B'
for specifications) and 1is designed for the range of
5 - 500 MHz. Following this, there 1is another similaf
amplifier (from Tron-Tech Inc.) that is optional and can
be placed in cascade with the previous amplifier for
additional gain. fhis amélifier has a better noise figure
bﬁt less gain and lower compression point (see Appendix c
under 'Amplifier - W1GA' for specifications). The noise
performance of a system is much better when blocks of RF
gain are switched in line to obtain a desired
amplification rathet'thanllarge amplification reduced by

v
switchable attenuators.

-t

Switchable attenuators are much
more convenient since they are simply attenuator pads
inserted in 1line with the input coaxial cable. However,

°

inserting attenuators before the first stagé of
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amplification degradeg the noise figure of the input
Eignal drastically. This is clearly shown by Friis'
formula for noise figure, equation 3.5, where high
attenuation is likg an inverse gain amplifier. Both of
the wideband amplifiers are shpplied in shielded boxes
qith BNC connectors. For additional shielding, phe; two
amplifiers were mounted inside a large dieéést aluminum
container along with regulators for the power supply
lines. ~ .

The output of the front-end RF 2 -amplifiers - is
connected to a 2-way power splitter (Mini-Circuits:
PSC2-1W). This device has good broadband properties and
is shielded froﬁ EMI (see Appendix C under 'Power
’splitter - PSC2-1W' for specifications). - The power
‘spliitet was mounted on a printed circuit boﬁrd aloné with
a low-pasé filter, mixer, and helical resonator. The
circuit board was enclosed in a diecast aluminum box for
shieldiné and was located awéy from the shielded box
containing the front-end amplifiers. The hardware layout
of the front-end module ié shown in Eigure 4.1’and should
be compared with the front-end block diagrém in figure
3.4. The diecast shielding boxes for the front-end module
were arrapged in a roughly linear fashion and mounéed on
an aiuminum shieldiqg plate. This arrangement minimizes
RF paths andyreduceg pickup problems if there is leakage‘

from one box to the next.
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fhe two outputs. of the power splitter (in first
section of front-end module) are processed by two
identical sets of circuitry in the second section qf the
front-end module a{ter one of the outputs has had some
additional RF processing. This processiné is required by
the 1lower half of the signal.specttum-and consists of
low-pass filtering, frequency translation, and further
filtering.

The lower half of the _signal spectrum is low-pass
filtered (f_ = 256 MHz). The filter is a° 9t¥W-order

c
Chebyshev low-pass filter designed for a passband ripple

»

of 0.28 dB and its schematic is shown in figure 4.2. All

capacitors are 10 pF trimmers (Philips 808 fiy@
dielectric) in parallel with fixed~value ceramic
capacitbrs. This combination brings the variable

capacitance within range of the required capacitance. The
44. nH inductors wer.e“m_ade with 2 turns of AWG #28 wire
with an apéroximate diameter of 4.76 mm (3/16 in.).
Adjusting the inductance 1is a matter of spreading or
compressing the «coils for'less or greater inductance. A
nominal 50 ohm resistor is required to terminate this
filter dince its dééign was_ basgd Qn.a 50 ohm source and
load impedance.

The next stage is a double-balanced mixer which has a

VSWR dependent on frequency. Thus, the mixer cannot

provide a good 50 ohm resistive termination to the

low-pass filter over a wideband.




L2 L4 L6 L8

c1I‘."'c3# cr,:.I C7I cI

O—

I L T T,

Chebych%v low-pass filter

9th order, 0.28 dB ripple, fc = 256 MHz

C1 = 18.6pF ' L2 = 42.0nH
C3 = 30.2pF L4 = 46.0nH
C5 = 30.8pF L6 = 46.0nH
C7 = 30.2pF L8 = 42.0nH
C9 = 18.6pF '

Figure 4 .2 Low-pass filter schematic
(fc = 256 MHz).
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The mixer is a commercially available double-balanced
device (see Appenaix C wunder 'Mixer - SRA-1W' for
specificat{ons). It y;elds good mixing characteristics
provided -that the local o;cillator is large enough (7 dBm)
to switch the internal diodes to enable good‘ chopping
action.

The output of the mixer passes th;ough a helical
resonator which is a narrow band-rejéet filter that
reduces the feed-through of the 1local oscillator by an
additional 30 dB over the isolation provided by the mixer.
The detailed structure of the helical resonator 1is shown
in figure 4.3. It consists of a coil mounted on a printed
circuit board (PCB) inside a square cavity. The coil
behaves 1like " a coiled centre conductor of é transmission
line with one end open-circuited and the other end
connected to the circuit. The copper ground plane on the
PCB forms one wall of the cavity with the other walls made
ffom brass shim stock. All the seams of the cavity were
sealed with solder to prevent leakage and ' to obtain the
maximum Q for the cavity. High Q resonant cavities with
helical centre conductors are prone to mechanical
vibration which would resdlt in ampiitude modulation of
the rejected signgl. Mechanical vibrations were damped in
the helical resonator by a piece of sponge rubber inserted
down the axis of the coiled conductor. . The resonant
frequency of the helical resonator can be adjusted by a

5 pF trimmer capacitor (Philipé 808 film dielectric) which
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Refer to Appendix D.
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Figure { .38 Helical resonator structure.
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Figure 4 .3b* Frequency response of the helical resonator,
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was placed in parallel with the resonator to ground. The
helical issonator was developed using the paper published
by MacAlpine (1959) which contains both graphs and dgsign
equations. The désign. details are presented° in
Appendix D.

\Thes output of. the helical resonator leaves the
shielaed box via BNC connectors and coaxial cable and
enters another shielded bo# containing an attenuator,

amplifier, and low-pass filter (see figure 4.4i.

The attenuator, designed for 3 dB loss, is in a 'T°

L J

.~ configuration and from figure 3.5 the calculated values

for the resistors are: Ra = 8.6 ohms, and R = 141 ohms
(actual values used were: R~ = 8.2 ohms, Ry, = 150 ohms).
The signal from the attenuator is capacitively

coupled to a wid;band amplifier module (see Appendix C
under. 'Amplifier - MWAll0' for specifications).a This
device was biased for a collector current of 20 mA which,-
froq the data sheets, - implies a collector resistor
440‘ohms. This was made up of a .47 ohm resistdr, a
férrite bead (Ferroxcube, VK200 19/4B)f and, a 390 ohm
resistor. The junction between the 47.ohm>res{stor and
the ferrite bead was capacitively decoupled 9(10 nF) to
ground, to filter out any supply line noise. At a current
of 20 mA, the amplifier has a gain of 16 dB and a 1 dB
compression point of 5 dBm.

The amplifier was designed to be a buffer to drive a

9th-order Chebyshev low-pass filter. The filter . was

¢ B
'
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the lower half of the signal spectrum.
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designed for a cutoff frequency of 512 MHz and a passband
ripple pf 0.28 dB. The éépac@tors used in the filter are
10 pF trimmers.(Philips 808.fi1m dielectric) with 4.7 pF
fixed value ceﬁamic capacitors in paréilel. The inductors
are 1.5 turns of wire (AWG #24), witg a diameter‘of 3.2 ﬁm
(1/8 in.).

The next stage of RF précessing Qas designed to be
the same for both the upper and lower halves of the signal
spectrum. fhis stage resides og\the second section of the
front-end  module and contains a high-pass filter,.
amplifier, and 4-way power splitter (see figure 4.5). %he
high-pass fjlter is a 13th-order Chebyshev with a cutoff
frequency of 256 MHz, a 0.28‘dB passband ripple, and a
very sharp transition band. The capacitors used in the
f}lter were. 10 . pF trimmers. The inductors we;g 1.5 turns
of wire with a diameter of 12.2 mm (1/4 in.).

The output of the high-pass filter 1s capacitively
coupled to a wideband amplifier module Zéee Appendix C
under 'Amplifier - MWA220' for specifications). The
amplifier, a wideband hybrid, was Biassed with a collector
?urrén; of 30 mA and is shown 'in figure.4.5.

The amplifier drives a resis;ive 4-way pow;r
splitter. The design of the power splitter is shown in
figure 3.6. For the <case of a 4-way split, 30 ohm
resistors are'~required for a match to 50 ohms on all
ports. The outputs of ghe two 4-way power splitters are

connected to thé inputs of the eight filter banks.
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Figure 4 .5 Schematic of second section of front-end.
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4.3 Filteg Banks and Channel Filters

‘ The filter banks follow the front-end module of the
MCSA and’contain the 64 channel filters. The input to ‘the
filter banks comes from the 4-way power splifters of the
second section of the front—end:‘modu;e. The general
configuration of the filter bank is shown in figure 4.6
with table 4.1 listing the component values for the eight
filter banks. The following is a detailed description ef
the filter banks.

Each of the eight filter ‘b;nks contaim eight
trénsmission line channel filters. The filter bank was
constructed on a double-sided copper claé printed. circuif
board (epoxy-£fiberglass laminate, G-10). The transmission
line strips were printed on one side ;f the Board with the
reverse side being copper clad to provide a ground piangL,”,ﬁ
The filter bank board was enclosed in a shielded box that
was machined from 4.76 mm (3/16 in.) utility grade
aluminum sheeting. Around the pe;imeter' of the board,
brass shim stock tabs were soldered for good electrical
contact with the walls of the box. Access holes were
provided in the side panels to allow for external
adjustment of the trimmér capacitors on the ttansmisiion
line filter.

Referring to figure 4.6, the RF signal*® enters the

filter bank and propagates along the distributor strip

transmission 1line (STL) which 1is terminated 1in its
[ .
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Refer to table 4,1 for component values.

STL - strip transmission line
DSTL - distributor STL
RSTL - resonant STL

Figure 4.6

Filter bank structure.
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Table 4.1 Filter bank components.

Centre ‘ STL ' Tapping Shunt

Frequency length Capacitor Capacitor

(MHZ) : (mm) (pF) (pF)
260 178 1.77 3.80
268 . 173 1.70 3.70
276 168 1.762 3.60
284 164 1.55 3.50
292 ' 159 l.47 3. 40
300 154 1.40 3.30
308 . 150 1.36 3.24
316 147 ©1.32 3.18
324 143 > 1.28 3.12
332 140 1.24 "3.06
340 136 1.20 . 3.00
348 - : 133 1.16 2.94
356 130 1.12 2.88
364 128 1.08 2.82
372 ~ 125 1.04 2.76
380 122 1.00 2.70

) ..
388 120 0.97 2.66
396 117 - 0.94 2,62
404 115 : 0.91 2.58
412 112 0.88 "2.54
J

420 110 0. 85 2.50
4238 108 - 0.83 2.46
436 106 0.81 2. 42
444 105 0.78 2.38
452 103 0.76 2. 34
460 101 0.74 . 2.30
468 99 0.72 2.28
476 ] , 98 ‘ 0.70 2.26
484 96 0.69 2..24
492 95 0.67 . 2.22
500 93 0.65 _ : 2.20
508 ) 91 0.63 ) 2.18
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characteristic impedance of 50 ohms. The distributor STL
was designed for a characteristic . impedance of 50 ohms
which is the <case when the strip width is 2.54 mm (0.1
in.) (see figure 3.7). Along' the 1length Vof the
distributor STL, there are capacitive taps (Philips olo0
foil dielectric series O01l0EA) to a half wavelength
resonant STL. The tapping capacitors have small variable
values (5 pF) and do not couple all of the signal powef
available into the resonant STL.. This-effective insertion
loss is désirable since interaction between adjacent
‘channels is ‘minimized (Wilson, 1981). The resonant
section of the channel filter is fundamentally a ;#‘
matching filter with the usual series inductor replaced.
witk\a half wavelength STL. The resonant STL was printed
on éﬁe filter bank board as a 0.51 mm (0.02 in.) wide
»strip b\fﬁ?bvide a characteristic impedance .of 100 °?ﬂ?'
The 1eﬁ§th of the strip varies according to the requ;féd
centre resonant frequency (see tabl? 4.1). Two trimmer
capacitors (5 pF) were placed in shunt at the ends of the
resopant'STL to effectively adjust the electrical 1length
of the STL. The output tapping capacitor couples out the
signal into a 50 ohm STL which carriesithe signal to one
of the eight T&niature BNCs on the output of the filter
bank. 7

Ihé filtered signals on the output of the filter bank
are carried by coaxial cables (RG-174) to ieceivérs

located inside the receiver modules for detection. .
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4.4 Channel Receiver
Th; radio frequency chapnel receiver follows the the
filter banks and'receives the signal from one of the eight
channel filters of the filter bank. The channel receivers
were assembléd into groups of four receivers with a common
local oscill;tér frequency. The four receivers along with
_~four synchronous detectors, a frequency multipliﬁr, and a
module interface weﬁg mounted on an aluminum shielding
platé to bécome one of sixteen receiver modules for the
multich;hnei spectrum analyzer (see figure 4.7). The
foLlowing is a detailed description of .the impieyéntation
of the channel receiver. | . .
Figure 4.8 is a schemat;c diagram of the RF receiver
used ih each of the 64 channels of the MCSA. All of the
receivers are identical in design and construction since
they all share a1 common 8 MHz wide IF band centred at
64 MHz. However, each receiver has a different RF and
.local oscillator input required to translate the signal

frequency into the IF band.

Each receiver was assembled on a 5. x 10. cm

~e

double-sided epoxy-glass (G-10) printed circuit board and
.housed in a diecast aluminum alloy box (Hammond Series
1590B, 113 x 6., x 2.5 cm). Thesé boxes have an
interlockiqé ﬁi%nged 1id with self-tapping screws, no

shafp corners and provide adequate shielding for

frequen¢ies under 1 GHz. The receiver 1is the most

M)
’
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sensitive part of the system and therefore, a greét deal
of care was taken to provide for the most effective
shielding possible. |

All conductors entering ;he receiver boxes were
properly decoupled to eliminate any contaminating external
signals from entering éhe receiver box and also to prévent
RF leakage from the box. The appropriate way to pass 5
_shielded cable (RG-174 coaxial cable) through a shielding
wall is by the use of industry approved connectoés such as
BNCs or smaller SMAs. Due primarily to space 1limitations
and hafdware cost, an alternate means was adopted. The
same effectiveness in shielding was achieved by passing
the coaxial cable, with some of |its ’shielding braid
exposed, through the shieldind wall and ' compressing
aluminum foil into the hole. "This technique brought the
exposed braid of the coaxial cable into RF contact with
the box and prevented any RF signals, that might have been
induced on the outside of the braid, ¢from entering the
receiver box. ‘

The.receiver printed circuit board has a copper plane
on the component side (top side). Small flexible brass
shim stock tabs were used to bring the ground plane into
RF contact with the interior of the receiver box. This
was particularily important at the frequencies approaching
500 MHz since the combination . of the box with a copper
plane of the size required to construct - the receiver

boards makes a conveniernt and highly undééirablertesonant
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.cavity. In some cases, despite the brass tabs, resonances
occurred and could only be eliminated by packing aluminum
foil in fhe spaces around the pgrimeter of”‘the receivef
board. '

The receiver (see figure 4.8) contains an RF
double-balanced mixer, an IF amplifier, an IF bandpass
filter, a pair of matchéd Schottky diodes, an
instrumentation amplifier, and a variable gain amplifier.

The double-balanced mixer is a commercial device (see
Appendix C. '"Mixer SBL-1' for specifications) with
reliable, predictable Séhaviour over .the fregquency range
of 0 to 512 MHz and good economy.

The intermediate ffequency (IF) ampiifier follows the
mixer and |is ah integrated circuit (MC1350) specifically
designed for automatic gain controlled IF amplification in
radio and TV designs. Under matched’conditions, this
amplifier can provide up to 45 dB of gain at the required
IF centre frequency of 64 MHz. However, in the receiver
design for the MCSA, both the input and the output of the
amplifier were heavily loaded with 56 ohm resistors. The
IF amplifier was arranged in 5 single-ended configuration
with minimum gain reéuction. This arrangement greatly
simplified the 1ayout} redu;ed any inherent instability,
provided a nominal 50 ohm resistive output impedance to
the IF transformer, and achieved 16 dB of gain. The I%
amplifier also serves as a buffer that isolates detector

Mode from any possible fged-through of the RF signal or

»
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Figure 4 .8 Schematic »f channel receiver.
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the local oscillator.

Following khe IF amplifier, there is an IF bandpass
filter centred at 64 MHz with a bandwidth of 8 MHz . (at
3 dB). The design of the filtgf was based on a single
tuned transformer which provides ‘both the bandpass
response and the impedancé matching to jiy deteétor diode.
The input impedance of the Schottky hOt-carrier detector
diode (MBD102), when forward biassed for square-law
detection (20 pA), has been found to be 2600 obms (Wilson,
198}). The transformer coil former (Cambion) ™~ is
constructed of a polypropylene " material with a ferrite
core (carbonyl TH) optimized for the 2.0 - 40 Miz
frequencZ—Eange. Operating the ferr{te.cbre'at 64 MHz and
beyond‘produced no noticeable degradation in the response
of the filter.

The design of the . single-tuned transformer is

described 1in literature (Kraus, 1980). Starting from the

required values for the impedance, frequency and
bandwidth; the inductance, capacitance and coupling
factor were calculated (Rp = 50 r Ry = 2600 o £l o=

64 MHz, B = 8 MHz; Lp = 61 nH, LS = 343 nH, C = 15.7 pF,
K = 0.39). The secondary of the transformer- (detector
side) was tuned with a 10 pF trimmer capacitor in parallel
with a fixed lowgh\,papacitor (see figﬁte 5.18). The
secondary of the transformer was made part of the DC bias

circuit for the two Schottky hot-carrier detector diodes

(MBD102) .
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The detector diodes were matched at a forward bias

a

of the diodes was used as a small signal detector while

the other diode was used as a thermal reference. Since

N

" current of 20 uA for optimum square-law performance. One ‘

the two diodes are matched and at the same temperature,

thermal drift of one diode will be cancelled by the other

when the’ diode voltages are differentially amplifted

% v

(Turner, 1974). The RC netwq;ks on the outputs of the
detector diodes have a bandwidth of 1 KHz. The bandwidth
is wide enough to pass the detected square-wave from the
choébed signal. Polycarbonate, metallized film capacitors
(22 nF) were used since they maintain good characteristics
over a wide temperature range and are not subject to
vibration noise (microphonics) which is typical of ceramic
capacitors. - )

The differential instrumentaﬁion amplifier. following
the Jdual detectors was assembled out of BIFET operational
amplifiers (MC34001, MC34002) and matched resistors.
BIFEf op-amps are wideband, have fast slew‘rates, }ow
input bias currents, low input offset currents, high input
impedance and ‘are economical. The analysis of the
instrumentation amplifier 1is straightforward with the

voltage transfer function shown in figure 4.8 (Stout,

1976). All the similar resistors were matched so that all

the gains associated with the reference and the detector
voltage would be the same. The nominal voltage gain of

the amplifier 1is 104. Coarse offset adjustment can be

<
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accomplished; by . changing resistors in the 'reference
voltage' arm circuit. Fine offset adjustment can be
accomplished f;om outside of the shielded box by accessing

*a 5K potentiometer at the opposite end of the receiver to
the RF‘inputs. The access Mles for the.'four‘ receivers
can- be reaéhed from the bottom side of the receiver
module..\

A variable gain amplifier follows the instrumentation
amplifier and igs usgd to balance the gain of a‘receiver
against other reqeivers..'The maximum output voltage swing
of the receiver is O lez'v. The output of the receiver
is‘ cérried' by twisted wire -pair to next. stage of

.

processing, the syncpronous detector.
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4.5 Synchronous Detector

The schematic for the synchronous detector is shown
in figure 4.9. The construction and design of all thé
synchronous detectors are the same. Two detector circuits
were housed in the same diecast aluminum shielding box.
The following is a detailed description of the
implementation of the synchronous detector.

Shielding the detector circuits was necessary because
the assqciated digital electronics can be a strong source ‘
of EMI. Digital signals, in general, are characterized py
large -v61tage square-wave signals with fast transitions
and large current surges. This can produce EMI that caﬁ\v
be induced in the relatively léw-level RF signal lines.
In addition, contamination of the local oscillator by the
digital signals would appear as médulation in phase with
détection process of the synchronous detector,

The ‘synphronous detection - process réjects all
contaminating signals that are asynchronous with the
detector; héwéver, it preserves synchronous signals.
éynchronous contaminating signals, such as the control
signals, will produce an ‘incorrect detector p;tput.
vConsequently, all digital contr'ol lines Qére shielégakand
confined within shielding boxes.' In addition, all ribbon
cables carrying  control 1lines had ground lfnes placed
between all signal and control lines. Current surges were

2

minimized by the exclusive wuse of CMOS digital and MOS
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linear integrated circuits.

The input signal to the synchronous detector passes
through a resistor voltage divider network to reduce the
maximum voltage swing by 33% (0 - B V). The input siénal
is required to work ;ithin the supply voltage range
(+ 8 V) of the detector. The supply voltage range permits
safe operation of a mixture of integrated circuit families
(CMOS digital, MOS linear).
<l ) ’ The two lines from the receiver,' signal and signal

ground, enter the synchronous detector as a twisted wire
pair. The signal ground is buffered by a voltage follower
to provide a voltage reference for the synchronous’
detection process. The ground reference is isolated from
the digital control ground to eliminate problems
associated with common jround paths. The ground reference
is used until the processed signal reaches the
analog-to-digital convertor . in the data acquisition
. system. ~

The receiver signal is connected to on the inputs of
two sample-and-hold (SH) circuits. ©One SH synchronouasly
samples the input signal for the RF portion and the other
SH synchronously sémples for the reference portion.

The SH .circuits‘ were constructed from two BIFET
voltage followers separated by a CMOS switch and a hold

capacitor. The input voltage follower buffers Afhe input

signal and charges the hold capacitor when the CMOS switch
P .
is closed. Clamping diodes are required on, the output of
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the voltage  follower to prev%nt voltage swings, which
would reduce response time, when the CMOS switch is opened
and ciosed. The CMOS switch. (MC14052) is operated by a
number ,of control lines. The CHOP control I;ne is the
synchronizing control signal and islphase-locked to the
control gignal for the optical choﬁper. The RESET control
line resets the synchronous detector by discharging the
hold <capacitor to gtround. The INHIBIT éontrol line
electronically gates the CMOS switch off during the
passage of a transition in the chopped input signal. The
detector is inhibited at the trangition to prevent the
associated edge effects of the chdpﬁer bladel The edge
effects will be manifested as-large transieﬁt spikes at
the leading and trailing edge of the chopped signal.
Following the CMOS switch a hold ‘capaéitor Tl uF)

gcquires and preservesugpé sample voltage.  The resistor
(330 ohms) on the hold capacitor cdﬁtrols excessiQe
current surges and in combinationiwith the hold gapacitor,

* has a time constant 2 uS. Thus, the sampie-gnd;holdl can
respond very-rapidly to éignal changes.. '

After the hold capacitor, there is a second ’voltage
follower which buffers the hold voltage on the capacitor.
The voltage fbllower drives a large time consiant
integrator wheré all of the analog igtegfation takes

place. It is made up'of a 1 MmN resistQqr and a 1 ufF

capacitor with a time constant of 6.3 seconds. Further

analog integration is unnecessary since digital i‘
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integration can be—~done more simply by application
software after the signal has been digitized. The large
time constant integrator is buffered by a voltage f®llower
whose output enters a CMOS switch (MC14053) that operates
as a data selector. .

The sampled and integrated voltages correspondiﬁg‘ to
the RF signal and referencelsignal pass through the data
selector (MC14053), one at a bdme,v as determined by a
SIG/ﬁEF control line,. .

The outputs of the four synchronous detectors on one
receiver module entér the receiver module interface which
controls access to the module by theh data acgquisition
system. The receiver module interface is shown in figure
4.10. The, 4-bit comparator (MCl14585) compares the 1logic
level on the four module address lines (A2 - AS) against
the module-address. Provided that each receiver module
has a unique address, only one module will be enabled when
a receiver 1is addressed. Tﬁe two least significant
address lines (A0 - Al) select one of four receivers of
the enabled module. Address liJe A6 is equivalent to the
control 1line SIG/REF and selects either the signal output

or reference output of the synchronous detector.
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4.6 . Local Oscillator and Frequency Multiplier

-

Sixteen local oscillators (LO) are reguired for the
sixteen receiver modules making up the RF portion of.lhe
. multichannel spectrum analyzer. All of the LO frequencies’
are synthesized from a common reference frequency of
250 KHz. This comparatively low frequency is required so
that digital signals are well within the workiqg range of
TTL digital devices (countergﬁand inverters) and of CMOS
devices (phase-locked loop or PLL{. ‘

The local oscillator frequencies for the receiver are
synthesized in two sections. The f§rst section, discussed
here, synthesizes a freduency with PLLsﬂand then doubles
it. “The next section, whi;h is on the receiver module,
takes the synthesized frequency and multiplies it byfeight
to generate the final local oscillator frequency required
by the receivers (Manassewitsch, 1976). The schematic for
the’ local oscillator synthesis design is shown in figure
4.11.

The reference frequency of 250 KHz is derived from a
high frequency crystal oscillétor running at a frequency
of 32 MHz. The oscillator configuration shown in figure
4.11 is known as a Colpitts oscillator with the crystal
operating in series resonance.  This oscil}atorAdesign is
com;gnly used at high frequengies because it is
essehtially a common-base configuration, if one replaces

the crystal with a bypass capacitor. The trapsistor,
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2N3904, provides sufficient output power and voltage swing
(2 Vpp) froT the emitter and is capable of driving low
impedances of.the order of 300 ohms.

The output of the oscillator is coupled through a
10 pF capacitor to filter out some harmonics and also to
buffer the oscillator from the next stage. The next stage
is o&erdriven, switching into saturation and cutoff, and
produces a good symmetrical square-wave at 32 MHz to
trigger the TTL céunters (74L5193). The two counters are
presettable binary synchronous counters that were set to
divide by 128 in order to generate the 250 KHz reference
signal. The oﬁtput of thesé counters passes through a
buffer amplifier that sguares-up the reference signal to
ensure proper triggering of the CMOS PLLs (MC14046).

The phase-locked loop (figufé 4.12) consists of the
phase detector 1II from the MC14046, a low-pass filter on
the phase detector output, an emitter follower on the
low-pass 'fiIEEr output, a varactor dioée, and a TTL
voltage controlled oscillator (VCO). Only phase detector
I1 circuitry of the MC14046 CMOS chip is used 'since this
‘"detector will not lock onto harmonics of the VCO frequency
(Blanchard, 1976). The 1loop filter is a second order
passive low-pass filter with an emitter follower on the
output to act as a buffer. Since phase detector II is
nonlinear in its tesponse‘to phase changes, there 1is no
structured design procedure for determining the loop

filter components. However, if one designs for the linear
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phase  detector I and determines the 1loop filter's
components, one will find these values work eii'gly as
well with detector 1II withoﬁt any problems with harmonic
lock-up (Best, 1984).

The voltage controlled oscillator (VCO) consists of a
three inverter riné frgm a TTL quad inverter (74LS04) (see
figure 4.12b). A varactor diode (ﬁv2209) in parallel with
a 60 pF trimmer capacitor provide the electronic variable
capacitance needed to adjust the VCO freguency. The
outputl of the VCO is divided by a programmable counter
(741.S193) whose output goes té the phase detector where it
is compared with the reference frequency. When the PLL
has locked up, the VCO frequency is some multiple -of the
reference frequency in the range of 20.25 MHz to 27.75 MHz
in 0.25 MHz steps. Appéndix A details the calculation of
the loop filter's components.

The output of the synthesized frequency is taken from
the VCO and is doubled by a frequency multiplier built as
an overdriven transistor amplifier. Since the 1input
signal 1is quite 1large (4 vpp)' there is no need for
matching the signal to the base of the transistor
(fN3904). The output matching network selects the second
harmonic and rejects all other harmonics generated by the
nonlinear operation of the transistor. The magnitude,éf
other harmonics can be reduced by adjusting the value of
coupling capacitance on the input to the frequency

doubler.
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The frequency multiplier in the receiver module Iis
the next section in generating the final local oscillator
frequency required by the receivers. Since all of the

gepnerated frequencies were large signals over 320 MHz,

careful consideration was given to shielding. There must
be no leakage from the frequency multiplier box‘since the
local voscillators are stro;g enough to ! saturate the
sguare-law detector of the receiver if it gets past the IF
stage. The shielding practices used for the receiver were
adopted for the Erequéncy multiplier. All power lines
were heavily decoupled with capacitors and ferrite beads,
and éeparate regulators and power lines were used. Brass
rabs were used on the printed «circuit board around 1its
perimeter to bring it in good electrical contact with the
diecast aluminum box. Aluminum foil was utilized to fill
spaces Between the PCB and the box wall to eliminate
circulating RF fields‘that might have set up parasitic
resonances,

The RF frequency multiplier consists of four‘ RF
medium power transistors (2N3866) with a unity

gain-bandwidth product (f,) of 1.GHz at a current of

T

40 mA. The first three transistors are frequency doublers

to obtain the required multiplication by eight. The last

stage is a buffer amplifier that is capable of driving
-~

four mixers of the rgEETVBts in parallel, which 1is an

. effective load impedance of 12.5 ohms. Each mixer

requires at least 7 dBm local oscillator power to ensure
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good switching action for its internal diodes. Thus, the
output amplifier must provide at least 13 dBm (20 mW) -of
power into 12.5 ohms.

The schematic for the frequency mu%tiplier is shown
in figure 4.13. Since sixteen of tﬁg circuits mus;abe
made, identical circuit lafouts were adopted for all of
thgm with facility to adjust some of the reactive
components from the top side of the «circuit without
requiring removal of |the prip(é; circuit board. Each
transistor stage 1is a common emitter stage withv the
interstage matching networks being a combinatién of a
parallel and a series resonant circuit. . : -

The transistors are driving each other with a. large
signal in order to generate harmonics from the nonlinear
response of a txansistér to 1arge'signals {DeMaw, 1982),
Analysis of the large signal béhaviour of transistors at
radio frequencies is diﬁficult and of limited value due to
a high dependence on input signal levels. However, small
signal Y-parameter analysis may be wused to gener;te
starting values for matching nétworks that can be easilyo
adjusted for best performance.

Y-parameter analysis gives expressions for‘ stability
(Linvill stability factor C), transducer gain, and optimum
load and source admitfances. These expressions are given
in Appendix B .(Hejhall, 1978). The' optimum loadkand

source ‘admittances for the 2N3866 at several ffequencies

are shown on a Smith Chart in figure 4.14. - ' .

S
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The matching networks required between the transistor
stages must conjugately match the input and output for
<R
maximum power transfer, and must provide narrow bandwidth
at the desired frequency to minimize the transfer of
undesifed harmonics to the next stage. ’
N Most of the imﬁédance matching was per formed
graphically on |, a Smith Ch;rt. Figure’ 4.15 shows
graphically an impedance Qatching solution on a combined
impedance-admittance chart for one of the frequency
multiplier transistors (2N3866) at 101 MHz. The quality
fac}dr, Q, of the «circuit is largely determined by the

parallel tuned circuit on the output (collector) of the

transistor. For a parallel tuned circuit, the Q is given

by:
R
Q = RWC = — “ 4.1
wL

The larger the Q of a circuit, the narrower_the bandwidth
will be and hepce, the cleaner the output will be from a
transistor generating harmonics.  In pfactice, with radio
frequency electronics; high Q's are difficult to obtain as
thg Q of the rgactive components themselves become
sigpificantl The circuits for the frequency multiplier
were designed with this in mind by incorporating Yariable
fcombonents that would ovefiab the 1lines of constant

resistance and conductande as shown in figure 4.15.
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@ 100MHz.

® 200MHz
® 300MHz
© 4(COMKz
@ S00MHz -

[ -

130MHz Zs = $.1L4-:C.04, Tl o= Tt4lc.50
200UMHz : Zs = G.16-30.06, Zi = 1.22+31.9%
300MHz : Zs = 0.17-30.1¢2, i = L.7Z+21.58
4OOMHz : Zs =z 0.18-30.18, ‘ Zi = G.5G+31.3%0C
'50OMHz : Zs = O 25, 71 = 0.43431.17

’

0.15-30C.

Figure 4 .14 (Optimum load ana scurce 1mpecances
for 2N3&66E. .
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i0"MHz EL = 2.5 - =
BC = 2.0 C ="6UpF
XL = 2.0 L = 159nH
X = 1.0 C = z2pF

Figure 4 .15 Impedance matching »f a 2N3866 »n a
combilned 1mpedance/admittance Smith-chart.
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) 4.7 Front-end Local Oscillator ' ;
Y
. The 1local oscillator in the front-end of the

multichannel spectrum analyzer shifts the lower half of
tHe input spectrum from 0 - 256 MHz up to 256 - 512 MHz.
The following jesgribes in detail the implementation of - .
the front-end local oscillator. | )

_ Sreat care w7as taken in Jesigning a well shielded
20X, 3i1ce as pointed Q3ut earlier, the local oscillator is
a source 2% large signals not only a3t +the oscillation

frejuency but also at  all harmonics 0of it. Brass shim

,
s5tO

(9]
X

~atz were ised on the circuit board perimeter :o
3 iz 11 good electrical contact with the shielded box.
The schemati: diagram for the local oscillatbr is
shown 11 figire 4.16. The circuait consists of a crystal
5scillator (128 MHz) and  a guadrupler to multiply the

tal oscillator was

[V}

fregaency J4p to 312 MHz. The cry

designed 11 the Colpitts configiration with the crystal
operatiiag in series resonance., .

The oscillator traAsiston (2N3866) was bilassed for
5 mA collector «current and with 2.3 V drop across the
emitter resistor. The collector current was designed to
be .at a higher level~than-the motre typical 1 - 2 mA to

ensure sufficient gain atr high frequencies. The emitter

resistor voltage drop was designed higher than usual to

ensure good thermal compensation - of sthe transistor.

v

Transistors that are thermally compensated by negative
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v

feedback from the emitter typically have 2 - 3V aeross
the emitter resistor.
—

The quadrupler circuitry follows the oscillator and
the first stage is a fteéuency doubler. The signal from
the oscillator is coupled into the doubler by a S pF
trimmer capacitor. Optimum matching is not required here
since the oscillator has sufficient signal power (3 vpp)'
The small c¢oupling capacitance tends to isolate ‘the
oscillator from ghe doubler which is generating a large
Aumber of harmonics. The output of the doubler is a high
2 parallel tuned circuit for selecting the second harmonic
and rejecting other frequencies. The doubler was Jesigned
"for a aigh collector current of 25 mA with 3.75 V across
the emitter fesistor. ’

The next stage is 1 second frejuency doubler biassed
at the same léveluas the first one. A strip transmission
line (STL) was used 1s the resonant circuit on the output
of this transistor. The STL was Jdesigned for a
characterisgic impedance of 50 ohm;hand was printed as‘ a
strip (2.5 x 51 mm) on double-sided printed circuit board.
The‘STL was capacitively shorted to ground at both ends.
It has an input tap 20 mm from the lower end‘of the strip
and an output tap 25 mm from the lower end.

The STL is tuned at the input tap with a 10 éF
trimmer <capacitor to ground. The STL behaves as inductor

rather than a transmission line since it is much less than

a quarter of wavelength (about 80 mm at 512 MHz on a
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printed circuit board) (Wilson, 1981). The STL solves the'
problems that coils have at frequencies:- around 512 MHz.
At these frequencies coils become ’unrealistically. smallf'
consisting onl‘} of half turns of wirevabove a ground
plane. The coils tend to inductively couple with other
components. .which often leads ;o unexpected resonances and
parasitic oscillations The STL solves thesef problems by
keeping the electromagnetic fields well confined to'the
printed circuit board.

The output tap on the STL is closer to the shorted
end than the input tap because this is a lower output
impedance point required to drive the buffer amplifier.
The input coupiing is a series tuned circuit resonant at
512 MHz. The buffer amplifier is biassed for 18 mA in the
collector and 2.2 V across the emitter resistor. The
output stage of the buffer was deéigned with two S?Ls
which behave like inductors. The first STh i;iin parallel
resonance with a collector 20 pF trimmer capacitgr and the *
'second STL 1is 1in series resonance with a 20 pr trimmér
capacitor. ,

The output o{ the frequency multipliér was designed
to drive a mixer (SRA-1) in, tﬁe first section of the
front-end module of the MCSA at a power 1level of 7 dBm.
The output can be adjusted by detuning the output matcbing
networks slightly. Larger adjustments in oJiput power can

be accomplished by changipg the emitter resistor in the

buffer amplifier.' Generally, outpuf power will increase
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as the collector current increases since the gain ff the

transistor is slightly dependent on collector current.

R)

y



4.8 Microcomputer System

A microcomputer system was developed for the control
of the multichannel spectrum analyzer. <t was designed to
perform the functions of system control, daté'acquisition,
data collation, “data processing, and data transfer. The)r
details of the implementation of the system -are briefly
described in the following.

The microcomputer system consists of a CPU board, an
input/output (I/0) board, a random-access-memory (RAM)
board, a read-only-memory (EPROM) board, a controller
board, an analog-to-digital conversion (ADC) board, and a
timer (RTC/PTM) board. All of these boards use a standard

bus known as the STD bus.

-
v

TheASTD bus was developed in 1978 by Mostek Corp.
and Pro-Log Corp. to ° be a compact, modular;
general-pifpose bus structure for microcomputer systems .
The STD bus is economical and can support any 8-bit
microprocessor presentiy available., The bus is ‘compact
with each card measuring 11.4 x 16.5 cm (4.5 x 6.5 in.)i

The concept of the STD bus is based on a simplified
bus connection scheme, The backplane bus handles
communications between boards only and is independent of
the type of board or CPU 1in use. Other system
interconnections that are required, take place on a second

set of connectors on the boards themselves.
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S The adoption of the STD bus as a formal industry
standard is ‘presently under cosideration by the IEEE and
has the designation IEEE P69l. . .

The STD bus consists of four sections: power supply
line;, 8 bi-directional data liﬁes, 16 address lines, and
26 control lines. The control lines 1include control of
memory, I/0,  the bu§ itself, auxilliary power supply,
interrupts, and CPU control.

Appendix E contains diagrams and tables for the

microcompJter system. Table E.l shows the pin designation

for the STD bus.

(Y

Ny
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+.9 Central Processing Unit Board

The microcomputer system i;’controlled by a <central
processing unit (CPU) board which uses Motorola's MC6809
microprocessor. L

The layout and schematics for the CPU board are shown
in figures E.2, E.3a, E.3b, and E.3c. The CPU board can
be configured for 8K of EPROM (NMC2732) and BK of CMOS RAM
(HM61161P-4) for a total of 16K of on-board meméry. The
CPU board may be accessed two ways; one is through the
STD bus and the other is through the VIA port (SY6522,
versatile interfach adapter). For general purpose
applications the VIA socket may be bypassed with wire
jJmpers allowing access directly to the @icrOCOmputer ous.
Bus control is handled by both hardware and software,
Softwaie‘:an change bits in bus registers which will
control the action of the bus hardware logic when -the
appropriate signals dg the bus occur..

The configuration of the CPU board may be altered by
changing the wire-wrap connections on the jumper blocks
(see the above figures). Three levéls of interrupts are
possible by the use of jumper block J1. A second jumper
block (J2) allows the on-board memory to be switched
between 2716, 2732, and 6116 memories. The scheﬁatic
shows a typical setup for two 2732 EPROMs and four 6116
RAMs (note: 2732 EPROMs are ‘only allowed in the two

sockets closest to the MPU). The third jumper block (J3)

'
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is used to designate the CPU's name or number. This is
useful in some software applications where the operating
system needs to know what hardware resources are available
and how the system is eonfigured. Jumper block J4, allows
relocation of 2K blocks of memory without physically‘
changing EPROMs. This is particularily uéeful in software
development.

Bys control is performed by two registers at the same
address location taddress SFFDx; where X is any 4-bit
number). One register _,is a read-only register and the
other 1is a write-only register. The read-only register
(74L5374) contains information on the bus status and the
CPU's name. The write-only register (74LS174) enables or
disables the bus and sends bus control signals (see figure
E.4)

The CPU board impleﬁented for the MCSA handles all

.I/0 by the VIA socket. The VIA connector is linked by
ribbon cable to an I/O board which resides on the STD
backplane. .Bypass connections are reguired for the VIA

socket and are shown in figure E. 4.
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4.10 Input/Qutput Board

The. input/output (I/0) board contains three serial
ports,” two parallel ports, and priority interrupt
encoding.

The I/0 board was designed to conform to the STD bus
standard but only in physical dimensions and powef supply
connections. The hardware logic requires 0 and +5 V, and
the ;erial line drivers require +12 V. :Communicqtion
between the I/O board and the CPU board takes place by a
26-pin connector on the I/0 board and the bypassed VIA
port on the CPU board. The schematic for the I/0 board is
shown in figure E.5a and E.5b.

The I/0 board is accessed by addressing any location
in the range SFFCO - S$FFCF (note: the prefix symbol, §$,
indicates that a hexidgcimal number follows) . fhe
parallel po:ts (PIA: ‘MC6821) occupy addresses $FFCO -
$FFC3 aﬁd SFFC4 - $FFC7. The serial ports (ACIA: .MC6850)
occupy addresses: SFFC8 - S$FFC9, SFFCA - S$FFCB, and
$FFCC - SFFCD. The interrupt encher (MC14532) occupies’
address S$FFCF. Address location $FFCE 1is unused (see:
figure 4.17).

Serial communication uses the RS—232C. standard of
which only fivé lines are implemented: TXD, RXD, RTS,
CTS, and DCD. The serial device is an asynchronous
communications. interface adapter (ACIA: MC6850) which was

designed to interface with the MC6800 family of hardware.
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. . . *
The rate of serial comﬁqnication is set by a baud rate.
generator (MC14411) which supplies a few frequencies that
can be selected by jumper bléck J7 (see figure E.;b).
Parallel communication takes place by the wuse of
éeriphe:al intef%éEE\fidaptérs, (PIA: MC6821) . These

devices provide a universal ‘means of interfacing

. =
peripheral equipment to .the microcomputer system. They

L

,aeve been used ex;ensively throughout the development of

the MCSA.

3
y

The prioriEy interrupt encoder (MC14532) 1is ' very

useful for\‘vectqred' interrupé handling of I/0 devices.

[}

* Interrupt lines from each of the I/0 devices (7 lines) aré

a

“fﬁwencoded . to produce a 3-bit number. This number can be

A

:ﬁéad*and used as an offset -in various types of addressing

@¢Qé$:”‘;TheL intérrupting device 1is known immediately-

\

71j§*§i$ﬁaﬁt:?thei need for time-consuming polling of 1/0

-

devices. .. ¥n the evert that a multiple interrupt occurs

-

simultaneously, the interrupt device with the highest
] ‘ '
+ priority -will ‘be servi¢ed first. The’priority is set by

9

wire-wrap conngctiobs on Jjumper block J8 (see figure

E.4b).
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4.11 Random Access Memory Board

=

The random-access-memory (RAM) board contains 128K of
memory mapped dynamic RAM (MCM6664). The RAM is accessed
through the STD bus.

The memory mapping on.the RAM board enables swapping
of 2K blocks of memory. In this way, the RAM'locations
that are masked by the CPU memory ($C000 - SFFFF) can be
mapped into an accessable region.. There is no danger of a
'crash' on the data bus when the CPU memory is accessed
and the RAM board 1is enabled because the data bus line .
drivers for the STD bus are disableé'(see figure E.7a).

Up'to sixteen memory boards may be used at any one
time provided that each has a unique naﬁe or numbef
wire-wrapped on the J1 jumper block. The name is a 4-bit
ppumber unique to the board and is used to match a portion
of the addresslrequired to setup the memory mapping. The

v

memory ‘“mapping hardware 1is located at address $7FNO -

$7FN3 where N is the 4~bi£ number.

ap

The memory mapping hardware is agcessed ‘when the
MEMEX 'control 1line on the STD bus is asserted by‘the‘CPU'
through. its bus register. . The lower four bits of a data
byte (lower nibble) are written into the mapping register

. [

(74LS170) when the locations $7FNQO - $7FN3 are addressed.
. : /

The RAM board is egpabled when a bit (DO) is written to "the

address $7FN8, and is placed on the STD bus when MEMEX is

released from the asserteé condition..

v
.
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4,12 Erasable Programmable Read-only Memory Board

The EPROM board contains 64K of read-only-memory that
is accessable' by the STb bus and can be used in
conjunction with the CPU memory. The memory. consists of
two banks of 32K each (see figure E.8).

The EPROM board is accessed through the STD bus by
setting an enable bit in much the same fashion that is
done for the RAMs board. The MEMEX control 1line 1is
assertea "which allows access to the enable latch. An
enable bit, D0, is writ€en to the enable latch at addfess
$7FNX which will put the EPROM board on tge STD bus when
MEMEX is released. Only the first 12 bits of the aadress,
$7FNX, are used with the 4-bit number, N} being the unique
number of-the board. One of the two banks of 32K will be
selected when a 1 or 0 is,writgen into bl of the register

at S$TFNX.




P . -~ 1860

;:13 Controller Board

4

The controller board contains the neccessary hardware
logic to generate ghe receiver address, chopper clock
signals, synchronous detector control signals, and other
clock signals. The board 1is controlled by one of the
parallel ports on the I/0 board. The boa;d léyout is
shown in figures E.l0a, E.1l0b. .

The controller bo;rd receives commands from a PIA
(MC6821) 'which is configured for write-only operation.
The hardware is éetup so that registers on the,.controlle{
board are controlled by the 3 least signiffzant bits of
the PA port of the PIA, Data bytes - are transferred by
port PB of the PIA.

The controller board contains. three 8-bit -~ registers

(74L5374) . The first one controls external access to the

. board by tri-stating the bi-directional buffers (74LS244),

and can also trf-state the other two registers. The
second register buffers the addresses for the receivers.
The . third register "selects theA typen of clock (PTM or
external) for generating the synchronous detector control
signals. |

There are two phase-locked loop kPLL) circuits on the
coﬁtrolLer _boéré. One ‘PLL locks to the clock freduency
selected by register #3 and,sends its VCO output to the

chopper drive output pin. The sole purpose of this PLL is

to smooth out sudden phase transitions in the <c¢lock
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frequency when a diffeﬁent frequency is selected (eg.,
reprogram PfM). Phase transitionsyar{ smoothed out by a
large time constant loop filter (30 seconds).

The second phase-locked loop generates the INHIBIT
control signal required by the synchronous detectors. The
PLL synthesizesvaufrequency that is 256 times the chopper
frequency which is +then passed through 2 programmable
counters (MC14526) to effectively time the on and ‘off
periods of 'the INHIBIT contrpi signal. when the 2 PLLs
have locked, 2 LEDs wil} light "up indicating the 1§cked

condition.  Figures ,E.lla and E.llb shoy a complete

schematic of the cpntrollerabohrdf
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4.14 Analog-to-Digital Conversion Board

The analog-to-digital conversion (ADC) board consists

of a 12-bit CMOS ADC (ADC1210), an eight channel

‘'multiplexer, auto-calibration, dual sample-and-holds, a

>buffer amplifier, .and hardware logic for parallel port

access.

. The ADC board consigts bf two sections; one is
digital eléctronics, and the other is analog electronics.
All of the digital electronics is associated with logic’
control of the ADC board and switching coﬂtrol of the
analog signal paths (see figures E.l13a, E.13b). . ‘

The ADC board 1is controlled by a PIA (MC6§21)
parallel port on the 1I/0 board. The PIA has two
bi-directional ports (PA ané PB) for parallel
c?mmunication. Port PA was setup for read-only operations
and reads the 2 bytes of digitized signal on receiving a
rising edge of CC. (conversion compiéte signal).

Port PB was setup €for - write-only operations, and

controls: the input data selector for qpe-of-eight input

signals, ENe reference data selector for on-board ADC

g caliﬂrapion, sample-and-hold multiplexing, and triggering

SC (start convérsion érocess of the ADC). The schematic

of the ADC board is shown in figures E.13a and E.13b. “
The ADC inteérated circuit (ADC1210) was designed for

single power supply operarioﬁ (10.0 vdc) wiéh input signal

acceptance range of ‘i 5vdc.  Negative voltages are

-
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permissible since internal resistors on the input pins of
the ADC effectively shift the voliage to within an
acceptable range, Circuitry, external to the ADC chip,
enables it to run at fast conversion times of 24 pus, as
opposed' to the more typical time of 100 usS. The digital
output of the ADC is buffered by open drain non-inyerting
buffers (MM74C906) far }ogic level shifting to +5 vdc.
The outputs of the buffers are latched (74LS373) and then
clocked 1into the PA port of the PIA when a rising edge
from CC (conversion complete) is received.

Two sample-and-hold (SH) devices® (LF398H) on the ADC
‘goard are alternately switched to the input of the ADC
chip. As oné‘SH is sampling the"input signal and charging
its holé capacitor, the other SH is holding'its sampled
voltage ﬁor the ADC?while it is performing éhe conversion
process. Both sampling and . digitization take the same
time (24 BS) so there is no waiting time in the entire
process.‘g Port PB provides eight bits for control of the

ADC board. The 3 least significant-bits (PBO, PBl, PB2)

instruot the input data se¥ or (MC%4051) to select one
of the eight input signals. Bit PB4 initiates ;he
analog-to-digital copversion process. .;?? PB5S
synchronizes the switching of the SHs-witH the start of a
series of conversions so that the same SH is consistently
used for a particular input signal. The bits PB7, PBS8
control the calibration selector (MC14052) by selecting

0 Vvdc, +2.666 Vvdc, -2.666 Vdc, or the analog input signal.

163
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4.15\_Rea1-time‘Clock and Programmable Timer Module Board

mTpe RTC/PTM board contains a real—time-clock‘ chip
;RTC:*'“MC146818) and two programmable timer modules (PTM:
MC6840). The purpose of this board is to providg_ real
rt;me information’ during the course of anuexperiment, and
to provide a clock signal for the choppe; drive, During
the development of the MCSA, the PTMs proved to -be very
useful in synthesizing various clock signals requiréd' as
control signals (see figures E.l4a,b for board layout). ‘

The .RTC/PTM goard is accessed through the STD bus and
'is similar to the RAM board in the way it is enabled (see
figures E.iSa and E.15b for schematic). Board control
logic 1is accessed sy asserting the MEMEX control line bn
the STD bus. The board is enabled by writing a bit (DO)
to the enable latch at address $7FNX andireleasing,MEMEX.

Address decoding is not taken all the way to a unique
location but only as far as to clearly separate the RTC
and the PTM.‘ The RTC is selected 'in the address séace
$§7FXX and occupies $40 locations. The PTﬁ-l and'PTy-Z ar.e
selected at addfessés S$7TEOX and»$7E1X ¥espectively;

The STD bus control signals, CLOCK and CNTL, are used
to régenerate the qu;drature clock, .Q; The clock is -
required by the hardware for the correét determination éf
validraddr?ss and vaiid;data. The CNTL signal is used'po

(

‘multiplex the lower address lines with fhe data lines for

. 4
the RTC.' ! .

v
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4.16 Software Implementation
)

The multichannel " spectrum analyzer is completely
controlled by software and has-rrelatively {ew externél
controls for system control. O0f the many types of
operating systems presently available'for microcoﬁputers,

" the FORTH operating system was-adopted for use _with the
:\§869 based microcomputer.

The bulk of FORTH resides in the top 8K of EPROM
(SE000 - SFFFF) of the CPU board.” The RAM locations
$D000‘— SDFFF are required .by FORTH as well. The
operating syétem {s started by hardware reset (front panel
RESET, or STD bus PBRESET).

The éarticular implemenﬁatiqn'ofoFORTH for the MC6809
microprocessor is derived ‘Erom‘ fingORTH (release 1,

version 1.0, June 1980) which is,‘éublicf‘domain software

4

made available by the Forth Interest Group (FORTH). Th .
. ‘software hds been modified to .conserve space and to mak}r

room for application software. All routines associated

°

with disk opérations have been removed since there are‘ no
disk cépab;lities with the present system. The start of

FORTH has been repositioned to $E000 and the dynamic
7 . - - : - *

portion starts at $D000..- This enables FORTH to be run

; : from only the CPU board (see figure 4.17, for a memory

8 i -

map) .

g : DU o
! Some system routines in FORTH were altered to improve

. the execution time of the operating system. This was done

Ve

.

. "
.
. . ' .
RS .
. . . .
’ - .
. -
. J .
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FFFF A
Interrupt
FFFO . 16 vectors
FFEO 16 ;
6 - Bus flags
FFDO
16 $ EPROM
FFCO VIA/IQ 2716/2732
(uK -
FQOO : 0 * /
EFFF \
2K
L 2K
E000 , ‘
DFEF ’ EPROM/ )
2K . RAM
2716/2732 Ny
. 2K B R
D000 )
- CFFF 4
2K
, 2K } _ |
000 ' _ ) . .

Figure 4.17 CPU board memory map.
. S,
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at the expehse of slightly increased meﬁory requirements.

Ih order to run the MCSA, a large number of rqutines
were written of which some could/be directly appended to
FORTH while others had to be stored off the C?U board and
on the EPROM board. The routines appended to . Oé}ﬂ are an

.Jiﬁt;gral part of i¥ and can be immediately executed. The
bther routines on the EPROM boatd are not p;ecémpiled.
They are stored as ASCII text since they are often
modified during the course of system‘develobment. These
routines may be linked to the FORTH dicéionary by .issuing
a LOAD command with ‘the' starting address (any address
except $0000). : Y )

A large number of gougines have been written to run
the MCSA either directlyf or to provid; support for
appliéation routines, The routines can be roughly éivided
into seven éroﬁps: 1) low FORTH routines, 2) high FORTH
routines, 3) b;ard/device c%pmands, 4) low application
routines, 5) high applicatiofi routines, 6).fow ggaphic
rou;}ngs, 7) high graphic routines. These groups are by
no means definitive but serve only to aid 1in the
description of the diverse routines developed. for the
microcomputer system. The low FORTH rout?nés are those
that arg'only concerned with FORTH -itself. ‘MQSt'oﬁ these

. /
routines are quite short and simple, and usually serve

only as macros for o;hg&grgogpineée " The high FORTH

‘ .

routines perform a task whose result is of prime
importance. Most FORTH commands are high FORTH routines

© ’
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and are compiled from other high FORTH, low FORTH, and
primitive FORTH routines. Board/device commands are
routines that access a board or device in order to perform
a simpleffﬁhction such as enabling or disabling a boafd or
‘read/write to a register. Low application ‘routines

perform taski that make %se of one or moreiboérds/devices.
For  example, t%e routine ADCO accesses the ADC board,
initiates an analog-to-digital conversion, reads the
12-bit number, and returns with it on the stack. High
application routines 3o many steps fhrther than  _low
application routines by bringing together a number of the
low application routinés to produce results 1like graphic
displays and data éables. Low graphic routines are mainiy
macros that relieve the tedium of typing graﬁhic commands
directly into .graphic- programs. High graphic routines are
a collection of FORTH routines and 1ow' éraphic routines
for production of useful graphic displays.

Appendix F lists all of the FORTH routines devéloped
for the MCSA. They are grouped §ccording to the seven
previously defined groups and are also lisE;d acéofding to
how they appear in the FQRTH operating sys;em‘and_ip the
E;ROM board. Appendix F also éontains all of the source

»

listings of the FORTH routines.,



Chapter 5 .

System Tests and Calibrations

5.1 Front-end Module Tests and Calibration

Test and calibration procedures were carried out on
both sections: of the front-end moéule to verify design
objectives for this portion of t?e multichannel spectrum
analyzer (MCsa) . The procedures were performed on
individual parts, on combinations of parts, and on
sections of’the front-end module. The résults of phe test
and calibration procedures provide a reference should
retesting and recalibration become deccessary.

' The sequence of tests and calibrations on the parts
of the front-end module follow the RF signal path as it
passes through the hardware (See fiqures 2.1, 3.4). The
first set .0of tests was perf&rmed on the system starﬁing
with the front-end wideband amplifiers up to the 4-way
power splitters. -

The first staée of the front-end module 1is an RF
amplification stage. The two..RF amplifiers (AMMS502B,
W1GA) were tested and were fo;nd to have amplification of
27 dB and 20 dB, and noise figures of 2.7 dB and 1.8 dB
respectively (See Appendix C for specifications).

The 2-way power splitter following the RF amélifierg
module (PSC2-1W) used in the front-end médulé was tested

on a separate printed circuit board mounted in a small

169
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- ‘
diecast aluminum box for shielding. The

voltage-standing-wave-ratio (VSWR) was relatively low

N (l.2:1) for this device. However, it was found ﬁhat
deviation from a 50 ohm termination ~ on any ports

. noticeably influenced the other ports. It ~was found

: important to have a 50 ohm termination £for the widehand

. | »
filters as their response depends highly on it. Registive

attenuation on the input and output ports of a filter was

found to be wuseful 1in dampening reflections at these

ports.

One of ﬁhe'outputs of the 2-way power splitter goes -
. S o @
to the second section of the fggnt—end module -for

high-pass filtering, the other output .[continues in the

3

first section for further processing.

The next stage of processing in the first section |is
a. low-pass filter, (9th-order Cthyshev, £, = 256 MHz)
whicﬁ is shown in figure 4.2, Thé experimental and
theoretical responses of the low-pass filter are plotted

in figure 5.1. The response test and calibration were

done with the filter isolated from the circuit, and with

v the aid of a network analyzer (HP - 8410A, HP - 8412A) and
a sweep oscillator (HP - 8690B, HP - 8699B). " The
e experimental response shows 1little deviation from the

theoretical response in the pass-band and only minor

deviation in the transition and stop band. The frequency

I : response plots are shown _with a linear freguency scale

rather than the more common logarithmic scale. ‘Since the

s
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RN
N

tecéptibq‘range of 0 - 512 MHz is‘divided into 64 channels
of equal b;ndwidgh, it was logical to use ;‘ linear ~scale
in the plots. . | .
‘The low-pass filter is of the Chebyshev type which,
as the theoretical response illustrates, is cha;acterized
by equiripple in .the passband, "sharp roll-off ‘in the
éransition band, and no ripple in the stopband. The
experimental response is typical of an elliptic filter
‘(Cauer filter) where there is "equiripple in both thg
passbanq and stopband - (Daniels, 1574). The 1idealized
Chebyshev ‘esponse was unattainable at these high
Afrequencie; for the following reasons.’ . Firstly, the
lumped cgmponents (inductors and capacitors) do not ‘bepave
idealty ovég the 512 MHz bandwidth; capacitors suffer"
© from diele;tric losses and inductors have losses due to
“the skin effect. Secondly, the RF energy on the input of -
a filter may propagate across the space between the input
and the output. This is ‘especially a progiem in the
sté?band ffequency range where -the input RF‘energy is
reflected back to the source which may( not absorb it.
éogditions for 1launching the reflected signal into éhe
shielding box cawvity may become favourable. Thirdly,,
lumped Components begin to exhibit ;rangkission line
properties which can lead to undesirable enhancement in
the stopband. '
The most ,important aspects of the 1low-pass filter

response are: good rejection 1in the stopband {greater
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than-}G dB), a §hafp transition occurs at 256 MHz, aéd the o
passband is'equiripple (less tﬁanJO.Za dB). o

'Tée front-endpﬁixes (SR@-iW)' follows. the low-pass
filter and was found to .produce good 'mixing results
provided that tﬁe local oscillator signal is at 7dBm tﬁg;t
level® . ﬂowevef, ébnsidefable problems were encountered

-

-when connecting circuits such as the preceding low-pass /

filter. The RF port of the mixer céﬁld noé provide the
50 ohm resistive Fermination required -by thé\ following
wideband>‘filtér. Its VSWR was found to be witﬁin the
specified maximum of 2:1 but was still - found to
drastically affect the filter response, fhe addition‘SETa‘. 7
50 ohm resistor in parallel with the RF port of the mixer

' improved the response to an acceptable .level. * The

. resistor adds loss  to )the circuit but also absorbs

_spurious signals appearing at the RF porf.

The helica} resonatorvfollowing the mixer worked well
in rejecting the ffont—end local oscillator. The reéponse
and caldbration test was done in circuit with the mixer
removed. The exp;rimental and th{oretical response curves

‘are plotted in figure 4.3b. " The theoretical response was
based on a tranémfssion'line approximatioh to the hglical
’ resondtor (see Appendix D). The exéetimental response
. . follows the theoretical response in the reject band qggte 1
well, providing up 'to 30 db rejection of the front-end -

local oscillator - at 512 MHz. The presence of the .

resonator did affect the réspOnse of the 'two closest: .

L
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channels.. . At- 508 MHz and 500 MHz, the centre frequencies
of the two adjacent channels, the attenuation had dropped
to 14 dB and 5 dB' regpectively. Cpmpenga:ion for the loss
can be accomplished byfincreaseé IF gain in the.;espective
channel receivers. The effective characteristic impedance
of the experimental rEspbnse ;as found to be véry close to
the '500 ohm designed value. An attempt was made to tune
the resonator at ﬁhé free end but the Q of .the available
trimmer was too low. The result was a broadening in the
rejection bandwidth. fhgltrimmer)in this - position also
proved to be extremely sensitive to adjustment and hence,
couid not be relied on fpr a stable adjgstment. 4

The characteristic impedance and propagation'velocity
in a transmission 1line .are related to the distributed
inductance and. capacigance per unit 1length by the

' .
following expressions (Jordon, 1950):

fT | | . |
2, = |— 5.1
0 c .

1

5.2
LC

Using the transmission line %pp;oximaiion io the helical

resonator, the aQove equations may be applied. " The shunt

capacifor of the helical resonator is effectively in

parallel with the’@istributed'dapacitance and hence. tends

to reduce the effective characteristic impedance and
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¥ .
reduce the propagation velocity. 1In.order to obtain the

highest Q possible), minimal trimmer capacitance was used
and -the-coil was snipped to bring it very close but above
the desired résonaq; frequency. h

The output ofithe helical resonator pa%ses through an

attenuator designed for 3 dB loss which in actuality gives

3.1 dB loss. Following ' the attenuator, there -is a

- widebarid amplifier module (MWALl0) which provides 16 dB of

gain acrossg the 256.- 512 MHz band.

The wideband amplifier drives a 1low-pass filter,
which 1is- the 1last stage in the first éection of the
frd%g-end module. The filter was designed ‘as a' 9th-order
Cﬁebyshgv filter.. .The theoretical ‘andf experimental
frequency re;poﬁse are plotted in figure 5,2, o The
experimental response shows less than 1 dB ripple in the
passband of 0 - 512 MHz and a sharp transition of 32 4B in
10 MHzZ. The gtopBand s;ttles down to greater than 27 dB
attenuation. As with the ‘previously 'discuésed filters,
the experimental response is characteristic of an elliptic
filter of which the Chebyshev filter is a‘Jspecial case
(Daniels, 1974). '

The second section of the front-end consists of two
identical halves Qith each - half containing a high-pass’
filter, an amplifier, and a 4-way power splitter. .

The two high-pass filters are 13th—$tder Cﬁebyshev
filters, with each having a cutoff frequency of 256 MHz.

The frequency response of these two filters are plotted in
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figure 5.3 (lower half of signal spectrum) and figuﬂev$ﬂiqn

(upper half of; signal spectrum). Both filter expérimental
responses'”ééow"very good passband properties with less
than 1 dB ripple which compares favourably with the
designed ripple of 0.28 dB. .The transition band for the
two filters is virtually the same with a‘ transition of
45 dB in 40 MHz. The stopband for both filters is very
low with the response for the uéper half of 'the .signal
spectrum settling down to 45 dB attenuation, and fo; the
other filter the response settles dpwn to 50 dB
attenuation. These twd filters depart from the similarity
to an elliptic filter that was noticed in previous
filters. The passbands for the filters are sufficiently
low that the previously mentioned mechanisms for passband
ripple do not operate.,- - In the stopband, prépagagion of

. the RF energy from the input - to the output .around ;the

filter is considerably less favourable than in. previous:

filterg'and is evident by the very high attenuation : and
_min;mum ripple. " |
Tﬁe freéuency response qﬁ the ‘combined low-pass
'4fi1ter (from the first section of the front-end.module)
and high-pass filter (from the second section of the
. front-end module) %65 the lbwer half of the 'signal
. spectrum is plotted in figure 5.5. . The experimental
frequency response of the’ éombined fi;iers has good

attenuation { >50 dB) in the lower stopband and low ripple

in tﬁé‘ paésband ( <1 dB). However, there i3 some

AT?
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degradation in response for the upper and lower transition
Bands and in ‘the upper stopband compareq' to that of
prévious.results. The lower transitibn/band (256 MHz) has
a response roll-off of 45 dB in 60 MHz. This is still
accéptable, since there are no channels operating below
256 MHz. If‘spurious frequencies appear in the transition
b;nd, they may not Be sufficiently a?tenuated to prevent
detection by adjacent:channels. ‘They can be dealt with on
an individual basis if they become a p{gblem. The upper
transistion bané has a sharp‘roll-off response of 40 éB in
20 MHz and the upper stopband settles to an attenuation of
30 4B. 7 The experimental transition response is
characgé%istic of the response for a transmifsion line
filter or' a helical resonator. This 1implies that aé

500 MHz and above the discrete components wused in the

filter are behaving less like iumped components and more

"like distributed components.

,,?be output of the high~pasgs filter of the second
secéién ofdthe front-end module is amplified by a wideband
module (MWA220). Both amplifiers provided 10.5 dB of gain
across the 256 - 512'MHz frequency range and drive the
4-way resistive power splitler.

i The power splitters present a 50 ohm resistive
termination to each of the filter banks but at the expense

of 12 dB attenuation in total or 6 dB loss over that of a

lossless 4-way splif(
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A complete f;ent;end frequency sweep was per formed
with both sections of the front-end module connected and
with the front-end local oscillator in operation. The
input ‘RF power level was set at -40 dBm to preve?t

overload of any of the wideband amplifiers which would

result in distortion. The RF signal source was a Wavetek '

Signal Generator {(model 3000) and thé detector ‘was a
Tektronix bscilloscope (model 7104) with a high frequeﬁey
plug-in vertical amplifier module (model 7A29,
BW = 1 GHz). The output signal was taken from one of the
ports of the.4—way power splitter while the ‘other ports
were terminated in 50 ohms. Since there are two halves to
the signal spectrum, two frequ;ncy sweeps were performed.
The Wavetek 35ignal Génerator has a parallel port on the
rear ganel for program conﬁrol of thg output ffe@uency.
'fhe‘ par.allel1 port of the microcohputer was linked to the
port and stepped the signal géneratof through the
reqeption rangeAéf 0 - 512 MHz in 8 MHz steps. |
;he front;end frequeacy response corresponding to the
lower half of the signal spectrum is plotted in figure
5.6. The experimental response of output power versus
frequency HNas a passband gain greater than‘lz dB and
relative attenuation of more than 26 4B in the stopband.
The maximuﬁ ripple in the passband is 12 d4B. 'The

-

transition band has a sharp roll-off of 12 dB per 10 MHz.

The ripple in the passbahd is undesirable but is

manageable. The ripple in the passband can be iinearized

-



183

-

by adiusfing the gain in the receivers. 1In general, this
should be avoided because the IF gain of a simple receiver
is‘optimized for a narrow range of amplification - and
stability. Signals that appear in the peaks of the sweep
response Qill be ';elatively large compared to those
channels detécting éignals in 'the Erouéhs §f the sweep
response. The result would be a higher Tevel of
interference despite thé isolation between channels. .

The desired response is one with a flat passband,
sharp transitibn, and hiqh'attepuation in the stopband.
The last two of these have beeﬁ met adequately. Tﬁevideal
flat passband response is difficult to obtain in practice,
since it depends on a large number of parameters that are

not mutually ;ndepéndent but are coupled. Hence,

‘adjustment of one of the  components (inductor ‘or
capaciter) may alter the response in a number of
locations. o - .

The response in figure 5.6 can be directly attributed

to mismatching between various subsections such as power

splitters, mixers, filters, and amplifiers. "~ The filters -

were especially sensitive to source and load impedances,

as mentioned previously. “The re566;§g/;ould be improved-

by retuning the filters but the problem of coupled
parameters limits the retuning to émall adjustments. The
problem of miématching was alleviated a little by éhe use
of attenuators which have a broadband dampening efﬂact and

tend to isolate one stage from another.

~
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The froﬁt-end sweep corresponding to the upper half
of the signal spectrum is shown in figure 5.7. The
expet{mental response shows outpp; power vergys frequency
with the gain in the passband greater th’is dB and:the'
relative attenuation in the stopband greater than 30 ¥3B.
The maximum ripple 1in the éassband is 5 dB which is
undesirable, 'but manageable and is much less. ribple than
in the response for the lower half of the signal spectrum
( see figures 5.6 and 5.7J. The transition band is - very
sharp with a roll-off of 12 dB per 10 MHz. This half of
the éignal spectrum has considerébly less RF pfocessing to
go through than the previous one and hence, less

distortion of the response due to mismatching.

Taw
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5.2 Filter Bank and Channel Filter Tests and Results
P
The frequency response of each bank of filters for
+the eight <channels .is shown 1in figures 5.8 through to
5.15. The filter banks operated satisfactorily. |
The filte; response of each channel was optimized on
-a ‘network analyzer (HP 8410A) with a phase magnitude
display. (HP 8412aA) and, a sweep oscillator (HP 8690B,
_HP 8699B). This test apparatus is capable of sweeping‘
from 100 ﬁHZ‘to 2 GHz and displaying the magnitude and
phase respénse of a two-port network. ‘
’ Each channel filter was tuned for the desired centre
frequency, bandwidth, and iﬁsertion loss. It was
qesirable to have the channel filter tuned with the peak
response corresponding‘Atb the centre, and with the 8 MHz
baﬂdwidth delimited by the same,relative attenuation. The
half power points (or 3 aB) pointss ih a filter response
are often used to delimit a filter's'bandwidth, but in the
case of the channel, this woﬁld lead to excessive channel
overlap or channel aliassing. The cgannel filters were
tuned at the 6 4B bower points thch would provide 12 4B
isolation betweénfkwo signals at the centre ‘frequency of
two adjacent channels.
It was important4to keep the insertion loss of each
channel filter the same, .relative to one another and

-across filter banks. 1In this way, the frequency response

is kept as flat as possible. An insertion loss of 10 dB
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was finally adopted as being a compromise between minimum
loss and undistorted channel filter response. .At low
levels of 4dnsertion loss, ripples will appear 1in the
response due to‘impedance interaction of adjacent channels
(Wilson, 1981):

A frequency sweep from the input of Athe front-end
module to the output of the channel filters was performed
with an input level of -20 dBm. The ‘responsé for the
lower half of the signal spectrum is shown in'fique 5.16.
The response is reasonably flat at an output level -of
-23 dBm + 4.5 dB and hat less ripple than the front-end
frequency'sweep shown in figure 5.6. The - resudlts were
better than expected; it would s¢em that the mismatching
of the front-end with the filser bank 'altered the
frequency response in a favourable manner w%thout
adjusting the channel filters. It is also possible to do
some RF compensation for the ripple in frequency response
by adjusting the insertion loss of the channel filperg.
However, ,since the ripple is still manageable, the filtgx o
banks were not adjusted.

The response for the” upper half of the eignal
spectrum is shown in‘figure 5.17. The response is quite
flat from 256 - 512 MHz at a level of -20 dBm + 4 dB. The
ripple of this response is nearly the same as that of the
previbus response and it would appear, in this case, that
the front-end output is well matched to the filter banks

as there is little change in the ripple when compared to

=
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the front-end respofise in figure 5.7. Adjusting the
insertion loss of the channels to compensate for the
ripple was considered unnecessary since .the ripple is

still acceptable.
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5.3 Channel Receiver Tests and Results

Considerable care was taken in tﬁe design of the
receiver housing and associated input and output lines to
eliminate the effects of ‘external and inﬁernal
contaminating signals. The largeét éignal in proximity to
the receiver is the local oscillator and it is very
important to keep this strong signal away from the
small-signal detector diodg. The coaxial cable (RG-174)
used, provides 60 dB isolation between the inside
conductor and the outside braid and 120 4B isolation
between the centre conductor of two qgjacept coaxi$l
cables. The majority.of the RF amplification takes place
in the front-end module which furnishes sufficient gain to
produce a difference of 40 - 50 dB between the signal and
the local oscillator in the receiver module.

Searching for RF leakage was facilitated by the
construction of a small RF probe which was simply a small
coil.soldered to the open end of a «coaxial' cable. The
probe was connected to the 50 ohm vertical amplifier of
the 7104 oscilloscope and the coil end of the probe was
pasged over all likélx points of RF leakage. Any leakage
would be inductively coupled into the probe and displayed
on the oscilloscope. )

The double-balanced mixer ’(SBL-li of the ' receiver
worked well, but did require resistivé 50 ohm loads on tﬁe

RF, LO, and IF ‘ports. The resistor on the 1IF port

)
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dissipates soﬁe of the signal, but -it is required to
dampen the input caﬁacitance'of the IF amplifier and to
absorb the other prbduct produced :by mixing. Damping
resistors of 50 - 100 ohms on thé other two ports . were
tried, but were found to.be largely unnecessary.
Preliminary tests of the iF transformer were
o per formed under ideal conditions with an HP sweep
generator driving the 50 ohm primary and a 2600 ohm
resistor divider load on the secondary. The resistor
. divider load consists of a 2550 ohm resistance in series
with a 50 ohm resistor to éround. The output voltage was
taken across the 50 ohm resistor which matches the input
impedance of the vertical amplifier of_ the 7104
oscilloscopét After accounting for voltage reduction 1in
the resistor divider outgqt, the response of the
transformer under these ideal <conditions 1is plotted in
figure 5.18. The transformer core was aéjusted for
criticallcoupliné and the capacitance was adjusted for the
centre frequencX: The parameters namely bandwidth, centre
frequency, and coupling are not independent in this design
and cannog be selected without affecting the othe;s.
Consequently, a satisfactory compromise must be met,
otherwise the coil yindings must be changed to obtain a
new set of parameters, Fighre 5.18 shows a good response

for the transformer with the 3 dB points at the required

60 and 68 MHz.
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The pair of Schottky detectoru diodes (MBD102) were

matched by measuring the diode voltage to within + 0.25%

" under the conditions of constant room temperature (25°C)

and 20 uA bias. The diode équation (3.7) shows that
matching in this case pairs diodes with common saturation’
currents, Is' The actual operating temperature (36°C) is
higher than room temperature. It was assumed that the
matched diodes would remain matched ~at the slightly
:

elevated teﬁperature. The reactive components of the
diode detector <cannot be easily-calculated, but can be
determined experimentally. It has been shown that the
diode (MBD102) has effectively a series inductance of 3 nH
and a parallel capacitance of 0.8 pF and a dynamic
impedance of 2600 ohms -(Wilson, 1981). The series
inductance had minimal eféect“ at 64 MHz, but the
capacitance did have an effect ané was compensatéd by the
trimmer capacitor on the secondary of the transformer.

The instrumentation amplifier worked well énce the
coarse offset control had been set. There is external
access to a poténtiometer for fine offset control when
balancing of the system after it has thermally stabiliied.

The variable gain amplifier was adjusted with the
right combination, of resistors when the local oscillator
ciréuitry had been completed and fina; adjustments made.

The receiver response tests and cglibrations for all

64 channels proved to be long and faborious. Fortunately,

the care and patience applied during assembly 1led to

- 203



consistent results through all channel receivers.

The most important/ requirement of the receivers is - that
the bandpags‘h sponse be well defined and similar for all
receivers; FAgures 5.19 through 5.22 are all normalized
plots of the receiver responses and, hence, do not reflect
the difference in gain between channels (note: the
responses are §touped according to receiver sequential
numbers corresponding to channel numbers, and not channel
addresses). The gain of a receiver is deéendent on the
amplitude of the.local oscillator, conversion gain of the
mi&er, matching efficiency of the transformer, and
sensitivity of the detector diode. The figﬁres
demonstrate that each receiver has a good bandpass

response centred at 64 MHz with a 3 dB bandwidth of 8 MHz.

e
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5.4 Synchronous detector, Tests and Results

Attention given to the «concepts of shielding and
grounding résulted 1in relatively noise-free signals from
the receivers. Preliminary circuits were tested having a
common signal ground with the digital circuitry. The
common ground provéd to be scurce of-much noise even with
CMOS8 digital circuits. TIsolating the two grounds greatly
reduced noise contamination of the receiver signals.
There was very little noise associated with cross-talk of
digital signals on the detected signals. This 1is the
direct result of providing each digital control line and
signal line with a ground return line. 1In doing this the
effects éf EMI were virtually eliminated.

Figure 5.23 shows the timing diggram for the
synchronous detector. All the synchronous detectors are
operating in phase. They all receive the same CHOP
control signal and I&HIBIT control signal. Consequently,
the edges of the CHOP control signal are inhibited for all
synchronous detector simultaneously, thus eliminating the
problem of cross-talk betweerr two synchronous detectors.
An entire system sweep by the data acquisition system can
be done in 3.1 ms which includes both signal and reference
outputs of each of the 64 synchronous detectors. At this
rate the system can easily perform a sweep bétween the
edge transitions of a CHOP control signal with a frequency

of 100 Hz. Likewise, a sweep can be easily performed
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between the zero cfﬁssing points of the 60 Hz 'AC power
lines. The zero crossing points are significant source of
noise for some very sensitive equipment because rectifyfng
diodes in power supplies switch on and off at this point,
producing éMI at multiéles of 120 Hz.

Referring to figure 5,23, the first trace 1is the
output signal of the receiver at the lével of tangential
,sensitivity (TsS) or the SNR is 2.5, The edge effects
shown in this trace vary, depending on the type of chopper
modulation in use. One  type of chopper is the mechanical
chopper wused 1in qptical applications. It consists of a
stepping motor with a blade mounted on the rotor shaft.
The blade periodicaliy interrupts‘the optical Eéam. Edgé
effects broduc;d by this type of chopper océur just as the
bléde cuts the beam and appears as overshoot and
un@ershoot at the leading eége of the trace. All optical
choppers exh&bit phase nbise and‘jitter to some extent on
- the leading and trailing edge of the chopped beam,
Another type of chopper is an electronic éircu;t used in
the'processiﬁg gf RF signals. The RF chopger uses PIN
‘diodes (MPN340l) in a bridge configuratipn'(sée Appendix
G). The detected output of this' type of chéppéf is
qharacterized by o;ershoot on the 1leading edgé of the
waveform and undershoot on tbe trailiﬁg edge. There 1is
virtually no phase noise or Jjitter on the edges of the
this chopper provided that the trigger. signal ' is

symmetfic. The RF chopper was used extensively for

“h
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testing and calibrating the synchronous detector and the
entire multichannel sgectrumlanalyzer system. .
The INHIBIT trac? in figure 5.23 shows when the
synchronous .detector |is g;ted ofg.(when:INHIBIT is high)
to eliminate any edge effects in the chopped signal from

the receiver. The width of the INHIBIT pulse can be

<o

-

adjusted to mafimize passage of the signaI or” reference
and to eﬁsune removal qf the edge effects.

The next two trages’in the figure show the outputé of
thi -sample-and—holds without the edge effects. This is
the waveform just before the long-tiﬁe constant (6.28/5)
integrator. The last two traces are typical outputs of

the integratotr for the signal and the reference.

i

PN . -
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5.5 Local Oscillator and Frequency Multiplier

The schematic of the frequency synthesis portion of
the local oscillator is shown in figure 4.11. The crystal
oscillator (32 MHz) produced a vplgage swing of 2 Vpp for
the following buffer stagé which triggers the .first
counter. The output of the buffer produced a §ymmetrica1
équare-w?ve wﬁich is required by the TTL counter (74LSi93)
to ensure triggering of the '~ counter without skipping ;
pulse. _The -counters are guptaﬁteed to work up toz40 Mﬁ%:
provided ?h@t_? symmetric square-wave is used. The first
pair of counters divide the primary frequency by.128 to
génerate the main reference frequency of 250 kHz. |

The voltage controlled oscillator (VCO), which 1is a
threé .TTL iné;rter ring, had an unloaded oscillation
frequency of 32 MHz, Loading the output of one of the
inverters with a 60 pF ﬁrimmer capacitor aliowed frequency ffh\
adjustment over a range of 24 ~ 32 MHz. In " the
phase-locked lbop (PLL), the VCO was controlled by a
varactor diode (MV2209)‘which had a capacitance range of
30 - 70 pF.

Each of the 16 PLLs wére géjusted by breaking the
loop af the point where the error voltage 1line |is
connected to the varactor diéde. The reverse voltage
across the varactor was clamped at 1.5 Vdc, which was

3.5 vdc when referenced to ground. This reverse .voltage

allows maximum variance in capacitance of the varactor.
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The trimmer capacitor in parallel with the varactor was
adjusted until the desired frequency of oscillation was
obtained. The loop was closed and the PLL would then lock
to tpe main reference frequency (250 KHz).

The 16 frequency multipliers on the receiver modules
worked satisfactorily after some minor initial problems.
They all produced sufficient 1local oscillator power at
7 dBm  into each receiver. The output power was adjusted
by detuning the stages in the multiplier or . by changing
the emitter resistor in the buffer amplifier sﬁage.
Detuning was done carefully so that the harmonic content
of the output was not.increased significantly. All of the
frequency multipliers were tuned such that the tdtal
harmonic content was at least 20 dB less than the
fundamental. The double-balanced mixer that the 1local
oscillator drives suppresses the local oscillator and its
harmonics by up to 40 dB between~ the LO-IF 'and LO-RF
ports. |

Leakage of Rf signals from the frequency multiplier
was a- severe problem. Leakage from the seams of the 1lid
was reduced by milling the edges of the box flat and
milling the lip of the lid flat. This ensﬁred continuous
electrical contact around the 1id. Power lines passing
through the box wall were heavily capaéitivelynﬁecoupled
to each other and pa;sed throagh a ferrite bead.

Parasitic oscillation was epcountered in some of the

‘frequency multipliers. The layouf’nf the printed circuit
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board was such that inductive coupling between input and
output matching networks was minimized. Provision had
been made for brags shields if required and were used in
all of the frequency multipliers. The parasitic
osciylhtions were usually eliminated by simply rotating

the inductors with respect to one andther.
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5.6 Front-end Local Oscillator Tests and Results

The front-end local oscillator . provided * an output
power of 10 dBm into 50 ohms at 512.002 MHz. The output
waveform was a clean sinusoid with harmonics suppréssed by
more than 15 dB.

Difficultieé were encounterea in + obtaining the
desired output. Parasitic oscillation at nonharmonic‘
frequencies presented a pers&géent problém. At. 1.2 GHz, l
internal capacitance and short 1lead lengths (sefies
inductance) Qere such that the Eonditions for ‘oscillatioﬂ
at this frequency were satisfied. Detuning tﬂe interstage
matching networks merely shifted the parasitic gscillation
”UfreQuency. Increasing the value of'the emitter reéiétor
reduced the coilecto?rcurrént and solved the problem. The '
feductigp iin collector «current reduces the gain of thg
transistor at high frequencies which is then in@apablej of
supporting the ' parasitic oscillation. 1In addition, the °*
spaces between the printed circuit board and the walls of
the aluminum box were packed with aluminum foil, ana more
brass shim stock tabs were used around the board's
perimeter to ensure good electrical conductijivity.

The crystal oscillator produced a large output
voltage (3 vpp) for the next frequency doubler stage. .The
crystal oscillator was relatively insenéitive to thermal
drift. - The output would settle down to 3V and

PP
512.002 MHz within 5 minutes of operation. The oscillator

.
L4
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was also relatively insensitive to the tuning of the
matching networks in the'foIlowing doubler stages. This
is due .primarily to the small coupling‘bapacitor which
tends to isolate the oscillator from the other'stages.

The strip transmission lines printed on the circuit
board eliminated problems with ;tray\inductive co;plidg
due to very small coilé in close proximity. " This cdupling

was the source of some very high parasitic oscillations

(1.2 Gﬁz).



5.7 Microcomputei- System Tests and Results

The entire microcomputer sfstem has been wb;king for -
nearly 3 years without any significant failure. |

The first portion of the ﬁicrocomputer system that
was operational was the CPU board and the 10 board. A
primitive operating system was writtgn in assembler code
and programmed into an EPROM. The primitive operating
system permitted memory modification on the CPU board and
communication to a host combuter " through the
microcompugér. -The FORTH operaéing system was acquired
and the assembler code was transferred into a file on ;he

host computer. A cross-assembler, written for the MC6809 "

microprocessor, was, utilized to assemble the FORTH

- operating system and generate an object file containing

:
%\

the 3-record formatted object code. The s-record file was
down;l !E;é into the micrécomputer and progfammed into two
4K EPROMS (D2732D). The EPROMS were installed in the CPU
board and the FORTH operating was brought up.

Other components in'the microcomputer systém worked
as described in Chapter 4. Problems that were encountered
during the development of the system proved to be simple
yet t;me consuming.

Problems associated with the microcomputer system
have virtually all been traced back to connectors. Poor
quality connectors would fail as a result of corrosion of-

contacts, failure to make <contact due to mechanical
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5.8 System Tests and Results

The mu}tichanngl spectrum analyzer (MCSA) was tested
as a complete system with a simulated RF input signal.
The tests consisted of dynamic responses, offset
responses, thermal drift responses, adjécent channel
interaction, and noise performance. -

Most of the tests required an RF input- signal that
was chopper + modulated -for proper operation of the
synchronoug detectors. A calibrated programmable RF
signal generator (Wavetek: . model 3000) was utilized as
the RF source. The RF signal from the generator was
modulated by an electronic RF chopper (see Appendix G) to
simulate the chopged RF signal from a photodetector.

During the systems operation in the reception range
-.of 0 - 512 MHz a number of problems were revealed. Most
‘of these were é}fficult to isolate but not difficult to
solve. The problems can be listed as receivers failing to
answer when addressed, several receivers answering to a
single agdress, imbalance in receiver gain and offset, and
software failures.

" All of the tests, e;cépt the thérmal drift tests,
were performed when the system had thermally stabilized.
The system is mounted in an open cabinet (no front or back
doors) . Consequently, no attempt was made to control the

temperature of the system by heating elements or cooling

fans. The MCSA was found to thermally stabiiize within 90



minutes from cold start. Calibration frequency sweeps of
the system before and ther an experiment were necessary
to compensate for additional thermal drift.

The first system test performed was an offset
response test‘of the system. This test was performed with
no input RF signal. - The RF input on the fggnt-end‘ module
was terminated in 50 ohms. All 64 channels were swept by
the -programmable RF signal generator and an
analog-to-digital conversion (ADC) was performed on both
the signal and reference side of the channel. Each
receiver has an offset control accessible from the bottom
of the receiver module. The offset for each receiver was
adjusted for minimum ADC response (nominal output value of
4). They were not adjusted for zero response because the
ADC does not indicate negative wvalues. 1If the offset
drifted below zéro, offset compensation by software would
produce errors. . |

Dynamic response tests were performed on the system
for gain balance of the recéivers across the channels of

the system. The first test consisted of a sweep of the

reception range (0 - 512 MHz) at the maximum input RF-

power level before any of the receivers saturated or
compressed the signal. The power from the signal

generator was set at 10 uW (-20 dBm) which passes through

the RF _ chopper (8 dB attenuation) and through an

attenuator pad (20 dB) before entering the RF input

connector on the front-end module. Thé RF signal ,entering
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the'MCSA was 15.8 nﬁ (-48 dBm) . fhe‘purpose of this tegt
was to adjust the gain of each receiver in order to
produce a response with Fhe' smallest ripplé poséible
across the reception range.

A maximum ripple of 2 dB in the response was finally
obtained by adjusting the variable gain amplifiers in each
receiver. The response is plotted in figure 24.

The ripple of 2 dB across the reception range can be
compensated for by software. A calibration frequency
sweep of the reception range at a fixed input RF 'péwer
level can be perfofmed before and after the experiment Jor

verifiéation. In addition, a ‘talibration sweep for offset
andﬁthetmal drift cbmpensation can bé performed.

A series of dynamic response tests were performed to,
establish -the 1linearity of the channels @ith respect to
received RF power. These tests were performed at a number
of fixed input power levels and the results for a group of
channels are plotted in figures 5.25a, 5.25b, 5.26a, and
5.26b. The requgses shown were done without software
gain compensation, but were done with offset compensation.
The selected channels (channel numbers $20 to $2F) are a
single channel from each of the 16 receiver modules.

Ideélly, the respohses in the above figures should be
a linear fun;tion of the ADC vglue with input power. The
séuare—law detectors in the receiveté should produce an’
output voltage that js directly proportional to the input

power level. The opegation of the synchronous detector
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should not naffect this condition provided that the
detectéf signal 1is within the 1linear range of its
amplifiers and the signal is present long enough for tﬁe
long-time integrato;s to settle.

The responses in figures 5.25a and 5.25b were
performed on the signa%‘fidé of each channel. All oghthe
reéponses have a linear characteristic .between 6 nW and
56 nw. Below and above this range, all responées exhibit
‘a slight deviation from linearity. The deviation at the
high power end is due partly to the non-ideal square-law
response“of.tﬁé(detecpér d;odes and to nonlinearity of
data selector wcircuits and amplifiers. The low power
deviatioﬁ is due to hysteresis inlthe hold capacitors of

.

the sample-and-holds.

)

The dynamic 1equpse oé the reference side of the .
receivers 1is demoﬁgtfateq in figures 5.26a and 5.26b. All
”of,thé responses have a linear characteristic between 6 nwW
-and 26 nW and ;hqw the same deviatién“fromwlinearity as
did thé orevious figures. The gain on the reference -side'
of the .channels is slightly higher than the signal side,
becausenthe impedance of the RF chopper (when it 1is
gwitched "on) is slightiy different betweenlthe reference,
port and the signal port. ‘

A ghermal drift test was ﬁerformed .on all of‘ the
channels of the MéSA."A typical set of responses is shown
in figure 5.27a. All of the responses shown were done at

-

a constant input power level of 19 nw (=47 4Bm) to ensure
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t

a response in the linear ;ange indicéted by the dynamic
responée tests. Software compensation was done for the
offset, but not for the gain. ‘

The thermal gain drift response shows that all
responses settle to a fihal value within 90 minutes from

cold start. The cold start temperature was the same as

the room ambient temperature (20°C) and final operating

2

temperature, 90 minutes after cold start was 36°C measured

in the ~centre cheiver module. The final drift response
values were ﬁypically 50% of their cold start values. All
responses had similarily shaped thermal rgspbnse curvéé
and reached-thermal equilibrium together.

The thermal gain drift is due to gain variafions
throughout the system and not to offset drift. The g\in
of all the RF amplifiers chan%e siightly due to changes in

temperature (typica{ly 1#  for a 10°% change). Gain

variation can be caused by variation in the output of the

local oscillators. All of the 1local oscillators are
phase-locked, but are nbt amplitude compensated. The 1IF
outéut of each mixer in the receiver is a product of the
RF signal and the local oscillator and consequently, 1is

o

proportional to the magnitude of these.

The main cause of gain variation a he sgquare-law

%v
twdin gain

and offset. Thermal offset drift was compepsated by

v

detectors which are subjeC§ to therm#l drift*

hardware through the use of a matched referefice detector
diode placed beside the detector diode.

7
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Gain wvariation due to thermal effects of the
square-law diode can be explained by considering the diode
equation (egn. 3.7) and its Taylor series expansion (egn.

3.8). The coefficient for the zﬁvz can be shown to be:

.

2

d q qu/(nKT)
IS ) e

2
av2

nKT

The ratio of the coefficient at two temperatures (Tl’ T

can be shown to be:

2 2 2
d°1,/dv, -(EL) e(l/Tz-l/Tlde/(nK)

a"1,/dv

1 T

2

For I‘l = 2930K, T2 = 3090K, and Vd = 0.30 VvV, the ratio of
the coefficients, C, becomes 0.492. This accounts for
virtually all the thermal drift noted experimentally.
Figure 5.27b shows the thermal drift of the offset
value for each receiver. The responses settle within 90
minutes to a low nominal value Bf 2. Fluctuations in the
of fset responses are due partly to the ADC conversion
error when an analog signal is clqse to a transition point
from one value to the next of the ADC. The result is an
ambiguity of 1/2 of the least significant bit (LSB) in the

ADC digital output. The offset .thermal drift is,

theoretically, a function of temperature given by the

diode equation. The ratio of the function at two

different temperatures (Tyr Ty) is the same as equation

5.4 but without the Tl/TZ factor. For the same conditions
P .

\
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for T,, Ty, and Vyr mentioned; above, the offset should
drift to- 0.54 of its original=valge. Figure 5.27b shows
that the compensation efféét of the second thermal .
reférénce diode worked well in canéelling the offset
thermal drift. .

The long term effects of output drift are plotted in
figure 5.28 for a few representative channels. The long
term response test was perfdrmed by swéeping the frequency
reception range of the MCSA with a 19 nWw (-47 4dBm) RF
signal every 10.5 minutes for 3 hours. The programmable
RF signal generator was used as the signal source. Over
the period of 200 minutes commencing 6 hours fter cold
start, the output value‘d?ifts down by 1:3% in the worst
case. fhe maximuw ripple‘oh the curves ié 8 units or
0.5%. The output of th signal generator was level
controlled and did not contribute to the drift.

Short term drift is plotted in figure 5.29. The Jdata
was sampled every 2 seconds for 120 séconds. The daﬁa is
a repesentative pottion of a larger set of data that was
taken over a period of 20 minutes. The daﬁa fluctuates
. about a mean value by ‘one or two bits; The Eluctuation is
partly due to conversion error of the ADC and partly due
to thermal‘noise.

" The effects of adjaéent channel interaction are shown

in figures 5.30a, 5.30b, 5.30c, and 5.30d, The té&st was

performed at an input RF signal level of, 19 nWw {-47 dBm)

using software compensation for both offset and gain. The




2000
1

19504

ADC value

$28

19007 N

/ $2F
:, 18501 1 ‘-W\ﬁ S Sl
T L . ) B 1
(//,/ﬁ;;; 350 400 450 500
. Time (m1in,)
Figure 5.28 Long term thermal dri1ft response.
191754
15 $20
‘ ]9‘[04 . . . . . . . 00s & o o
[+ . .
=
- =4
{0 —
> T
o 18854 -
2 $27 L) rl . * - »
L] [ * @ ¢ 80 [ N}
18804 .o
T }
0 50 100

Figure 5.29

-

Time (sec.)
Short term thermal drift response.

231




Prwer [nWw]

Prwer [ nW]

204

2
W
P>

181

i Y
N = on

109

6 1
4 4

2 1

0 1 l l I ° " e

196 1| 260 | 324 ' 388 | 452 | 516

36 100 164 228 292 356 420 Ugy
Frequency [MHz]

=4
[ep}
o
(8]
o

Figure 5.30e Adjecent channel 1nteractinn,

204

1849
161

oy
F—

121
10 4

ol ) TL
5768 1132 1 196 | 260 | 324 | 388 | 452 ['516
36 100 164 " 228 292 356 u20 484
Frequency [MHz] .

Figure-5.30b Adjacent channel interaction.




Prwer [nWw]

Prwer [nW]

20+
18 4
16 4
14 4
12.4
10 4
8
6 4
4 4
2 4

¢

A

i

Figure 5.30c

20 -
18 1
16 1
14 4
12 4
10 1

81

6 4
4 5
P

L4

y

3

I
6

|

L
|

100

164 228 292

Frequency [MHz]

o _ " ol
132‘[ 196 ] 260 ] 324 ] 388 ]

356

420

4%2 15;6

gy

Ad jacent channel interactinn.

Lg

y

s

36°

|
!

100

164 228 292
Frgguehcy [(MHz]

356

420

. L N e } L 4 N
132 | 196 | 260 | 324 | 388 | 452 | 516

48y

Figure 5.30d Adjacent channel interaction.

233

e



234

resultiné response is flat with. a maximum ripple of
+0.13 4B. Interaction between adjacent channeXs is
limited to the‘ very next channel only. The minimum
isolation between channels was found to be 8.2 dB for the
pair of channels at 500 MHz and 508 MHz. Typically the
isolation 1is greater than 10 4B between adjacent channels
with many having greater than 20 dB isolation.

The standardAérocgaure for measuring noise figure of
a system requires the use of a calibrated noise source and
a ;eans for measu;ing noise power. The first step 1s to
terminate the input of the instrument by a matched
resistive load and measure the outpeFA noise power (nr =
KTEB). Next, ¢the noise generator is'connected to the
input and the output noise power (ng = kng) is measured.
It is ;onvenient to have an adjustable noise generator so

that the output perr (ng) can be set to twice n,. In

this «case, the noise figure <can be found from (Kraus,

1966):
'I‘r T
F =1+ =—1 -1 5.5
TO TO .
Tr = Tg - ZTO

where Tr = receiver noise temperature
Tg = noise generator temperature

. T, = ambient temperature
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For thé MCSA, the detection limit is determined by a
one bit fluctuation in the output of the ADC. The MCSaA
exhibited wvirtually no background system noise when
configured without auxiliary RF amplification, The
auxiliary amplification stage (50 dB) was added ¢to the
front-end  module between the low noise front-end
amplifiers and the 2-way power splitter. The a&plifier
stage has a noise figure of 6.3 dB but since it follows
the front-end amplifier, it has a minimal effect on the
total noise figure of the front-end amplifiers. The
additional gain raised the noise floor of the system
sufﬁfciently> across the reception range to produce an
adequate ADC value for poise measurements, The ADC values
are directly proportional to RF power in the channel since
the receivers incorporate square-law detectors.

Noise was injected into the front-end input by a
calibrated noise generator (Mega-Node). The generator .
derives noise from a speciélly designed vécuum tube diode.
It also has a calibrated meter from which the noise figure
can be read directly.

The noise figure: of the MCSA was found to be
3.05+0.3 dB across all 64 channels. This corresponds to a
receiver noise temperature of 306+40 K. In general, a
good quality receiver has a noise figure of a few dB. The
noise figure of a receiver is determineq mainly by .the
noise figure of the first amplifier. The front-end

amplifier used has a noise figure of 2.7 dB. The 0.35 dB
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difference can be accounted for by considering loss in the

/ ’ front-end cablés and noise due to the auxiliary
amplification .stage.

The sensitivity of the system can be calculated from

equation 3.i4 which is an expression for the minimum

detectaﬁle signal temperature, QTmin, of the MCSA. The

equivalent predetection bandwidth, is 1.5 times the -

BHF'
IF bandwidth or 12 MHz. The inéegration time, tLF' is 2
times the RC time «constant (6.3 s) of .thé long-time
integration or lé.é‘s. The system noise temperature was
found to be 506 K. The above values when substituted into
equation 3.14 give a theoretical minimum detectable signal
temperature of 0.050 K. Tﬁis implies a minimum detectable

-18

signal power (Pmin = Ké}TminBHF) of . 8.28x10 W

(-141 dBm).
The minimum detectable signal power of each channel
- - ;
of the MCSA was measured. The auxiliary amplifier stage

that was used in the noise figure measurements was also

used here.

. ' “ The minimum detectable signal power (Pmin) is that

input power 1level required to produce a signal-to-noise

ratio (SNR) of unity. Since it has ?een‘ shown that the
output of the square-law detectors of the recéiéérs‘is
directly proportional to input power} the conversion
gelues of the ADC are directly pFoportional to power. An

SNR of unity occurs when the peak value of

signal-plus—noise~e§ceeds the peak value of noise alohe by




the RMS deviation value (or standard deviation) of the
noise. 7 i

A calibrated RF signal generator was used as a test
signal " source and was modulated by the electronic RF
chopper. The test signal was synchronously detected and
its input 1level was adjusted for the conditions of unity_
SNR. The test procedure was facilitated by a test program
written in ©FORTH that automatically calculated the mean
and standard deviation of the ADC values.

,After accounting for losses in the RF chopper and
attenuators on the output of the signal generator, the

minimum detectable signal power (Pmin) was found to be

-138 dBm. This signal power was found to be uniform {less
than +1 dB) across all of the channels.

The minimum detectable signal power was found to be
sensitive to the <chopper fregquency. At low chopper
frequencies (less than 5 Hz), Pmin would degrade to about
-124 dBm. At high frequencies (50 Hz or more), Pmin would
reach -138 dBm. This is the result of low frequency noise
from the chopper control signals. Despite careful
consideration of the problems of goth high and 1low
frequency noise and interference (see chapter 3), some
influence of these spuriousysignals was observable at the
detection limit of the system.

In general, the spectrum of the MCSA at high oot

amplification levels - was noise-free. However,

interference and noise were detectable in those channels




that correspond to radio communications bands. In
particular, problems were encountered in the citizen's
band (CB, 26.965 - 27.405 MHz), FM band (88 - 108 MHz),
and' local TV band (CFPL channel 10, 192 - 198 MHz). This
environmental noise was typically 10 dB greater than the
system backgroud noise, Improved shielding of the
front-end amplifiers may reduce the progiem, bﬁt would not

solve the‘problem of pick-up by cables <connecting the

experimental apparatus with the MCSA.




Chapter 6

An Optical Heterodyne Spectrometer

7
{
.

6.1 Introduction

Two optical heterodyne experiments were performed
for verification of the capabilities of the multichannel
spectrum analyzer (MCSA). The MC caﬁ spectrally resolve
the RF difference frequencies . arising from the
interference of optical signals. Similarily, the MCSA can
spectrally resolve a stellar optical source with a

6 to 108 of the ‘opticall part of the

resolution from 10.
specgrum.

The MCSA was used in the detection of the intermodal
beat frequencies of a single He-Ne laser operating at
632.8 nm. The MCSA was élso used in the coherg;t
-detection of RF signals'fesulting from the heterodyning of
two He-Ne lasers. ,
’ The first optical laser heterodyne Qetection
experiments were 'perforﬁed by 'Nieuwenhuijzen (1970) on %
number of bright stars and the planet ‘Jupiter. The

instrumentation consisted of the 200-cm telescope at the

Ondrejov Observatory, combining optics, a PIN bhotodiode

{HPA 4204), RF amplifier, RF detector, lock-in amplifier,y

and a He-Ne laser (632.8 nm).
The laser, being a monochromatic and spatially

coherent source, is ideal as optibal local

A
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oscillator-for the -heterodyning of 6ptical signals.
‘ The linewidth and lineshape of the étomic transition
determines the 1linewidth and shape of the Iaser line.
" Both sqimulaéeé énd spontaneous'emission_ processes occur
during |, iaser action, ‘with the sgontaneous emission
contéibuting to narrow band gaussian noise. This noise is
the limiting noise source in a laser (Siegman, 1971).

F%gure 6.1a shows the sérucf&re of a-He-Ne laser tube
(Spectra Physics:. model 155) and figure 6.1b shows the
mechanism of opération of the laser.

Figure 6.1lb shows how some energy levels of He and Ne
match: E;cited He atoms have relatively long life times
’//sﬁd some may transfer.energy to Ne‘ atoms. by collision.

Tﬁe pumping action takes place between electrons and He,
Qﬁd between He and Ne.
Under strong\pumpiﬂg action, ' a population inversion
may be generated and the Qe étoms may produce laser action

on several different ‘transitions (632.8 nm, 1.15 pm, and

3.39 pm) . The laser frequency lies within the
o “

characteristic resonant frequency band of the medium. ‘

- This band correéponds to the gain® curve of the laser.

The Hé-Ne laser- used in the- optical heterodyne

- experiment is specified to have an outpuﬁ power of 0.5 mW,

a wavelength of 632.8 nm, a longitudinal' mode seéa;ation
~of 550 MHz, and a TEM_,, spatial mode when operating.

"The , optical signals were detected by a junction

photodeétector. For fast response times a PIN photbdiode.'

L .




Planar partially
tr&hsmitting cathode

mirror
| j;J
X = 632.8 nm //;;’F planar mirror
He-Ne gas anode - 3
mixture - 1000 VDC —>

Figure 6.la He-Ne laser tube.

He energy levels ‘ Ne energy levels

A
21s 38 laser
3.39 um
$ B \ P
transfer == ;
by atomic P
) collisions
3 | ! laser
> 2°s N —= 632.8 nm
o
o 2s lasef\\\‘
£ ’ 1.15 pm ===
) 2
T - _;Z_\':pontaneous
ls emission
i i 600 nm
excitation
by electron S .
collisions . g relaxation
0 ——
I
’ )

Figure 6.1lb He-Ne laser operation.
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was used (Philips: BPX65). -/
A typical PIN photodiodé is constructed from three
layers of p-type, intrinsic, and n-type silicon
semiconductor. The depletion’ regién formed by the
intrinsic (undoped) layer provides a larger depletion
depth which results in much 'smaller capacitance. The

-

reduced capacitance improves the response time jreatly

be,

over p-n photodiodes (Budde, 1983). Typical ’?esponse
|

times when loaded with 50 ohms is (.35 - 1.l -=s.

The PIN photodiode is a planar siliczon 3evic

wavelength response of 200 - 1100 =m and a peax
near 850 nm. The peak responsiv
(0.40 A/W at 632.8 nm, with "3 gaoanciT  sield of 0.3
glectrons/photdn (Budde, 1383). T.e noise ezlivalents

. -14 .,
power (NEP) is 3.3x10 w,

12 . s . :
3.03x10 cm ﬁz/h for a reverse ZZias 2% 20 v, The Zarx

1)
o]
[73)
iy
0
+
w
W
w
(14
(o1
o)
oy
O.
(r
)
(oW
.
O
(L
D

current or le;kage carrent of a rev
limits the detection. of smallr sigznalsz. A j23ard rinag
around the radiant sensitive area 3h.at3  tne sarface
leakage current around the load.rgsistor (dede,‘l983).

The photodiode will prodice an RF current at the’
difference freguency of two optical sources onl; w~hern
their polarizations are not perpendicular (Nieuwenhuijzen,

1970) . The He-Ne laser uJsed in the optical experiments is

randomly polarized.

’
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6.2 Method

The aetection of -optical signéls at a wavelength of
632.8 nm was accomplished by a PIN‘phoyodiode (BPX65) wigh
27 dB of wideband preamplification to provide a spectral
response up to 700 MHz (1.4 ns). Details of the
detector/preamplifier design are -shown in.figure 6.2.

‘The photodiode was reverse biassed with 8.3 Vv to
reduce the capacitance of the junction to about 8 pF from
its zero bias wvalue of 15 pF. With a nominal 50 ohm 1load
resistor, the 3 dB spectral response point occurs at
423 MHz.

Preamplification of the detected signal is performed
by a pair of wideband hybrid modules (MWAl1l0) that are
designed for 50 ohm characteristic impedance systems. The
colleéctors of the modules were biassed for 9 mA to provide
13.5 dB of gain in each stage. A shielded, 9 V battery,
power suJpply wés used to provide an uncontaminated source
of power. The noise figure of the pfeamplification stage
is 'determined by the first amplifierfayq%is nominally
4 4s. ’ | o e

Since the detectqr/preamplifier is‘thelmost §énsitive
part of the optical heterodyqe system, it was mounted:in
two small diecast aluminum shielding boxes to ~exclude
contaminating external.RF signals. a

The first optical heterodyne experiment per formed was

the detection of the intermodal beat frequency of a single
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He-Ne laser (Spectra _Physics, model 155), The setup,
shown in figure 6.3, was operated with only the ldca}
oscillator (LO) laser functioning.

The LO laser beam is réflected 90? by a planar
mirror, passes through a éoated glass beam splitter
(Amersil Inc., Suprasil fused silica); and illuminates the
photodiode of the degector/preamplifier'to pfoduce an RF
signal. The détected RF output passes through auxiliary
wideband amplification (35 dB) and 1is then frequency
shifted by a wideband mixer (Mini-Circuits: - model SBL-1X,
fLO = 194 MHz) into the reception range of the MCSA. The
output of the mixer passes thrdugh a chain eof attenuator

pads for amplitude control and then onto the MCSA for

" spectral processing.

The second optical experiment performed was the
heterodyning of two He-Ne lasers (Spectra Physics, model
155) and the detection of the beat frequencies between the

~-

two lasers. The setup is shown in fighré G;E'but'without
the mixer.

The LO laser beam is reflected 90° ‘by a planar
mirror, passes through a glass beam splitter, passes
through an adjustable aperaturé, and then illuminates the
sensitive area of‘the photodiode. The signal laser beam
is partially reflected 90° by the glass beam splitter
where it is combined with the LO laser. The internal

reflection of the beam splitter produces an off axis image

of the sign&l laser parallel to the main reflection and is
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stopped by the adjustable aperature.

Careful alignment of the optical equipment ensured
that the signal and LO laser beam were travelling parallel
paths after the beam splitter. This also ensures that the
wavefronts of. the two 1lasers are aligned and that any
interference pattérns are much la}ger than the senstitive
atea’og the photodiode.

The detected RF signals are preamplified at the
detector stage and then amplified again (35 dB), by the
auxiliary amplifiers. The amplified signals pass through
a chain pof © attenuator pads for amplitude control before

entering the MCSA for spectral processing.




6.3 Results and Discussion

The output powers of the two He-Ne lasers were
measured with a power meter (Scientech, moéel 36-0001,
36-2001) and both were found to be 0:6 mW. The LO laser,
after passing through the optics, 1illuminated the
photodiode with 0.35 mW of power. The coated beam
splitter (aluminum coating, 50% transmissivity) reflected
0.25 mW of power. The uncoated flat glass window on the
case of the photodiode has a transmissivity of 96% (fused
silica at 632.8 nm) \and reduces the illumination power tq
0.336 mW.

The responsivity of 0.4 A)w for the photodiode
implies an expected induced DC «current of 134 uA for
incident power of 0.336 mW. The measured average DC
current was found to be 109 uA. The difference is 23% and
can be attributed to misalignment of the LO laser n the
detector surface.

Low frequency .noise was present in the induced
current, A noise current of 0.35 puA was Airectly
attributable to 60 Hz power line contamination of the
laser signal. Noise current spikes of 2 - 10 uA that
appeared every few seconds, were the result of microphonic
pickﬁp from the chopper drive. -

The optical homodyne experimegl demonstrated .that

more than one axial mode frequency is present in the He-Ne

laser by the detection of an intermodal beat frequency- at
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550 MHz. A calibrated signal w;s sent down the detector
in place of the photodiode. In this way the intermodal
beat signal power was found to be O.S nW (-63 dBm) which
corresponds to 6.3“uA sourced by the photodiode into an
equivalent resistance of 25 ohms (50 shm }oad resistor in
parallel with SE/th input impedance of amplifier).

" The amplitude of the‘ intermodal beat frequené?
fluctuated considerably due to minor - temperature
variations over a period of 30 minutes and is shown |in
figure 6.4a.

Despite thermal stabilization ;f the lasers, the
separation of the mirrors drift slowly about' a mean
separation. The result is thaf the magnitude of the axial
modes will fluctuate depending on their position in the
gain curve, Thg product-of. these modes, which 1is the
detected intermodal beat frequency, will also fluctuate.

The ‘length of the laser tube or resonant cavity is
equivalent to c¢/2%f or 27.3 cm for the beat fréquenﬁy ;f
550 MHz. ' The thermal coefficient of expansion of the
glass laser tube is 1x10"% ! which, for a tube length of
27.3 cm, is ‘a variation of 273 nm/OC.~ This represents a
change Jf- 0.43 /OC or a change in laser frequency of
475 Muz/°C.

The oétical heterodyning of two He-Ne lasers produced
a response at the difference fréquency between the modes

of the lasers. The two laser sources are randomly

polarized but become partially polarized at the beam
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splitter. The LO laser becomes partially horizontally

polarized yith respect to the plage of incidence and the
signal laser becomes partially veftically polarized to the
same plane of incidence. Only the paralleltcomponents of
polarization contribute\ to optical mixing and produce an
RF difference frequeAEy at the photodiode.

The spectral response displayed only a single large.
beat frequency (fBl) most of the time, A smal}er second
beat freguency (fBz) appeared as the main beat frequency
drifted above 244 MHz. The second beat frequency is

equivalent to 550 MHz - £ The sum of the two beat

Bl°®
frequencies equal , the axial mode separation frequency of
. 550 MHz (see figure 6.4b).

The maximum signal power of the main beat frequency

was 1.78x10” 1w

(=97.5 dBm) which corresponds to 0.119 pA
séurced by fhe photodiode. The signal power of the second
beat frequency was much smaller (>6 dB) than the main beat
frequency. |

The beat frequehcies would stablize in amplitude agd
frequency after the ¢wo'lasers had been operating for a
'couple of hours and had thermally stabilized. There was
no fluctuation in the amplitude of the beat frequency that
corresponded to that 'of the intermodal beat frequency
shown in figure 6.4a. Rapid fluctuations would be averééed
by the analog 1integrator (6 s). However, the beat

frequency would drift slowly and randomly in frequency

with  time (0.1 MHz/s) due to minor variations in

-~ Bl

\w




temperature.

The relatively large single beat frequency with a
smafi secondary beat frequency implies that the lasers are
running with at least two modes. The relative size
implies that a single mode is favoured and that modes
higher than two are probably nét pregent. The 1linewidth
or gain curve of a He-Ne laser is doppler broadened and is
typically 1500 MHz (Siegman, 1971),. Depending on where
ghe threshold fori laser action passes through the gain
curve, two axial modes could fit in the gain curve. The
above heterodyne regults agree with this.

The foregoing heterodyne experiments demonstrated the
application of the MCSA in the coherent detection ‘of weak

RF signals resulting from the heterodyning of optical

signals.




Chapter 7 -
Discussion of the Multichanned Spectrum Analyzer

n

7.1  Discussion of Sygtem Concepts
A radio frequency multichannel system incoporating
the techﬁiques of lock-in detection for the aquisition and
coﬁe:gnt processing ogloptical signals hés been designed
and built. The reception range of 0 - 512 MHz was,divided
into 64 channels of equal bandwidth (8 MHz) and spread
uniformly across the entire reception "range.
Microcomputer control is an integral part of the system. .
The concepts of modularity and symmefry were applied
in the development of the MCSA. The system consists of 64
identical receivers, 64 identical synchronous detectors,
16 identical‘ module interfaces, 16 similar synthesized
local oscillators, and 64 similar transmission line
filters. . .
There were a number of advantages to the modularity
principle. From _.a technical .standpoint, design and
implementation of hardware was much 1less . time consuming
and tedious. Erfofs during assembly were fewer because
most procedures were duplicates. Design . time and
development . time was required for. only a minimum of
circuits developed to ensure operation under the full

range of conditions. Implementation time was greatly

reduced since all circuits had similar characteristics and
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problems. Long term  reliability of operation and

performance was better since circuit failures often had a

similar root cause.

The MCSA system is “essentially a parallel processing

[' ‘ system. It differs markedly from the more conventlonal

1

swept spectrum instruments, in many respects. Each

N ®

receiver channel of the MCSA is.fixed or is stationary in
frequency. Consequently, there was n@ FM noise from the
local oscillator, there wefexno problems associated with
.zhe linearity of tﬁe receiver mixers, and the cesign 'dnd
implementstion‘ of RF eléctrénics was not complicated.
‘"Kgfﬁu . Reduced complexity 1lead to .an imp;ovement'_~in' the

reliability of the system. It should be emphasized that

3

kS

R *‘neCessarilyl bring the entire system down. During fﬁe

’,

3 develcpment stages of the system a number of receivers had

L falled, but”work could eontinue .until a number of problems

el ‘)
= -«

ngad eccuﬁulqted and it became convenient to remedy all the

prob;ems:

The disadvantages to a paralltel processing system are

cost- and labour .required in construction. These two

points are the main obstacles that impede the progress

.tcserd -h#*gher degrees of parallelism fer the MCSA. These

problems can be elzmlnated by employlng a higher degtee of

1ntegraﬁ;on in the system. Such integration represents
.- o * E SV

the H‘xt step in_ the evolution of parallel analyzers

toward the techniques of integrated circuit design.
. s

§§faflure -of_ one of the multipl® channels would not -

-

.
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. Using custom integrated circuits to replace mosti of
the MCéA circuitry would make it possibie to design S
higﬁly parallel system consisting of a thousand or nore
receiver channels:

An integrated MCSA system has been bujlt at NASA-Ames

Research Centre for the SETI project (Search for

Extra-Terrestial Intelligence). The device is capable of

S

analyzing 74,000 channels or Erequency bands. The device .

is only a prototype, the intention is to develop a system
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employing channels. The éystem uses 4-bit

,

digitizétion on a reception range of 0 - 10 MHz with
digital filtering to prodﬁce 128 j27) intermediate
channels. Each of the intermediate channels is connected
to a miFroprocessor based FFT computer which generates
8192 (213) channels (Seeger, 1979; Billingham et a&l,
1978). 3

Presert day integrated circuit technology makes it
difficult t6 mix digital, RF and low frequency signal
proceSsiﬁg circuits on the same integrated chip.‘ Thus,
separate chips might be requi;ed for the RF processing,
synchronops detection, signal mulé%pléxing, and data
acquisition. ‘ ,t | -

-For ‘highly parallel systems, the . coneepts of
integration are important also from.a reliability

standpoint. - Since greater functionality can y@ designed
. j

into a highly, integrated circuits makingJ them more

versatile, she total number of <chips employed can . be

B
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lower.

Some components, "such as RF filters, cannot be
readily transferreq to: an integrated circuit. However,
the concept of symmetrica% design was successfully applied
in the implementation of strip transmission line filters
for the receiver channels. Other technologies, such as
sarface acoustic wave‘deviceé (SAW filters) are capable of
RF‘filtering but are presently prohibitively expensive in
a highly parallel application (Matthews, 1977)fand seem to
be confined to limjted frequency bands.

Alternately, RF processing could be accomplished by
wideband active powerg spiitting without filters. This
would be effective only if buffer amplifiér; were used
that provided sufficient 1isolation between channels,
preventing local oscillator siénals from propagating
backward down an RF signal line and %nto another channel
recei?er.

. If a filter is not used before the receiver mixer,
the IF band would be the,superposition of two RF bands
that are the sum difference frequencies of the IF and
local oscillater. The frequency spectrum would appear as
a double‘image separated by éwice intermediate nfrequency.
Once detected and digitized, the séperimposed bands could
be separated by softwgre.

In general, the concepts and techniques of 1lock-in

detection were successfully employed at radio frequencies.

Lock-in systems are conventionally used at low frequencies

L]

v

~e

-
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(<1 MHz) but have been shown to work well at frequencigs
far above 1 MHz. Although lock-in detection systems have
been developed and optimized for low frequency
applications, they can be adapted to RF proéessing, and
usea for the MCSA,; provided that accommodation has been
made f&r the nonideal behaviour of RF components, The
microcomputer system could facilitate such application by
performing preprocessing on the digitized data in order to
compensate for some of the RF deficiencies.

The MCSA provides a bandwidth improvement factor of
94.8 dB over the reception bandwidth of 512 MHz, and this
is directly reflected in the output SNR .(see equation
2.1). Across all 64 channels, the MCSA has a noise figure
of 3.05 #0.3dB, a receiver noise . temperature‘ of

306 +40 K, and a minimum detectable signal of -138 dBm.

s <



7.2 Discussion of tﬁe RF Subsystems
) .

Throughout the development. stage °~ of the . RF
electronic$ for the MCSA, problems were encountered.with
electromagnetic interference, shielding, and grounding.
~Only after . much work was a full appreciation and
understanding of the problem reached.

Each field of electronics (RF, 4dudio, and digital) is
influenced differently by -EMI, and eacﬁ requires a
different approach to their suppression. Effective EMI
redultion techniques must be used not only within a

O/ -
particular field 6f-electronics but its dinfluence in the

other fields must be: also Eonsidered. For example; a
coaxial cable carrying an RF signal is very effective ,in
containing - it within the cable but a nearby Iow frequency
¢hopper signal can be induceé in both the cable shield and
centre conductor.‘ ‘.
" Careful consideration of the problems of 'EMI' during
the development of the MCSA produded a system ‘that is
relatively free of ‘noise and contamination. None of the
‘64 channels éxhibited spurious responses &ue to
Aintgrfering‘channels} local oscillators, or harmonics. 1In
addition, there - were no major problems with external

, . -
sources of néise such as radio or television signals.

The front-éna module of the MCSA contains the RF

amplifiers, mixers, filters, and’splitters. The. module

perforﬁed all necessary functions satisfactorily. The

#
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module is presently cramped for fpace -and should be
expanged-by placing ‘the RF amplif&ers on a separate
module. This would improve shielding, convenience and
provide space for modifications and adjustments especially
when it is required to switch amplifiers in and out of
line. 1In’'addition, provision could be madé to power the
first couple of.amplifiers from battery that is shielded
and free of contaminating signals.

The low-pass and high-p;ss fiiters in the front-end
modules all had satisfactory responses. All of the
filters were based on the Chebyshev type but produced
responses typical of an elliptic (Cauer) filter (The

Chebyshev filter is a special case of the elliptic
filter). }he deviation from the ideal behaviour was the
result of nonideal capacitors and inductors behaving 1like
transmission 1line sections at high frequencies, and the
mwropagation of RF energy between the input and outpuf of"
the filter when refle?tions in the filter occur. Despité
these problems,‘it was advantageous to make use them in an
optimized response for the“passband; transition band, and
stopband. +

The\kront-end mixer (SRA-1W) was a source of a number
of’problems that could be solved to some degree~ by
selecting a mére per fect miier. The design of ; the
MCSA is such that it‘ relies on the linearity of the .
front-end mixer. The outht ports of the mixer have a
maximum- specified VSﬁR of 2:1. The uncertainty in the

.
-

L)
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. ay ¥ .
VSWR greatly affected the wideband response of the filters

because they rely on 50 ohm resistive terminations that
are .independent of freguency. 7

‘The residual front-end local oscillator éignal " that
appears on lhe IF port was suppressed by 30 dB. This is
insufficient to prevent detection by adjacent channels.
The residual oscillator signal was further suppressed by
30 dB with a helical tesoenator. The resonator is
characterized by a véry narrow rejection band.
Alternately, the signal may be actively suppressed by
feeding‘ forward some of the oscillator and subtracting’it
from the IF output; the idea being to cancel tge residual
signal.

Front-end freqﬁency responsé sweebs of the MCSA, with
the output taken from . the. 4-way power splitter,.agg
plotted in figures 5.6 and 5.7. The plot demonstrates‘the
integrity of the front-end of the system. The large
‘ rippie (+6 4B maximum) in the plots can be directly

-attributed to mismatching between the stages of

ing. ideally, the

amplifiéation, filtering, and jﬁi'
passband 'respodse should be fzﬁ” with a.sharp transition,
band, and high relative attenuation in the stopbanq;_-
Since in both plots, the frequency separation between
éeaks of the ripple is much wider than an individual
channel bandwidth, the ripple only influences the
effective gains of the channels with respect to one

[N

another. Compensation for the ripple could be
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acéomp}ished by adjusting the IF gain or the postdetection
gain in the receiver."A , -~

The strip transmission line channel filters were used
to’ divfdé the RF éignal into individual channels. The
combihation of the filter banks with the front-end
improved the overall frequency response of the front-end
by proéucing'a maximum passband ripple of +4.5 dB (see
figures 5.16 and 5.17). 1In general, mismatchihng between
stages tends to degrade the response. However,n in this
case, the relative ripple in,the peak responses of the
channel filters with respect to othér channels‘ had a
compensating effect on the ripple oflthe system freguency
sweeps.

. The local oscillator and frequency synthesizer are
sensitive components of the MCSA since noise in the 16ca1
oscillator (AM and FM) would be detected by the receiver's
square-law detector. Most of the noise is asynchronous
with the chopper-and cancelled by synchronous detection.
However, goiée that is synchronous with the chopper
control signal would be a very serious problem if it
contaminated ‘the< local osﬁillator. The ‘synchronbus
detector being unable to differentiate between  the noise
and the RF signal, would produce an inaccurate output.
Noise reduction techﬁiqueé' were applied throughout .th;
design of the _lo?al oécillators to minimize the
possibility of contamination. Noise from the osciligtors

: ‘ )

was not detéctable by the MCSA.
~ . ,

[ 3
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The local oscillator signals for the receivérs were
synthesized by phase-loc):king at a low frequency and thren
frequenéy multiplied /up_ to. the required ogcillator
frequency. Alternately{ the rqquired frequency could be
synthesized directly without muléiplication. ) The latter
method,. although more difficult, is the preferred approach
since it eliminates noise due to harmonics and
sub-harmonics (Manassewitsch, '1976). Output level control
of the osci;lator was not used in the MCSA b should be

considered if thermal gain compensation is {adopted for the

square-law detectors. <

”
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7.3 Discussion of the Detection Subsystem )

The detection subsystem of the MCSA is the most
sensitive part of the system. It consists of two

sections: square-law detection 1in the receiver for

] . f
detection of the RF signal, and synchronous detection for

coherent demddulation’of the choppef modulated RF and
reference signal.

The RF receijver was ‘- designed on the basic
heterodyne pringiple gith a square-law detector that was
compensated for thermal offset drift. Offset compensation
was. accomplished by va thermal reference diode that w;s
matched to the signal.detector diode (see figure 5.27b).
Control of thermal gain\ drif£ was not employed since

compensation for gain drift can be handled by software and

calibration sweeps of - the system.

An improvement on the channel receiver -.would be to,

employ .thermally stabilized square—Lmﬁv detectors. ‘A

simple method would be ta heat the diodes with a resistor..

'femperature could. be controlled by controlling the

resistor’'s current.- Temperature could be sensed by

measuring the voltage across the thermal reference diode.

In -highly parallel g_systemé, it would become

increasingly difficult to adjusf each receiver for offset,

v

IF  gain, IF  bandwidth, postdqtection . gain, and
postdetection -integration. At the "'risk- of making the

receiver more complichted, these adjustments could be

&

o
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performed electronically under software control. This
would permit rapid, periodic updating of the system for
optimum per formance. ‘ '

The synchronous detector met the requirements with
very little problem associated with synchronous noise. A
few-impfovements ig;the synchronogs detection circuitry
would be directed toward higher quality deévices and
components rather 'than circuit modificatipn. The two
samplé-and—holds were implemented with BIFET operational
amplifiers and could be replaced with' a single device
(LF398). It would be convenient ;6 have the differenée
signal (RF minus refeqeﬁce/signal) available “along with

;tﬁe other signals. Electronic control of the long-time

integrator would also be convenient. >

g




7.4 Discussion of the Data Acquisition System and

Microcomputer System

The data acquisition system input is connected to the
vutput on each of the receiver modules. The interface

controls access to the synchronous detector's analog
- - . : '

outputs and provides the control signals for proper
operation. The selected analog signal is placed on the

ribbon cable bus which connects all receiver modules and

leads to the ADC board for digitization.
[ 4

The analog signal when placed on the bus is driven by

a voltage follower but is still susceptible to noise on '

route to the ADC. mThe énalog signal could be encoded for
beéter noise immunity by the use of‘pulse wfdth modulation
(PWM). The amplitude,of the signal would be encodeéd as
the width fof a pulse of a carrier frequency. The noise
improvement of PWM is the result of inéreasing the
transmission bandwidth by encoding and then reducing the
bandwidth, along with the noise, on decoding. The ADC
would have to perform <conversions at a slowér rate to
provide adequate time for the decoding to take place. The
dgcoding could be done by an inéegrator that wouldjfilter
out the carrier and its harmonics.

The'dat; acquisition System was designed with a

12-bit ADC which has a dynamic range of 4096:1 (36.1 dB).

A 16-bt ADC would perform conversions at a much slower

rate "but would have a dynamic range‘of 65536:1 (48.2 dB).




266

A larger dynamicarange could be obtained by p{eCeeding the
ADC with a logarithmic amplifier.

The microcomputer system was used as an 1intelligent
control  system for the MCSA. Virtually all the fungtions
of the MCSA are under software coﬁtrol. The microcomputer
performs the control functioné quickly and in addition is
capable of some preprocessing to obtain extended
integration times and graphic displays. The intention was
to perform further data analysis and storage on a larger
computer ‘(PDP—11/23f where more elaborate software
packages are available, !

Presently, powerful personal computers (IBM) are
;vailable that can largely‘ replace the microcomputer
system. All commands tO +the MCSA pass- - through two
parallel ports which can be readily adapted.to a different
microcomputer system. However, in keeping with the
original concept of an intelligent controller, the présent
microcomputer performs‘ the tasks of data acquisition,
collation; system calibration, and graphicalrdisplay guite
adequately. ‘
. &he FORTH operating system currently running the MCSA

proved to be an adequate software tool.. Development of

both hardware and software proceéded rapidly together.

e,

FORTH would be an excellent choice as a controlling

operating system if the microcomputer system is updated.

oy
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Chapter 8

Conclusions

s

8.1 Conclusions

2
.

A multischannel 1lock-in ,detection §ystem has been.-
ol »
developed for the coherent processing of optical signals.

The multichannel spectrum anaiyzer (MCSA) has an important
role in ~an optical hetetody;e spectrometer as it
spectrally resolves the resulting inter@ediate frequenéy
(IF) band containing the signals of interest. ,

The novel design Uf/.%heb MCSA_Qincorporates' the
principles of lock-in detection and superhgéerodyhe
rébeptioﬁ,in each. of its 64 receivers, to extract- weak,

radio fréquency (RF) signals from noise.

A common system_ organization cogsists of scientific
instrumentation connected to an .exte}nal computer.with
user control required for both machines. The ‘analyzer
improves on this by fu}ly integrating Ehe two: All access
and control of the MCSA occurs through the user
programmable_.miérocomputer. The microcomputer performs
the tasks of data maﬁipulatioq, some data proéessihg,
extended ihtegration times, and graphic display of

spectral responses.

The FORTH operating system was used throughout the

development -of the MCSA. It proved to be invaluable as a

software tool in both the hardware and ' software

R
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. ’developqgnt stages Qf the MCSA.

s
., L]

-

The concepts of modularity and ;§Mmetry, common "~ in

other engifreer ’ desfénsQ ‘were suﬁfessfully translated
N .

/and'gyplied in he-developﬁent of the MCSA. Modularity

was particularly bengficial during the development stages
R :

‘by reducing signifigéigiy the time required for ‘many

quifications. Circdit  symmetry greatly alleviated

start-up difficuit{es, since problems were similar in all
the circuits. '

The concepts of parallel processing, which. are well
developed in computer designs,\were successfully employed
in the RF processing electr&nics " and detection
electronics. Despité cost and construction labour, the
system has proved to be reliable with 6nl§’hinor failu;es.

The ideas of lock=in detection, which‘aEe of;éﬁ used

at audio -frequencies; coupled - with suberheterodyne

reception, were successfully applied in a novel receiver.
~design. . The technique of lock-in detection greatly

reduced the systems sensitivity to noise. Particularily

-
-4

troublesome were external noise transmissions from CB

radio, FM radio, and TV stations. The technique of

superheterodyne detection greatly‘dmpfoved the sensitivity

. -

of the system -by iﬁcorporating " IF band (64 MHZ)

amplification, 1IF filtering, square-law detection and low

frequency amplification.. )

The MCSA as developed for maximum sensitivity.

Consequently, it is very sensitive to noise and

s

o



contamination coming from both Mnternal - and external
sources. It was found that the problems of‘

L)

electromagnetic'interference (EMI)\Fequired jugt' as much
attention as did the development of the MCSA's sub5yste;s.
The noise performance of the MCSA is largely
~determined by the first few front-end amplifiers of\the
front-end module. %he noise perfordance éan be imRrovéd
by placing Ebe front-eénd amplifiers in a separate module

with provision fors battery péwer supply.

ﬁéise generated as a result of distortion was much
more difficult to eliminate: Harmonics from the frequency
multipliers of the local oscillator were particularly

-

troublesome. The techniques of phase-locked frequency

synthesis applied to RF frequencies would significantly
;//// . reduce the distortion but at the expense of increased:
- \\circuit complexity. | T ‘{
The strip transmission line filters in the filte;
banks proved to be effective 1in dividing and bandpass
filtering the RF signal into individual channels. ATakipé
advantage of the <distributed parameter behaviour éf
. components resulted in reliable, trouble-free operation
despite the high radio frequencies involved.

.. ’ The most sensitive part of the_MCSA is . the channel
receiver. The novel desién was based on the priﬁciples of
superheterodyne reception with impréyed square;law
detect{on by empioying duil detectors to compensate for

thermal offset drift. Compensation for the thermal gain
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drift was accoméliehed throuoh softweée'«réther than
hardware. QA fu:therfimggqvement receiver 'would be the
desxgn of compensatxon circuitrty for ;hermal gain drift.

| éﬁe data acquxsltlon system w1th ) bé//lz -bit ADC
“proved to be sétisfactory. The high speed ADC scans the

LY

entire system quickly with wvery 1little CPU idle time,.
Dyna&ic range imprévementeoould oe achieved by precediog
the ADC with a 1ogafithmic'amplifiet.

The mplﬁichennei soectrum,analyzem was sdccessfully
used in an optical heterodyne experiment. The eprrlment
consisted 'of two parts: ‘ hooodyhe detectxon‘ for the
spectr;l reception of the intermodal beat fréquencies of a
He-Ne laser, and heterodyne detection for spectrally
Vresoiying ’the RF signals arising from the interference of
?two op;fcay'lasers. ‘ '

ﬁﬁe Mcék combines.the\p0wer of RF parallel process{ng
(6; x 8, Msz ihanoels) over a wide receptlon bandwidth of

(512 MHz), wlth the n013e reﬁucxng technlques ofv”lock—ln

. detection and - supe‘heFe‘OdYne detectxona,~ :}produce a;?

& .
systemgcapable of suppertxng some of. the most sensxtive

» .’ Wy

‘experiments ~nbw bexng petformed i‘g optxcal heterodyne

-

spectroscopy. In addltxon, the generalxty and versatllhtyj

"

;of the system is otchestrated by the mxcrocomputer and 1ts :

-

'software. o L . co e 5}

The MCSA has a’ bandwxdth 1mprovement factor, thCh ig

idxrectly reflected ;n the output SNR, of 94 .8 dB over the

"receptiOn range ot Slzgnaz.@ The no;se' :xgu;e; ofthhe’;

’ ,‘ -n
)
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analyzer is 3.05 + 0.3 dB with the receiver's noise
temperatures 306 + 40 K. The minimum detectable signal
power is -138 dBm. v ) .
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Appendix A
L
e ,
‘A.1 , Phase-Locked Loop Calculations

& .

The following calculations ~derive the 1loop filter

v

components neccessary. for frequency synthesis of the 16
L . -

local oscillators. The calculations are based. on

equations 3.15 - 3.17c and diagram 4.12b.

Intial conditions:

Vop = ° Vs
fr = 250 KHz, main reference frequency
£, =.20.MHz, low VCO frequency J

tn
H

30 MHz, high VCO frequency"

Vv = 5 V, wvaractor voltage range

n = 100, counter preset value
éswL = 2Wfr/10, lock range
Derivation of tl“ t2:

Kd = Vdd/W = 1.59 V/rad

[0}
é)wL
let (= 1.0 .

5
K = 21(fHTfL)/(nVV) = 1,26x10° rad/s.V .

= Z{wn = ZTfr/IO = 1,57x10~ rad

sow = Qwp /2t = 7.85x10% rad/s
rearranging equations 3.17b and 3.17¢c we get:

t, = §/2w - 1/K Ky = 1.37x107% s

2 -5
ty '~K0Kd/wn = 3,25x10 s
. = - = -S
o RIC ty t, 3.11x10 s
272




let R, =~ 6.8 KN

S C o= 4.6x107°7

oo R2 = tz/C = 300N

-

b
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Appéndix B,
B.l Y-Parameter Amplifier Analysis =~ : Ny )
~-0nly a pertinent part of the analysis 1is . presented

' here (Hejhall, 1978).

An important factor in'the_xgeéign of a - transistor

-~ Smplifier - Is its. potential stability.. This can be

determined from the Linvill stability factor "(C):.

) ‘ ‘\

' REPYSTY 3
v Ci= 12 21 - : . 3.1 -~
2911997 Re (YY)
Wwhen C .is greater than unity, - the transistor is

E

potentially unétable. When C s less't§an unity, the
' ( trazéistgr is unconditionally‘stable:

If the transistp; brOVes to be potentially unstable,
the analysis must-proceed using the Stern stabilfty factor
K. The design procedure for thi§ case {s lengthy and |is
well presented in the work by Hejhall (;578).

The analysis qfn a transistor that proveé to be
~u6cond£tionally stable. is much simpler than the instable
case, The trﬁnsistor a@pliéfers used inJ the MCSA were
found to be stable and the design precedure for éhem is
étesented here.- .

Transducer gain, G is defined as}the output power

T,
delivered to a 1load by "the transistor, divided by the

maximum input power available from the source:

274 .




: | ' 2
. Gp =

A 2
PAY 1 #Yg) (¥4 ¥y ) -¥ 0¥ 17

»

) The source_and load admittances, Yo and Y,

achieve the maximum transducer gain for an uncohditionally

required to

' t

\ ‘'stable transistor may be calculated from: -
b . hd ' . < . -
L - QN L '
. : 2 2
Gg' = —— R -|Y12Y21[ B. 3a

2Ré(¥22) y

Im(¥12721)

. B, = -Im(Y,,) + ‘ : D. 3b
®s 11 R (¥,) .
\
L | R
2 2 . .
G, = ——— R 2-|¥..Y..]2 B. 3c
L v 12¥211 7
2Re(Y22) .
. Im(Y,,Y,.) :
N B, = -Im(Y,,) + —12 21 - 3. 34 .
Re(Y11{ ’ °

where Ry = 2Re(Y11)Re(Y22)-Re(Y12Y21)

Th; foregoing design equations were used in the
analysis of 2N3866 radio frequency transistor. The small
’signal parameters for this device .are available in the
Motozo}h Transistor Data Manual (Motorola, 1978). Table R

€B-1 shows these Y-parameters for various frequencies and

the corresponding calculated results.

A

¥




o

Table B.1 RF transistor (2N3866) characteristics
I, = 80 mA .
Y-Par.’ Frequency (MHZ)

50 100 200 400
¥
Yy, 30+312 35+312 50+35 55-315
Y, -0.1-30.5 | =0.1-31.2 | -0.4-j2.6 | -1.7-j4.5
. i E-1 3

Yoy 360-'3620 70-3360 - | -40-3200- | -75-370
o 0.8+33.0 | 1.0+34.7 | 2.1+39.2 | 5.5+317
c 0.93 0.87 ©0.75 0.62
Ygopt 91.8-385.8(.127-336 1124339 56+7356
YLopt 2.45-j4.97] 3.6-35.4 4.7-37.4 5.6-313
G 950 | 176 - 35 7.45
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Power splitter - PSC2-1W

Appendix C

Device Specificatians

Aamplifier - AMMS02B

description: RF, wideband, low-noise
manufacturer: Avanték Inc.

model: AMMS502B

range: 5 - 500 MHz

gain: 27 +1 dB

noise figure: 2.7~dB maximum

-

VSWR: 2:1 input max., 2:1 output max.

compression: 1 dB at 20 dBm minimum

Amplifier - W1GA

description:. RF, wideband, low-noise
manufacturer: Tron-Tek Inc.

model: ﬁlGA

range: 5 - 1000 MHz Y

gain: 20 +0.5 4B

noise figuré: 1.8 dB maiimum

VSWR: 2:1 inpht max., 2:1 output max.

compréssion: 1l 4B at -3 dBm

description: RF, wideband

manufacturer: Mini-Circuits Laboratery

model: PSC2-1w *

range: 1 - 650 MHz

-
-
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Mixer - SBL-1

(

impedance: 50 A, all ports

isolation: 25 dB typical y

insertion loss: 0.7 dB typical
./

VSWR: 1.2:1 maximum

Mixer - SRA-1W - (

—
-~

]

descrgption: double-balanced, wideband
manufaéturer: Mini-Circuits

model: SRA-1W

range: 1 - 500 MHz

impedance: 50 oA - o

isolation: LO-RQ: 45 4B, LO-IF:'4O dB
conversion loss: 6.5 dB

VSWR: LO: 3:1, TIF: 1.5:1, RF: 1.5:1 "~
description: double-balanced, wideband
manufacturer: Mini-Circuits

model: SBL-1‘

range: 1 - 500 MHz

impedance: 50 {l

isolation: LO-RF: 45 dB, LO-IF: 40 dB
conversion loss: 6.5 dB

VSWR: LO: 3:1'. IF: 1.5;1, RF: 1.5:1

.
4

Amplifier - MWA1ll0

description:. RF, wideband, hybrid module

manufacturer: Motorola
part number: MWALllO0

‘range: ll - 700 MHz

273



n‘ - 279.

gain: 14 +1 dB
.noise‘figure: 4.0 4B
VSWR: 2:1 for less than 550 MHz
comp;ession: 1 dB at -3 dBm

Amplifier - MWA220
description: RF, wideband, hybrid mqéule
manufacturer: Motorola
part numbef: ‘MWA220 v ’
range: 1l - §00 MHz
gain: 10 +1 4B
noise figure: 6.5 dB
VSWR: 1.7:1 for less than 700 MHz

compression: 1 dB at +12 dBm.

-
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Appendix D

D.1 Helical Resonator Design and Approximation
s
An excellent discussion of helical ré§onators can’ be
found in the paper by MacAlpine (1959) and iﬁ‘thé 'Radio
Amateur's Handbook' (DeMaw, 1980). ' |

The general structure of the helical resonator is

]

shown 1in figuremD.l. The design equations presented have
been modified to accouﬁ;-for metric units of'measure.

A helical respnatbr was employed on the output of the
front-end mixer to fejeét any feed-through of the local
oscillator by an additional 30 dB. | Using the <design

equations of figure'D.l, the follow results were obtained:

glven? ZO = SOOﬂ: P go = 512 MHz

then; . = 9.82 mm

= 5.40 mm
= 13.02 mm
= 8.10 mm

= 9,64 turns

= p/2=omru

The helical resonator may be approximated by an open

D
d
-B
, b
N
P
%

circuit transmission 1line. The equivalent circuit and

appproximation equations are shown~in'§igure D.2. o

12

&

280

0.842 mm/turn ' —
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« d >

1f shield is square, then D = 1.2 X width.
e best results with:

d = 0.55 D, b= 0.825 D

B = 1.325 D ‘ .

0.4 < do £ 0.6 P,

. if D (m] and fo-(MHz] then:

N = 1.968 D fo*

?

N = 48.5 / (fo D)

o

2515 / (fo D),

‘P o= 17.03 fo D [mm/turn]

Figure D.1 Helical resonator structure and design. . i

Py
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2
°<

open-circuit
transmission line
approximation

for a'transmission line:

Z1 Cos(Bl) + j Zo Sin(Bl)

- Zin = ZO( ,
) Zo Cos(Bl}) + j Zo Sin (Bl .

for an open circuit transmission lime:
. .

Zin = -j Zo Cot(Bl)

. : ‘ .. the response of the above circult is:

G = -10 log [1 +< " )Z.Tanz(alﬂ

210

s

» - Refer to figure 4.3b for theforetical and experimental
responses. -

Figure D.2 Equivalent circuit and approximation
for a helical resonator,.

N \




Appendix E

. -1 '
- , . . .

E.1 Microcomputer Schematics

¥

The following figures'are a complete, detailed set of .

schematics for the microcomputer system used. with the

”
multichannel spectrum analyzer.




Table E.1l Pin designations of the STD bus

Component side

Pin Mnemonic Flow Description
. +in,-out
1 +5V + +5vdc
3. GND + ground
5 -5V + -5vd¢
7 D3 Ry . data bus
9 D2 +/- data bus .
11 D1 . T4/ data bus
.13 . DO +/- data bus
. 15 -Yi - address- bus
17 A6 - address bus
; 19 AS - address bus
‘ 21 a4 - address bus
23 A3 - address bus
25 A2 - address bus
27 Al 0 - address bus
29 A0 ~ address bus
31 -WR - write to memory or 1/0
33 ~IORQ - I1/0 address select
35 -I0EXP +/- 1/0 expansion
37 .- =REFRESH - refresh timing
39 -STATUS1 - CPU status ’
41 ~-BUSAK - bus acknowledge
43 -INTAK - interrupt ack.
45 -WAITRQ - + wait request
47 " =SYSRST - system reset
49 -CLOCK, = clock from CPU
.51 PCO - priority chain out
53, AUX GND + aux. ground
55 AUX +V + aux. postive
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R 'q,TabléZE.li, coritinued
C;rcuitﬁside
.Pin Z; Mnemonié Flow Description
" : +in,=-out
.2 +5V . + +5Vdc ) -
4 GND + .ground - :
6 -5V + -5Vdc
8 D7 . +/- data bus )
10 D6 +/- data bus
12 DS +/- data bus
14 D4 .o +/- data bus
16 AlS - address, bus
18 Ald - address bus
20 Al3 - address bus .
22 Al2 - address bus o
. ) 24 All - address bus *
- 26 AlQ ’ - address bus
. ' 28 A9 - address bus .
30 | “AB . : - address .bus
32 -RD - ; . . read to memory or ‘I/0,
-34 -MEMRQ - memory address select
36 -MEMEX - memory expanston .
38 -MCSYNC - machine cycle sync
40 ~ ~STATUSO - CPU status
' : 42 - =BUSRQ + bus reguest
! . 44 -INTRQ + interrupt req.
46 —NMIRQ + non-maskable int
48 ' -PBRST + push button reset
50 -CNTRL + aux. timing
52 PCI + priorityechain in
54 | AUX GND + aux. ground
56 AUX -V + aux, negative
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/ typical links,

(ext) IRQ. ‘7‘:’/O NC
FIRQ O:. O| BUSRQ direct
CPU IRQ o'io| PCI
NMI o.'o| IRQ (PIA)
(ext) NMIRQ o' o INTRQ (ext)
J1
WE1  WE2 WE3 WE4 WE5 WES
) o O)o
typical links
Je
N
— i
6 o--0| 0
CPU Board # S |60l
r D I OO0 ?

. 1 D2 D )

LT ool
memory ool ¢ from
~ t ¥

6 d ‘ sncket 2[ ool s TU4LSY2
' : . : ool 6
S S S oo 7_J
— J3 Ju
+5V 02 R/W DO D1 p2 D3 D4 .D5 p6 -D7 IRQ GND

© 0 0 0 0 0 o 0 o0 o o o O

o o 0 0O o O O o O O o o 0

+5V NC NC NC CS A4 A3 A2 A1 AO NC RES GND

\ : J5 .

Figure E.1b CPU board layout.
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p
Read-only register _address = $FFDX

data bus

£ >
/7
D7|D6 Dsloulmluzlmlbq 8

TULS3T74 ATATALATALATALA
Octal l | | | J ' |
LatCh Sae~—
v = =
5 1 a0 CPU
a 22 3 Board #
Write-only register address = $fFDX:
data bus c
&L Vi
>
TALSITE [y x| x I'l |
VIV]IVIVIV
w./ @} = a. )
o 53] >
2 EJ ‘51 i .

~

AR

VIA 7 SY6522) socket Jjumpered for I0O board

Figure E.3 CPU board bus flags and VIA jumpers.
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Figure E.7Tb RAM board schematic.
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Appendix F
F.1 Software Routines for the MCSA

Table F.l lists Fhe FORTH routines required by thev
microcomputer to run the multichannel spectrum analyzer.
The table groups the’ routines according to tﬂeir’types as
was outlined in section 4.10.

Table ., F.2 1lists the same Nroutines ;but arranged
according to the way they appear in the FORTH dictionary
and also the way they appear stored on the EPROM board.

Following the tables are the source 1listings for

those routines that have been written in FORTH.
..
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1)

2)

3)

4)

3)

6)

7)

Table F.1 List of FORTH

Low FORTH .routines:

QRCV
PUTW
TS!

DAT@

QXMT
SWAP-
TSC@
DATC!

High FORTH routines:

VTS
VTDL
CNCA
LOG

Board/device commands:

MBMMP
DBUS
 WSW

DL4TH
CMPR
CACN
TIDY

MBE
RPIAZ
WAR

\

routines according to type.

SRCRD
=IF
TSC!
DATC@

VT
START
OUTPUT
ED

EBE
SPIA2
RST

Low applications routines:

SDATE
ADCO

DATE
$ISPECO

EPGM
$ISPEC1

High applications routines:

FADCO

-USPEC

Graphics primitive

-ON
.=
-VR

-QFF
-V .
-PR

Graphics routines:

-AXIS

-VLIN

ISPEC

»

-ES

GETW
TS@
DAT!

VTSR
LOG2
LINEAR
CAT

CBE
WCR
SPIAl

™
$PSPECO

PSPEC

-CLR
-[]R
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Table F.2 List of FORTH routines in dictionary.

Al

1) Precompiled FORTH rouatines (on CPU board).

MBMMP MBE EBE CBE

DBUS SDATE DATE VTS

DL4TH - QRCV QXMT SRCRD
GETW © ' PUTW, EPGM CMPR
SWAP- ' =1IF RPIA2 ‘SPIA2 _
WCR WSW WAR RST

™ SPIAl ADCO START - »

2) Uncompiled FORTH routines (on éPROM board)

TS@ TS 1 TSce | TSC!
DAT! DAT@ DATC ! DATC@
N\LOG2 " SLOGF CNCA CACN
-ON -OFF -ES, -CLR
={1 - -V =P . -[]IR '
=VR -PR . . —AXIS -VLIN
FADCO OUTPUT -USPEC SPEC
$ISPECO $ISPEC1 * 'ISPEC $PSPECO
PSPEC " LINEAR LOG TIDY

ED CAT.



W

Y

FORTH Routines for the
Multichannel Spectrum Analyzer

MBMMP ( Usage: r7 r6 r5r4 r3 r2 rl r0 MBMMP )

15 FFDO C! ( enable bus, clear MEMEX to access board
control ) -

7FF8 7FF0 DO I C! LOOP ( loop through and initialize
memory map to the values: r0 to r7 )

1 7FF8 C! ( enable memory board )

1D FFDO C! ; ( set MEMEX for normal operation )

MBE ( Usage: MBE ) ‘

DBUS ( disable all boards and disabte bus )

76543210 MBMMP ; ( set mapping registers to
physical location )

EBE ({ Usage: 0/1 EBE )

DBUS ( disable all boards and disable bus )

15 FFDO C! ( enable bus, clear MEMEX )

2 * 1+ 7F00 C! ( select EPROM section )

1D FFDO C! ; ( clear MEMEX for normal operation )

: CBE ( Usage: CBE )

’0

DBUS ( disable all boards, disable bus )

15 FFDO C! ( enable bus, clear MEMEX )

1 7F10 C! { enable RTC/PTM board )

1D FFDO C! ; ( set MEMEX for normal operation )

DBUS ( Usage: DBUS )
15 FFDO C! ( enable bus, clear MEMEX )
SQOO 7F00 DO 0 I C! 8 +LOOP

53
2+

SDATE ( Usage: yy mm d4d hh mm ss SDATE )

0 7F0B C! ; start normal operation )

80 7F0B C! { set SET-bit only in reg. B )
20 7F0A C! ( set DVn for 32KHz, reset rest of reg A )
7F00 C! ( set seconds )
7F02 C! ( set minutes )
7Fr04 C! ( set hours ) N
1 7F06 C! . ( set day to Sunday )
7F07 C1? ( set day of month )
7r08 C! { set month )
7F09 C! ( set year )
(

DATE ( Usage: DATE )
7F09 CQ ., 7FP08 Ce@ ., 7F07 Ce .
SPACE 7F04 Ce . 7Fr02 C€ 7F00 ce . ;

SPIAl ( sets PIA-1 for adc-board )
28 FFC1 C! 0 FFCO C! 2C FFCl C!
32 FFC3 C! FF FFC2 C! 36 PFC3 C! ;

-2
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: SPIA2 ( sets PIA-2 for controller-board )
0 FFCS C! FF FFC4 Ct! 4 FFCS C!
0 FFC7 C! FF FFC6 C! 2C FFC7 C! ;

: WPRA .
FPC4 C!

-

: WPRB
FFC6 C!

-

WCR (. write to cntrl-reg on controller-brd )
0 WPRA FFC6 C! ; ~ .

: WSW ( write to switch-rer on controller«brd )
1 WPRA FFC6 C! ;

: WAR ( write to address-reg on controller-brd )
2 WPRA FFC6 C! ;

RST ( reset controller-board )
83 7E11 C! 3 7E10 C! 600 7E14 ! 2 7E10 C! :

TM ( Usage: chopper-speed TM ) 7
7E14 !
: ADCO ( Usage: ADCO adc-value )
E0O FFC2 C! FO FFC2 C! F8 FFC2 C!
BEGIN FFCl C@ 7F > UNTIL
BEGIN FFPC3 C@ 7F > UNTIL
FFC2 C@ DROP FFCO C@ 100 * FFCO C€& + OFFF AND ;

START ( start-up .everything ) .
DBUS CBE RST SPIA2 1 WSW CC WCR FF WAR 400 TM SPIAl ;

SP€ VARIABLE TS0 ( top-of-stack for %ocal variables )
SWAP- SWAP - ; |
=IF COMPILE OVER COMPILE = {COMPILE] IF ;

: TS@ TSO SWAP- @ ;

TS! TS0 SWAP- | ;
s TSC@ TS0 SWAP- C@ ;

: TSC! TSO SWAP- C! ;

0 VARIABLE DAT ( general purpose data reqg )
20 ALLOT




e

DAT! DAT.+ ! ;

DAT@ DAT + @

-

DATC! DAT + C!

~e

DATC@ DAT + C@

-e

VARIABLE LOGT -
2680 , 5269 , 759D , 95CO0 ,
B350 , CEAE , E829 , FFFF ,

LOG?2

~-DUP IF ABS ELSE 1 ENDIF 10 0

DO DUP 3FFF > IF I LEAVE ELSE 2 * ENDIF LOOP
0E SWAP- SWAP 4000 - DUP >R 800 / 2 * DUP DUP

2+ LOGT + @ SWAP LOGT + @ - OVER 400 * R> SWAP-

SWAP LOGT + @ + SWAP ;

$LOGF 1
LOG2 CO0 U/ SWAP DROP ;

CNCA ( chan- CCNCA chan-addr )
DUP 10 <« .
IF 10 SWAP- 4 * 3 -
ELSE DUP 20 <
IF 20 SWAP- 4 * 1 -
ELSE DUP 30 <«
IF 20 - 4 * 2+
ELSE 30 - 4 *
ENDIF
ENDIF
ENDIF ;

CACN ( chan-addr CACN chan- )
4 /MOD SWAP 0
=IF DROP 30 +
ELSE 1
=IF DROP OF SWAP-
ELSE 2 N
~=TF DROP 2Q +
ELSE DROP 1F SWAP-
ENDIF ,
ENDIF
ENDIF ;

-ON 1B EMIT ." Pp" ;
-OFF 1B EMIT ." " ;

-ES ." S(E)" ;

800

3419

*/
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: -CLR. -ON -ES =~OFF ;

-{]1 ( y-coord. x-coord =[] )
SB EMIT . 2C EMIT . 5D EMIT ;

-y ( y-coord x-coord -V )
56 EMIT -{] ;

-P ( yfcoord x-coord ~P )
50 EMIT -[] ;

: -[JR ( dy dx -[]R )
SB EMIT DUP 0< IF ELSE 2B EMIT ENDIF . g
2C EMIT DUP 0< IF ELSE 2B EMIT ENDIF . 5D EMIT ;

-VR ( dy dx -VR )
56 EMIT -[]R ;

-PR ( dy dx -PR )
50 EMIT -[]R ;

-AXIS

[ DECIMAL ] DECIMAL

-BS 0 100 -rP 400 100 -v 400 760 -V

0 90 -P 11 0

DO 0 10 -VR 40 -~10 -PR

LOOP 410 70 -p 17 0

DO <10 40 -PR 10 0 -VR

LOOP 17 O

DO 420 I 40 * 105 + -p ., T'" I 32 * 4 + ., ™ "
LOOP 450 285 ~-P ." T(S2,H2)'FREQUENCY [MHz]'"
300 20 -P .™ T(D90) (S2,H2) (D90) 'AMPLITUDE"'"
" T(DO)Y(SL)(DO)' '™ 0 0 -P [ HEX ] HEX ;

-VLIN ( table-addr n-data ~VLIN )

[ DECIMAL } DECIMAL 4 * OVER + SWAP 0 ROT ROT

DO I @ I 2+ @ ABS 25 256 */ 400 SWAP- SWAP 4 - 10 8 */
110 + 0 OVER -P ." V(W(E)) [+0,+400]" ~v- 2TERMINAL

IF DROP 1 ENDIF 4 +LOOP [ HEX ] HEX ;

' NOOP CFA OA DAT!

. : FADCO ( control- FADCO )
' pup 2 ¢ :
IF 40 * >R 40 0
DO 3F I - CNCA J + WAR ADCO OA DATR EXHCUTE

l1FC 1 8 * -
LOOP R> DROP
ELSE 2

=IF DROP 40 0
DO 3F I - CNCA DUP WAR ADCO SWAP 40 +
WAR ADCO - OA DAT@ EXECUTE 1FC I 8 *gi-
. LOOP




ELSE DROP
ENDIF ENDIF ;

PORT ( port- PORT )
2 * FFC6 + DUP D018 ! DOlA ! ;

OuUTPUT ( tab-~addr -of-words OUTPUT )
DECIMAL 0D EMIT OA EMIT 8 /MOD >R SWAP R> 0
DO 8 0 . .

DO ?TERMINAL DROP DUP @ 5 .R 2+

LOOP 0D OA EMIT %MIT
LOOP SWAP DUP /

IF 0 B
DO ?TERMINAL DROP DUP 9/4 .R 2+

LOOP
ELSE DROP
ENDIF DROP HEX ;
-USPEC
2 0 DATC! ( port 2 )
2 1 DATC! ( sig-ref data ) - )
43 2 DATC! ( 'C' for continuous sweep and display )

CR ." 2 or 3 (2)? ™ KEY 33 =

IF 33 0 DATC! ENDIF

-ON -AXIS .

BEGIN :
1 DATCR FADCO 4 DATR EXECUTP SP@ 40 -VLIN
IF FFC9 C@ 2 DATC! )
ENDIF 1 2 DATC@

43 ( 'C' - cont. sweep )
=IF 'SWAP DROP 0 SWAP
ENDIF

53 ( 'S' ~ single sweep )
=IF DROP DROP 0 KEY
ENDIF

44 ( 'D' dump data )

=IF DROP DROP 0 53
0 DATC@ PORT SP@ 4 + 80 OUTPUT 1 PORT
ENDIF

52 ( 'R' - sweep ref )

=IF 1 1 DATC! SWAP DROP 0 SWAP
ENDIF :

47 ( 'G' - sweep sig )

=IF 0 1 DATC! SWAP DROP 0 SWAP
ENDIF :
46 ( 'F' - sweep sig~ref )

=IF 2 1 DATC! SWAP DROP 0 SWAP
oz, |
8 EXECUTE

0D ( <cr> =- exit )
=IF DROP DROP 1 1
ENDIF 2 DATC! >R
SP! R>
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UNTIL ~OFF ;

SPEC .
' NOOP CFA DUP 4 DAT! 8 DAT! -USPEC ;

$ISPECO ( Averaglng routlne )

6 DATQ @ FFFF =

IF SP@ 6 DATE 100 CMOVE

ELSE 100 2 d
DO I 6 DATE + DUP @ 3 DATCR DUP 1 - SWAP */

SP@ 4 + I + DUP @ 3 DATCE /

~ ROT + DUP ROT ! SWAP ! 4 . .
+LOO0OP

ENDIF ;

: $ISPECL

49 =IF DROP DROP 0 53 FFFF 6 DAT@ ! ENDIF ;

ISPEC ( interval ISPEC ) .
3 DATC! CF00 6 DAT! FFFF 6 DAT@ ! ' 3ISPECO CFA
4 DAT! f $ISPEC1 CFA 8 DAT! -USPEC ; -

$PSPECO0 ( Peak routine )
6 DAT@ @ FFFF =
IF SP@ 6 DAT@ 100 CMOVE
ELSE 100 2
DO I 6 DATE@ + DUP @
SP@ 4 + I + DUP @ .
ROT MAX DUP ROT ! SWAP ! 4
+LO0OP
ENDIF ;

PSPEC
CF00 6 DAT! FFFF 6 DAT@ ! ' $PSPECO CFA 4 DAT!

' $ISPEC1 CFA 8 DAT! -USPEC ;

LINEAR

' NOOP CFA OA DAT! ;
LOG

' $LOGF CFA 0A DAT! ;

PFRQ ( frq port- PFRQ )

SWAP DUP 209 > IF DROP 208 0D 2 DATC!
-QFF 7 EMIT -ON ENDIF SWAP PORT U.

." FRQ" D EMIT 1 PORT ;

T™0 ( 0.1 second 1ntervals of time delay )
0 DO 589 0 DO LOOP LOOP ;

¢ "3$CSPECO

$PSPECO OC DAT@ DUP 3 PFRQ OE DATC@ + O0C DAT! 28 TD

.
’
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$CSPEC1
49 =IF DROP DROP 0 53 FEFF 6 DATE ! 4 C DAT! ENDIF ;

CSPEC ( start-freq. freqg.-step CSPEC )
OE DATC! OC DAT! CF00 6 DAT! FFFF 6 DATQ ! ' SCSPECO

CFA 4 DAT! ' S%CSPECl CFA 8 DAT! -USPEC +4
~ .




Appendix G

G.1l Electronic RF Chopper

An electronic RF chopper modulator was designed and
built to facilitate the testing of the multichannel
spectrum analyzer. It consists of four RF ports  and one

)
input chopper signal port. The chopper operates by

alternately switching the input RF signal from one. ouatput
port to another port. If one ‘of the output ports is
terminated in 501 , then the RF signal at-the other port
will appear switched or chopped off and on. -

The RF chopper ~was designed in a\\ﬁiode Bridge
configuration as shown in figure G.l. A total of 12 E}N
diodes (MPN3401) were used in four 'T' .séctions between
ports. When a 'T' section is turned off, the two seriésn
diodes are reversed biassed for high impedance and the
shunt diode 1is forward biassed to short éircuit any RF

N\,
signal that gets through. When a 'T} section is turned.
on, the two series diodes .are forward biassed for low
impedancelto allow passage of'the RF signal and the shunt
diode. is reverse biassgd,\for alzhigh impedance. The
transistor citcuitry. proviées the switching signals
neccessary to drive the diode bridge. The FET input

¢

provides a high input impedance‘to chopper signal with a

.

threshold of 1.5 V. ,A’,{
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The RF chopper has 8 dB loss when switchéd on, and
30 dB isolation when switched off, for a signal at_

'S00 MHz.
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