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ABSERACT

Vector tran&mission and reflectién-parameters of a device
are measured in térms. of the amplitude ratio and phase
difference between the sinuéoidalf_incident'gignal‘ and the
sinusoidal reflected or -transmit;ed signals. . The
measurement system digitally synthesizes-the incident signal
and then samples the ihcident and reflected or'transmittedrl
signals at predé;ermined‘intervals. ) The signal sample; are

‘digiti?ed, ~and the reflectién or-transmiésion coefficients
ca%culated.by sine cu:vé fitting.

System ‘performance is modéléd on a .égmputer to
investigate the effects of inputlnoise, harmogics, sahpling
time error and quantization error - on the results .pf a
simulated amplitude ratio and phase difference measurement.

- [ ] .
With 12 bit analog-to-digital conversion and the sampling

rate of 200 kHz an accuracy of #0.015 dB for magnitude and -

+0.1° for phase ‘'can thebretic&lly be obtained from 1 Hz to
20 kHz. ‘

The uncertaintiés og thelexperimental system are within
+0.02 4B standard deviation in magnitude and +0.2° standard
deviation in phase in the frequency range ffom 1 Hz to 12

kHz. Measurements” upto 24 kHz can be made with somewhat

. greater uncertainty, -

- iy -
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Chapter 1
INTRODUCTION

The primary objective of this'work has been to design,’
impleﬁeﬁt and evaluate a network analyzer which generates
ana detects signals using digital 'techniques.-- Without
getting into the details of the process itself, a few words
about the nature of the process should suffice to introduce
" the sﬁbject.

Net#ork Analysis is primarily concerned with transmission
ané reflection characteristics of networks. While the
transmission characteristics of a network (a device) specify
how efficiently energy is transferrea through the device,
the reflection characteristics show the effectiveness of
energyﬁtransferr into the device. Freguency is an
indepeﬁdent parameter, as a function of which the above two

£

.are measured.

1.1 DEFINITION OF NETWORK MEASUREMENT :

The purpose of network aﬁalysis is to completely
characterize or describe a network, 'so that one will know
hOﬂ it w{ll perform when stimulatéd by some signal.

Network analysis has two main subdivisions :

1. Scalar network measurements and

2. Vector network measurements:

¥
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Scalar network measurements in&blug_ magnitude and
frequency information only.  On the other hand, vector
netvork measurements are the measurement of transmission and

reflectien characteristics of a device, in which both

e

magnitude and phase are measured.’

1.2 BASIC COMPONENTS OF A NETWORK®*ANALYZER :
In network measurements, the amplitude ana'phase informaéion
of the incident, reflected and tfansmittea waves are used to
quantify - the vector , transmission ~and reflection
characteristics of a device. The ratio of the power
associated with the incident and the - reflected (or
transmig;ed)'waves ang the phase difference between them are
measured by a network analyzer. in dding 50, network
analy{érs employ scattering parameters, whiﬁh are used to -
characterize ; device. The reason for using s-parameters is
that they are related to familiar terﬁs‘such'as gain, loss
and reflection coefficient and the easeé with which they can
be measured- by conventional reflection and transmission
measurement technigues.

A typical;network analyzer system consists of :

1. a source

2. a signal separation device

3. a receiver/detector and

4.

[

display.
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The source -gener§tes the incident wave. It can be a
‘sweep oscillator to characterize a éevice as a function of
freéuency or a single frequency source, ‘'To test a
narrow-band device vof a - device with rapidly changing
'Ehérécieristics with frequéncy, synthesizers are used as
sources. In the selection of a source, frequéncy range,
output power, programmability for automatic measurement,
frequency accuracy and repeatability are usualiy considered.

Signal separation in §ransmission measurements is
obtained .usihg either a 3-dB directional coupler or a
broadband powgr splitter. In reflection measurements,
separaﬁion bf‘ the 1incident and reflected signals is
accomplished using a dual directional coupler or a power
splitter/directional bridge.

The functions of the receiver are :

1.' to epnvert high frequencies to DC or low frequéncies

o ‘

2. to detect magnitude ratio and phase differences .
There are three basic receiver techniques used in network
analysis. - ) )

h 1. Diode detection : The diode converts the “high
frequency signal level to a propér;ional dc level.

2. Fundamentél mixing : In fundamental mixing, the local

oscillator always tracks the RF signal by a fixeé
frequency equal to the I.F.. This allows a simple

mixer conversion to a fixed low frequency I.F..
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3.- Harmonic mixiné : The ‘hafmonic mixing uses. the
" harmonic of a low frequency oscillator as the local
’ oscillator: signal .to the mixer. This éechniqﬁe
provides extremely wide frequency coverage with a
single local oscillator. |
The magnitude of the single low frequency signals;p?re
measured precisely to obtain the magnitude ratio. The phase
measurements are accomplished by a phase detectoE@
The magnitude and bhaSe characteristics thus measured are

a displayed in an appropriate form. Theadisplayé used are

Rgftilinear displays, to indiéate maéﬁ&tude, phase, or group
w~delay. Polar displays are used to plot complex guantities
in a single cooréinafe system. Addition of digital-storage
provides a flicker-free display for fease of parameter

reading.

1.3 APPLICATIONS OF NETWORK ANALYZERS :

"Typical applications of the network analyzer in the swept
freqhency mbde, include characterization of transmission and
reflection properties of componenfé; devices and subs}stems.
A summary of applications is shown in Tablel.

Vector measurements of impedance are important in
optimﬁzing poﬁer-t;ansfer in multistagé amplifiers, To
achieve thié, the output impedance of a given stage must be

the complex conjugate of the input‘ impedance of the

following stage. Knowledge of the complex impedance is also

itk bl l:.u.u.kfm;m |
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necessary in-designiﬁg feedback amplifiers. The proﬁerjm.
feedback can be determined experimentally when the basic
amplifier cgaracteristics are not known.

Group. delay measurements are important in audio- and

video-frequency amplifiers an8l networks. In transmission
systems with complex waveforms, a linéar phase
characteristié is necessary to .prevent wave-shape
degradation.’ |

And finally, . transmission - loss and return loss

measurements can characterize a dielectric material 1in the
required freguency band and these measurements are an

integral part of dielectric spectroscopy.:

l.4 A DIGITAL NETWORK ANALYZER SYSTEM :

Of the many factors contributing to measurement uncertainty
of the network analyzers, thL most iﬁportant are

1. noise ‘

2. temperature variation

3. reflections'ana

4, directivity
with the advent of digital teéhnology, it h?s become
possible to use digital signal grocessors to ;eplacé analog
éircuitry. Properly programmmed, these processors réplace
inductors, capacitors and oﬁ-amps and can oscillate,
modulate, mix, filter, code, and decode in real time. They
do so with superio; accuracy and with a circuit-to-circuit
cpnsistency pr?viously unattainable.

S~

F




- TABLE 1 ! |
SUMMARY OF APPLICATIONS OF NETWORK ANALYZERS
. .
Vector network analyzers are used to measure
TRANSMISSION PROPERTIES :
GAIN/LOSS '
PHASE SHIFT
Group delay -
Time delay

Electrical length

REFLECTION PROPERTIES
COMPLEX IMPEDANCE (VADMITTANCEi)
REFLECTION COEFFICIENT (VSWR)
RETURN LOSS

These measurements can be made on

COMPONENTS DEVICES , SUBSYSTEMS
Filters Bipolar Transistors Receivers
Amplifiers FET's IF Sections
Antennas Diodes

Cables Tunnel Diodes

Couplers IC's

Attenuators . .

Phase shifters

Connectors

DIELECTRIC PROPERTIES OF MATERIALS

Dielectric Constant
Loss Factor
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This alternative to a great extent, counteracts the'above
unwanted fact07s and provides the followiﬁé major
advantages: ‘
)

l. Limited susceptibilitj to noise and interference.

2. Stablity as a function of temperature and aging.

3. Insensitivity to relatively large deviations in..

component parameters, .
"4, High accuracy. f

The source (synthesizer) and receiver/detector of a

network -analyzer system can each be replaéed by an-

all-digital processor. Figure 1 depicté the basic block.

'diagrim of such a system. This system has the pbtential of
being developed ‘into an independent stand-alone network
analyzer and works as an intermediate stage leading to that
final configuration.

Although computer-controlled analog circuitry for network
measurement automation is widely known, "use of digital
signal processing for detection in network analysis has not
been reported. -

“”

1.5 QUTLINE OF THE THESIS :

Chapter two revjews the nétwork analyzer systems and
presénts, in brief, the organization of the Hewlett-Packard
HP8407 network analyzer.

The third chapter explains the technigue used to retrieve

relative amplitude and pﬁ%se from the digital data and
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analyzer
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&
TERMINAL . PRINTER‘
. JI> MINI COMPUTER <
<
e e e — — ——
DIGITAL SAMPLING
. MICRO-
FREQUINCY ¥ T 3  pRoCESSOR [t INTERFACE
SYNTHESIZER
% ~  SYNTHESIZER/DETECTOR INTERFACE _ 4 _ _ A
FILTER . T
REFERENCE g
SIGNAL T
SPLITTER N DEVICE UNDER REFLECTION/ _
] TEST “TRANSHISSION.
Figure 1: Basic. block d1agram of an all-digital network
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details the principles: of operatipn of the digital network

analyzer. S ~ -

Computer simulation " of the mdasurement system is

b Y

presented in chapter four. The simuldtion was used to

investigate the effects of sampling rate, A/D converter bit

resolution, "amplitude ratio changes and signal/noise ratios

on the measurement system in order to gain better ’

»

understanding of the system.

Chapter five discusses the hardware aspects of the system

emphasizing the non-standard components and the limitations
of the hardware, Also presented in this chapter 1is the

flowchart of the software. ‘This implementation is

semi-automatic, with a friendly human interface, requiring’

minimum operator intervention. This chapter also discusses

the software under three main headings - operator interface,
e . - .

data acquisition and data processing, ‘respectively.

The sixth chapter .contains a critical evaluation of the

system, followed in chapter seven by recommendations for

further improvements and future work.
The main contribution of this work lies in establishing
digital technigques for network analysis measurements, the

[N .
procedural improvements resulting in the advantages stated

in section 1.4, and the suggestions for future work. The

tangible result is the easily understandable software” in a
high-level language which can be readily modified for
[ ‘

further improvements and carried over into the

implementation stage as recommended in chapter six.

-
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Chapter II

" A REVIEW OF THE STATE-OF-THE-ART

In the first part of this chapter,: a brief account of thg

+

history of network measurements, using network analyzers, is
reviewed. The second part contains a discussion on some of
the aspects, of the present HP systems, which are suitable

!
for replacement by digital processors.

2.1 A BRIEF HI STORY QF NETWORK _ANALYZERS :

Lomplex microwave communication and radar syétem
reduirement$ regularly call for components with very small
deviation from flatness and linear phase across wide
bandwidths. These specifications demahding high measurement
accuracy were first satisfied by the Hewlett-Packard

automatic network analyzer-HPB540, in 1967.

Vector network analyzers derive their origin from the

"extension of ﬁhe concept of vector voltmeter, a two-channel
RF millivoltmeter and phase met;r, into higher frequencies.
A chronological development of network measurements.is given
by S.F.Adam in Automatic Microwave Network Measurements [2];

The concept of vector voltmeters made possible " broadband

network analyzers, capable of measuring magnitude and phase

of reflection and transmission coefficients on the

_10_
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Magnitude uncertainty

11
- - R -
swept-frequency basis. In actuality, it ‘'provided a means of
obtajning full small-signal scattering parameters of both
active ?nd- passive devices. It was a two-channel system

using frequencxk translation by sampling technique to retaiﬁ

-magnitude aard phase information at an IF frequency.

Hackborn [S5] and Adam [1] described how this system was

connected to a digital minicomputer to achieve vector error

correction. Systematic errors associated with directivity

frequency response, and source and load mismatch effects are

largely eliminated by measuring a series of known devices or
standards. From this data, vector coefficients fhat model
the error effects are computed, and when an ﬁnknown device
is connecfed to. the system and measured, the computer

quickly corrects vector data. This system~ could generate

standard laboratory gquality dat 0 frequencies for 20
devices in an hour. The accuracies reg9(ted by Adam [1] for

reflection coefficient measurement for system without phase
r

lock were.

i
Magnitude uncertainty

£(0.003 +0.015p +0.01p%) : (2.1)

and phase angle uncertainty /

, ot [0.5" +tan™! 3 44t (0.0\1 Sp)]. (2.2)

For a system with phase lock the corresponding figures were,

L3

£(0.0015 + 0.005p + 0.003p%) (2.3)

[ -~



_ 4aﬁd phase angle uncertainty N\ | _
:[o_gs' +tan™ > 4 tany (;).oos;:)]. T (‘2.4)

. . where » is the magnitude of/the reflection coefficient
PL."

Over the past ‘1l6-years, a continuous series of

improvements have been made to this famiiy of Automatic

Network Analﬁzers.- Phase locking the signal source to a

' synthesizer derived receiver local oscillator provided both

frequency repeatability and accuracy eliminating  receiver
harmonic skip errors.  New methods of improving the accuracy
were described”using closed-form solutions of Kasa [10] for

-
calibration.

2

With  the . advent of programmable .instrumentation
- calculators and the IEEE standard-488 type of interface bus
system, new flexible automation of the measurement system

became feasible.

A semi-automatic network analyzer system was described
h . " .

using the IEEE interface bus [7]. This system used a
desktop calgulator, and fully fbor;ec;ed errors in one-port
reflection measﬁrements. Later én, phaSe locked sources,
and two-port er;of correction models were added to ‘this
éystem to provide flexibility in 3ta;loring accuracy
requjremenﬁs and costs. This system covers the frequency
band from very low frequencies of a few hertz to frequencies
§5'hi h as 18 GHz, but the cost restrictions still inhibit

its general purpose use.
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2.2 - ORGANIZATION OF THE PRESENT HP SYSTEM :
The automated . network analyzer configuration provides
program control of the source output fregquency, test set

switching, receiver tuning, IF gain, and conversion of&data

‘to produce fully error-corrected transmission and reflection

‘measurements from 100 .kHz to 110 MHz, using'the HPB407A, and

from 0,11 to 18 GHz, using the HPB410 network analyzer [6].
.Figure 2 shows f£he basic system configuration. It
consists of a source, various transducers (depending on the

M -

application),  the  Network Analyzer mainframe and an

appropriate display. A desktop computer with HP-1B

interface, HP-IB accessories and a computer program with all

instrument control, computétion, and operator “interface

modules are added to the system.to automate the instruments

and provide accuracy enhanced measurements.

The system operation can be easilly understood by dividing

L)

it-into four major sections : the signal source, the network

analyzer, the computer [5] a%ﬁ the accuracy enhancement

L pauc

caiculations. . (

2.2.1 Signal. source section

The signal source section consists of a sweep oscillator

L .
which can control different RF signal sources for the

required frequency band. The sweep oscillator is interfaced

to the desktop computer' to allow for digital programming of

+ the RF freguency. Automatic level control (ALC) is used to

-—r

!
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insure a reasonably leveled input signal to the device being

tested.

2.2.2 Network analyzer section :

The netgﬁ%k analyzer section measures the s-parameters of
the device being characterized, Any one' of the four
s-parameters representing a two-port device can be meaéured
by switching the RF signals ipside a two-port test unit.
Tﬁﬁébswiéching is computer-contfolled. The network analyzer
portion of the subsystem is a ratio-meter. -It requires both
a test and a reference channel. The reference and test
signals are each mixed in separate IF mixer circuits that
are'driven by a common localloscillato; signal, which 1is
held on frequency by phase locking the IF signal with a
crystal oscillator. The reference signal is held constant
within the ratio-meter and the test signal is compared to
it. These signals then go to the display where both
amplitude ratio and phgqsfgifference are measured. The
network analyzer interface automatically programs the test
charmel IF \(gain fo insure optimum signal to noise ratio.
The magnitudd and phase information from the displays are

accurately digitized by A/D conversion for computer input,

-t

¢
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T

2.2.3 - Computer section :

.Tﬁé computer section éonsists mainly of a sm;}l desktop
instrumentation computer with interface bus. accessories.
A1l the important functions of the instrument are controlled
'by tﬁé computer. It stores- the system's own frequency -
dependent vector errors and corrects the raw measurement
data for the device being tested. The corrected data are
:’t;ansformed into desired parameters for the device and
displayed on a teletype. '

The. system has the provision of being removed from

computer control and operated manually.

2.2.4 Accuracy enhancement calculations :

The vector accuracy enhancement program provides the means
for reducing network analyzer measurement ambiguities. The
measurement errors are of two types. :

1. Random‘errors, which are non-repea}able measurement
variations due to noise, temperafure drift and other
physical changes in the test setup between
calibration and measurement, and

2. Systematic errors, which are repeatable errors that
the system can measure. -

The systematic  uncertainties are gquantified as,

directivity, sburce match, load match, isolatian and

tracking (frequéncy response).



17

The program offers a choice between an eight- or a
twelve-term error model. The eight-term error model
providé; directivity, sourée'match and frequency response
vector error correction for reflection measurements and
simplified £frequency only vector error correction for
transmission measurements. This model is good ~ for
réflection measurements of one-port devices and fast
transmission | measurements on two-port devices where
normalization of magnitude and phase frequency response
errors 'give good measurement accuracy. Tﬁe twelve-term
error model provides full directivity, isolation, source
match, 19ad match and freguency response vector error
c;}rection for transmission and reflection measurements of
two-port devices. It requires measurement ~of all four
s-parameters of the two-port device.

The error model [7] for one-port error measuremeﬁt can be
given as in figure 3a. It 4ssumes a perfect measyringlport
with all errors ™lumped into a two-port netuofk using
superposition theorem. In this system, the three errors,
the Effective directivity EDF’ the Effective source match
error ESFa and the Reflection tracking' error Egps are
mathematically related to the actual, Sqqﬁ? and measured,

S11M’ data by the following equation:

[

5114 Egpp

—_ E + T (2.
S110% Bort T = EgpSq1a 5)
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The three "E* ‘errors are found by calibrating the system
at the measurement plane at \Bach frequency by using three
iﬁdependgnt standards, a "perfect load", a "short” and an
"open circuit”. The test éevicé response is then measured
and the actual device response 'is obtained by using . the

following equation :

Sy1m~Epr

EsptS1mEpp) ¥ Erp

Siia =

For transmission measurement error correction in case of
the eight-term error model, the model used is as shown in

figure 3b and the relationships for the actual response are:

S Sy mnr. |
21M 12M
2187 TEqp - 1287 Eqq (

where S,y and S{oM are the measured responses, Epp is
the forward transmission tracking term and Egqp is the
reverse transmission tracking term.

The representative twelve-~term error model for the
forward and reverse case of a two-port device is shown in
figure 4. ' . i
The errors denoted_are as follows :

Epp = Effective Directivity (forward)
Epp = Effective Directivity (reverse)
EXF.= Isolation (forward)
Eyg = Isolation (reverse)

Ecp = Effective source match(forward)
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Effective source match(reverse)
Epp = Transmission tracking (forward)
‘ETR = Transmission tracking (reverse) -

= Reflection tracking (forward)

L}

Y,
1

Epp
Epp = Reflection tracking (reverse)
Eyp = Effective load match(forward)
Eg = Effective load match(reverse) |

In the figure, the S-terms with subscript "M" denote
measured response and those'with‘subécript "An are actual
parameters, which can be obtained from the equatiohs shown
in figure 5.

The_overail accuracy of the s}stem, discussed above is.
given by Adam [l] as in secti?n 2.1. The maximum

uncertainty specified in the operation manual for the system.

is ¢+ 0.05 dB for magnitude and * 1° for phase measurements.



1:5, ’ Chapter III

THEORETICAL BASIS FOR DIGITAL NETWORK ANALYSIS

Standard vector netﬁork analyzers use analog circuitry for
their source secti;h and network analyzer section. ‘This
chapter presents the .basic principle to implement these
sections using digital techniques. It also describes the
principle of integrating the digital parts into a complete

digital network analyzer system.

3.1 SIGNAL GENERATION TECHNIQUE :

.Conventional frequency synthesizeré use a single frequency
to produce a largé set of new frequencies. This is commonly
achieved with analog circuits, or combinations of analog and
digital circuits. ‘

In a digital frequency synthesizer [13], a single
frequency is used to establish a stable gampling time at
which sample values are computed or fetched from a look-up
table. |

A sine wave signal sampled at constant intervals is given
by

sin(222 0T + @) (3.1)

where T is the sampling interval, n is the index number of -

sample, fs is the frequency of the sine wave generated, and
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] ig an arbitrary phase: Furthermore, f§.= kfo, where fo =
-lowést'computed frequency. As a résult, one can obtain énly
the multiples of the lowest frequency ;0'-

Looking at the ihplementation aspects of the syﬁthesizer
it becomes clear Ehat since the argument of the sine wave is
an arithmetic series of the type na + b, an accumulator
with a modulus ioflaﬂ can be used [11] to generate such a
series. Alternatively, a counter running at multiples of
the lowest sampling freguency can produce stored sine values
to - the digital-to-analog converter at a required speed.

These sine-wave samples are used to drive the D/R converter
v

of proper word lenyth to produce analog samples. The output

samples from the converter when interpolated by a smoothing
filter give the sine wave at the required frequency.

The above algorithm i?troduces some distortion of the
signal. In addition to the desired signal of fundamental
frequency fs, other components péoduced are as follows
(figure 6) :

1. Harmonics : These components are generatéd due to the

»

use of a.waveform table wi;h finite resolution and

2. Sampling components : These components appear at nfc
r o (L, = sampling frequency, n= an integer) for an

ideal sguare step D/A converter.

The distortion due to sampling component can be reduced

by a low pass filter with the characteristics as shown in-

figure 7.

- 5

B 7
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Figure 6: Frequency spectrum of digital synthesizer output
! E

3.2 AMPLITUDE AND PHASE MEASUREMENT TECHNIQUES :

Traditional measurement methods for ' amplitude ratio of a.c.
waveforms usually rely on some square-law device used as the‘
detector.

In digital phase meters used for measuring phase
differences, the two siénals are converted to rectangular
pulse trains.; These pulse trains are then compared, wusing
NOR gates and bistable multivibrators, to give a
pulse-width-dependent signal proportional to the phase
difference between the two signalsi This pulse width is
then measured to obtain thg phase difference. The accuracy

is of the order of * 0.5°.

¥
h
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Figure 7: Low-pass filter characteristics

A sampling voltmeter was developed at NBS [4], which uses
discrete Fourier transform technique; to provide an accuracy
of + 0.1%. Bﬁt because of the high sampling frequency
required, the maximum frequency was limited to 120 Hz.

The network analyzers use high quality sinusoidai signals
as the reference signal and the test device affects only the
amplitude and phase without changing the sinusoidal nature
of the signal. The method selected in this work determines
the amplitude ratio and phase difference by periodically
sampling the reference and test waveforms and calculating

the result from digitized values of measured instantaneous

reference and test voltages by sine curve fitting [12].

—————

C e e
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Assuming that the signal used is a perfect sinusoid of a
known frequency, "n” is. the sample number and Xn is the nth

sample value, the resultingisignal is represented by

X, = c cos(paT  + )’ | (3.2)

where‘Ts is the sampling intedbval. The estimate of the

_above signal is given by

R = ¢ cos(Fpmr  +8) (3.3)

where T is the period of cosine function. Alternatively,

in = a cosg%nTé + B sing%ﬁTs M (3o l4)
where é =¢ cosd and P = -c sind o (3.5)
also ¢ ='V(°2 + 52) and & = tan—l(;p/a) (3.6)

Using  these relations @ and § are determined by least
squares curve fitting.
Assuming that "N" spans over integ:i} number of cycles,:

© N - N

2N _m 2n
i xn cosSmnT ) _ i Xn sin—.rn'l‘s |
@ =% oo and P25 oo (3.7)
Z cos ==nT Z gin =
3 T s 1 s
Hence, the é;plitude of the sampled sine wave is,
c = Y(a@ + @°) (3.8)
and the phase of the sine signal is
- oy, ’
6 = tan 1(-’/GJ (3.9)
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as ‘Ihe amplitude and

Consequently, for ®per. and &

phase of reference signal ;espective y and‘ftest and ﬁt

est
as those of test signal, the :

v

'Amplitude ratio = ctest/craf. (3.10)

‘anéd  Phase difference = &

.

test™ Orer. (3.11)

-

-

3.3 BASIC PRINCIPLES: OF OPERATION :

This section contains explanations of the operation of the
all-digital network analyzer' system. Figure 8 .is a
'Ejmplified block diaéram showiﬁg principal system sections |
and their interconnections. ) b

As illustrated in figure B, a digital network analyzer
system consiétglof a frequency synthesizer, a low pass -
filter, a power splitter,' Lhe detector interface and a
computer for data processing and system control. - The
éynthesizer, and the detector interface are cOhtrolled by a
micfocompﬁter, which interfaces with the main computer. :

During the measﬁfement cycle, the operator interfaces
with the minicomputer ‘“through a CRT terminal and specifies
the measurement fregquency. fhe ‘minicomputer passes this
information in appropriate form to the microprocessor which
sets the synthesizer to gene;éte the signal of required

frequency. This digitally generated signéﬁ is filtered to

remove the harmonic E;:tent_and other distortions, and is

-
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Figure 8: Simplified block diagram of digital network
T analyzer system
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split by a powver splitter to provide reference and test
signals of equal amplitudes and phases. .

The minicomputer instructs the operator to connect the
device to the test channel, and the device output to the
tést input of the detector interface. The reference channel
is connected to the reference input of the detector.
Depending on the measurement frequency, the minicomputer
calculates the required number of samples aﬁd the interval

between the samples, "and instructs. the microcomputer to

e

-

. obtain these samples. The microproceésor under software
control, activates the digitizer circuits to complete the
required task of sampling and analog-to-digital conversion.
These signal samples are then transferred to the
minicomputer.

The fitting of sine curves, to the two sets of samples,
is done by the minicomputer to obtain tPe relative amplitude
and phase for the reference and test sigﬁals.

The above measurement cycle is repeaied for each case of
calibration _wiEh‘ standard conneétions and then for the
measurem&nt with the unknown device. The amplitude ratio
and the phase .difference obtained with the standard
connections ‘provide the error terms similar to those in
anélog systems (section 2.2.4 for éccuracy enhancement) .
These error terms together with the measurements on unknown

device are used in the equations 2.5,2.6,2.7 and those in

figure 5 to calculate the actual characteristics of the



¢
31

unknown device.  This data pfocessing is done by the
minicomputer and the final results are’ printed on a line
priﬁper.

The problem in detecting the signal amplitude qnd phase
is tuofglg,' The number of samples of the referépce and test
signals must be chosen so that the value of actual amplitude
and phase can be approaéhed within a given tolerance.
Furthermore, the measurement must be made with sufficient
accuracy in a given time interval.

According to the Nyquist sampling theorem, in order to
reconstruct a waveform from sampled data, the ﬁinimum
sampling rate must be at least ‘twice the frequency of the
highest sinusoidal frequency component contained in @he
signal. However, the conditions encountered in practice
differ from the ideal case assumed for theoretical
derivations, and therefore, the minimum sampling rate is
seldom sufficient in actual cases. |

Another problem with the digital detection is that as\zhe
input .signal to the analog-to-digital conQertér goes down in
amplitude, the effect of quantization errors 1increases
because of the fixed number of bits. This will put a limit
on the amplitude ratio measurable with sufficient accuracy

by using this type of system.



Chapter 1V

SIMULATION OF THE PROPOSED SYSTEM

In outlining the proposed technigque for digital network
analysis in chapter three, a number of assumptions were made
regarding the nature of the measurement process: Most of
these assumptions were based on purely: theoretical
consfderations. In an actual system, disturbances due to
nbise, sampling time fluctuations, round-off errors due to
the finite number of digits, harmonic content of the signal,
etc., contribute to the overall error.

The purpose of the simulation is the determination of the
maximum uncertainty of the measurement process. Simulation
serves as a vegy useful tool in the development of new
systems, and provides méans by which various design concepts
canﬂbe used to evaluate the performance of a giveﬁ system
prior to its implementation. Simulation provides
information not only aboutkthe system's potential, but also

about its limitations.

_32_
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4.1 MATHEMATICAL MODELS :

Simulation"ihvalves a 7$e1§ction. of a mathematical model
[14,15) of the experimental system. This model is then used N
for calculation of the difference between the relative
amplitude and phase, representing the analog.inputs, and the
response of the sampled-data system under various conditions
effecting the system. In the present work, the system
simulation was used to specify the system parameters, such

as sampling frequency and analog-to-digital converter

resolution, for its hardware implementation.

4.1.1 Signal generat.ion

i For the purpose of simulation, the reference and the test
signals at the input of the measurement system are

represented respectively by

Y, = sin(X ) + Alasin(a}lt + 612) + A1331n(3xt + 613) +
By sinllXy = 8y, | )
and
YZ = %I%in(xt + 921) + Aazsin(zxt + 8223 + A23516(3Xt + 823) +
Ay sinux, + _ezuﬂ | (4.2)

Tpe amplitudesAis'sof the 2nd, 3rd, and 4th harmonics and

" their respective phase angles, 911'3 are assigned during the
execution of the program from input data. Also, the value
of R, used as amplitude ratio between the reference(Y%), and

the test(Y2) signal is specified from input data.
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4.1.2 Sample and hold circuit :

The sampling time xt in eqn.4.1 and egn.4.2 is expreesed as
a fraction of 2% depending on the number of samples, N, to

be taken per cycle. So, Xt is calculated as.

xt = g%n , (n=1,2,....n.N). (4.3)

In any sample-and-hold circuit, the circuit switching for

- .'the sampling function takes certain amount of time which is

randomly variable. To simulate these flqctuations occuring

in real time systems, a "timing error" is added to each;

sampling timext. The values of these fluctuations, for each

sample, are obtained by.usiné lnormalized‘random numbers
! .

(ranging from -1 to +1) multiplied by the suitable weighting

L

parameter specified in the program.

4.1.3 Pseudo-random noise generator :

Simulation of the AM noise is a very important part of the

.-

simulation of any measurement system. In the  real
experimenﬁal‘system itlis-sémpled by the analog-to-digital
converters along with the original signals.

For the purpose of simulation, the noise component is
considered as ‘éaussian. It is simulated using the
pseudo-random number generator providing numbers between 0
and 1. .

From the Central Limit Theorem [12], the probability

density function { /fz) ) of thk sum of a set of random

variables R L with respective densities A

U i
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tends to a normal curve for large n, regardless of the shape

of (=), Thus, for the continuous type random variable x

with
EIXJ = o d‘." = d’,’
If x=x34--- +x. .

its mean and variance are,

'I="h:i‘""+q.

c‘=d’;:+ ...+°.-2

and its density is

J(£) = fu{z) » fo(z) » - - - fulT)
Then, \\_/,/,//’;*

J(z) ~

—_ e-h—q)'f‘h‘ -
o T

If x 1is properlj scaled by 1/+/n (to make the
resulting variance finite), - then the inequality

becomes an equality for n — = provided
(a) o+ - ot
(b) For somca$ 2

I_.,, z*fi(z) dz < C = constant

i,e. 1f &>Ci>0,

and if 511 densities fi{z) are zero for |z|>C.

-

(L.4)

(4.5)

(4.6)

(4.7)

(4.8)

(4.9)

limit of

in (4.9)

(4.10)

(4.11)
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‘The resulting random variabig‘f;' has a Gaussian density
function. This value of "y _is scaled approﬁriately using
input data and is included as the Gaussian noiSe in the

calculation of the instantane@us amplitude Y.

. 4.Y.4 Analog-to-Digital converter : -

Each ¥ wvalue sampled with a timing error and containing a
noise term represents the analog reference and test voltages
applied to thé A/D converter. The converter, however, has a
finite resolution of B bits (plus 1 sign bit). The value of
B is specified during program execution. The remainder of
the calculations are therefore darried out in the integer
mode by multiplying'fiby 2B with appropriate rounding off by
¥ bit. Since, the subsequent calculations are done by a
minicomputer, as shown in figure B, it is not necessary to
limit the number of bits during the processing of samples
(section 3.2). But, if special hardwar% is to be used, the
number of bits retained in each subsequent step of
calculattron should closely parallel | the real time
calculations in the actual system following the A/D
conversion, .

In the simulation program, the final results are then
compared to the actual parameters obtained from input data.

The program has provisions for specifying the following
parameters’:

1. Frequency of the measurement {in Hertz)
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2. Sampling interval (in microseconds) and the number -of
samples ber cycle
3. Signal to noise ratio
4. ‘Timing error {(in picoseconds)
5. A/D converter resoiution (in bits}
6. Amplitu@g ratio between the reference and the fest
voltaées. .
Figure 9 gives‘ the flow diagram for the simulation
program for both,data acquisition and data processing,

phases.

4,2 RESULTS OF SIMULATION : )

The performance of the hypothetical system for network
analysis is shown in the computer printouts in Tables3-7.
In these calculations, a basic set of parameters was chosen
to correspond to the minimum requirements (initial
conditions). These conditions are listed in Table2. The

requirements were then upgraded till an acceptable "maximum

error” is achieved for relative amplitude and phase
. —
measurements. For all the calculations, the phase

difference between reference and test signals was varied
from 0° to 360° to take into account all'possible conditions
since the two signals are.asynchronous'in the real system.
fhe first set of data in Table3 shows the variation with
the sampling rate. :In each case the signals are sampled for

one paMiod. The next two sets in this table show the same

9
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TABLE 2 P

Initial Conditions

Phase difference between reference and test signals0°-360°

an,l3rd and 4th harmonic content . 1.0%
Noise . 0.0%
Timing error : 0 ps
Frequency ' 20000 kHz
A/D converter resolution _ 8 bits
Relative amplitude ' | 20 4B

variation with the A/D converter -bit resolution increased
to lO.and 12 bits. The results show an éppreciable decrease
of the error in amplitude ratios and phase differences. -

In the next three sets of results in Tabled4, the A/D
converter resolution is further increased to 14, 16 and 18
bits. These calculations show the possibility of a very
accurate systém achievable with digital signal processing.

From the above six sets of data 1in Table3 and 4, the
conditions for a typical system were chosen as 12 bits of
A/D converter resolution and sampling rate of 10 times or 20
times signal frequency. The basis for this selection takes
into account the maximum advantage available in

1. “accuracy of m;;surement and

2. the implementation in hardware.

The second series of tests studied the effects of timing

error and noise. The converter resolution and the sampling
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. /
rate imposes a limit on the measurement *: frequency. These
limits were obtained for the amﬁlitude ratio ‘and phase

difference measurement withip acceptable error of :0.015 dB
. »

" and :0.1‘, respectively.
relatively insensitive to random timing errors (in the
sampling time}. fhe systém was studied for the errops of
upto 500 ps, though the actual fluctuations for available
sample and hold circuits are of the order of 20 ps only.

In Table6, the influence of noise in the input signél is
demonstrated. For a noise content of 0.01% or less, only 10
samples per period dre required. If the sampling rate is 20
times the signal frequency, noise content of upto 0.05% can
be tolerated. If the number of signal periods sampléd is
increased from 1 to lé with 10 samples. per period, even 0.1%
of noise in input signals produces valid results.

The last table (Table?)_ of simulation results show that
if the sampling frequency is 200 kHz, the A/D converter
resolutidn is 12 bits, maximum timing error is 50 ps and
maximum noise content is 0.05%, the amplitude ratio
limitation is 20 dB and'the measurements can be made upto a
frequency of 24 kHz witp uncertainties of *0.015 dB and

30.1° in amplitude and phase, respectively.

The two sections in Table5 show that the errors are.

. W
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4.3 THEORETICAL SYSTEM SPECIFICATIONS : R
Based on the. simulation reﬁults ©0f the previous section, the
measureménts of the relative amplitudes and the phase
differences can be summarized as follows.
"~ For the netwﬁrk analysis with the uncertainty of 0.015
dB in amplitude and #0.1° in phase, 'at frequencies upto
- 24000 Hz and actual amplitude.ratio of upto 20 dB, the
measurement system should be able to sample the reference
and test signals at the sampling frequency of 200 kHz with
the timing error of maximum 350 ps, the analog-to-digital
converter resolution should be 12 bits and the signal to
noise ratio at the input of the system should bevbetter than
66 4B, . _
With a measuring system meéting the above specifications,
a sinusocidal signal of the required fréquency is ggﬁerated
by aAdigital synthesizer, and the samples of the reference
and test voltage waveforms are taken at predetermined
intervals for an integral number of periods. .The sampling
interval is an integral fraction of the period or a
sub-multiple of the period of the waveform. The values, of
the instantaneous signal Qoltage acquired by fhe s/h
circuits are éigitized using analog-to-digital converters
with a resolution of 1 part in 2048. The sampiing and
.gQuantization process 1is controlled by a microprocessor
system. The digital wvalues are then transferred to a

minicomputer which determines the required s-parameters



b ]
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i after numerical calculations and outputs the results on a

printer.
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Chapter V

EXPERIMENTAL SYSTEM AND PROCEDURE

This chapter'grovides a. description of the experimental
system and measurement procedure,

The description. ff the system _is 'didided into two
sections : hardware and software. The hardware part
describes the equipment and components used, while the

software part deals.with the algorithm and program

deveiopment.

5.1 . SYSTEM HARDWARE : AT

This section is concerned mainly with éhe hardware portion

of the system. An overall block diagram is shown in figure

B.

¥

ﬁooking at the figure, it can be seéﬁ that the front end
of the system is a minicomputesx PDP 11/34 connected to a CﬁT
terminal and a line printer. Also connected to the PDP
11/34 is the measurement hardware for network analysis and
" is treated as anotMer terminal device by_the computer.

The measurement hardware consists of a microprocessor
controlled digital freguency synthesizer and- - synchronous
detectors for thg"digital processing of reference and tpSt

signals. At the end, a low-pass filter, a power splitter, a

_48_



a9
directional coupler for reflection measurements, and the
device being'tested complete the experimental system.
| A brief description of all the components constituting
the system 1is provided below with special emphasis on the

synthesizer/detector interface.

#

5.1.1 Device under test :

The test device can be any active or passive device such as
amplifier, a#tenpator or phase shifter, whose reflection and
transmission characteristics are to . be quantified. During
the calibration process, the teséi\gevice.represents the
load, short or shielded open for reflection calibration and
. "through” for transmission calibration.

5.1.2 Synthesizer/Detector interface unit :
\
The synthesizer/detector interfsce provides a link between

the PDP 11/34 and the analog part of the system.  This link
between the anaiog and the digiial ' sections is
~microprocessor controlled and has two subblocks :

1. Digital frequency synthesizer and

2. Digital detector
The main constituents 6fAthese blocks, and the components
they are connected to, . ar® described in the following

sections. -




5.1.2.1 Digital frequency synthesizer :
The digiial synthesizer is-implemented by using a counter to

generate addresses for stored sine data. 1t provides the

required incident signal for device characterization. The

functional blocks of the hardware are shown in figure 10.
The synthesizer part of the interface consists of two
binary counters, a look-hp table and. a digital-to-analog
converter. An Intel B085 microprocessor, under the control
of the PDP 11/34; sets up the outputs of tﬁe datallatch to
the required digital frequency value f;. This frequency
v#lue fd, controls the counting sequence of the T"clock

frequency selection counter™, which provides the appropriate

clock frequency to the "address generation counter”™. Thus,

the address generator runs at a particular speed depending
on the 'frequency of the signal being generated. The two
‘counters are made up of synchronous 4-bit binary counter
IC's (74153) with a maximum operating speed of 32 MHz. The
output of the address generator activates the 2716 16K (2Kx8)
EPROM's, which contain the look-up table of 12-bit numbers
and has an access time of maximum 450ns.

| Depending on the address at its input, the memory circuit
reads the 12-bit numbers at the input of the 12-bit D/A
converter (AD 565J). The converter is set on offset-binary

inputs fog conversion and has a settling time of maximum

400ns as specified by the manufacturer. This speed makes it

compatible with the memory access time for sine data.

o Sl e Ml
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The output.pf the D/A converter provides a signal of the

regquired frequency fs which contains harmonics and sampling

components. The ‘Gutput voltage is =*1V and the output
imped;nce is 50 9.. L

.The synthesizer generates frequencies according to the

following relation :

P (Z095-£) + 1 (5.1)

A

In the above relation, ' f, = 48kHz, 6kHZ or 1.5kHz and Iy =
0,1,2, msassseseay 40940

5.1.2.2 Low-pass filter :

A low-pass filter is used in the system to smooth the
sinusoidal signal generated by the digital sYnthééizer. The
process of digital frequency s?nthesis introduces
distortions of the generated signal due to harmonics and
sampling components. The range of signal frequencies
obtained from the above synthesizer vary from 1 Hz to 24
kHz, and consequently require a low-pass filter with
variable. pass band to smooth the generated sinusoidal
signal. In the experimental setup, this requirement is
satisfied by a KROHN-HITE model 3202 low-pass filter, which
provides a wide range of cutoff frequencies from 20 Hz to 2
MHz. The.filter is tuned mahualy, but a filter providing
hardware control qutoff freqﬁency should éive better
system performance. The effect of filtering on the signal

from synthesizer is~discussed in chapter six. .*
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~5.1.2.3 Power splitter :
A power splittér is a device which accepts an input signai
and delivers multiple output signals with specific phase and
amplitude characteristics. The circuit diagram of the pover "

~» splitter used is shown in fiqure 11.

‘ I30LATION
o | ERTR O
' CUTEUT
PORT-1
INPUT - 20 &
FORT ‘
So2 - — —O
CUTFUT
PCRT-2
50 &
~{IscraTIc: '
o - AFFLIFIZR[ . ©

Figure 11: Power splitter circuit diagtam
e

This two-way power sblitn‘{ was designed to work at the
measurement fregquency rénge of 1 Hz to 24 kHz. The
impedance presented by the circuit at all‘three ports is 50
ohms. This configuration of the circuit with .
instrumentation amlifiers in both the channels, provide high
isolation (nearly infinitg), between the th outbut ports.
This is neccessary for making very accurate reflection and

_transmission measurements.
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The’ input to the power splitter is obtainedﬁﬁrdm the
outpﬁt of the low-pass filter. At its output pé;ts, two
equal amplitude and phase sighéis_are obtained, on;‘of which
is used as " a iefgrence signal and the other as a test
signal; The reference si%[:; i . ey directly to the

S )
reference port-’éf the digital‘detector (section 5.1.2.5)}.

In the case of transmission measurements, the test signal is
the: input to the devicejbeing tested@. The output from the
. deviﬁe is connected to the test port of.the detector.
5.1.2.4 Directional couéler : A
For the measurement of reflection parameters of a device,
the test signal from the power splitter is fed to the output
port of. a, directional couﬁlef. The in?ut port of the
directional coupler is connected to ﬁhe test port of the
device. The reflected signal from the device port 1is
obtained at the coupled port of the directional coupler
wvhich'is connected to the test port of the digitél detector.
The directional coupler used in the system was a
Mini-Circuits' ZDC-15-6, 'which covers the frequency range
from 10 kHz to 35 MHz, The coupler's main line loss is 0.3
dB, the coupling coefficient is (15 %+ 0.5) dB, the VSWR is
1.15 and the directivity is 38 dB. '
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5.1.2.5 Digital Detector : S L
A fnhqtionél.bloék ‘of the digital detector is shown in’
figurg 12.  It’'is used to sample the referenée and test
‘signals at predetermined intervals.

-

The "referencd" signal is obtained atrone of the ports of-

~ the power , Splitter and its power level is 3.04B below the

6utput from the digital synthesizer. ]
The "test"” éignal is fed to the detector after the signal
at the second port ;;\Ehe power splitter has undergone
amplitude and phase, change due to the de¥ice being tested.
It cén be a transmitted signal at the output port of the.

test device or, a reflected signal separated from the input
. . ' . -

" to the device by a directional coupler and sampled. at the

output of its auxilliary port.

' The two signals are fed to two high-impedance
instruhenﬁation?amplifiers (AD 524J) which have.gainxof 10
‘and have a flat response ffom 1Hz _to 100 kHz, The gain
raises the #0.5V inputs to-the 1level required by sample and
held circuitry,. that is *5V  peak.s An important
conside:atiop in acurate phg;e measurement is that the phase
shify be the.same in bogp channels. The effect of small
difference in phase-shift‘is -cancelled by the calibration
phase of.meaSurément procedure. The above two signals are
fed  to 'two’parallel s/h circuits (HTC 0300) fhat are

'physically part of the converter unit. The maximum aperture

uncertainty for these s/h circuits is 100ps. Thiﬂ§amplgd
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"instantaneous™ voltages. are retained at the #utputs of the

- I

£

s/h— amplifiers within the specified accurac& limits long
egough for the ghalog-tb-diéital'coqversion to be completed.
.. The A/D converters used are HAS1202 hybrid circuits with the
_conversion timé of 2.2 us maximum for complete 12-bit
conversion with an accuracy of 0.012% of full scale. The
two resulting 12-bit digital numbers are 1atcﬁed info a
hardware register to be read by .the microprocessor under
. program control, . = )

The above confliguration is preferable to perhaps the more.
usuél one where analog multiplexer feeds signals to a'single
channel analog-to-éigital converter. It avoids . the
additional errors introduced by analog multiplex switch}ng-
circuits, but it requifes equality of the analog-to-digital
‘converters or a suitable correction. Specifications of
commercially available_unité indicate’ that an overall short
term aéguracy of 0.01% can be maintained undef favorable
conditions.

Each.'of the analog—to-digital converters converts the
analog'input by the method of successive.approximation.to a
12-bit offset-binary .number. The actual conversion time is
typically 2.2.psl ' Taking intd account various settling
times and the tiﬁe_requifed to transfer the output data, a
minimum of 7.8125 us is required between conver;ion éycles
which is possibly fastest under Intel B085 control at 3.072

MHz clock rate. Consequently, the maximum possible sampling
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rate is 128 kHz. The whole process is pipelined and so it
requires to undergo a few conversion cycles to clear the

channel before correct digital values are obtained.

5.1.2.6 'Microcomputer :

. The m{Frocomputer part of the iﬁterfdta is the controller
for th; frequency synthesis and the'sampling of reference
and test sigﬁals. It uses the Intel-8085 miéroprocessor and
memory circuits with other cqntrol cirquiés to execute the

job of a controller. It communicates with the minicomputer:-

to obtain the instructions and transmit the samples.

5.1.3 The PDP 11/34 :

A PDP 11/34 minicomputer using the RSX-11M real .time,
multiprogramming operating systéﬁ is wutilized for data
acquisition, data*processing” for sine curve fitting angd .
eLror porrection after calibratjon, and overall system
control by means of commands to the Monitor Console Routine
(MCR). | | ' _

The computer system consists of a KD ll-LA console unit,
the core/MOS memory unit -and various peripheral devices
connected through a Unibus [3]. It is connected to the CRT
TERMINAL for operator imterface and a LINE PRINTER to print
out the measurement results.

The experimental setups for reflection and transmission

measurements are shown in figure 13a and figure 13b,

respectively.
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5.2 SYSTEM SOFTWARE :

The software discussed in this section is divided into two
.' ' - .
classes : A - -
l. 1Interface control

2, System control

5.2.1 Interface control :

The cohtrol program for the synthesizer/detector interface
is written 1in Intel 8085 -assembly code [9] and. is an
extension of its basic monitor routine [8]. The three
routineé whfch ;ave been added to the monitor are used for
the following purposes:

1. Setting the syﬁthesizer frequenéy.l |

2. Acquiring a specific number of samples of reference
aﬁd test signals at the specified sampl%ng‘interval
and ‘ |

3. Transmitting the -—acquired samples té the
minicomputer.

The instruétion format for these actions are -

1. Frequency synthesis - Fxxxx s -
where XXXxxH represent the hexadecimal digital
frequency value £, (secti§n 5.1.2.1). ‘

2. iSamplinQ of signals ©LAXXXX yyYY
;here xXxXxH represe(E]kEBg_ delay té be introduced

between the samples in~brder to maintain the required

sampling interval and yyyyH is the number of sgmplés,

B P

e
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of reference and test signals, to be acquired. The
maximum value of aliowable samples is 200 at the
fastest sampling rate and 256 at slower rates. |

3. Transmission of data TXXXX

fihere xxxxH denotes the number of.samples to be
trﬁnsmitted to the minicomputer. ‘

The routines of the monitor interpret these instructions,
which are compatible with the " rest of the monitor
instructions, and takes proper action by controlling the
D/A- and A/D-based hardware described in section 5.1.2.

These routines extend the monitor by 603 bytes of meﬁory.
The execution times for the three routines are as follows :

1. Féequency settihg takes 153.15 ms.

2; Execution time for sampling process depe;ds on the

number of samples and the sampling rate. It is given

by the following expressigns
250.89 ms + sampling interval X number of samples

3. Execution time for data transmission also depends on
the number of samples to be sent, It can be given by
(228.71 + 75.56 N) ms, where N is the number of

samples transmitted.
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5.2.2_ System control : .
The systém control software 1is discussed in this section
under three basic headingg.A These are as follows :-

1., Human interface ‘ '

2. Data acquisition and

3. Data processing.

The data output part of control is distributed among

three“above parts. ..

A flow chart ‘illustrating tﬁe overall system control
structurb.’és shown in figure 14. This figure caosely
parallels ¢the description of the experimental procedure.
The- flow cha:t also shows the points 1in the .procedure at
which the-system expects operator intefaction, which falls

"under two categories. The first éategory consists of inputs

by the operator which are expected by thelsystem at specific

points throughout the measurement, Such inputs include
specification” of measurement frequencies, selection of
s-parameters etc.  The second category instructs the

t

operator for the mechanical action such as connecting the
standard terminations for calibration, device and setting

the filter cutoff frequency.

'5.2,2.1 Operator interface :
This part of the software instructs the human operator as it
steps through the entire measurement procedure. It also

receives the signals from the operétor.informfng the system

-

81
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Figure 14: System flow diagram
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that a certain requifed action  has been. ‘taken and
communicates - to the operator as to which phase oOf the
measurement iq.beiné performed. The érompts of the operator
‘also Specifies uhether-nume:ical or alphabetical parameters
are to be entered.

The operator interfaces with the minicomputer through the

CRT terminal and a keyboérd. The user instructions appear'

on the terminal and the final output is also shown on the

terminal. When requested by the operator, the final output

is sent to the line printer.

5,2.2.2 Data acquisition :

In the data acquisitionAphase, the device characteristics
are obtained on a boint-to-point basis ag the frequencies
specified by the operigpr. Thel data are obtained as
follows: The measurement frequency value (fg) is first
converted into a four-digit hexadecimal frequency value (fj)
~according to the équatioﬁ 5.1. Since'on}y integer values
are allowed, the program checks all three raﬁges and takes
the nearest possible fregquency value. fhis digital code is
sent to the synthesizer interface and the ‘corresponding
output signal of the frequency fs is produced. Thé output
signal from the synthesizer, after being modified 1in the
device under test,.reaches the set of synéhronous detectors.
The program computes the number of samples and sampling

interval for the frequency fs and activates the detector

s
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interface. Once the sampling_ié over, the data are received

from the interface as two arrays of samples for reference

and test signals. ‘ .

The above sequence of operations is-repeated for every
measumement frequency, and for each case of calibration with
different standard. tegminations, and for measurement with

the unknown device.

5.2.2.3 Data processing :

This block of software can be partitioned into three

- functional subblocks.. THese are : sine curve fitting, .

determination of error terms during calibration, and
calculation of final results for the device. The two sets
of samples of reference and test signals at a particular
frequency are fitted with sinusoidal curves using the
relations of section 3.2, The amplitudes and phase thus
dbtained, are used to calculate the relative amplitude and
phase, which are stored in anotﬁef érray. These values are
used to obt;in the error terms for the measurement syétem.'

During the calibration for reflectiop measurement, if Eﬁ,
E2 and 33 represent rthe :elatiyé 'amg;itude and phase for
measurements with matched lecad, short and a shielded open,
respectively, the error terms are calculated as follows :

Effective directivity error

Epp = By ,- (5.2)

L it
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Effective source match error

O o(mm) v (BB
ESF = ——}—(-Ej_—Ea')——— (5.3)

vhere C is the capacitance correction term for the shielded
open used during calibration and is obtained from

manufacturer specified values.

-~

Refléction tracking error

Epr = Qs Egp) (Ey-E5) - (5.4)

During the calibration for transmission measurement, if
Eh is the relatjve amplitude and phase for measurement with

'tﬁrough' connection, the error term is given by
‘.A\’ ‘ B
Epp = B, . | (5.5)

The above error terms are calculated for each frequency

points and stored in an arfay. .

Once the callbratlon is complete, the system measures the
relat;ve amplltude and phase for the dev1ce being
chara;terizeﬁ. The values 6btained are corrected,.using.the
relations in section 2.2.4, for each frequency point.  The
final results are then stored as another array of data with

respective frequency information\\



5.3 E‘.iPE:RIHENTAL PROCEDURE :

The measurement procedure rely on the exterhal standards in
order to be 1ndependent of such circuit parameters as drift,

offset, gain, 1mperfect10ns of signal separating device and
effects of adapters. Each measurement sequence starts with -
the determination of error terms according to the modelled
errors during calibration phase. These measurements are
maae in the same way as is done for the actual device, with
the unknown device being replaced by a standard with known
characteristics. | | .

During the characteriiation of an ‘unknown device, the
appropriate aet of calibration .constants are used to cerrect
the measured parameters. In this case, it is assumed that
in the brief interval between calibration and measurement,
the circuit parameters change odly by negligible amounts and

the computed values are independent of any circuit changes.

Lol



Chapter VI .
EXPERIMENTAL RESULTS AND DISCUSSIONS.

This chapter presents some experimental results and a

‘critical. evaluation of the system performance.

6.1 EXPERIMENTAL RESULTS :

The ‘perfotmaﬁce ~ of the digital network analyzer was

investigated in two stages. In stage.one, the waveform.

generateg by the digital synthesizer %hs analyzed for its
harmonic contents using a spectrum analyzer. The testing of

digital detector was accomplished by measurements of

amplitude.ahd phase characteristics of active and passive

devices, in stage two.

6.1.1 Digital synthesizer performance evaluation :
The‘ synthesizer performaﬁce was investigated to £ind" the
spectrum of the signal generated.  The worst case of signal

generation (ie. 24 kHz with 64 samples/period) was analyzed

for harmonic contents, using a spectrum analyzer. The -

. .8
méasurements were made 1) without low pass filtering-and 2)

with the low pass filter having. the cutoff set at 50 kHz.
The results are listed in table 8 anth9.

_68_
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TABLE & -

xperimental—ﬂésuits of .test on Digital*F;equeHcy

N - synthesizer (without®?low pass filter)
S S — o
. © Order of Harmgnic . Percéﬁtage Ampliﬁﬁde
. - ' {relative to fudamental)
P 1st . | 100 -
:"“?_ 2nd 0.2512
7 | 3rd . - - 0.2000 .
o ath™ - . 0.0126
$th. - 0.0002
6th . | . 0.0013
' 7th - 0.0020 §
. 8th a 0.0013 "
. T g s 0.0020
' 10th . .7 v.0008
) - 63ra , 0.0050
B 65th J | e )

The resaltszshou that the Cgfrmonic contents of digitally
synthés}zed signal aqgﬂxeduced considerably (approxiﬁately 5

times) due to low pass filtering.
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TABLE S - .

Experimenéal Résults of test on Digital Frgquencf
synthesizer (with low pass filter)

Percentage Amplitude

\ IOrder of Harmonic
. ‘ (relative to fundamental)

st 100

2nd: . - © 0.125900

. ird ‘ 0.020000
“ath "' . 0.000050

' _ Sth - 0.000008

6.1.2 Digital detector performance evaluation :

[ ]
The detector part of the system was analyzed using a setup

in figure 13: Due to the unavailability of a $irectional
coupler for low frequency meaE

urements, only transmission

LY

measurements were made. f -
The measurements on passive' devices ~ used standard
' ) 2 T .
attenuators of value 3 dB, 10 dB and 20-—dBv—-These three

attenuators were used in: different combinations to obtain

““Ihe attenuation values of 3 dB, 10 dB, 13 dB, 20-dB, 23 dB

t

and 30 dB. Measurements .were .madg over the gg;filable

fréquency rénge.frgm 1 Hz to 24 kHz. For each me2dsurement

.frequeney, the expefiment was repeated ten times and the

mean and standard deviation for measured attenuation and

) ; . R . . .
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-phase were calculated. Figures 15-26 show the experimental

results for the wmeasurements in the'frequenéy range from 1
Hz to 10 kHz. ‘fhé'reSults .for‘the frequency fénge from 12
kHz to 24 kHz are listed in Table 10.

Assuming that the attenuation remains-constant over the
frequency range from 1 Hz to 12 kHz, the mean of the results
for each combination of ‘attenuators was calculated. The
‘calculated values are listed in “Table 11. Since the phase
shift‘of the attenﬁdﬁors is a.variable parameter, the table
shows the giaximum standard deviation for phase measurements.

FOt'the measufemehts on an active device, a Princeton

Applied Research variable-gain amplifier was used. The

digital network analyzer system was calibrated with a 20 dB

attenuator in the test channel and then ‘the measurements

were made to obtain the amplifier response for 20 dB gain.

The experimental results are listed in Table 12,

6.2 * SYSTEM PERF6EﬁkNé%

.The experimental results of the last section show that the

(2]

. o . Y
system can measure the relative amplitude and phase with an
uncertainty.of +0.02 dB and %0.2°, respectively, for the

frequency range from 1 Hz to '12 kHz. Since the detector
. . ' -

interface provides a maximum sampling rate of 128.kHz, the

16 kHz ‘and 24 ‘kHz signal are sampled at less than 10 timéE
 the signal frequency.. This,causes'thé higher uncertainty in

/ the Reasurements at these frequencies.

|

Ap¥ o

1.

-»
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TABLE 10
E;perimehtal results for measurements on attenuators
FREQUENCY ATTENUATION o PHASE
. RMS Sp 'RMS SD
12000 2.92811 0.00511  0.08174 . 0.02251
16000 *  2.97078 0.00710 - 0.16369 . 0.06020
24000 2.93968 0.00732 0.14948 ;j{.037715
12000 9.9887¢° 0.00985-//_;b.;§114 0.04853
16000 ~ 10.05527 0.03137 0.41244  0.19555
24000 “. 16:94271 0.00966 0.41215  0.07252
NS T S
jfféooo 12.93056 0.00935 0.26706  0.10101
16000 12.95351 - 0.04055 0.35846 ° 0.12052
24000 12,96717 0.01361  .0.45759 0.07374
12000 20.09546 0.01097 0.13653  0.13418
16000 20.10517 0.08085 0.38033  0:30752
24000 -'20.18505 0.02279 .  0.24406  0.15340
_________ L
12000 22.9eo:§\_;' 0.04045 ‘- 0.19275 0.18174
16000 © 23.03090 0.06150 '0.47768 0.46915'
24000 23,12412 0.02808 0.20400 . 0.17250
12000 30.05651 0.02926 0.89997  0.27843
16000 29.98251 0.12054 - . 1.53864  1.43052
24000 30.03876 0.05577 1.26396 0;39623'
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TABLE 11 . .

" . .-
.Measu ed attenuator- characteristics over the frequency range
of 1 Hz to 12 kHz

ATTENUATOR - ATTENUATIOﬁ . PHASE

MEAN S.D.  MEAN s.D.

3 dB 2.92856 - 0.0078 - 0.03379
10 dB " 9.99430 0.0127 ©  -- '0.05247
13 dB ﬁg.ssoso - 0.0290 - 0.10101
20 dB 20.09650 0.6290 - 0.13789-
23 dB - - 23.03400 0.0540 -- 1 0.18174
30 4B 30.09940 0.0851 °  ~- 0.27843

y

The process of sine curve fitting to obtain the amplftude
and the phase of a sinusoidal signal requires the samples to
cover an integral number of periods of the signal. Since
the sampling intérface provides a fixed set §f sampling
rates, the above requirement is not satisfied for some of
- the frequency points. This causes the Irandomness 'of
uncertainfies in the méasurements over the available
frequency range.

Regardihg the speed of measUremgnt, there are two main
sources of delay in the measurement procedure. The first
.one occurs durxng data acqu151t1on, where the time requireé
to obtain® the samples is approx1mate1y l s for every ,16

samples of refefence and test signals. The second aelay



" TABLE 12

86

L}

Exptrimental results of measurements on PAR amplifiert

HZ

L 1,099

- 2.000

. 3.000

4,000

o 5.000

- . 6.000
- 7,001

~8.000

~~9.000

- 10.000
20.000

30.000
-40.000

50.000_

60,000
70.005

80.000

$0.000

100,000

200,000

300,000

400.000

500,000

600,000

700,730

800,000

897.1596

1000.000

< 2000.000

4000.000
4800,000
46857.143
8000.,000

?600.000
12000.000

16000.000
24000.000

FREQUENCY .

3000.000 '

LOSS~-FORWARD

S21

DB

-19.757
-19.762
~-19.744
-190752
-19l807

$-19.796

-19.796
~19.794
-19.,811
~19.797
~-19,777
-190799
~19.796
~19.789
=-19.776
=-19.77%
-19.799
~-19.813
-19.782
"190774
-19.814
-19. 807
~-19.784
~-19.777
~19.785
-19,819
-19.749
=19.765

. -19,759

-19.745
-19.774

"190781 .

-19.776
-19.784

-19.7466
-19.795

~19.8146
"190842

ANG

-0,49 .
-0036 ' -
-0.23 N .
-0.29 )
_0030
=0.,20
-0.16
0.03
-0.11
-0.12

~-0.07
-0.08 .
0.03 . -
0.02 .
0.13
0.%5
“N0.01
_0002
0.00
6.07 -
0503 )
0.15
0.28
0.13
0.21
0.23
0.40 .
0.33: y .
0.36 ' :
0.89
1.46
1,65
2.09
2.29
2,96

3.27
4.16

5.57
AaY-Y
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appears duriné the sine curve fit;ing_.pqrtion of data
procqgsing software. This delag is also;proportional to the
numbér of samples .and it is approximately 1.5 s for évery 16
psamples of the two s{gnéls. This is caused by* the
trigonometric calculations to estimate ;hé amplitude and the

- phase from thé digital samples.
The :system can fully characterize one device at 10
freqdency points in less than 'an.hour, and each subsequent
device can ‘be cha;acterized in less than 30 minutes,

. provided the same frequency points are maintained. The
-

) ' - 87,

]
i
[

speéd is about one-eighth of the speed :of the analog .f

LY = .
automatic - network analyzer for measurements at microwave

frequenciﬁs.

4



Chapter VIl
CONCLUSIONS AND RECOMMENDATIONS

In this chapter, some recommendations for further
improvement and future work are given. It also cantains a
- »

summary of the work already completed.

7.1 RECOMMENDATIONS FOR FUTURE WORK :

The improvements enumerated 1in this .sectioh involve both
hardware and software modifications. These éhanges should
solve some of the problems present in the existing system.
The most thorbughgoing modification recommended is a new
design altogether.” It involves the replacing of PDP 11/34
by a microcomputer. Since the ﬁdfi?b;}fofmed by PDP 11/34
involves system control and data procés;ing, using a
microprocessor to do the job wil; lead to a s£and alone
system which should be‘the»ul;imate-copfiguration for this
kind of measurement system. Use of available hardwqre

arithmetic logic wunits as slave processors for data

-processing will make that implementation as fast as the

present one, Moreover, the software can be implemented on
the microprocessor already used. in the Synthesizer/detector

interface.

~

- 88 - .
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The accuracy -of the system can be further improved by

using the "analog-to-digital converters with higher bit

resolution. ThiA would also lower the sampling rate

requirements (-simulation results, Table4), and increase the
, : phake : | .

measurement frequency range of the system.

" Another improvement . of the present system would i
design of a newdigital freéuency synthesizer, Since, t
present configuration generates only two freququy points

between 10 kHz ﬁp 20°kHz, a new synthesiéer design should

aim at covering this frequency range ‘thoroughly so as to

-produce a system for measurkment from 1Hz #o 20 kHz.

The fourth hardware modification is the addition of a

variable freguency low-pass filter for improving the signal

purity of the synthesized waveform. With the provision of

, digital <control of the filter, the interaction of the

operator can be decreased and the System:performance can be

improved.

The changes recommended for software improvement include

modification of the present routines for calibration with

fixed 'standards to allow for calibration with, variable

standards. This will make possible, dielectric measurements

of different materials with better accﬁracy.

Another soffware change could be the digital control of
variable-gain préamplifier in the test channel. The
amplifier characteristics at the frequencies proQided by the

synthesizer .could be stored in the program and the system

L



- .

90.

can be made to svitch'the_namplisier gain aepgnding on the
attenuation‘ due to the device. This modification will
improve the' dynamic rangg‘of the system without degrading
its accuracy. | | '

Finally, the changes in the software-to extend . the
calibration for 12-term error model will require addition of

two routines and modification of two already .included. The

™

~relations for the calculations are given in chapter one of

this report. This modification will complete the spectrum
of facilities which should be provided by a . network

analyzer.

7.2 . SUMMARY AND CONCLUSIONS :

A new approach to the ﬁeasurement of relative amplitude and

phase, for vector network measurements, was investigated in

Ehis work. The need for accurate measurement . -of.

s-parameters arises from their wuse in monitoring dielectric
' N .
properties -of materials and biological'. substances.

Measurement of s-parameters in'0 - 20 dB range can be made

at low frequencies from 1 Hz to 24 kHz. This dynamic range

can be increased by the addition of a calibrated

. . . ®
attenuator/amplifier combination in the test channel.

This work reviews the network analysis technique for

™

'maf&ng vector network measurements, Some existing systems
Y

have been investigated and compared. A measurement:

procedure using digital signal processing has been

- ' -
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.deveioped, aga the réalization‘ of this  procedure is
described in terms of both'héfdﬁare‘and software. | |

The procedure was analyzed for error limits by simulating
the hardware configuration by ﬁeans of its mathematical
models. The study showed very good possibilities. .To
combine the.cpst and performance advantages, the error limit
was chosen as 20.015 dB in magnitude and $0.1°* in phase.
The syétem parameters were .specified theorétically from the
simulation study.

The above design has been implemented and all of the
software requ;red to perform the functions of human
interface, data acquisition, data processing and data butput
has " been developed and "documented. - © Some illustrative
“measurements and ‘tests have been done and the results and
system performance have been analyzed.

The inaccuracies in magnitude and phase measureménts are
ok the order of +0,02 dB and §0.2° respectively. This can
Ee further - improved by increasing the . resolution of
analog-to-digital converters to 14 or 16 bits as shown. by
the simulation fesults.

‘ Recpmmendations for future work _based on these results
and performance evaluations have been madg: A clear
definition of the work performed by the’ minicomputer shows
the possibility of replacing it by a microﬁrocessor. fue to
the complex dg}a processing’” requirements, ~a need ‘for

arithmetic slave processor in that system is envisaged.

>

. e



Certain diffiiculties which vere encountered have been

mentioned and are hardware oriented. Some of the solutions -

proposedxshould . be implémented in order to minimize these

problems.
Now that the feasibility of using digital signal

proéessiég in network analysis . has been demonstrated,

implementation of the proposed recommendations could prove

to yield better efficiency in terms of space, cost,

’accuracy, and versatility than man of the presentlg}

available systems. The main features of such a system would

. L ) [
include a microprocessor with arithmetic slave unit

circuits and other hardware modifications suggest in the

controlling the whole system, computer—ontrol ofa;mplffiex\\\\

previous-gection.

L T
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