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Abstract

This paper discusses the characteristics of
CATV transistors. and circuits with respect to
intermodulation. Individual distortion mecha—
nisms are located and described by means of a
precision computer program. Practical measure~
ment techniques are evaluated.

Introduction

The major performance - limiting factors in CATV
systems are noise and distortion, resulting main-
ly from the nature and imperfections of the bipo-
lar transistor.

In the early days of CATV extensive testing and
screening of transistor candidates by the manu-
facturer and user was the only way to determine
the suitability of a device for this demanding
application. Little was known about the mecha-
nisms contributing to undesirable traits, let
alone about their control and possible elimina-
tion.

This situation has changed. The sales volume
for CATV-transistors has reached a level high
enough to allow and justify the expenditure of
sizeable R&D funds in the areas of device study
and improvement. The development of new mathe~
matical tools and the availability of powerful
computers have resulted in a much better under-
standing of noise and distortion mechanisms. New
manufacturing techniques like ion implantation,
diffused ballast resistors, gold-metallization,
etc., are available to implement the new-found
knowledge. Therefore, the much improved charac-
teristics of todays CATV transistors are the re-
sult of specific, targeted design and tightly

controlled manufacturing.

Analytical Methods

When trying to improve a transistor, one will
soon realize that there are certain objectionable
properties which cannot be eliminated because they
are founded in the very mechanisms which make a
transistor what it is, and that there are others
which can be manipulated. For instance, the ex-
ponential V-I characteristic of the base-emitter
diode and the random nature of the processes of
diffusion and re-combination are unalterable. On
the other hand, one can do something about base-
widening and squeezing (Kirk and Early Effects),
one can control avalanche phenomena, parasitic
resistances and non-linear capacitances.

The first step 1n an effort to understand the
complicated situation calls for a mathematilcal
analysis. TIn recent years several methods have
been proposed and used with varying degrees of
success. Most often, non-linear mechanisms in-
volving reactive elements (having memory) are
represented by means of a Volterra series. ) The
method is applicable to the most sophisticated
transistor models. It yields accurate results as
long as the device 1s operated at low signal lev-
els. Another methed, thought to be more efficient
by some,z) consists of perturbing a model of any
degree of complexity to find an equivalent circuilt.
The linear portions of the device may be repre-
sented by the familiar PI~circuit. Non-linear
effects are described by the addition of controlled
current sources shunting input and output termi-
nals of the PI-circuit.

Yet another way is to refrain from the use of
series-representations or small signal approxi-
mations completely and to perform an analysis
similar to that used to investigate the transient
response of transistors. The efficiency of modern
computers permits the use of extremely small inte-
gration times at a reasonable cost, resulting in
a high degree of accuracy. The advantages of this
approach are:

1. There is no "small-signal" limitation.

2. Several input signals, e.g., a two-or three-
tone test signal, may be applied to the transistor
model simultaneously. An automatic Fourier analy-
sis performed on the output will yield detailed
information in the frequency domain.

A program of this kind, which may be said to
operate in '"real-time" was written. The input
Questionnaire is shown in the appendix. One may
specify all pertinent transistor characteristics,
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bias points, signal level, as well as circuit Table 2. Distortion vs. Avalanche Voltage
parameters, including negative feed-back. All

frequencies must be multiples of 10 MHz. Up to VA 2nd Order Triple~Beat
five inputs may be used. The program will auto-
matically calculate all harmonic frequencies, Volts dB @ dB [1]
2nd order beats, intermodulation - and triple- o o
beats. Desired and spurious signals listed in dB~- 50v ~42.32 0o ~57.37 180o
magnitude and phase are shown in the output table 75V -52.56 0o -68.67 180o
in the Appendix. 100V -62.00 0 -76.44 180
The resolution of the output wave-form 1is good
enough to show spurious responses in the micro- Vour © 3 x 120 dBwV
volt range. This means that the "computer-noise- ou
level" is at about -60 dBmV. Rc = 75Q
The program may also be used to calculate the
performance of amplifier chains. This works as follows: Ie = 75 mA
The output wave-shape of the first stage is Fourier~
analyzed and stored along with the amplifier gain at Vcc = 24 Volts
each frequency of interest. Each frequency component
is then divided by the respective amplifier gain. Vc = 18.375 Volts
After that the individual components are combined to
form the time-varying input signal for the next ampli- Common ~ Emitter
fier stage. The cascading feature allows the study
of distortion build-up. Usually, it is not possible to minimize both 2nd

and 3rd order distortion simultaneously when only
two mechanisms are at play. There is a third major
source of distortion, which is the result of the
change of transistor current gain as a function

of I,. This dependency can be described by:

Study Results
The greatest benefit derived so far has been

insight into the behavior of individual distortion
mechanisms. Table 1 shows 2nd and 3rd order distor~
tion for a transistor having no distortion mechanisms

other than the non-linearity of the base-emitter diode. __B peak

Notice the 3rd order null and phase-reversal at 8= + A 2 Ic
26mV ' " Ao K
Rg—l/ZRin~—?(l+B)—l3Q ¢ peal

where A is a shape factor, typical for a specific
transistor type. At a given value of operating
collector current, one may readily determine the
percent-change of § per decade I,. Shown in
Tables 3 and 4 are distortions as a function of
negative and positive B s?opes. The reader is
invited to attempt to balahce the various unde-

Table 2 shows the influence of the avalanche voltage,
which determines the output characteristics of the
transistor. Observing the phase of the distortion
productsg, one sees at once the possibility of canel-
ing one mechanism by another through the proper choice
of circuit impedances and device characteristics.

Table 1. Distortion vs. Source Resistance sired outputs and thus take a first step towards
becoming a CATV-transistor designer.
Rg 2nd Order Triple-Beat Table 3. Distortion vs. Negative f - Slope
Q dB ] dB ¢
6.5 -19.85 180° -45.56  180° Slope ﬁgd Order¢ g;i'ple Bea;
13.0 -21.43 180° - -
26.0  -23.89 180° -48.1 0° ~6.7% -41 0° -60.2  180°
75.0 -29.53  180° -45,7 0° ~3.3% -46.3  0° ~66.3 180°
1kQ -49.44 180° -61,3 o° -1.33% -53.8 0° -74.4 180°
Vour = 3 x 120 dByv Vour = 120 dBwV
R = 75Q c 75 mA
¢ B =75
I = 75mA
e Table 4. Distortion vs. Positive B - Slope
Common - Emitter
Slope 2nd Order Triple Beat
1+8=175 dB 1] dB ¢
+6.7% -46.,34  180° ~59.5 0°
+3.3% -53.95 1800 ~65.8 02
+1.337% -6115 180 -74.0 0
out - 120 dBpv
= 75 mA
C
=75
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Good Nulls - Bad Nulls

Not long ago, a major transistor manufacturer
claimed for his product, that all non-linearities,
except the one of the E-B diode, had been sup-
pressed to insignificant levels. If this was a
true statement (which it was not) the transistor
would not be optimum. In order to achieve the
degree of linearity compatible with CATV System
design goals, compensation must be used. Once
this philosophy is adopted, of course, there is
always the possibility of obtaining perfect cancel-
lations or nulls at specific operating conditionms.
For a long time devices having nulls were eyed
with great suspicion and often rejected as poten-
tially ill-behaved.

Obviously, since the magnitude of the spurious
outputs due to the various distortion mechanism
are bias voltage or current dependent, circuits
with insufficient stabilization of the operating
point, may show a shift of null-locations. Fortu-
nately, understanding the cause points to the
remedy. Much more dangerous however, are situa-
tions in which the location of the null is signal
level dependent. Such nulls are typically very
sharp, which indicates precarious balancing between
strong distortions. In these cases higher order
products are no longer negligible, resulting in a
deviation from the "2 for 1"-law. Mathematical
analysis entalling series-representations in which
terms above the third are dropped, are not suitable
to investigate the amplitude dependence of nulls.
No such limitations exist for the large-signal
computer program described in this paper.

Distortion at high frequencies

In addition to the mechanisms described so far,
there are two more sources of distortion: Emitter
and Collector Junction~capacitance. As the fre~
quency of operation is raised into the VHF range,
these mechanisms dominate, especially with respect
to second order performance. In order to display
its detrimental effect, the emitter capacitance
need not be non-linear at all. It acts by shunting
input current past the base-emitter junction,
thereby modifying the instantaneous current gain.
The collector capacitance, although a negative-
feedback element, is non-linear and therefore at
once suspect.

In order to determine the magnitudes of distor-
tion, a model which had no deficienciles except
some emitter capacitance, was operated under the
following conditions:

I =100 mA
L = 75Q

out = 120 dBuv
10 MHz
39 pf

The amplitudes of the 2nd and 3rd harmonics were:
2nd = -45.,18 dB
3rd = -67.20 dB

Subsequently, Ce was removed and some collector
capacitance installed instead. Increasing the
value of C¢, a point was found at which

CC = 0.283 pf

Ce = 0 pf

2nd Harm. = -45.67 dB
3rd Harm. = -71,10 dB

Adding the emitter capacitance, the situation
was:

C. = 0.283 pf

Ce = 39 pf
2nd Harm. = -85.18 dB

3rd. Harm, = -63.54 dB

The second harmonic distortion was nearly cancel-
led out, while the 3rd harmonic components added

up on a voltage basis. The following additional
observations were made:
*Emitter Distortion

Change Result

C, > C./2 6 dB better

Ie > Z'Ie 12 4B better

R, > 2R, 6 dB better
*Collector Distortion

Change Result

Ie -+ Z-Ie no change

c.~ Cc/2 6 dB better

Rl + 2-R£ 6 dB worse
Feed-back

All examples mentioned so far, pertained to
basic amplifiers without negative feed-back.
Practical circuits employ heavy shunt and series
feed-back. Through most of the operating fre-
quency range the transistor gain decreases 6dB/
Octave. Feed-back results in gain-linearization
Spurious signals are reduced by about the same
amount as the gain 1s reduced by means of negative
feed-back. The net effect is an increase in dis-
tortion by about 6 dB for every octave-increase
In signal frequencies. A new generation of CATV-
transistors with Fy values of 5 GHz is now avail-
able. These devices allow the application of
stronger and more uniform feed-back throughout
the VHF range resulting in much improved per-
formance at the high frequency end. Negative
feed-back is not always without problems. In
one experiment, a transistor operating at a point
of perfect 3rd order cancellation, was subjected
to negative feed-back. While the effect on second
order outputs was beneficial, as expected, there
was now an output on frequencies normally occupied
by 3rd order products. The explanation lies in
the fact that feed-back allows 2nd order products
to get back to the amplifier input and mix with
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the original drive signal. A similar effect
exists in cascades. Amplifiers which by them-
selves may have only 2nd order distortion, result
in cascades with apparent 3rd order by-products.
In this respect push-pull amplifiers show a de-
cided advantage over single-ended circuits.

Distortion Testing

Traditionally, cross-modulation has received
most attention in the U.S. Later other 3rd order
tests, such as triple beat, gained importance.
Often the lack of correlation between cross—
modulation and triple beat was puzzling, if not
frustrating. The only consolation (?) was that
cross-modulation values were always better than
theoretically possible. The explanation of this
phenomenon is easily seen, if one examines the
equation for the gain of a feed-back amplifier.

1

Voltage Gain =
T_B

were o is the transistor gain and B the attenua-
tion of the feed-back network. At high fre-
quencies, a lags about 90 degrees while B is
largely resistive. Cross-modulation results from
the modulation of o by the envelope of an inter-
fering signal.

If i -%— |<<[BI and, as stated before:

1

Gain = , then a change of

J—%— B

a will have little effect on the magnitude of the
gain, but will change the gain phase. The result
is that an unmodulated carrier passed through

the amplifier is not amplitude - but rather phase

(cross) modulated by the interfering signal.
Perfect conversion exists if
[ 1-08 = -90°

Many CATV amplifiers operate under conditions
where, with or without intent and knowledge,
considerably AM to PM conversion takes place.

The authors built one amplifier in which the B~
phase could be manipulated by a small trimmer
capacitor. Adjusting the phase caused all cross-
modulation to disappear from a previously poor
off-the-air channel 13 picture.

Therefore, since X-mod is heavily circuit de-
pendent, it is not a good quality indicator for
transistors. Triple-beat or similar tests in
which only amplitude and not phase is of signi-
ficance, are preferred. Presently en vogue is a
test in which the combined spurious power caused
by triple~beating 35 carriers is measured in an
empty channel 13. Since some 360 components are
involved, the spurious power has noise character
and may be treated as such. Following are two
test setups.
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T-B Noise Test using Spectrum Analyzer

36 Channel Device Channel 13
Signal under
Source | Test B.P. Filter
H.P.
Spectrum
Analyzer
Sweep Width =0
IF Bandwidth = 50 kHz
Video Bandwidth = 10 Hz

Tune-in channel 13 0 dB Reference
Switch off channel 13 = dB Beat Noise

Add 2.5 dB to reading to account for noise-
like signal and log-amplifier characteristics.

T-B Noise Test using Balanced Mixer

36 Device Ch. 13 Atten~
Channel {™ under 71— Band Pass uator
Sig. Gen. Test Filter -l

-
Channel 13 Bal. 100 kHz Audio
- L Audio o Volt~
L.O. Mixer Filter meter

Tune-channel 13, using L.O.

Use Attenuator to establish reference on Audio
Voltmeter. Be careful not to overload balanced
mixer.

Turn-off channel 13 signal source.

Read Beat-Noise on Voltmeter add 1.05 dB to
reading, if voltmeter is average-reading.
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APPENDIX

OWH OUT. FREQS. OF CALC. <OsC> 7
3 HOZ. OF IM. FREGS. T 3

) IMFUT FRERE. T FOEGs110ESy120ES
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EUPFLY YOLT. 7* 24
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MALIMUM BETR OR ARLFHA T 20.1

IE FOR MAX. EETA<ALF. T 1S0E-3

- »
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& MOS., OF CYCLES
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First Stage Output

DT, CURRENT = 2.E9980E-02  AMP

FRER . CHMHZ 2 123MIT LEVELCDE
VEL DB PHASE < DEG GRINCDE?
10 10 42 .82
5 167 .2 35.51
=L 10 -3 .55 o
=33 321 .3 34 .98
1) 10 ~70 .43
‘43 31E-T 34-d1
410 1040 -d4z.19 .33
133.7 33.33
S 104 -2 L& =
&3 126 .5 32.41
&0 1 -7a.03
= 293.1 #1.50
U 100000 -,
nog -1 125.7 Q.62
=0 =71 .33
1 IRNEE saq .9 29.73
100 10 —3ILEe oo
223 .4 29 .27
11 1ooonGao —i2 .01 = =
116.2 27 ..o8
170 100000 -5.01 S .3
114 .5 (==}
130 11 -32.74 =t}
a1 .7 =L~ T3
144 1o00n 25 TS
101 .4 2h.75
150 14a
285.7 g5.20
1640 1 —-7¥S.75 a
- caz.e 24 .59
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First Stage Output continued
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Second Stage Output
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Second Stage Output continued

140 10000 ~E&.EE cEd.1 E23.79
1%0 10 ~75 .3 31,9 £5.2a0

160 1 -69.40 1.3 24.69

130 10on -&51.03 202 .4 23 .30

cin 1000 -54 .45 SET W8 o2 .42
=] 10060 —&E.70 211 oc .03
230 104 —i51 .35 300.4 21.v2
=R 1000l —&7 J0E o39.6 21.36
230 1 -S040 BET.T 21.02
cEd 1a -50.14 325 .2 c0.e2
230 14 —-35 .58 a23 .4 12.77

(7]
=
—
I
-4
il
£+
ol

P
Lt
Lon]
—
=
=
o
i
—
=
—-
.
i
T
na
[xx]
=]
.
o
—
[xe]
"
[ay]
=4

3]
4+
=
—
=
i
]
L]
b
Lt
(0]
o
ol
in
—
(k]
oy
(18]

£
n
—
=
i
L
=
pon
]
[X]
N
ol
=
—
e
—-
=4

i
M
:Ll
—

-10z2.21

ja]
T
[
-
=
P
=

WAMT AMBTHER RUM 7 M
EMD .

54 .10

00
o
o
-
=4
o
=
(28]
Mo
~J
M

NCTA 75-55



