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The thesis presents an analysis of the relation between 1nter -
me aula tion distortion and harmonic distortion for a bipolar transistor
used in an 1-5 coaxizl repeater of the Bell Telephone Systen. Its .
is to develop a Slmp le and reliable method of chara cterizing the
distortion properties of the transist or that can be afivantageously
used on the production line. Whlle present testing ethods employ two
time consuming, three tone intermodulsation tests, in this work a
gimpler, third:harmonic;meaSHPGMEnﬁ‘iS,intﬁQduﬁea;;@H&bliﬁg'a.rédUCtiOH

in test time by 75%.

The theoretical analysis compares hal”monlc and intermodulation
distortion first on an elementary basis and then by & ‘more rigorous
method which takes into acecount the transistor eguivalent circuit
parameters as a function of freguency. Experimental work comparing
three tone intermodulation distortion to third harmonic distortion

confirms the validity of the theoretical ana lysis.




L. Introduction

Cosxizl cable telephone repéater systems form the backbone of all
long distance telephene communications. The L-5 coaxial repeater of
-the Bell Telephone System is the latest in a family of many long
bandwidth from a few hertz to appxeximate$Y¢fifty@mﬁg&héfﬁZfWhidh
allows about ter thousand similtaneous telephone conversations to be
multipiéxed-gm‘@ne coaxial cable. A typical 1L-5 system repeater route
lS gbout three thousand miles long. A repeater is use d every mile to.
compensate frequency dependent line losses in order to amplify the
signal and to keep a high sizmal~tarngiséérati0~ To ninimize inter-
ference among the various phone conversations, a high degree of
repeater linearity is of utmost importance. Siﬂce'any'IEPGaﬁer;
monlinearity .can ledd to interférence and nonlinesrities in suceessive
repeaters are additive in phase, distortion requirements for each

repeater are extremely critical.

Distortion and nonlinesrity in a repester are primarily due to
the active devices, and especially to the tramsistors, that it comtains.
- The most critieal:dévice'is?the_ouﬁpU¢ amplifier as it operates at the
highest power level and hence; is more prone bo distortion and
nonlinearity. This thesis desls with the method of testing this
output device. Currently, a third order intermodulation test is

required,at'ﬁWO;erQUeﬁQies:fbfieach,device§?hOWQVeT; a. test requiring

fewer measurements gs & third harmonic test is desirable from the




contains both a theoretical and experimental c omparison. of third
harmonic snd third order intermodulation distortion which allows the
currently used intermodulétion tests to be replaced by a harmonic teést

with assurance that.the deviee will perform adeguately.

'ThiS;paperis concerned with the method of testing a transistor
o7 the amOunt~©f'distprtion.iﬁjpfadﬁﬁesq It does not deal with device
optimization as it applies to distortion, nor does it apply to the
repéater circuitry involved with distortion. These topies have been
tfeated,adequately'byothers,<2}32#) ‘H@WeVer, the results of Narayanan
:and”PGQH{ugingiacharge eontr@lgmgde1(5) er-freqﬁen@y-éependent |
nonlinear distortion will be used in deriving the relation between
harmonic and intermodulation distortion. Another recently developed
trangisﬁgr'm@de1(6> optimizes cireult parameters such as sourcé and
load Impedances, biasing, ete., ﬁbrfmihimum,ﬂistortion; Tt should be
noted that-iﬁ 1s assumed the particular I,-5 devices used in thig
&nalysis have:already‘beem~designed with.ogtimum.distortiqn propértieé
in mind andrthéf,the repeater.cirCuitTybhas alsoybeeﬁ optimized.
’Theﬂefbrea this paper is dimed at-findiﬁg‘ﬁhe easlest method of

testing production line devices for their distortion properties.

The test eguipment is computer controlled featuring an amplitude
resolution of one hundredth of g dbfwith;ac@uracy=©f five hundredths -

of a db. One device can be tested inm about four seconds. A third




, Oraérfinﬁﬁrmadulaﬁisﬂ:&istortiQﬁ_méaéufement'mequirés The setting and
reading of three fundamentsl fregueHCYFampiitudes and then the measure-

mept of the product fregueney amplitude. A third harmonic test

reguires only the Séfiingﬁaﬁﬂ»meaSU£éméntiQf one fundamental and then
the third harmonic level'measurement, A reduction in test time from
| four seconds per'deVice'tQmene_secoﬂd pe; device can be realized

. throug:

rough third harmonie tésting; A de%ailedldescriptién of theiéxpéfir

mental dpparatus appears in Section k.

fThe-rgm@iniﬁgfparts @f;the_papérnare.arrangeﬁxas.followsi
séeﬁiohueireViews:thé:&erivati@n of harmonic and intermodulation
diSﬁOTfiQnie@Ha%i©nS~w;Seﬁtién 3 computes thE'fréqueﬂcy7d¢pendent:
ﬁarmonic.and intérmﬁdulation-distortion.f@riﬁhe Lri'r@peater=sysﬁeﬁ;
output~traﬁ3iét©rs imgpartieuiar. sSection § covers the,experimgﬁtal

results obtained. Se@iidn,éfsummariZéS‘%he~gaper,

A nonlinear two port deviee can be dhara@t@rized,by a transfer

.3

E . =%, a. ¢ 5 a. + B0 8 + ... . (1)

I3

Where7EinaaﬂdﬁEbut are the input and output voltages. The above deviee,
when driven by a single input frequeney, F1, given by:

By

iy = A cos Tt . (2)




Bout = @A cesfyt + ah cos Tt +a§53 o8

“out
By corgidéring only the first thneeuterms.Qf”the:above-expreSSi@ﬂ'aﬂd
ﬂaPPlYiﬁg‘ﬁuitable‘trigonometric;i&eﬁﬁitieS}:D“Néil(?>-ha8 derived the

;f@llQWiﬁgfexpressiOH:“

.t

-.'fig.+1/h~a3A3chSfl

Bxamination of Eq. (k) shows that a second and third harmonic term are

':apﬁarehtzas;part of the output voltage of the device.

Intermodulation is the eregtion. of combination (often called
Pr@duct)ifrequéncies-nesultiﬂgjfrém:fheinininear transfer ehafactarisﬁic,
Eqm%(1)f whem the input compriges several frequencies. These product
Iregquencies can be 5éﬁiveﬂzbyva;1ineaw combination of n imput

frequencies, is:

ui§

prod P

£

- 2 733 non

where by, by, s+ are positive or negative integers or zero. For ‘the

case of three inputs freguencies; the input voltage is,

B, ZFAACQSfL£E+.B~ccsf2t-% C cosf

3t | o (B)

The output of an amplifier with o transfer function given by

B3 (1) end an imput signal given by Eq. (6) contains many different




frequency terms of varicus amplitudes (see Table 1). Considering

QﬁlY”termﬁ.@f'ﬁhéffl i fg‘ijfgyvariety; the output becomes:

Heout

3 3
fg)ﬁf+'c?s (f1 ~ o + £3) + cos (£ - fp = f3)t)

The magnitudes of the £y * fp-+ T3 terms are 3/21a3ABG; The

ragnitude of the 3fy product, E3. (4), is given by 1/h agad. Thus the

third;en@er‘intermOdulatiOnjprGGMCts:are'higher than the third
harmonic by the factor of 6gg/A2} ‘Expressiag the above factor in dbm,
remembering that all the above terms are in Voltage,wifh.each of the
iﬁputafrequenqies:havimg the:sameamplituﬂéxthe p@werd@f.ﬁhe fl:f

fgkf-f3 pToduGtsrwi;l¥be 15.6 db greater than that of the- 317 harmonic.

Fbx:QOntinuity’iﬂ.distortiﬁn:measurem@ntgj <7)'allﬁmeasuremeﬁﬁs
are referred to a O dbm fundamental level, and an arbitrary measure

of distortion, M, is used. For a third harmonic measurement, M, is

7T
O

Mg = 3Pfl(*Q33fl dbm$

where MgziS‘thé digtﬁrtiéﬁemeasureg'Pfl is the power in dbm of the
Tundamental fréthﬁCy}»aﬁ@;ngi‘iS the power iﬁidbm‘of'the;harmpnic,
The distortion messure of & third order intermpdulatibh,prOdUCt of
the type is given by:

M3 = Ppy + Py + Py +~;5.6 - P dom. (9)

The above analysis indicates that a 15.6 db difference is S

predicted betweén,ﬁhird haerniQ;and iﬂtermod@Ia%iom-&ist@rti@n




:m@asurementsyat‘theasame~fundaﬁenta1'1eve15 however, the model presented
in this section ié,a simglifi?d'Qne.and»d@esfhat‘predict~real device
ZbehavierAverﬁraC@Ufatélyt The major factor not.takaﬁﬂinto;acdount is
the‘freQuencyrdepeﬁdéﬁée'Of:diSt@rtian 'ThiS:will.be covered in the

3+ Fregquency Dependent Distortion

The frequency dependent distgrtiﬁﬂ‘aﬁalysiSfHSQS.the"éhaﬁge eontrol

;modelrcfﬂMQPQUanaﬂ»ahd P@onfmentionedgpreviouSly;. Their model. is based
upon a general Volterrs Sériessexpéﬂsionw(8> "The transistor
charscteristics are considered as the only sgurﬁevQf“n@mlinéaﬁities;
The results of their work are a number of very simple equatiotns
relating the distortion coéfficient M to device paféﬁeters, and in

particular:

where.fproa ::fi;j'féJi~f33Jsimilaf to EJ. éﬁ)w The variables c, d,
and e were ‘evalugted by aacdmputér program for the L-5 repeater output
devige fbllawﬁmg”tbe.deriﬁatibh df NarayHman:aﬁd Poon. .Appendig.gz
describes thiswderivgtién‘in.gTéater deéail. The important device
parameters which were measiured for use in the above derivation are

presented in Appendix A.

TEqustion 10 ééﬁf@i@bfbe-use&.tO prediQt %ﬁif&,%armonic;genefaﬁiOﬁ

where T

prod —3%y- The derivation Qfgthe~variab16s.isAsiightly |

7 .




modified to take into account the transistor's higher gain at f - TIn

are In the vieinity of the product freguency which is usually on the

ffe knee. For a harmonic test, the product freguency ’ré':ma':in’si the same

‘but the fundamental frequency is one third lower.

The calculated results for harmonic &nd intermo dulation distortion
- are shown in Figure 3. The calculations were based on four differernt
product frequencies; chosen to be the same ag those available for

experimental verification.
4. Automatic Tegting of Distortion Parameters in Transistors

A computer controlled spectrum analyzer system was developed to
megsure second and third order intermodulation as well as harmonic
distortion in transistors for the T-5 coaxial repeater system. The
system was designed with high acouracy, on the order of & benth of
a db, and repeatibility on the order of & hundredth of a db. While
the tasic design is Slmp ly & computer controlled spectrum analyzer,
the system is capable of performing msfy Aifferent testin 2 funstions
through simple program changes. The freguency range of the system is
from one hundred kilohertz to one hundred megahertz, with = dynamic

range of ome hundred forty db.
System Description

Figure 2 1s & block diagram of the test system, The source

subsysten Cl-Ofl;ﬁjtaiﬁs} crystal oseillators for gen{e-r'ati_ngz the desired




combination of oscillators, up~t0'threefat-a time; fﬁlbe fed to the
device under test. Fach oscillator is’ followed by:aibandPHSS filter
1o remove any hafmonicg.or‘spﬂfiéué'frequemﬁies. The level of the
sélected.oscillators is controlled bY~a=series of" three step
attenuators to an accuracy of & tenth of a db. The resultant sigrals
are combined on & single coaxial line through the use of & hybrid
power combiner. Bias to the input side of the transistor is added

onto this line through a bias tee.

The signal from the output side of the transistor after going
‘tﬁrough.aﬁother bias tee goes to the input control section. This
section includes aAseVehtydb~step.attenuator:(undErpr@gram.qgntfol)
. to set a rough input level. Also included in fhis section is a switeh
;matmix_tgginsefﬁ various b@ﬁﬁﬁr@J€C£EfiItéFSQiﬁ_SeriéSfWith:the
signal. 'FrOmfthis;point:the signai.geeg‘tQ th§:$P€Cﬁrum:analyzer
proper where the wsignal is detected and digitized aﬁpiitu@E‘and;

frequency information 1s passed to the computer.
System Calibration

The basie spectium analyzer System‘haS &ﬂ7&bSD¢H%@waGCUraQyVéf
one db at thirty megahertz, with an additional half db of freguency
-Sensigi%itY”ﬁhFO&ghGut its frequency range. @bViGHSIerthiS'iSTmaﬁé
error than could be tolerated. .A_calibratién teéhﬁiqueiwaé:@evélOﬁéd-
iﬂwWhichﬁgn.QscillatoriS'ﬁUHEd”ﬁOZOﬂeﬁ@f‘the frequencies'gf.iﬁferestj

its power read on a very accurate power meter, and then also Fead by

the systen. A correction table is set up iﬂjmemOryzso that QVEIy“tima




a rezding is taken at a particular frequency, a correction factor is
added to that particular measurement. Also, the insertion loss of
the band reject filters is measured and stored in the correction

tab167 which are then added ﬂ@'a;parti@ula? reading Whéen necessary.

With the calibration technigue describe d, an a ccuracy of' better
than one tenth of a db has been achieved with repeatibility on the
"'ordetr-'__' of 2 Tundredth of a db. This specification applies for signals
over the entire freguency raﬂge-bf'the‘instrumenﬁ.fgr signals as far
dowr s minus eighty dbm. System stability is sufficient so that

recalibration is necessary only once per day.
Device Measurement

The method of making & third order intermodulation test will be
discussed here as second order tests and hirmorics tésts are similar
exeept for the number of fundamental frequencies and theirjpower
:levéis. The 1~5 devicés reguire three‘inpﬁt freguencies each at &
level of nine pilus or minus a half dbm at the collegtor'fOr a.ﬁhir@;
order intermodulation test: A second order intermodulation test
~requires'twe:ﬁxnﬁaméntai'fTEQHGHCi€$1€a0h:aiaPOW@T'Of 10.7 dbm, to
reglizeé the's&me'totalafundamentai.erQuencyrpowerQutput of 13.7 dbm
'aSéiﬁ«a:thirdxjfdéf'teéﬁa A’third,harm@ﬁiﬁfteSﬁ;%equires g single

fundamental freguency &t a power Jevel of 13.7 dbm.

For a third order te st, the analyzer is instructed to measure the

power of the three fundamentals for the first deviee. These three




léVélsmustbé'wiﬁﬁin,one tenth o g &b'@f‘nine.dbm, Iffany of the
ﬁpﬁwers-are out of raﬁge,”an.opéraﬁéf iﬂsﬁruciignrappears ort the face
@f a large screen oscilloscope telling the Qperatgr:hawitq-?eﬁet'the
iﬁpﬂt'att@ﬁuatqrsxto»reach.the desired levels. Once these levels

_ have been set for the first'device,wgubSequent;deVicéSifrOm the same
sspeciﬁigati@n‘withguigthégnecessity'gf readjusting the input.atteﬁuatﬁrs
for the following devices. It should be noted that all fundamental
levels are stored for later use in calculation of the distortion

coeffieient.

Once the Input levels have been set, a band notch Filter at each
of the fundamental freguencies is inserted imto the output line to
avoid bverlaad.due to the high fundamental levels. The analyzer is
then instructed to measure the amplitude of thé'pradwct,fkquengieé
of” interest. All measurements have aut@matically-been eorrected for
absolute amplitude and frequency dependent errors through use of the
error correction tabig'menti@med;préviouslyi  @$6 ingertion loss of
the fundamental reject filters at_ﬁhe'pfddﬁetfrquen@i@ﬁhaS also

been taken into account. A

The computer then caleculates thé~diﬁtoftion'éééffiCiéht‘uaiﬂg
the“previouSiY'Qb%&iﬂ@é'ﬁuﬁdamemﬁalpqwér levelsgandrthé_pro&u@t
ffTGQUGHCY_PQWGT.16VGl¢ Th6=e@mpletepﬁ@@éss;as-Outliﬁed¢above, tékes
.approxiﬁately four seéﬁndS'per'device:. Aﬁecond»order intermbdulatian
aistortiOﬁ.tést.reqﬁires_approximatelythree,seconds;While a thir&
harmonie distortion is:c@m@iet@d in less than one sgeon&;

L




5. Experimentzl Results

fﬁ\\(/

" The device is biased ina common base cenfiguration with Vog at
4.2 volts and base current, ip, at & constant 110 milliamperes. The
a.c. signals, however, see g common emitter configuration as shown

in Figure 1.

The fumaam@ﬂﬁal~ffequéﬁ¢Y‘amplitudesai the output of the device
rﬂare3d3u3tediﬂdividually.%o.a nine dbm level for the three tone
intermodvlation tests. >Third hafm©mic;méaSuremEﬁts~were run at two
different levels. The fundamental was first set to a nine dbm output
level to verify the 15.6 db differetice in distortion products ds -
'PpediCted in Section 2. The level was then raised to the equivalent
of three Q;G‘dbm:siznéis©ri3s7 dbmifo>§©ﬁpa;e wi£h5the.calculated.

results of Seetion 3.

typically occurs between U5 and 55 megahertz. Fundamental frequencie S,

fl? féﬁ@fS’ Wﬁrét&t:éf'sli%htlyib31@Wftheihfe Kﬁee for the inter-

modulsation tests.

o | o (11)

T%ree”thifd%‘fdﬁflpr@ducts~are generated by these fundamentals:

12




'ﬁproag = 50.0 + 40,1 - 43.1 = 47.0 Mhz (12)

fpr @d3 = 50 + 43 1 = LFO 1= 53 .0 | Mhz

These three produet freguencies are below; near; and above the heg

knee, respectively.

6. C(onelusions

Table 2 tabulates the differeﬁee«between‘measured'aﬂd_@alcula%ed
fdi$t©rtiQH l€vels, Table 3 tabulates for~teﬁsdifferent-tranSiStOrs
the difference between harmonic and intermodwlation experimentsl
results. TFrom ihiSsda%a.it=appears that there ig a constant %wa;ab‘
uéffSet bétwéen caiéﬁlaféd and-m;asureﬂ;feaulfs, However, %ﬂe |
difference between harmonic &nd: intermodulation digtortiqn‘fof both
the Galculated-&ﬂd experimthal;féﬁultsiis,neariy*the,same for each
pro duct freguency. It should be noted thaty, at low freguencies, the -
*différem@e'between the distortion coefficients is mear;y-zergz
5inﬁi@ating~the,predi¢ted:lﬁwézdb diffeTEHCé:in level of the actual

- products as in,Se@tiQniéa _At-higher,erQuencies.the:frequency
dependent model of Section 3 predicte the actual device behsvior more

accurately.

??éSéﬁt specillcations Callﬂfﬁr-%he~measufemeﬁt-@fiinteﬁmedulati@n
distortion at the two product freguencies 33.2 megahertz and 53.0
megahertz. From the results dévéiopéﬁ.here, théée iwwtésis:eaﬁ be
repiaced‘hy‘tWQthird_harmdnictésts‘at.thesame«pfoductﬁfrequeneieé
-withitheAMg'tesﬁ linits &s speecified in Table 3.

b igz ,




The reduction in testing time using a barmonic test rather than
an intermodulation test is on the order of seventy Live percent. This
could lead to & possible reduction in device cost &¢ well as providing
the extra te Stlng capacity to meet future programs with no increase
in test e‘ill,ipme'n?c- ¢ost. A8 a 'Vér ification of the ‘aVB:O'Vé 1288 ults, one

hundred devices were tested; and all those which failed the inter-

regquirement.
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Third Order Intermodulation Products

Input Freguency
f1 1 Tt 13

for all cases

TABLE 1

Output. Frequency

3fl

ﬁlfﬂ &3A3

Amplitude

1/ ash

3

1/4 azh

3
)
" 2
3/4 a3A1h,
3/ agishy




TABLE 2

Tabulated Difference of Calculated and Experimertal
| ° ,Distdrtion.Levels

Product Harmonic Intermodulation
(Mhz. ) Difference - Difference

33.2 2.0 db., 2.0 db.

20




TABLE 3

Tabulated Difference of Experimental
Tntermodulation and, Harmonic
| Distortion Levels

\'.‘:

- Device Freguency Measured Meaisured Difference Harmonic
(Mhz.)  Harmomic Intermodulation ©o(db.) Test
| Mo Mo : Limit¥,

-80.
-81.
-80.
-80.
-81.
_8@¢
=80.
-"'A O '3
=80..
=80.
-81.
80,
-80.
-81.
-80.
- 8@
-81.
~80-.
-80-
-80.
-80.
-80.
-81.
~80 ¢
-80.
-31.
-80.
_31,

I
A O e L @ ] - 4 e .
F O VI O\ N O,

-68.
—8‘.

-86;
-86.
-8l
-82,
-82.
-82.
=19,
-80.
-80.

A
()

10 3.
| . | el - 3 .
23+ -82.1 - -81.
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* If the Intermodulation digtortion coeffTicierit requlrement is -80 dbm.

Tfor all three product frequen01es, then this number is the equivalent

third harnonic distortion test limit. Note that this limit is almost . ®
the same for each product frequency independent of the device.
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2. Emitter Cutoff

E,‘StaﬁiC‘bewan

Vo

Typical Device Parameters

< Test Condition | Symbol Value

L. Emitter Current e = O;SE'valts - I : Qagfma~

Cirrent, Collector ”VebLZ'@,O*VQLtS | Iéb@

Opehi

=
I

= 10 volts
ce

Current Transfer I, = 100 ma. L B

L 100 ma. V@e

(sat) .2k .
saturation Voltage T, = 5.0 ua.

saturation Voltage T, =

:

Ile

Collector Base V. =5 volts T 0.5 us

cbho
Cutoff Current
ebo 0.7 ta..

. Collector Cutoff

Clrcuited Base Emitter
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4APPEND]K“BE - Derivation of Distortion Variables

The derivation of the distortion parameters ¢, d, and e in Egq. (10)

follow direetly the méthod used by=NarayananiandfPan(5); The major

Tesults:of'%heifﬁWbrkfusedlin-the derivation are presented. below.

a(1+ ef®y R

The first term in Eq. (B-1) is due %o third order nonlinearities only,
and it depends ‘only on the third order product frejuency, fi. {l@ log 4)
and (10 log de/c) give the low frequency and high frequency values of
ﬂistartiom,dinecﬁly~ Distortlon due teo this term will be decreased

with inereasse in freguency if ¢ 1s greater than e. The exact expression
f@r:ﬁhe~seCQnd;termpis_involvedias iﬁf@S@EﬂdS“@H.SGG@ﬁilﬁfdéf

distortion asfwell:as'thifd‘drdef~distorﬁionx LT the second order
distortiom is very small, this term can be neglected. In the
particular devices used in this work; second order distortion is

negligible; Sﬁzﬁhiaterm:Will-mot:be-cansiééﬁééxfﬁgiﬁer,

The distortion parameters ¢, d, and e are the result of three

equations developed by Naraysanan and Poon (5).

== = lex]l 9b T Tex2 db T Lex3 Ip~ : B-2)
. _—
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B e | . |
T,

>

ibli”iﬁlQbm%'iTEQE -+ir3qb3 . (Bﬁh}

Fguation (B-2) relates emitter to base voltage Vop to base chargs b,

{B-S)-relates-@olleétoxsdurrent.ic to base charge gy, and (B-4) relates

the recombination current iy to base charge g .

These eguations ﬁ@pFESénﬁ.éxpanenﬁialfeuﬁrenﬁ};freguengy;gut@ff?
and recombination nonlinearities, respectively. The variables ¢, &,
and. e are the result of a simultaneous solutien to the above equations

as. noted below:

Equations (B-2), QB*352=3H@ (BFh)'ér@ fiﬁﬁﬁ‘é@lve@fusiﬁéikQGWH”
7evice.paﬁameters.and.aebmputer program to develop the Taylor expansion
for the unknown currents isy, iy, and 1y, respectively. Once these
currents afe*anWH,thevéfi&blesaé,dd,.and.e~are,solveder'assumiﬁg

& source ahd.ioadwimpe@@gggy Rg;and RE}JFESPEGtively,-Qf fifty ohms.
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