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TIME DOMAIN AND FREQUENCY DOMAIN MEASUREMENT TECHNIQUES
..by...

H.W. Loeb

SUMMARY

The principles underlying two distinct approaches to the measurement
of electrical network characteristics over a wide frequency range are

outlined, together with brief descriptions of currently available test
systems which cover the range 0.1 - LGHZ.
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1. Introduction
At a given frequency a lirear one-port network is fully characterized
by the magnitude and phase angle of any one of the following quantities:
reflection coefficient (p), admittance (Y), impedance (Z). Similarly,
“tne transmission and reflection properties of a linear two-port network
at a given frequency are completely determined by the specification of
any one of the well-known pafameter sets, such as scattering parameters
(s; J), admittance parameterq (le,, impedance (z; ) or hybrld (hlJ)
parameber

Complete experimental characterization of linear networks over a
range of frequencies involves, therefore, the determination eilther of
one, or of four, complex quantltles as functions of frequency. If
behavicur over a wide range of frequencies is to be specified then
sufficient information on the frequency variation of each quantity must
be obtained to permlt prediction of that quantity for ‘any point on the
frequency scale. '

At the preqenn time two distinct experimental nethods are available
for the determination of one~port and two-port parameters of electrical
networks, including active devices, at frequencies within the range
100 - 4000 MHZ. These methods are conveniently described as 'Frequency
Domein' and 'Time Domain' techniques.

In Frequency domain procedures, which include the conventional
methods for loss and phase measurement, the system behaviour is measured
at each separate ffequency by the appllcatlon of a sinusoidal q1gnal of
that frequency.

In contrast to this approach Time Domain methods involve the simul-
taneous measurement of system behaviour at all frequencies within the
frequency range by a single procedure whlch consists of the subjection of
the test network to a pulse or step signal, and the recording of its
response to this non-sinusoidal time-dependent excitation. The input
signal is chosen to contain Fourier components covering the complete
- frequency range of interest. The desired characteristic parameters, for
any frequency, are then obtained by Fourier analyses of input pulses, and
of reflected and transmitted signals

The present Note contains a preliminary, though general, evaluation of
the two teckniques, and a comparison between them in terms of accuracy,
complexity of equlpment, convenience of use, and cost.

In any overall as ssessment of th1< kind, account must be taken of the
fact ¢hat, while comnlete ingtrumentation qyﬂtemq for Frequency Domain
techniques, and for "Time Domain Reflectometry’ have been commercially
available for several years, the quantitative Time Domain techniques
ccnsidered here represent a more recent development. Data on their use
are based, so far, upon laboratory experience. '




2. Description of basic technlqueQ
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: All\i{eggepcy domain methods involve the determination of the magnitude
and phase of the desired network parameters from driving point reflectdnce
and transmission coefficients measured under conditions of single freguency
excitation. Each measurement results in the ¢oIlection of information
reflaced to the behaviour of the system at a single frequency. If data
over a band of frequencies are to be agcertained, then a number of
measurements at different frequencies must be carried out. This can be
done manvally, or by automatically stepped or swept signal sources and
detectors.

While earlier instruments intended for frequency domain measurements,
such as the General Radio 1607A bridge, were designed for the direct
determination of open/closed port parameters (e.g. z, y or h), the
difficulties and inaccuracies inherent in the achievement of effective
short-circuit and open-circuit conditions over the VHF-UHF range have
led to a recentkgylft in-emphasis towards finite termination parameters)
and, in particular, towards the use of the scattering ('s') parameter set.
This group of parameters, which comprises the complex reflection and
transmission coefficients precgented by the network under test when it is
embedded in a transmission line system of known characteristic impedance,
i§ well adapted to wide band measurement procepures since it obviates the
need for frequency dependent adjustments of the measuring system. This
made possible the introduction of efficient stepped and swept frequency
techniques of measurement which permit the collection of data over a wide
frequency band in a minimum of time. Simultaneously, however, s-parameter
techniques, involving the separation of incident and reflected signals,
made{peceefary the introduction of directional couplers into the measurlng
system, thereby‘lncurrlng penaltleq with regpect to both convenience and
accuracy of measurement . These arlee fram, the frequency dependent tracking
errors of the couplers, and the 1imited band over which a particular
directional coupler will operate satisfactorily. *If the effects of
coupler errors are to be eliminated from the final results, these errors
must be obtained for each frequency of interest from separate calibration
rung, stored and subsequently used to correct the raw data obtalnedw‘

2.2 Time domain methods

Time domain methods utilize recent advances in sampling oscilloscope
techniques which have made it possible to obtain, and record with good
precision, pulse shapes of time varying signals whose frequency spectra
extend into the L 2 12 GHz region.  The information collected may be used
in several ways to define the behaviour of the system under investigation
over a wide frequency band. The earliest and now widely used form of Time
Domain analysis 1is represented by 'Time Domain Reflectometry’ (* TDR' ) in
which qualitative information relating to a complex reflection coefficient
is obtained by visual analysis of the shape of the reflected pulse, generated



if a fastf;i§§wgﬁlse is-allowed to be incident upon the reflecting system.

A significant further dévelopment of time domain methods consists of
quantitative time domain analysis, or 'Time Domain Spectroscopy', ('TDS')
The feasibility of this technique was shown by F. Davis and the writer in

1965.

TDS methods represent an advance over conventional TDR techniques
in several respects:

(1) Quantiative information is derived from the time domain gignals by
suitable Fourier conversion technigues.

(2) The analysis inciudes transmitted as well as reflected signals,
thereby permitting complete one-port and two-port specifications.
The Fourier components of the time signals are related in a direct -
manner to the scattering parameters, from which any other parameter
set can be computed.

(3) The effects of.soufcé pulse shape.and transmission system degradations
can be eliminated from the final results.

A unique advantage possessed by all Time Domain methode over Frequency
Domain techniques lies in the possibility of identifying particular components
of the reflected pulse and of attrlbutlng them to specific and exactly
localized line mismatches Thig facility provides the opportunity to
distinguish between the reflection pattern set up by the comporent under
test, and spurious reflections arising from the unavoidable shortcomings
of the transmission line system used to carry out the measurements.,

Provided only that the time delay separating the two pulses lies within
the resolving power of the system, such separation should always be
possible. ‘

This advantage, which TDS in particular, enjoys over corresponding .
FD methods, Is of considerable gsignificance in any assessment of the two
methods. As will be shown below it offers possibilities of attaining a
very high degree of accuracy. Moreover, it enables TDS to-be used under
conditions which include, of necessity, mlﬂmatcheq between measurenent
system, contact region and active region of network under test, such as
conditions arising when 'on slice' measurements on 1ntegfated c:chultq are
involved. :

3. Description of current systems
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The Hewlett-Packard Network Analyzer, which was introduced in the
United States towards the end of 1967, probably represents the most




comprehensive instrument for FD measurements which is currently being
marketed. It makes use of sampling techniques to generate low frequency
replicas of signals lying in the 110 MHz - 12.4 GHz range. By simultaneous
conversion of a reference and a test signal, the amplitude ratio and phase
difference of the two signals is obtained. These may be displayed on a
meter, x-y recorder, or in Smith chart form on a polar display oscilloscope.
For measurements over a wide frequency range swept frequency generators
with synchronised detectors enable amplitude ratio and phase to be displayed
virtually instantaneously once the system hag been get up and standardised.

The two test modes, namely transmission measurements and reflection
measurements are obtained by the arrangements shown in Fig. 1.

T e v - ——-—-———-—-—-_—-—

These instruments, which have been available for a number of years
permit the measurement of reflection and transmission coefficients over
the range 30-420 MHz (type ZDU) and 300-2500 MHz (Type ZDD). Open/closed
port termination conditions are provided. The amplitude ratio and phase
difference are displayed on a Smith chart type scale, standardised to
unit reflection coefficient. Phase indication is obtained by manual
balancing. As indicated in Fig. 2, here also use has to be made of
directional couplers to separate incident from reflected signals
Heterodyning methods are used to ootaln amplitude and phase corrnct
replicas of the VHF signals.

5.1.3 Bell Telephone Laboratories Test Set 5-250 Mz (2)

This equipment, although not commercially available, is of interest
in indicating how high accuracy can be achieved in FD measurcments under
laboratory conditions. Moreover, it demonstrates a technique for avoiding
the use of directional couplers in reflectivity measurements. The high
accuracy is achieved, however, at the cost of relatively complicated
operation and the loss of wideband swept frequency capabilities as indicated

in Fig. 3. The amplitude ratio and phase difference are measured by
continuous comparison between the path containing the network under test
and paths containing attenuator standards and phase standards. Through

adjustment of these two standards for null balance readings are obtained.
By paying special attention to the design of the standards and of the
transmission line system, and utilizing continuous comparisons by means of
'sample and hold' techniques, the designers achieved maximum inaccuracies
of 0.1 db and 0.5° over the entire frequency range. Reflection coefficient
measurement is carried out by meang of a shunt insertion method. This
avoids the need for directional couplers but makes it necessary to use line
transformers for impedances which are significantly higher than the
characteristic impedance of the system.



5.2 ?9&-?5‘%9:%9%%&2:’5?@“

It has already been stated that, at the time of writing, complete
TDS Systems, (as distinct from ingtruments for TDR), are not available
commercially. However, several versions of an experimental. TDS system
have been constructed at Cranfield during the period 1965-68, and another
such system, based upon a Cranfield deeign,hggc recently been constructed
in an industrial computer research leboratory.® In all cases, these
systems were assembled almost entirely from commercially available components,
go that it is possible to make performance predictions for similar
arrangements.

A design for.a typical TDS system is illustrated in schematic form
in Fig. L. It can be seen that, unlike FD methods, which require different
system components for reflection and transmission measurements, TDS methods
vtilise one basic arrangement for both. To change from reflection to
transmission evaluation merely requires a\change in the test probe location,
or, for a 2-channel sampling system, a change from one channel to the othef?

The Tirst significant difference between FD and TDS methods concerns
qtandardlzatlon. In both techniques this involves the use of !short c1rcu1t’
and ’through line' standards. However, since IDS involves simultaneous
(though implicit) measurement of the amplitudes of all component\frequen01e
a single operation will provide a complete set of reflection reference data,
while a second operation will provide all data for a transmission reference.
With suitable system design it becomes possible to utilize the same set
of data for both transmission and reflection measurement standardization.

The accuracy achievable in TDS systems will be discussed below.

4., FD Measurements: Source of Error
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In FD transmission measurement methods the signal from the source is
divided into two components one of which is sent down the reference line,
while the other passes through the test channel. The amplitude ratio and
phase difference of the signals are then measured by heterodyne or sampling
methods Standardization involves the insertion of a reference standard
in the uest line and adjustment of reference line to yileld a given amplitude
ratlo and zero phase difference. For highest accuracy, standardization
must be carried out at each frequency of measurement, involving a two-step
procedure at each Trequency.

Frrors will arise from shortcomings of the transmission line system,
from mismatches at power divider and measuring terminals and from errors in
the phase and amplitude measuring system. In general, these errors will
be dependent upon signal amplitude.




Figures quoted for worst case accuracy of transmission measurements
on the Hewlett-Packard Network Analyzer and Transmission Test Unit are
of the order £ 0.3 db, *5° for measurements of total transmission factor,
and * 0.26 db, * 3.3° for incremental measurements involving the use of
similar networks 1n reference and test channel. These accuracies are
achieved under conditions which permit swept frequency mode of operation.
In contrast, the higher accuracies quoted for the Bell Laboratories Test
Set imply conditionz of operation which preclude this mode.

%.2 Reflection Measurements

The major difference between FD transmission and FD reflection
measurement technigues (excluding the use of shunt insertion measurements,
which are not adapted to wideband/swept frequency methods) consists in the
use of directional couplers to separate the incident from the reflected
signal. The measurement procedure is again essentially a two-step method
in which the reflection of the test device is compared to that of a short
circuit standard against which the system has been calibrated.

The introduction of directional couplers adds a further source of error
to the other sources present, since coupler tracking inaccuracies are
unavoidsble. Typical tracking errors, quoted for the Hewlett-Packard 8T41A
and 8T42A test units amount to * 0.5 db amplitude error, * 3° phase error
(0.11 - 2.0 GHz) and * 5° phase error (2.0 - 12.4 GHz). The uncertainty
involved in reflection coefficient magnitude is related to the value of
the reflection coefficient and lies between * 0.0L for p & O and 0.11 < f < 1GHz,
and £ 0.04% for p ~ 1 and 8 < £ < 12.4GHz. 1In the absence of correction
procedure this implies, for example, a ¥ 5% impedance uncertainty in the
measurement of 100 ohms at 1 GHz.

The effects of coupler directivity errors can be eliminated by the use
of standardising procedures. For measurements at a few spot frequencies
this can be done manually. However, if results over a frequency range are
to be corrected then it becomeq convenient to use on-line computing facilities
to store the correction terms for each of a large number of frequencies and
to evaluate the corrected amplitudes and phases of the test device reflection
coefficient. This facility is available in the Hewlett-Packard Automatic
Network Analyzer. Once a computer forms part of the measurement system,
ite function need not be restricted, of course, to that of storing and
calibrating out error data, but it may be used for parameter conversion,
data storage, display and print out control and similar functions.

5. TDS Measuremente: Sources of Error
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The following factors will be of major influence upon the performance of
a TDS System:

(l) Quality of transmission line system
(2) Time scale accuracy of sampling oscilloscope
(3) Amplitude accuracy of sampling oscilloscope



With respect to (1) it appears that the use of commercially
available co-axial transmission lines, such as the GR 87L series imposes
no significant accuracy limitation over the range O - 3 GHz, provided
the system is designed to eliminate line loss effects as will be described
below. For higher frequency ranges it may be necessary to use higher
quality lines and fittings, such as the GR 900 series.

Under the heading of time scale accuracy one must consider time
scale non-linearities, time scale calibration accuracy and time jitter.
To consider a specific case let it be assumed that the amplitude of the
time signal is to be measured at intervals of 0.1 n sec., corresponding
to a frequency cut-off of 5 GHz. For a * 5% time scale uncertainty
between samples time jitter must not exceed * 5 p sec. This represents
1 the quoted maximum value for the Hewlett Packard 1L425A time base system.
Il X ~ Y recording is used, an averaging effect will tend to reduce the
magnitude of this Jjitter.

A series of practical tests in which one port reflection coefficients

of certain co-axial standards and of test networks were measured on _two

TDS gystems in different locations and the results compared with FD
measurements (which included first order corrections for directional coupler
errors), indicated that overall agreement between the three sets of
measurements to * 5% in both amplitude and phase were readily achievable
over the range 0 - 1 GHz. Recent work at Cranfield established low
frequency noise in the sampling system vertical amplifier (Hewlett-Packard,
lhllA) as a major source of error, and in later tests, in which this cause
had been eliminated, reproducibility of results was found to be of the

order of * 0.3% over the range O - 1.5 GHz, ¥ 1% from 1.5 to 2.0 GHz and

* 2% from 2.0 to 3.5 GHz. Under the same conditions the reflection
coefficient of a 200 ohm co-axial standard (p= 0.6) was obtained to an
accuracy of ¥ 0.5% over the rangs O - 0.8 GHz. Exampleq of llneprlnter
~output and plots of these results are glven in Appendlx B. 3

{
Amplitude errors may arise not only from inaccuracies of the vertical
nplifier systems of the oscilloscope and X - Y recorder used to record the

ngnal, but also from errors in taklng qample amplitudes from the pulse
trace. It can be shown that Ehe Presénce of amplitude errcrs will result
in the superposition of amplitude and phase errors which vary periodically
with frequency, upon the smplitude and phase spectra. In the tests referred
aoove, it waQ found that this type of error could be kept at 1n=1g¢f1cant

of data, for frequencies up to l GHz. It =houldmbe borne in mind that
relative rather than absolute information on pulse amplitude is required
since it is the ratio of Fourier components which results from the computation.

In summary of this section one can say that the present accuracy limits
for measurement of passivenciworks over the range O = 1 GHz will lie ir the
region of * 1%, or better, for amplitude measurements, ¥ 5% for phase
measurements, while for active devices, which impose signal level limitations,




the accuracy limits will be somewhat broader, probably typically * 5%.
These limitations arise not from the measurement system as such, but
from the shortcomingg ofwpresent day sampling oscilloscopes and from
the relatively simple methods used, so far, for deriving digital ‘
information from analogue signals.?

. With the use of more elaborate methods of signal processing, such
as smoothlng and signal averaging, it is estimated that an 1mprovement by
a factor of 10 in accuracy should be readily achievable at the cost of some
increase either in equipment complexity or computer usage. Extension of
the frequency range over which high accuracies can be achieved will algo
be relatively easy. In assessing the ultimate accuracies which TDS
systems should be capable of achievement, perhaps the most significant
factor is the time separation of reflections from different parts of the

measurement system. This feature offers at one and the same time a high
degree of immunity from the effects of transmission line shortcomings and
obviates thé need for the use of directional couplers.  This latter point

is particularly important, since coupler characteristics are one of the
biggest error sources in FD Eedhnlque Ty Oniy TIDS can offer s~-parameter
measurement without the use of directional couplers.

6.  Conclusions
The preceding discussion regarding the performance of TD and TDS
technique baged instrumentation leads to the following conclusions:

1. Present-day TDS techniques, utilizing a fast pulse generator, sampling
oscilloscope, X~Y recorder and off-line computing facilities can yield
accuracies of the same order as those achieved by the most complex
commercially available FD network analyzer sets, which include on-line
computing techniques.

2. With further develonmentV, such as more accurate data conversion by
meansg of on-line techniques, an improvement in precision of TDS systems
can be brought about, which is likely to go beyond that achievable
in FD systems. This prediction is based upon the ability of TDS,
mentioned above, to eliminate the effects of mismatch reflections and
to obviate the need for directional couplers.

"Recent work at Cranfield has led to the conclusion that it will be feasible,
by proper choice of transmission line lengths to achleve optimum time
__Segregation of mismatch reflections and compensation of line losses, to
reduce spurious reflection effects below 1% even though indiyidual component=
of the system may have reflection coefficients as high as SO%



3. Even the simplest TDS system offers a degree of wide band facility
equal to or greater than that provided by the most complex FD swept
frequency measuring apparatus. The superiority of the TDS method
derives from (i) absence of frequency limitations other than the
spectral limit of pulse generator and sampling oscilloscope so that,
with present-day sampling heads O-L GHz, or 0-1l2.4 GHz can be covered,
(ii) possibility of submitting the same data to further Fourier analyses,
go that information relating to any frequency within the range can be
obtained at any time without further experimentation.

L. 'Tne ability to separate desired and unwanted reflections makes TDS
techn1que< superior to FD ones as a means for measuring 1ntegrated
circuit components through probe measurements on the slice.

5. While TDS as here discussed is essentially a method for the measurement
of linear network parameters, the experimental equipment can be used,
with an increase in pulse amplitude, for measurements on hon-linear
devices in the switching mode, to provide data on rise and fall times,
delays and other large signal data. In cases where such information
is required, in addition to small signal parameters, any FD system
will have to be complemented by a separate pulse system, while both
facilities are contained in the TDS apparatus.

6. At the present time, TDS equipment, in spite of its greater versatility,
compares favourably in cost with most FD systems as indicated in
Appendix A. .

It seems evident, from these considerations, that a strong case exists
for the rapid further development of TDS techniques with a view to producing
an instrument which could form a superior alternative to FD equipment.
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Appendix A

Comparison of cost estimates for FD and TDS systems
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1. FD system

o -

1.1 Non-automatic network analyzer (Hevlett Packard)
Note: This equipment permits single frequency measurements and swept
Frequency oscilloscopic displays of amplitude and phase of transmission
and reflection coefficient, but does not provide Tfor automatic range
changing, storage of calibration data, and error corrections as carried
out by the 'Automatic Network Analyzer' . Such functions could be
provided, off-line, by any general purpose digital computer with
suitable software.

Cost to nearest £10
(May 68 Price List
+ 2% for US imported

eqpt.)
(i) Network Analyzer (8410A) 1970
+ Harmonic Converter (8411A)
(i1) Phase Gain Indicator (8413A) ' 390
(alternative, or complementary,
Poiar Display Unit (841ka)) (450)
(iii) Transmission Test Unit (8740A) (0.11 - 12.}4 GHz) 590
- (iv) Reflection Test Unit (87414) (0.11 - 2 GHz) 680
(Reflection Test Unit (8742A) 2.0 - 12.k4 GHz) (680)
(v) Sweep Oscillator (8690A) 660
RF units for above:
(86994) 0.11 - 4 GHz 1410
(8693A 4 - 8 GHz) (730)
(8694A 8 - 12 GHz) (730)
(vi) Test Fixtures etec. 300
Total cost for 0.1l - 2 GHz equipment 6000
Additional cost to cover 2.0 - 4 GHz range 680
Additional cost to cover 4 - 12.4 GHz range 1460

Total system cost 0.11 - 12.L4 GHz 8140



1.2 Automatic Network Analyzer (Hewlett-Packard)
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This comprises, in addition to above, a 2115 digital computer,
analog to digital conversion, automatic range switching etc.

It offers the facilities described in section 4. U.S. Price (Spring
1968).
Basic System (0.11 - 2 GHz) # 81,000

(0.11 - 12.k4 GHz) # 97,200

2. TDS System

2.1 0 - 4 GHz

———— -

(i) Sampling Oscilloscope £ £
Hewlett Packard 1LOA 26
+ 1411A 370
0 1hzoa 528
+ 1hokA _633 1800
(i1) Pulse Generator 213B (100 p sec) 120
(iii) Co-axial lines and fittings 600
(iv) General purpose X - Y recorder 300

(v) Use of computer

2820

2.2 Extension of above system to 0 - 12.4 GHz
(i) 1L431A sampler unit (in place of 1L324) 1600
(ii) 20 p sec pulse generator 350
additional cost: 1950

total cost 4800
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TABLE OF ONE-PORT NETWORK REFLECTION COEFFICIENTS %

RHO

51.117€-02
00.000E-02

51.117€-02
0

50,745€E-02
19.623€E-05

50.745€E-02
2

49.663€-02
32.051€-04

49.664E-02
7

47.980E-02
11.951€-03

47.994E-02
1.43

45.918E-02

.29.370E-0%

46,012E-02
3.66

43.851€-02
57.951€-03

44,232€-02
7.53

42.309E-02
98.914E-03

43.450€E-02
13.16

41.938E~02
15.120E-02

44.581€-02
19.83

43.394E~02
21.065€~02

48.236€~02
2 9

47.168E-02
26,.980E-02

54.339€~02
29.77

53.415E-02
31.873€-02

62.202E-02
30.82

61.827€-02
34.682E-02

70.891E-02
29.29

TDR 1408 GMY 1/10/68 10/20 GREEN
TDR 1401 G6MY 1/10/68 5/20 WNS

Y*

32.347E-02
00.000E-02

32.347E-02
0

32.673E-02
-17.271€E-05

32.673E-02

33.632€6-02
~28.618E~04

33.633€-02
=0.49

'35.144E-02
~10.914E-03

35.161€E=02
-1.78

37.007E-02
~27.576E~03

37.,109E-02
-4.26

38.807E~02
~55.918€-03

39.207E-02
-8.20

39.863E~02-

~97.214E-03

41.031€-02
-13.71

39.3264E-02
-16.841E-02

42.032E-02
-20.68

36.529€-02
~20.056€E-02

41.673E-02
-28.77

31.479€-02
~24.104E-02

39.648E-02
=37.44

24.970€E-02
~25.963E~02

36.023€6~02
-46.12

18.160E-02
~25.324E-02

31.162E~02
~54.35

Y(MHO)

64,695E-04
00.000&-02

64,695E-04
0.00 .

65,347E-04
~34.542E-07

65.347E-04
=-0.03

67.265E-04
=57.237E-06

67.267E-04
-0.49

70.289€-04
-21.829E-05

70.323E-04
-1.78

74.014E-04
~55.152€~05

74.219€6-04
~4,26

77.613E~04
=11.183E~04

78.415€6-04
~8.20

79.726E-04
=~19.443E~04

82.063E~04
-13.71

78.649E-04
~29.683E~04

84.064E~04
-20.68

73.058E-04

=~40.113E-04

83.346E~04

~28.77

62.959E~04
=48.209E-04

79.297E-04
~37.44

49.941E~04
~51.927€-04

72.046E-04
~46.12

36.321€~04

~50.648E~04

62.3256-04
~54,35

W

Ch

a~

2%

30.914€-
00.000E-

30.914E~

0.00

30.605E~
16.178E~

30.605E~-
3

29.730E~-
25.298E-

29.731€~
9

28.426E~-
88.282E-

28.440E~

1.78

26.872E~
20.024E~

26.947E~

4.26

-25.244E-
36.375€E~

25.505E~

8.20

23.677€~
57.742E~

24.371E~

13.71

22,258E~
84.008E-

23.791€~

20.68

21.034€~
11.549€~

23.996E~

20,025~
15.333€~

25.221€E~-

37.44

19.243€~
20.008E~

27.760E~

46.12

18.700€-
26.077€~

32.089E-

56.35

01
02

01
01
04
01
01
03
04
01
03

01

61
02

01
01
02
01
01
02
01
01
02

01

01
01

01
01
01

01

01
01

01

01
01

01

Z(0HM)

15.457€

00.000E~-

15.457€
0.00

15.302€

80.890E~

15.302¢
0.03

14.865E

12.649E~

14.865E

14.213€

44,1406~

14.220€
1.78

13.436E
10.012€E

13.473E
4,26

12.622€
18.188E

12.752€
8.20

11.838E
28.871E

12.185€
13.71

11.129¢
42,004

11.895€
20.68

19.517€
57.745E

11.998€
28,77

10.012€
76.668E

12.610€
37.44

96.214E
10.004€

13.880E
46.12

93.504E
13.038¢

16.044E
54.35

01
02

01
01
03
01
01
01
01
01
01

01

01
00

01
00

01
00

01
00

01

01
6o

01
00

00
01

00
01

]

-
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VSWR

3.0914

3.0606

2.9733

2.8458

2.7046

2,5863

2.5367

2.6089

2.8638

3.3802

4.2913

5.8708




600.000

650,000

700.000

750.000

800,000

850.000

900,000

950,000

-1000.000

1050.000

100,000

1150.000

" 1200.000

52 - > =0 -< > (] - x

<X W™ <X DX <X <X BB <X B <X < x

< ®©3

L -] - 3 -

-

Lo

71.620E-02
364,524E-02

79.507€~02

25.74

81.650E~02
30.916€-02

87.307E-02

20.74

90.645E~02
23.919€-02

93.748€-02
14

97.469E~02
14.138E~02

98.489€E=-02
8,25

10.135€-01
25,999€-03

10.138€E-01
1.47

10.204€-01
"94.6056~03

10.248E=01

.78

=5.30

99.,804E-02
=20.845E=02

10,195E-~01
-11.80
95,3556~02
=30.615E~02
10.014E-01

=17.80

89,687E~02
~38,242E=02

97.500E=02

~23.09

83.859E=02
=43.670E~02

96.,548E=02

=27.51

78.,7748=02
=47, 283E-02

91.875E=02
0.97

75,012€=-02
=49, 774E=02

90,0264E=02

=3

=33,57

12.003E-02
-22.531€-02

25.529€=02

=61.95

70.021€6-03
=18.211E~02

19.511€=-02

-68.97

32.8108-03
-12.958E=02

13.367E~02

75,79

76.477€=04
~72.144E-03

72,548E~03
3.95

-8

~68.999E~04
=~12,823E-03

=12.281E-03
46,249E=03

47.852E-03
1

b

)

=98.0096=064
10,3306-02

"10.3776-02

14,561€~03
=118.28

?5.

=76.487E~05
15.659E=02

15,660E=02
9

0.28

15.1B4E~03
20.426E-02

20,468E-02
86,3

6,31

29.,6986=03
26, 457E~02

24,6376=02
83.08
43,586E=03
27.654E~02
28.027e=-02
80,64
57.2576<03
50.069€=02
30,609€=02
79.22

24,007€-04
~45.062E-04

51.059E~04
=~61.95

14,004E-04
~36.423E-04

39.022E~04
~68.97

65,621E-05

~25.916E=04

26.734E-04
-75.79

15.295E-05

. -14,428E=04

14,509E~-04
~83.95

=13,799E=05
=25.646E=05

29.123€=05
-118.28

=24,563E~05
92,498E=05

95.704E=05
104.87

=19.602E~05
20,661€-04

20,754E-04
95,42

~15.297E~06
31.319E=04

31.320E=04
p0.28

26,368E-05
40,852E=04

40.9376=04

» 31

59.3976=05
48,914E=04

- 49,274E=04
85,08

91.,173E=08
55,308E~04

56,055E8=04
80.64
11.451E=04
60,138E-04
61,219E=04
79.22

18, 364E=04
63.8766=04

65.062E=04

03

18.417E~01
34.570€=01

39.170€-01
61.95

18.393E-01
47.837E-01

51.251E~01
68.97

 18.362E-01
72.521E-01

74.809€E-01
75.79

14.530€-01
13.707€ 00

13.783E 00
83.95

~32.539€ 00
60.474E 00

68.673E 00
118.28

~535.635E~01
~20.197€ 00

20.897E 00
~104.87

=91.014E-02
=95.934E~01

96.365E=01
95,42

~31,189E~03
~63.855E~01

63,856E=01
-90.28

31.468E=02
~48,755E6-01

48,854E=01

=86.31

48,928E=02
=40.293E-01

40,589E=01
-83.08

58.032E~02
~35,204E~01

35,679E=01
=80.64

61.1106=02
=52,092E~01

‘32, 669E6~01
=79.22

58.416E=02
=50,179£=01

30.739E=01

9.

92.088E 00
17.285€ 01

19.585€ 01
61.95

91.965€ 00
23.918E 01

25.626E 01

.91.812E 00
36.260F 01

37.404E 01

.

72.651€ 00
68.535€ 01

68.919€ 01
83.95

-16.270€ 02
30.237€ 02

34.336€ 02
118,28

~26.817€E 01
=10.098€ 02

10.448E 02
104,87

~45.507E 00
=~47.967E 01

48.182E 01
~95.42

~15,594E=01
=31.927E 01

31.928 01
~90,28

15,734 90
“24,376E 01

24,427 01

6.31

26,4648 00
=20.146E O1

20.294E 01
-83,08

29.016€ 00
~17.602E 01

17,8398 01
=80.64

30.588€ 00
=16.046E 01

16.334E 01
79,22

29,2088 00
=15,089€ 01

15,369€ 01
=79.05
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8.7594

14,7572

30.9903

131.4380

=144.9534

~81,5970

=103.1196

~1339.4645

79.0123

35.6873

23,6170

19.0490

17.8314
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AE-RUN OF GMY DATA 1400 - ..
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1

/RHO/
0o

9.

X10
300

ON £01C. ARBITRARY TIME IERD. MWL - 13 OC &%)

§.100
L

2. 400
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ek =

Y e

[ D SN

FOURIER ANALYSIS
COLUMNS. 4,5 ARE SPECTRUM REFERRED T0 TDR 1406
COLUMNS 6,7 ARE SPECTRUM REFERRED TO TDR 1407

AMPLITUDE

43,0000
42,7030

41,8996

40,8139
39.7069
38.7597
33.0050
37.3476
36,6474
35.8002
34,7711
33.5840
32,2935
30.9641
29,6620
28,4473

27.3572

26,3869
25.4863
24,5814
23.6111
22,5526
21.4223
20,2532
19,0711
17.8850
16.6981
15.5203
14,3643
13,2214
12,0418
10,7439
9,2590
7.5849

2,0900

FOURIER ANALYSIS -

COLUMNS 4,5 ARE SPECTRUM REFERRED TO TDR 1401
COLUMNS 6,7 ARE SPECTRUM REFERRED 70 TDR 1402

AMPLITUDE

71,5000
71,0545
69,8453
68,1975
66,4887
64,9865
63,7590
62,6987
©o61.6217
- 60,3634
58,8272
56.9980
84,9450
52,8134
50.7871
49,0110
47,5090
46,1617
G4, 7796
43,2239
41,4907
59,6984
37,9893
36,4155
34,8999
33,3045
31.5374

6.8839

QUAST SPECTRA'

PHASE

0,0 -
<408.5
143,2
35,5
-71.6
-178.4
74.8
-32.3
-139.6
112.9
5.3
-102.4
150.1
42.8
-64.4
-171.5

69.5

QUAST SPECTRA

PHASE

-

AMPLITUDE

0.9977
0.9984
0.9997
1.0001
0.9985
0.9958
0.9942
0.9957
0.9998
1.0044
1.0066
1.0047
0.9992
0.9920
"0.9852
0.9799
0,9769
0.9768
0.9797
0.9845
0,9886
0.9883
0.9811

0,9389
0.9098
0.8181
0.6854
0.6205
0.6454
0,6676

0.6306

AMPLITUDE

9
9
9
9
9
0
0
0219
0288
0
0
0
0
0
0

19

TOR 14035 GMY 1/10/68 5/20 w200

" PHASE

0.0
-0.6
-1,2
1,9
-2.6
-3.1
-3,6
-3.9
-4, 4
-5.1
-6.0
-7.0
-7.8
-8.4
-89
-9.2
-9.4
-9.7

=10.9
“9.4

TOR 1406 GMY

PHASE

e 2 % s e % m omomoawa s w oweoam e oM e oW EoamE e meaowoweoe o aom e w w

13 N A U IS B i o3 B B oh B R B R D B B D D
NBVUMN 2O OCENNE NPT WU S22 O CENMNAMUPRNEN=30C

WS GHH S WN D ENHIA DD SNPI PO NBUEAVANPCR2P ING DNES

bod

32.8
29.2
24,8
21.6

GMY 1/10/68 5/20 w200
GMY 1/10/68 10/20 W05

‘AMPLITUDE

0.5850

0.5920"

0.6002
0.5945
© 0.5936
0.5978
0.5945
0.5968
0.6106
0.6049
0.5883
0.6133
0.6065
0.5695
0.56005
0.5989

B.5450 v

0.5830
0.6057
0.5158
0.5552
0.6188
0.5017
0.5382
0.6255
0,4943
0.5015
0.6218
0.5075
0,4941
0.6459
0.4736
0,465
0.7385
0.4030
0.3870
0,6676
0.2780
0.3372
0.4541
0,2765

1/10/68 5/20

GMY 1/10/68 5/20  WN5
GMY 1/10/68 5/20 W05

AMPLITUDE

1.0228
1.0120
1.0290
1.0949
1.1755
1.2394
1.2852

WNS

PHASE

-108.3

=179.4
=52.1

-170.2

-56.7
99.9
~164.5
~28.6
128.5
«125,0
2.8
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(@) TRANSMISSION MEASUREMENTS

TRANSMISSION

TEST UNIT ATTEN'S
SWEEP OSCILLATOR ~ TEST LINE |NETWORK
ssrmmmase=lUNDER  jez=z '[:"‘ AMPLITUDE
SIGNAL TEST CONVERTER }——1 paTIO AND e .
A o I I
--------------------- =TS | |
i SWEEP RER REFERENCE LINE L PHASE g |
INDICATOR | RECORDER |
METER & Lo J
DISPLAY
(b) REFLECTION MEASUREMENTS
AMPLITUDE
RATIO AND " ——— - 1
CONVERTER REFLN Fx-v
STAND'D PHASE o l
o - INDICATOR | RECORDER |
SWEEP OSCILLATOR :E ': METER & b o= - !
J k NETWORK DISPLAY
SIGNAL s=z-=| UNDER
SWEEP REF TEST
REFLECTION TEST UNIT
. (INCORPOR'G DIRECTIONAL COUPLERS)
FIG.I. EXPERIMENTAL ARRANGEMENT FOR F.D. TRANSMISSION AND REFLECTION
MEASUREMENTS BASED UPON THE HEWLETT PACKARD NETWORK ANALYZER.
OSCILLATOR OSCILLATOR
i
I
i NETWORK
(‘:::::_:::::_":::-_*::: UNDER  [====p
h TEST it REFLN NETWORK
iy i L E 1 UNDER
il A STAND'D TEST
i : i
e I
0 h
Iy l iy
| L fmm e o o o l

AMPLITUDE RATIO &
PHASE INDICATOR

U

|
|
|
|
|
|
|

l
|
|
t
|

| i J]

(@)  TRANSMISSION MEASUREMENTS

FIG. 2. EXPERIMENTAL ARRANGEMENT

MEASUREMENTS BASED UPON 2 -G

(b) REFLECTION MEASUREMENTS

DIAGRAPHS,

FOR TRANSMISSION AND REFLECTION



//'—_—"'_'—"“—'___— - - - - == - - =
/
/
/ /
/
FREQ
CONV'R —@
ATT. I NETWORK ! ATT. ZERO
gggf“ | LOSS DIFF.
| ‘ DETECTOR
; ZERO
PHASE
OSCILLATOR || _ -
| @ ) </> DIFF,
| | DETECTOR
|
l |
| |
|
| I
FREQ !
conv'rR
ALL SWITCHES OPERATE SYNCHRONOUSLY AT 60Hz
FiG. 3. SIMPLIFIED BLOCK DIAGRAM OF B.T.L.
LOSS AND PHASE MEASURING SET
BIAS
NETWORKS
REFLECTION STD.
2 T T P D e S
GENERATOR | | o m oo o e el e e e S A
. il TRANSMISSION
{, STANDARD
11
_______________ 1 e e o)
______________ i2 B Y ey ey
B
TIME
MARKER E]
CIRCUIT
A—— 2 CHANNEL X Y RECORDER DIGITAL DIGITAL
SAMPLING OR T paTA | COMPUTER
B— OSCILLOSCOPE A D CONVERTER
OUTPUT
INFORMATION :- s.y.z.h. PARAMETERS. V.S.W.R. FOR ANY 1 '

PLOTS OF AMPLITUDE RATIOS AND PHASE vs f

FIG.4. BLOCK DIAGRAM OF T.D.S. SET.




