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T pectrometry (TDS) Methods are outlined and their applicat
to measurement of ﬁransis*o: parameters is discussed. Experimental result
are pregented and the advantages and limitations of TDS methods are re-agse
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1. Introduction
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In this report, the method of Time Domain Spectrometry (TDS) and
its applications to the wideband measurement of the small signal paramsters
of transistors is discussed. The advantages and limitations of the
method are reassessed both for present and projected systems in the
light of resulbe obtained in investigations directed particularly at
establishing the accuracy and range limiting factors of present systems.

Comparison is made between TDS and frequency domain (D) mea surement
techniques.

The report contains two appendices, on Fourier transforms and on
paranmeter systens. Thege are included not because they are original
but to meke the report selfw-contained.

1.1 Higtory of method
Tine Domain Spectrometry represents a development of go-called Time

Domain Reflectometry (TDR) methods into a technique for guentitative
meagurenent. TDR has been in use for some years and has been extensively
applied to the qualitative analyesis of transmission 1line qutenw,l:z
table pulee launched down the line is reflected from digcontinuities
iated with such 1@aturcc as line defects, connectors, mismatched

c. By measuring the time interval between the ingoing pulse and
vlar reflection, the position ol the ve?lactarcc in the line can
be found. By comparing the two pulses, an estimate can be made of the
tude and nature of the reflectance. qis is useful information, but
eufficient for the accurate characterization of devices. For this
nore careful analysis ig required than can be rea lized by visual 1ncpec+ﬂh
Such an extension of the technique was suggested by one of the authors
several years ago, and the results obtained in early experiment g7 y4were
of sufficient quality to merit the more extensive examination detailed in

is report, using later and more sophis ticated eqzlmmcnt than was
available for the earlier investigation.

1.2 Time Domain and Frequency Domain
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Corr sponc1ng to any realisable pulse in the time domain is a
frequency distribution or spectrum, and vice versa. Pulses and spectra
are relabed by the Fourler traLuio:m

t ~ T oo o
Plo) = | 2(s)eCas (1)
- 0
and its inverse
it 0o .
£(t) = = J' mo)e P lan (2)



where £(t) ig a TD pulse and T(w) is a FD spectrum. Appendix 1 discusses
the conditions under which these transforms are valid. Further, for a
linear network, the ratio of the Fourier transform of the responded and

the incident pulses gives the response of the network as a Ffunction of
frequency since this ratio, computed for any one frequency, represents the
ratio of the spectral components, at that frequency, of the output and input
signals. - It follows that a single pair of pulses will yield the entire
frequency résponse characteristic of the network, up to an upper frequency
limit. .This limiting frequency is related to the upper limit of component
frequencies contained in the input pulse, and to bandwidth limitations in
the measuring system. Thus the method is truly wideband.

The foregoing method of obtaining frequency responses has been used
for the analysie of the performance of control systems.  With the long
response times of some such systems the real time recording of the output
was simple, and the input could usually be made a good approximation to a
step or impulse function, both of which have known Fourier spectra. Thus

nly the output function had to be Fourier transformed, either numerically
or by analogue nmethods. Applications to transistors or any other device
of very much shorter response time were not considered practicable becavse

(1) pulse sources and recording equipment had a limited bandwidth,
and ¥D methods were reasonably eacily available to cover this band
more economically, ‘

(ii) Fourier transforming the pulses took too long.

The first objection was overcome by the development of tunnel diode
pulse generators and the wideband sampling oscilloscope which made posgible
the generation and accurate recording of picosecond rise time pulses,

This enabled TDR systems with a bandwidth of several GHz to be congtructed,

using ordinary recording equipment rather than high speed photography. The
gecond obJjection disappeared with the advent of eaglly available high speed

computers.

2. T.D.5. Systenms
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2.1 Description

Figure 1 shows a simple T.D.3. system suitable for measuring one~port
and two-port networks, which includes transistors. The input and reflected
pulses are measured and recorded on the A channel, and the tranemitted
pulscs on the B channel. The signal is carried throughout on coaxial
lineg of constant impedance, on which the network causes a digcontinuity.
The ratio of responded pulse spectrum to. incident pulse spectrum is thus
the reflection or transmission coefficient of the network as a function of
frequency.  The set of four possible ratios constitute the set of g=
parameters for the network, the forward and reverse reflection and transmissio

o e

coefficients (see Appendix 2).
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The system chown in Fig. 1 1is rather an clementary one. Wo biassging .
arrangements ere shown, and no account is taken of line losz or 'Al and “P‘
channel matching. Algo the relative time of arrival of the responded and
incident pulses are not well defined. Thege prevent the system from

being of practical use. TFig. 2 shows & more advanced system, incorpor2ting
ceveral hardware additions and a more refined cperating tecanigque. Such a
systen will be described in detail, sinc it has been constructed and operated,
and has yielded the results which are discu ssed in a later section. '

m

;_J.

he method of operation is as follows The pulse from the generator
is Spl&b into two parts by the matching Tec, one part being the input
signal and the other providing a time marker. The signal portion is
attenuated to a suitable level, and paseed through the sampler, which is
of the feed through type, down the line to the network under test. The
reflected and tranﬁmﬁuted pulses are recorded at A and B regpectively.
The length AN, is made large enough £0 that the input pulse at A has

reached a ccn% tan t 1evel before the reflected pulse from the network arrives.

Tnstead of recording the ingoing pulse as a reference input, a standard
coaxial open or short circult is placed at N.. The pulse reflected fromn
thie to A ie used as the reference for the réflected pulse. Similarly

the t anemithed reference pulse is obtained at B, by substituting a Usline
for the network. In this way, the effects of losses in the line and in the
hias injection networks are cancelled. Also, with a reference pulee for
each channel, there is no nced for accurate matching of the channels.

The time marker system 1s a very necessary additicn to the simple
version of the T.D.R. system. From the ma tched Tee, the part of the
pulse generator output which will provide the marker ig led down a coaxisl
line terminating in a mabched load /503) Just in front of this load is
a small capacitative taﬁemo-f ¢J o another coaxisl line leading to an
attenuator and the B channel’ autpuu, The take-off consists of a modified
coaxial Tee unit, in which the inner coaxial side axm docs not guite touch

the centre straight through conductor but ig separated by a small air g% .
The RC differentiating circuit produced by this capa acitor and the characteristic
impedance of the line provides a charp spike from the step funciion ocutput

of the generator. With a further delay provided by the line length CB,

the marker pulse arrives at the sampling point B. The total delay of the

time marker pulse is such that it arrives at 'B' immediately before the end

of the time cbserved on the oscilloscope, and aitc the pulse through the
nebwork hag settled down. The peak of the time marker ig taken zg the tiume
sero for the pulses observed on both A and B channels ihen recording

the puls:s éibwl yed on the x-y recorder, the marker ulse i toma
provided on the B output, and can be obtained on the A by superimposing the
B chamnel aftcf the region of interest on the A channel has been recol

Thus a time zero is p;ovxdcd on both channels, dependent only on the
produced by the line lengths, and Lnocpcpdbpr oi the timebasge and pulse

ganerator triggering arrangements. or the gake of convenicence, the line

lengthe AN, and BHO are made equal.
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The bias required by a transistor wnder test is provided by the Te ktroniX
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yignal take-offs and probes shown in Fig. 2.  Although this is not

helr designed function, they perform it well. The probes contain

a 50 %wwatt series resistor, which limits the possible bias current

to about 30 mA under steady conditions. The bias voltages are prevented
from reaching the sampler by the blocking capacitors shown. Thig is
necesgary since the diode sampling gates have a rather low d.c. voltage
rating and are eagily destroyed.

o m

The transistors are held in G.R. transistor Jjigs (originally designed
for use with the General Radio 1607 VHF-UHF bridge) which give a smooth
ransition between the coaxial line and the transistor. These provide a
definite location of the measurement plane. Used with these are open and
short circult standards and U~lines, which have the same electrical length.

The system is constructed mostly with G.R. coaxial 50 air spaced lines
and connectors, although some high guality solid dielectric cable is used
in lesgs critical parts of the marker delay lines. Care was taken in the
positioning of the components along the lines to reduce reflections arriving
in the signal viewing region to a minimum, or to shift them out of the
region, and the choice of components of the system was made with their
reflection coefficients very much in mind. -Attention was also paild to the
mechanical gtability of the system, in particular to ensure that it was not
affected by the stresses involved in changling the ceoaxial reflection and
transmission standards and the transistor Jjigs.

2.2 Operation

The system was operated as described in the preceding section, and I
meagurenents were taken on transistors, passive networks and coaxial reflectance |
standards over a wide range of conditions and signal levels. Congiderable
difficulty was experienced with noise on the sampling oscilloscope, and much

time and effort was wasted before the fault was realized and located. Tt
turned out that there was low frequency noisge on both channels, which chowed
up as high frequency noise on the x«y recorder trace. It was found that

thig noise was very highly correlated betweeen the channels, and was cancelled
out if the oscilloscope was cpcrated in the differential A-B mode.
Unfortunately; this reduced the dual-channel oscilloscope to an effective L
single good channel, and although this did not prevent the making of measurements,
or affect their accuracy, it made the process more inconvenient and time N
consuming. In spite of several appeals to the manufacturer, the fault was
finally rectified only after the completion of the experiments here reported.

“The use of these components for this purpose was suggested by M. Bradshaw
and A. Jones of the Elliott-Automation Computer Research Laboratory.
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The nolse was traced by the mancfacturers to a faulty avalanch

ctification of the fault, a number of further runs

3 channel facility nov available. Thes
given here.

With the re
on coaxial standards using the dual
additicnal measurements served only to confirm the results

e diode.
were teken

)

- With transistors, the choice of signal level was such that the change
in cu““ent through thc collector due to thé ‘pulse did not exceed 20% of

The As a quick check

standing corrent.
maint
18

that linearity was
aine &, the sign of the input pulse was changed and the
isvor monitored to see if its form was affected. 20%
thought to be a reasonaole compromise between linearity and
for the worst case, which is a Torward connected transistor
emitter configuration: Here the large current galn is the
gince the\fpnut must be quite smell 1f the collector
xcegsive r 2N3572 transistore, this input was,
e dc@ collecto measuremenis

n

oep. Grou
ince the d.c. transmission gain vwas small, about 2 for the
nd input steps of up to 18 mV were used. In all cases
colieetor current was 10 mA.
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The pulses were r

swing is not
approximetely a 6 mV
imposed less stringent

roughly
respongse of the
as a iimit was
signal level
in grounded
difficulty,

to be

conditions
above trans

PO
18 TOT 2

the standing

ecorded on an x-y plotter, and the data for the

computer analysis were obtained by manual amplitude sampling at suitably

choven intervalg on the

‘time axigs {zee Appendix 1).
ensure that the pulse gener

ator and osgcilloscope had warmed

i

the pulse generator was adJl%‘ed Lo provide a J’tECT wFree °1gna1
avoided, to
Mechanical disturbance of the systen

o

delay between reference and
prevent any errors due

regponded pulse recording vas

o drift, etc.

Care was taken %o

up, and that
Undue

was m;n;mlcmﬂ, aﬂd care was taken to see that the connectors were pushed
completely home, %o prevent spurious reflections and time delays.,

List 1 Equipment usged in T.D.S. system

Cscilloscope 140A Main Frame
14254 Sampling Timebase
14134 Sampling Vertical

Amplifier

14324 Sempling Head

Fulse Generator 2138

XY Recorder TOOM”M

Rias networks PGO3BL 500 probes
VPl Coaxial signal take-off

ttenvators 87hwgeries

Capacitors 87k~geries

Coaxial lines 8Th-geries

Transistor jig 87h~geries PEO0 Grounded emitter/

collector

Coaxial open circult

Hewlett Packard
Hewlett Packard

Hewlett Packard
Hewlett Packard
Hewlett Packard
Hewlett Packard
Tektronic
Tektronix
enersl Radlo
General Radio

General Radio

Gensral Radio

87hwperies WO-10 Length matched to PAOO

General Radio

Coaxial short circuit 8Thegeries WN-10 Length matched to P60

87hwseries W100, W200 terminations

87hwgeries U-10 Length matched to PAOO

General Radio
General Radio

General Radio



3. Results

The result d :sed here were taken from measurement runs on coaxial
standards, passive networLy, and transistors, at various signal levels and
conditions, using the sampling oscilloscope in the inconvenient but noise
free nmode reierred to avbove. They are thought to be representative of the
results obtainable with the system previousgly described, and to give a fair
indication of the precision attainable.

=
1

The freguency spectrum of a typical reference pulse is shown in Fig. 3.
The term quasi-spectrum is used to describe the frequency-multiplied Fourier
transform of a pulse. This is convenient for the discussion of step or step-
like pulses, since the amplitude of the quasi-spectrum cf a perfect step iz
a constant for all frequency. The rise time of bo th the oscilloscope and
pulse generator was limited to 90 picoseconds; giving a bandwidth for each
of 4 GHz. The combined bandwidthe, and los ec arising from the system
imperfections, cause the amplitude of the quasi~ pectrum of the input pulse
to be a decreasing function of Irequency. ' Fig. 3 shows that the amplwtude
decreased to half the zero frequency value at 2 % GHz, and declineg very
rapldly thereafter. . There is com evidence that the amplitude is beginiing
to level off around L Ghz, and this is ascribed to the signal werging with
the background noige level This is borne out by.the evidence of Fig. b,
where the agreement beUWPen geparate pulses worsens catactrophlcally after
3.5 GHz.

decline of the quasi-gpectrum as a function of frequency sets the
frequency limit to the usefulness of the system. Up to 2 GHz or o, the
signal to noise ratio permits measurcments of high accuracy to be made .
Above this, the accuracy falls with increasing frequency, until at 3.5 GHz
or more, the present system ig useless. .

Most of the results were obtained Trom measurement runs on coaxial
tandards representing nearly pure registances in order that the accuracy
of the system could be assessed. However, some measurcments were taken
on passlive reactive neuworks with frequency dependent characteri uuicc, and
on bipolar transistors in both grounded cmlt er and collector modes

Fig. 5 and 6 show results taken on a lincar recactive passive one-port
network with both the T.D.S. system, and W1Lh a F.D. gysten utilising 50 ohm
coaxial 1imes, di cctional couplers and a vector voltmeter for the direct
%t of the complex reflection coefficient as a iumction of frequency.

measuremnen

The T.D.S. system was run with a 50 mV input step. The grephs show that
the T.D.S. system is capable of handling circuits vhich have a definite
resonance and a wide variation in reflection coefTicient. The resgults

agree well with those produced by the vector volimeter system, and alsgo
demonstrate the sensitivity of the latter to the impedance of the network
being measured, one of the drawbacks of that instrument.

Figure 7 gives an indication of what is obgerved and recorded during the
of me aca%ementq on a transistor. The graphs are only approximately




te seale, but give a good idea ol the wvarious pulse forms. The transgistor

wes a 2103572, which is a silicon NEPN device with a nominal fT of 1 Gilz.

Tt was connected in grounded collector configuration. Fach of the sgix
aphs spans a time of about 5 nanoseconds. The s-parameters cormpubed

from the original recordings are shown in Fig. 8.
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sourceg of errcr in the sgystem arc:-

1. Drift in the characteristics of the pulse input during recording
and bebween recordings of responded and reference pulses This
ig probably a major source of crror in the present system. it
can be mininised by proper warning-up of the systems and careful
adjustment of the pulse generator. Also, a faster data recording
systen ghould effect a congiderable reduction.

2. Non-linecarity of sampler, oscilloscope amplificr, and recorder.
This is probably better than the published specification for the
devices, since neither the sampler nor the amplifier are required to
be used at thelr maximum Gynamic range. The input pulses to the
gampler ar , and the x-y recorder can be uzed to provide
relatively distortionless gain to reduce the ampliflier swing.

oscope range atbenuator, and choice of data sampling frequen
are clagsed tOngth because they are easily avoidable, t
on, which is simple, and the second by clhoosing a @
interval between sanples.

A\
O
n

o

eTToYrs., These are quite small wi*h manual sampling of
ecording, except vhere the slope of the greph Ies large.
j:' -

ice of time scale will give a reduction in the slope,
buu ig liuited by the necessity of recording all the region of intereet
of the pulse. An automatic direct sampling read-out by diglital

voltme“"r could be used to improve the present manual system.  Random

erroce tend to cancel statistically.

5. Time jitter in pulse generation and oscilloscope timebase. The
sum of the jitter from these sources as stated in the ingtrument
specification eguale 30 plcoseconds, or +92° at 2 GHz, but normally
the Jjitter is much 1 =s¢ than this, provided the pulse generator is
adjusted correct

6. e can be reduced in amplitude by

sten reflcetions. Thes

quality comyouchNP and m ay be reduced in number by siting
eflectors so that their flections do not inkerfere with-
“/””df"vntertct of +hc clgnv pulss. Slncc thej are a permanent

7. Ketwork and standard connection. The operational method used comparcs



the response of a network plus 1ts conncctor“¢> with the regponse
of a standard reference component plus its connccuor( ) . Exrror
corrections can be made, but on!y to the extent of the repeatable
component of the reflection Ifrom any palr of connectors. The
jipe used to held the transistor also fall Into this cabegory.
These have quite appreciable reflsction cecefficients, due to the
difficulties of matching a large diameter coaxial line with a
trengistor lead.  Again, the repeat

for, but there remains some uncertainty as to the quality of the
contact the jig makes with a trangistor, particularly one with
_bent Jealg.

Noige on "vc+cm, High frequency noise is lost by the averaging
effect of the sampler and recorder as the pulse 1s scanned.  Low
frequency noige, as drift in the d.c. levels, is important. The

co

able part of this can be accounted

UC"LO¢L&UCE of the system is dependent upon the signal to noise ratio.

This, in turn, depcnﬂs on the amplitudes of the reference and
regponded nulce and the frequency.

},:

Table 1 Trrors in Phese Measgurement on Coaxial Standards

T ot o a8 o e «u«-—-—-.-.un--u—.--au.-u:mu-nnummmmnmmn-—.—-m—m.—--_.«wum

ERROR £OURCE AMPLITUDE OF ERROR
1. Drift Not known
2. Nonlinearity of oscilloscope 3% of F.S.D. from specification but betier

than 1% in use.

-

%.  Sanpling Errors 0 OL on amplitude and time marker
* 0.1" on very steep slopes

b, Time Jitter %30 picoseconds from specification - much
less in practice

5, Coaxiel line reflections 2% to 2 GHz

6. TNetwork and standard connection 1% to 2 GHz for G.R. 87“ connector

3% to 2 GHz for transistor jig

»

Table 1 gives estimates of these errors, where they are known. The
given are reslly not much help in predicting the accuracy of

tandards, and comparisons between different runs on the

Tables 2 and 3 pive gome results for various coaxial standards
2 3

€ the
system.  For ths, the best method at present consists of ncagurements
g

same

for

different valucs of the input pulse emplitude. As predicted, the errors

pS

rise with frequency. Table 2, last column, shows the results for a 50 chm
termination. Thie ig a measure of the connector mismabch plus the drift

errors. TFrom the tables, it ig a reasonable interpretation that the
of the present yhuem, vlthout any form of correction procedure

accuracy
ig about j%
om amplitude and 10° in phase up to 1 GHz, and 5% in amplitude and i5°
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'gag}_i 2 P_ ELn:a"C FEarx gtc“_i_l_‘f ampld woq measuren gn‘ on coaxial standards
. ® o . i
FREQ W100 W200 00 W50
MHz v 18mV 50V 6mV 18V S0mV | 6oV 18mV  S50mV{ Llmv
0 -1.34 «0.82 1.03 ~0.58 ~0.06] -0.2k 0.82 0.001§ 0.052
250 ~1.03 ~1.66 -0.27 =1.55 <-0.09} ~1.34 ~0.24 0.06} 0.67
L 500 | +0.2% ~0.9% +1.19 ~1.38 +0.211{-1.02 0.4k 0.09}1.03
{ 750 +1.29 -0.84 1.82 -1.89 +0.%6}|+1.21 1.36 -0.251} 1.11
i 1000 +0.39 =-2.25 1.65 =2.36 +0.451+0.36  0.37 -0.4k1} 0.67
§
1250 -0.33% =0.76 2,11 -1.3L +0.63 {+0.27 0.20 0.19190.30
1500 -1.3% -1.89 2.8% -2.20 0.04|+3.07 0.22 0.16]0.56
1750 -2.87 -2.83 3,34 -2.77 +0.30|+2.25 3.52 -1.49{1.99
2000 +1.05 =0.79 P ob.hs o ~0.h1 41,05 {+0.63  L.7h -2.05 }1.62
| i
iﬁﬁbcr 1601/4  1611/39 1602/L 1640/39 1403/2 1603/4 1638/L7 1401/2 1642/59
o e
Table 3 Brrore in phase measurement on coaxial smndards
FREQ W100 | W200 ; WO - W
! i {
|6 18 50, 6 13 50 6 18 50
0 0.0 0.0 0.0] 0.0 0.0 0.0 0.0 0.0 0.0
e o , A
i 250 +1.2 +1.0 “0.3 +1.5 —o¢6 0.4 2.1 0.7
500 +1.6 2.1 .0 +1.7 -0.7 1.9 -3.2 1.k
750 0.2 +2.8 ~1.9 +4.8 ~1.1 2.0 -5.0 2.0
1000 -2.2 +3 .4 [ =2.0 +8.3 ~0.9 1.8 6.3 2.7
12.0 -2 .9 +2.5 -2.2 +6.0 -1.1 3.3 ~2.9 3.3
1500 g +2.0 Po-2.2 +7.4 ~0.8 2.3 ~9.% L.,%
1750 bk 3.3 [ 7.2 +12.5 0.3 2.6 -13.5 5.6
2000 | -5.1  +3.1 211.0 +12.3  =0.7 1.5 -1k.5 6.6
@
! z
ﬁg;%mri 1601/h 1647/39 1602/h  1640/39 1403/2 1603/ 1638/k7 1ko1/2
i
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. phase up to 2 GHz, unégr reasonable conditions. Under optimum conditions,

 the results should be comparable in guality with the 50 mV results given
in the tables. On the other hand, under adverse conditions (very cramped
graph scale, low input step, low reflection or transmission coefficiemt)y
the errors could be greater than this.

5. Development of T.D.S. Systen

resent system 1ls not ideal in use, but the addition of an automatic

L pling system would go a long wey towards improving it.) The convelience

and speed of operation would be greatly improved, and as a bonus, accuracy

would be increased by reducing the time available for drift during and

between runs.  Work has been started on such a system using a digital

voltmeter and printer.  The printer was used because of its avallability,

but a tape punch would be more useful. It is hoped to experiment with

direct input to a emall computer via a high speed analogue to digital converter.
An avtomatic biassing system would present few problems, but for the

present experimental system, the effort is not really Justified, since the

biag can be set up without difficulty, and the series resistors in the

injection networks provide some degree of overload protection.

A study hag recently been made of the problems associated with the
extension of the system bandwidth to 8 or 10 GHz. Samplers and pulse
generatore are now available for this range, and the main difficulty is
rise in the reflection ccefficients of the components of the system.

L

L
sitvation is that the performance of the present coaxizl systen declines with
frequency, and that while better lines and connectors are available, they
,do not offer the range of components of the G.R. system. Attenuvators,

- reflectors, and so on are availasble, but the more specialis
. as transistor jigs (for frequencies greater than 2 GHz), bias injection
~ networks, ete. are not available. For measuremenss on active devices,
the change 1s probably not worth meking unlese there is a compelling reason for
obtaining the highest posgible accuracy, and a willingness to design and
congtruct any coaxial components which are not available commercially.
For precigion measurements on passive netwerks, or on 'packaged’ active
networks, i.e. a network in a box with suitsble conncctors and independent
biag supply, then the changeover iz justifiable at present. A result of
the study is that the careful consideration of the digpogition of the

]

ed components guch

i
bi
I'el
¢

components necesgary to obtaln any accuracy at all at 10 Gz has shown how
the pregent system may be improved, by reducing the spuricus reflecticns etill
Further

At present, the system vequires that the network be physically reversed
for the Tforward and reverse measurement, and replaced with standards for
reflection or transmission reference purposes. This is time consuming, and
it 1g possgible to construct a switching arrangement tor educe this, withcut
introducing trouclesome reflections, although the cost of doing so would
be sgeveral hundreds of pounds.




The data sampled from the x-¥ recordings are at present Fourler
traneformed with no further processing, no error correction other than that
inherent in the operating method being used. Trisls with very noisy data
have shown that an improvement in accuracy ls poszible by emoothing the
sanpled deta, but such bechniques have not so far been applied to data
of reasorable gquality. Tt ie aleo likely that some improvement in system
accuracy can be obtained by correcting for some of the known reflections in

he gystem. : ‘

e

6. Comperison with Frequeney Domsin Technigues
In use, the chief difference between T.D.S. and F.D. techniques is that
T.D.S. is essentially a broadband method. The same amount of effort on data
collection and preparation is required for any numder of frequencies cf
measurement, only the computer having more to do. This fact, plus the
requirement for a computer, pute T.D.S. at a disadvantage vhere, the number
of frequencles is very low. However, unless completely autcma%é&, the
work of data collection, calibration and error correction riges linearly
with the number of frequencies, and here too computing facilitles become
advisable. Thus there exists a breakeven point, above which T.D.S. becomes
the easier method to use.

If T.D.S. suffers from total rel}ggggwggwggmpgting, 7.D. suffers from
its veliance (With modern techniques) on directional couplers. These are
required to separate the ingoing from the oubtpub gignel, and introduce
frequency depcndent errors which in general must be corrected before any
accuracy of measurement is obtained. Their bandwidth is limited (ag is
that of signal sources) and they may require to be changed in the course of
e measurement run to obtain the necessary frequency range .

Roth T.D.S. and currvent F.D. equipment rely on sampling technigues,
and thus the upper frequency limit of both are related to the gpeed of
svailable sampling devices. For a given speed of sampler, F.D. has a sligh
edge on T.D.S., ecxcept in the casge of the Vector Voltmeter where the frequency
1imit iz wery much less then that of a T.D.S. systen.

The ultimate accuracy obtainable from both systems would appear to
depsnd on the repeatability of connectlion of the network under test, and
the standards against which the network is measured. Other errors can be
compensated for, or averaged ocut, bub thig non-repeatablility remaing, £0
in thie also the techniques in the two domains are comparable.

¢ a Feature of 'state of the art! systems that they guickly become
nt. A new system becomes available, offering, Tor example, greater

A review of up~to-date TD instrumentatisn and a comparison with TDS is given
n

Ref. 5.
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frequency ranfe, and supercedes the previous equipment. Frequently

on acquiring the new device the old is cannibalised, and therefore its

breakdown value is of importance. Highly specialised components tend to be

of much lcss use in these circumstances than general purpose ones. Here
T.D.S. scores, since the main investment is in a high speed sampling

osc*¢loscope, a pulse generator, and an x-y recorder, all generally useful.

One other advantage of the T.D.S. technique is that switching time
messurements can be performed with a minimum of alteration to the system.
A Tast switching time measurement system requires the same type of oscillo-
scopc, bias sources, etc. as the T.D.S. system, and these are the major
items of expenditure in both. Thus, with little addition, a T.D. S. system
can be used to perform all the non-static measurements normally performed
on transistors, both bipolar and field effect. F.D. measuring systems
cannot perform T.D. measurements.

Table 4 gives a comparison of current T.D.S. and F.D. systenms, and also
includes possible extensions of T.D.S. gystems.

Table 4 Range and cost comparisons for various measuring systems

P 5 o ot T S8 s 4 S T . 00 S G S S o o S 0 UG0S W S o W Sum O A € e Ak e T o G e S e

SYSTEM RANGE Mz COST k&
H.P. Vector Voltmeter 30-1000 3.3
G.R. Admittance Bridge 25~1500 4.0
H.P. Network Anslyser 110-2000 6.0
110-4000 .7
110.12400 8.2
H.P. Automatic Network Analyser 110~2000 34.0
110-12400 41.0
T.D.S. System 0-2000 3.2 or 5.27
* 0~3000 3.4 or 5.4°
0~-10000 4.6 ot 6.6°

* Thie includes automatic data acquisition system, additional cost, including
tape punch, £2000.
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onclusion

The work done so Tar at Cranfield on T.D.8. ha
valuable measurement technigue. or single spot T
it is not as convenlent as the F.D. techrniques curre tly available, although

¢ ghown 1% to ke a
requeney measurenents,

i
-
z

it will perform as well as mos For wideband mcagurement it is DrmferaDW;
tc any of the othexr tecnnlﬂuew, except the H.P. Automatic Feuwov’ Analyser
which ig an order of ragnitude greater in cost. It is dependent on the

availability of a computer, but so, in practice, are F.D. nmethods if any
quantity of data is to be analysed, corrected, and possibly changed from
one parameter system to another.

Juch work T
a careful analys
the avtomation of the data collection and sampling, and the reduction in

noise, Twtension of the frequency range of the system 1s a further worthe
hile aim, in principle involving only the replacement of certain equipment

emaine to be done in refining the preseit systenm, involving
ia of the error sources and their reduction and correction,

(]

itene. In practice, a higher frequency capability will prove invaluable
in detecting and reducing ref]cctLOA“ in the system, with benefit to the
syeten at all fregquencies.
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APPENDIX A Fourler Analyeis

2 rs S i S s e G o S o e T T oy S S

hat for a function £(t) in the Time Domain
tion F(w) in the frequency domein.  The
tions ig given by the Fourier Transform,

/ -
Flo) = | £(t)e " Pas (1)

(%) = = h/ (m)e o - (1p)

a P

theorem holds if the condition that

H

The Fourle

o7
J [ £(t)]at is finite and unique is satisfied. This is a
- 00
sufficient condition, bub certain functions which do not satisfy it possess
a valid Fourier transforn. Such & function iz the unit step function,
defined b '

H(t=T) = 0 LT
= 1 L >T
. N . 1 5 . PR
which hag the TFourier trans ovm-;EQ For a discussion of this, see Lanzos,
reference 6. v
Thus, in principle, if the function f(t) is given, then its Fourier
transfcrm may be calculated, cither ana “ytlca¢1y”ov I "e”icall”
In ™.9.8, work, £(t) is not known anslybically, and the necessary numerical
intcgration in (la) must bedonc for Lavb frequency of 1nberest. This
g avoided by the uhe uf he Shannon sampling theoren. Shannon’states

that if a funchion £{t) has a Fouricr transform F(®w) which contains no
components acove a f¢EQLPnCV'® , Ll.e.

Flw) = 0, © >

then it may be represented without loss of information by a serics An,
gi S .J'y

)

]
e
B
=4
@
o}
]
=
N
n



Then the Fourier transform ig given by

Y

This sum 1g infinite or oscillatory for step or almL*ar Tunctions, but a
nodification to the Shannon theorem due to SamulonBovercomes this. There
the sampled amplitudes are replaced by their successive differences, obtaining

1

Siwr

. Te? T .
F(o)) ) Bne-—lnﬁ.ﬂ' (l{,)
2i gin(Zwr) _
n

where B = A =~ A
n n Ti~l

The summation over n need only extend over the region of change of the
time function.

Since in practice the requirement of an upper limit to the frequency
pe ctrum of a pulse is usually satisfied to an adequate degree by the
ficlencies of pulse generators and obgerving instruments if nothing else,
then the eoua*lhn (4) may be used to parform the required Fourier transforms.
Since the summation there is much quicker to perform than the integration in
la) on a digital computer, it ig the method of choice. ”

""La

The frequency limit given by the sampling interval T is called the

sampling frequency, f_, where

i

sl

T this 1s not sufficiently largc, and there exists an appreciable component

in the analysed function of frequency greater than f_, then the transform
slculated by the sampling mcthod will be in errcr, the error usually increasirng

vlth frequency. This is shown in Fig. 9.

o

Fourier transform programe have been written in I.C.L. 1900 FORTRAN which
incorporate the above method, and theze were used for the analysis of
experimentally derived time functions.

Fourier Transforms and Transfer Functions
If the pulses incident to and responded from a network are f(t) and g(t)
espectively, the situation may be equally well represented ag the same
networ& with frequency spectra F(w), G(w) as the incident and responded
qualities




The transfer function H(®w) is then defined as:
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The concept of transfer function is essentially a linear one, and the
method ig therefore resbtricted to linear networks.

APTENDIX B

Under small signal conditions, transistors may be regarded as lincar
devices to a reasgonable approximation. As such they may be represented
as two port linear networks, the theory of which is well understood. For
complete characterisation of such networks, four parameters are required,®s+0
gach in general a complex function of frequency.

There are 2 number of parameter sets in common use, the most popular
to date being the hybrid (h) and the admittance (y) parameters. These
fall into the cl of open-closed parameter sets, meaning that an open or
clogsed circuit 1
At high frequenc

g

S
)

a

s provided at one of the network points during measurement.
i provision of open or closed circuite at the proper

i

crmig m

igh es,

point on a transistor is difficult arnd much more so when measurements have

to be made as well. Tt iz possible to do both by reflecting impedance at
the transistor port, but the line length must be adjusted for each frequency.
Thig is impractical for T.D.S. systems. It is pessible to present to the
trensistor an impedance which is constant and finite for all frequencies by
uvsing transmiscion lincs at the in and out ports. Then use must be made
of a finite paramebter setb. Of these, the scattering or snparametersllare
the nost common, and their use is groving ag transistor measurenents are
required &t higher and higher frequencies, Inzertion paraﬁeterslgare ancthexr
finite impedance set.

s-paraneters are used in high Ifrequency tranzmiszion line measurements
because they are whet is actuelly measured, the reflection and transmissicn
coefficients  of the network with both ports terminated in transnission
lines of constant impedance.
parameter coefficient

Forward reflected (from inport)
Reverse transmibted (from out to inport)
Forverd transmitted (from in and outport)

Reverse reflected (from outport)

mmmm
NI
[ Ve

o
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In principle, all the parameter systems are equivalent in that
they contain the same information, and given any one set, any other
paraneter set can be calculated. In practice, experimental errors in
the get which forms the starting point may become magnified in the process
of transformation. Variocus interparameter conversion formulae are give
in the references.

s
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