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Background
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frequency response & fidelityAn oscilloscope requiserery well designed and

frequency compensated differential amplifiers which have a flat response from

DC to their upper specified frequency limits. Generally,afascillcscope a

bandwidth is specified as 100Mien this means that the vertical amplifier

would have a flat responsaver this bandwidtfand only be 3dB dow(0.707 or

about 70% reduced in amplitudaj 100MHz. A Tafonix X 00MHz rated 464
oscilloscopdor example is 3dB down at 100MHzowever this scope castill

displayand sync locla 150MHzwave even though the vertical calibration is not
meaningful at that frequency.

The vertical amplifiers in the 464 and many otbscillsscopes havenultiple
frequency compensation adjustments to ensure a flat response can be obtained.
These take the form of RC networks or RCL networks plaranls parts othe
differential amplifierdeading to the vertical deflection plates of the cathode ray
tube.

While the Telronix 464 service manual is a very well written document, | did find

that the suggested methodology for adjusting the vertical amplifiar F NB |j dzSy O¢
compensation adjustmentszas a little lacking in specifiletail and the timebase

settings were not ideal tavisualize thdine detail on and after the applied square
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responseand arenot intended as a replacement for the methods in the manual.



So ideally these fine adjustments are performed after the standard service
manual calibration.

Many people have realised that oscilloscopes such as thieohek464 are
extraordinary items of laboratory egpment, with such a quality build that it is

not likely to ever be seen again in a world of plastic components and built in
obsolescence (now affectionately referred to as life cycling). So any time invested
in restoring and adjusting these vintage rekix scopes in my view is time very

well spent. As stated in other articles | have written abantageTektronix
oscilloscopes and test equipmefihe Tektronix Engineergere masters of circuit
design techniques and the physical implementatidritheir designs were

outstanding, impressive, and something to aspire to.
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amplifiers, it is worth looking at the inpaimplifier configuration of the 464. By
the time the late model 464 (B200000 and) @ppeared on the sceng the

M gy, th&iaput amplifier stages had gone to an IC known as a Gilbert Cell.

Gilbert patented this configuration in tHate 19c 1 Q 8 I RANE heraabaits, 2 NJ
but it had actually been invented by a fellow named Jones ivémgS | NX & ¢ n Q& «
However due to the obscurity 82 y $/érkQle was largely forgottemn

addition, prior to the Gilbert patent, the Nag@mpany of Switzerland were

using thisexact configuration in their professional audio tape recosder a

phase detector in a capstan servo system to phase lock a tone recorded on the
magnetictape to a crystal referenc& hisprevented drift of tape speed and

ensural good lip synching in #film industry.

The circuit below shows thie D A 6 Schidfiguratieri witlt the characteristic
crossed collectorannectior® ¢ KA a8 OANDdzZA G O2y FA I dzNI G A 2
the Motorola MC1495 and MC1496:
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Sometimes additional transtiors can be used to control the bias currents as they

do in the MC1496.
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Jones (Gilbert) Cell. 4 Quadrant Multiplier

The configuration resembles the usual long tailed pair differential amplifier
driving the emitters of the next stagexcept for the additional pair of output
gK2aS 02fft SO02N&
differential oufput voltage is Vo2 Vol. There are two differential input voltages;
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V1-V2 and Vav/4. Generally for this configation the lower inputs V1 and V2 are
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Right away it can be seen that this circuit could have multiple uses. For example a
DC level could be placed on the high level inputs to scale up or multiply the low
level inputs. Or instead a aga&r wave could be placed on the high level inputs

GdKS

aft 29 € SOSt & Ay Lz a
this because of the signal levels they could tolerate before the transistors
saturate. We will assume for this discussion that thelsware low enough all
around so that no saturation occurs.
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andaudiomodulation applied to the low level inputs to make an amplitude
modulator.If the circuit is biased correctly it will form a double sideband

modulator with the carrier suppresse@r the same inpt signal could be applied
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to both differential inputamaking a squarer. So this type of circuit is a multiplier,

mixer, modulator, squarer etc. It can also function as a phase detector and has
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reason for this is shown below:

Vo1 | Vo2 Differential output signal polarity:
Y = (Vo2-Vo1)
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»
X = (V1-V2)(V3-V4)

The differential input signals can be positive or negatiepending if V1 is greater
or less than V2 and if V3 is greater or less than V4. As a result the differential
output signal polarity VoX/01 can b positive or negative depending on the
polarities of both the inputs. And there are 4 combinations of input polarities
KSyOS G4KS an lijdzhF RNy yd GSNXYAy2f23e¢o

If for example V3/4 is a positive DC control voltage (V3>V4) to alter the gain of
the V1V2 inputwhere (V1>V2) so that the output voltage (WV@@l) is positive,
then if this DC control voltage is revers@&8<V4) then the output voltagéo2-
Voldflipse to a negative polarityas shown This is the mechanism used in #h@4

to invert the channel 2 sigha



The diagram below shows the basic input configuration in the 464

Basic Configuration TEk 464 U3970:
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The Gilbert ceéls especially effective when manufactured as a monolithic
integrated circuitas Tekronix made it, rather than from discrete components. In
the ICthe devices areightly thermally coupled and drifts due to heating are

cancelled out. The vertical output amplifier IC, U46thmm464scopealso uses
Gilbert cellike configuration.



FrequencyCompensationNetworks:

Throughout then ¢ nv@récal differential amplifiers the frequency compensation
componentsare placedin various parts of thdifferential amplifie stagedeading
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networks and RCL networks, ethhave been made adjustable by Tektronix.

In the instance wher® A FFSNEY GA I € Ay Lzl @2t d4GF3Sa N
bases, then lowering the impedance between the emitters increases the base

currents and hence the drive currents to the differehti@nsistor pair. If that
GSYAGOSNI (2 S YWR{E ineBwdik thenthis liksihe ainfofithe |

stage at some specific range of frequencies set by tReR/aluesandthis effect
cancelsoutthe®R o0l aSR FNBIljdzSy Oe NBriodtpute FF | G 0F
caused by the resistances and capacitances there

Typicalgenerali @ LIS& 2 F O2YLISyal A2y ySiég2N]a A
are shown belowThey consist of either fixed resistors or capacitors where both

or one are adjustable. The fragncy ranges over which they act can be roughly
estimated from the values, the larger value fixed capacitors with the variable

series resistor operatevera lower frequency range than the smaller value

trimmer capacitors with fixed or variable resistors.
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The circuit on the left below shows the typical location of th€ Rompensation
network placed between the transistor emitters when the signal drive is applied

at the bases:

COMPENSATING DIFFERENTIAL AMPLIFIERS:
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In anyindividualdifferential stage theHF (high frequency) boost compensation
provided by the RC networkmight be a little over or under compensated to make
up for the frequency response errors in subsequent stages.

When the drive is applied to the emitters and there is a fixed base voltage, the

filter circuit is an LCR resonant filtezonnected as a shunt peaking files shown

on the diagram on theight diagramabove. The resonant frequency is largely

determined by the C & L value and the circuit damping set by the resistor. This

type of network affectsthetrad A Sy & NBaLIR2yasS FyR GKS &N
the leading edges of a step waveform like a square wave. In the 464, there are 3

of these networks in the vertical amplifisystem



One in CH1C3342,R3338 L3245), one in CH2 (C3643,R3634 & L3642) and one
in the vertical output amplifier (C428,R428 & L428).

Thesedtransient responsgadjustments are critical to the correct setup of the
vertical amplifiers in the 464. If they are incorrect there will either be a poor high
frequency response or excessive rimggand oscillationsnmediately after the

step response and there will bebampynon-uniform high frequency response.

| have yet to find these correctly setup in any 464 | have encountered, even
GK2dzZaK GKS& ¢gSNXB al AR § 2ailsooshod O adjust 6 NI U
these correctly is shown below.
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The reason it is necessary to have frequenoysting ordpeaking | R2dz G YSy
that in any amplifier the circuit resistances and inductances combine with stray
capacity and input capacity of the traistorsto form[ t Qdwgpass filterswhich

roll off the high frequency response. The Miller capacitance, depending on the
specificstagedesign can also play a part rolling off the high frequency response.

Driving a transistor at its emitter and fixing the base voltage is a good way to
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capacitance.

In some Tetkonix oscilloscopeircuitsocross couplingis used from each side of
the differential amplifier to phase cancel the Miller effebtt not in the 464

Also there are component tolerance variableisere even the paint on the
componentscan dfect their capacitanceSo to be sure everscope can béought
into alignmentadjustments are requiredTektronix vere very generous with the
range of adjustments in the 46Z hisensures every scope can be bought into
electricalalignment provided the correct test equipment is available.
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HEAVISIDE STEP, TRANSIENT RESPON$O&RER THEOREM:

It would be a tedious proposition to check the frequency response of an amplifier
with a sine wave generator over its full bandwidth. Also makingaallystments
which seem correct at one frequency might alter another. The solution to the
problem is to check and calibrate a broadband amplifier wislgj@are wave
response testAccordingo the Fourier Theorem periodic wave such assguare
wave can be thought of as a wave composed of a fundamental frequency and a
number ofodd harmonicsof sine wavesThe high ordeodd harmonics make up

the fast rising edge of the square wave:
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If the frequency responsgr gain)for the higher order harmonic frequencies is
inadequate then the resultant square wave has rounded corners as shown in the



diagramabovewhere there are only 5 harmonics and not 13. Withharmonics

the waveform starts to approximate an actual square wave,iaibigh some
aberrations (overshoots) after the leading edge of the wave. Defects in the low
frequency response also show up when a square wave is passed through an
amplifier, for example the top of the waveform is not flat and instead tilted up or
down.

Noticeon the diagram abovehowing 21 harmonidsow the ringing after the

rising edges is such that the amplitude of the oscillaéifter the rising edge is a

little smaller after each cycle until it appears to decay to a series of small residual
rippleson the flat part of the square wave.

A square wavéest signalcantherefore assesses the performance of an amplifier

over a broad range of frequencies. The rising ealygthen the stable state of a

square wavestablefor K I £ T & KS & |j dzlatNg8st igdfféstvélyda LIS NA 2 R
GaiSLXE sinidESos Rleddiside function or a step unit voltagée

Heaviside functioms an instantaneous step functi@ some moment in timeip

to a new fixed voltage which then stays stable over tafter that

The dagram below shows how a square wave is just as useful as a step function
as long as its period is at least twice as long as it takes for the output of the
amplifier system to attain a stable state. Asperiodic or repetitiveest wave is
easier to disfay and visualise omeoscillscope screen than a singteaviside

step function. This is why square wave testing from a fast rise square wave
source, from a device like a PG506 generatordunneDiode Pulser) is used to
calibratethe frequency respnse of acilloscopeverticalamplifiers.
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There is always a phase or time delal;,asshown in the diagram above, in that
the output signafrom the amplifierarrives later than the input signalhis is due
to cumulative delays throughout a multistage amplifier.

One other thing about a square wave composed of harmonics is that the

amplitudes of the harmoniocsomprising a squar@ave are such that they are

inversely proportional to their frequencies. For example the amplitude of the 3
KIENY2yAO A& mko 2F GKS"HadagnRIL/YStiail £ Qa | Y
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fundamental amplitudeand so on So to attain a square wave from a combination

of sine wavesThe relative amplitudes of the harmonics that comprise it must be
correctand the waves must have the correct phase relationship.

Sq as often is the e, there is another way to view the concept of tiidelity¢
of an amplifier to faithfully reproduce the input signal:



Provided that every frequency over the range that the amplifier is expected to
operate is amplified the same amount and that every ety is phase delayed
by the same amount the output will be correthis concept is summarized in the
diagram below taken from a Tektronix manual:

1 3 From Tektronix Manual: Bob Orwiler,Oscilloscope Vertical Amplifiers,
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If all the frequency components making up a square wave arrive with the correct
amplitude at the corretctime the square wave will be faithfully reproduced as
shown in figure 127. However, if there are different phase lags for different
frequencieqor different amplification of different frequenciest)ey will combine

at the output to produce a distortediave as shown in figure28. So the
terminology for amplifier fidelityis that ofAmplitude distortion & phase

distortion Ideally any amplifier is as free from these as possible.



Required Square Waves to Calibrate a Tektronix 464

Thesquarewaves required to calibrate the 464 are 100Hz, 1KHz , 10KHz, and
1MHz square waves which have a very fast rise and no overshoot. These are
available as outputs from the Tek PG506 calibration generator. However the
fastest rise step wavefornwhich is as nthematically as close as possible to a
Heaviside Stegomes via a Tunnel Diode Pul§EDP)n conjunction with the
PG506, and ta TDPFis required for optimal adjustment of the 4@%cilloscope or
Fye a02LSQa OSNIAOFE FYLX ATASNE

A Tunnel Diode PulsefTDPhas the general configuration shown below:

HIGH AMPLITUDE OUTPUT FROM PG506
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DIODE
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IN753A 220R
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®
GE | Tunnel Diode LOAD

TUNNEL DIODE PULSER 067-0681-01

Once the voltage applied to the Tunnel diode reaches a threshold, around about
100mV, the diode moves into it negative resistance regionthadjuantum
mechanical process electron tunndling begins. There is a sudden (almost
instantaneous) voltage stgp fas the current attains a new stable state. This
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capacitance and its peak current rating. The waveform also hadecggiflat
top.

The square edge waveform produced by thaPis as close as possible to an ideal
Heaviside step and perfect for checking the fidelity of oscilloscope vertical
amplifiers. The input arrangement on thi®Pallows forit to work with either

positive or negative going square wave inputs. The PG506 high amplitude output
produces a negative going square wave, the 9uF input capacitor AC couples this
and the diodes DC restore it to a positive going wave as shown in the diagram
above.
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In generalthe calibration for each channel is performed with the attenuators on
thesSmvidvia A2y &ASGUOAY3 YR gAUGK | pn ThiKY 0SI
bypasses the attenuator€nce the vertial amplifiercalibration is complete the

attenuators can be calibrated after thatcording to the manuaPrior to the

vertical signal switchingircuitrythe calibration controls on channel 1 and 2 are

identical, albeit with different numbering. The verO | £ 2 dzd LJdzi | YLX A T
adjustments are common to both channels.

The required equipment is the PG506 calibration generator and a x10 attenuator
and a feed through 50 ohm termination (a x2 attenuator) and tb® TheSG503
levelled sine wave generator iseful for a final bandwidth che@dnd to adjust

the vertical output amplifier bias, R478

The DPis fed from the high amplitude output of tHeéG06 via a 50 ohm cable,
andthen from the¢ 5 t o(@ut via the x10 attenuator and 50 ohm terminator to
thescdJSQa OKIyyStf m AyLldzi aSd G2 pYzkRAODA

The PG506 output level and the control knob onltb@are set to just activate
the tunnel diode to produce the rectangular waared just a little more to keep
the tunnel diode reliably tuntdieng.



Firstly theadjustment locations:

It is worthwhile printing out the adjustment locations and hreythem near the
oscilloscope beingalibrated.This speeds up finding them and reduces the
chances or erra.



