
TEKTRONIX OSCILLOSCOPES: 

VERTICAL AMPLIFIER CALIBRATION PRINCIPLES WITH 

SPECIFIC REFRENCE TO THE TEKTRONIX 464 

OSCILLOSCOPE SERIAL NUMBERS B200000 AND UP. 

Dr. Hugo Holden. Sept. 2014. 

 

Background: 

! ŎǊƛǘƛŎŀƭ ǇŀǊǘ ƻŦ ŀƴ ƻǎŎƛƭƭƻǎŎƻǇŜΩǎ ǇŜǊŦƻǊƳŀƴŎŜ relates to the vertical amplifierΩs 

frequency response & fidelity. An oscilloscope requires very well designed and 

frequency compensated differential amplifiers which have a flat response from 

DC to their upper specified frequency limits. Generally, if the oscilloscopeΩǎ 

bandwidth is specified as 100MHz then this means that the vertical amplifier 

would have a flat response over this bandwidth and only be 3dB down (0.707 or 

about 70% reduced in amplitude) at 100MHz. A Tektronix ά100MHz ratedέ 464 

oscilloscope for example is 3dB down at 100MHz. However this scope can still 

display and sync lock a 150MHz wave, even though the vertical calibration is not 

meaningful at that frequency. 

The vertical amplifiers in the 464 and many other oscilloscopes have multiple 

frequency compensation adjustments to ensure a flat response can be obtained. 

These take the form of RC networks or RCL networks placed various parts of the 

differential amplifiers leading to the vertical deflection plates of the cathode ray 

tube.  

While the Tektronix 464 service manual is a very well written document, I did find 

that the suggested methodology for adjusting the vertical amplifierΩǎ ŦǊŜǉǳŜƴŎȅ 

compensation adjustments was a little lacking in specific detail and the time-base 

settings were not ideal to visualize the fine detail on and after the applied square 

ǿŀǾŜΩǎ ǊƛǎƛƴƎ ŜŘƎŜΦ ¢ƘŜ ǎǳƎƎŜǎǘƛƻƴǎ ǇǊŜǎŜƴǘŜŘ in this paper ŀǊŜ άŦƛƴŜ 

ŀŘƧǳǎǘƳŜƴǘǎέ ǎƻ ŀǎ ǘƻ ǘǿŜŀƪ ǘƘŜ ǾŜǊǘƛŎŀƭ ŀƳǇƭƛŦƛŜǊǎ ŦƻǊ ōŜǎǘ ǇƻǎǎƛōƭŜ ŦǊŜǉǳŜƴŎȅ 

response and are not 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 the Tektronix 464 are 

extraordinary items of laboratory equipment, 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 Tektronix scopes in my view is time very 

well spent. As stated in other articles I have written about vintage Tektronix 

oscilloscopes and test equipment: The Tektronix Engineers were masters of circuit 

design techniques and the physical implementation of their designs were 

outstanding, impressive, and something to aspire to. 

 

¢ƘŜ пспΩǎ Vertical Input Circuits: 

.ŜŦƻǊŜ ƎƻƛƴƎ ƛƴǘƻ ǘƘŜ ǘƘŜƻǊȅ ŀƴŘ ŘŜǘŀƛƭǎ ƻŦ Ƙƻǿ ǘƻ ŎŀƭƛōǊŀǘŜ ǘƘŜ пспΩǎ ǾŜǊǘƛŎŀƭ 

amplifiers, it is worth looking at the input amplifier configuration of the 464. By 

the time the late model 464 (B200000 and up) appeared on the scene in the 

мфулΩǎ, the input amplifier stages had gone to an IC known as a Gilbert Cell.  

Gilbert patented this configuration in the late 19слΩǎ ƻǊ ŜŀǊƭȅ тлΩǎ ƻǊ ǘhereabouts, 

but it had actually been invented by a fellow named Jones in the very ŜŀǊƭȅ слΩǎΦ 

However due to the obscurity of WƻƴŜǎΩǎ work, he was largely forgotten. In 

addition, prior to the Gilbert patent, the Nagra Company of Switzerland were 

using this exact configuration in their professional audio tape recorders for a 

phase detector in a capstan servo system to phase lock a tone recorded on the 

magnetic tape to a crystal reference. This prevented drift of tape speed and 

ensured good lip synching in the film industry. 

The circuit below shows the άDƛƭōŜǊǘ /Ŝƭƭέ configuration with the characteristic 

crossed collector connectionΦ ¢Ƙƛǎ ŎƛǊŎǳƛǘ ŎƻƴŦƛƎǳǊŀǘƛƻƴ ƛǎ ŀƭǎƻ ǎŜŜƴ ƛƴ L/Ωǎ ǎǳŎƘ ŀǎ 

the Motorola MC1495 and MC1496:  



 

 

 

 

 

 

 

 

 

 

 

Sometimes additional transistors can be used to control the bias currents as they 

do in the MC1496.  

The configuration resembles the usual long tailed pair differential amplifier 

driving the emitters of the next stage, except for the additional pair of output 

ǘǊŀƴǎƛǎǘƻǊǎ ǿƘƻǎŜ ŎƻƭƭŜŎǘƻǊǎ Ǉŀǎǎ ǘƻ ǘƘŜ ƻǇǇƻǎƛǘŜ ƻǳǘǇǳǘ ǘǊŀƴǎƛǎǘƻǊΩǎ ŎƻƭƭŜŎǘƻǊΦ The 

differential output voltage is Vo2 ς Vo1. There are two differential input voltages; 

V1-V2 and V3-V4. Generally for this configuration the lower inputs V1 and V2 are 

ŎŀƭƭŜŘ ǘƘŜ άƭƻǿ ƭŜǾŜƭέ ƛƴǇǳǘǎ ŀƴŘ ±о ŀƴŘ ±п ǘƘŜ άƘƛƎƘ ƭŜǾŜƭέ ƛƴǇǳǘǎΦ ¢ƘŜȅ ŀǊŜ ŎŀƭƭŜŘ 

this because of the signal levels they could tolerate before the transistors 

saturate. We will assume for this discussion that the levels are low enough all 

around so that no saturation occurs. 

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 carrier wave could be placed on the high level inputs 

and audio modulation 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 suppressed. Or the same input signal could be applied 



to both differential inputs making a squarer. So this type of circuit is a multiplier, 

mixer, modulator, squarer etc. It can also function as a phase detector and has 

ƻǘƘŜǊ ǳǎŜǎΦ ¢ƘŜ ŎƛǊŎǳƛǘ ƛǎ ƻŦǘŜƴ ŘŜǎŎǊƛōŜŘ ŀǎ ŀ άŦƻǳǊ ǉǳŀŘǊŀƴǘ ƳǳƭǘƛǇƭƛŜǊέ ¢ƘŜ 

reason for this is shown below:  

The differential input signals can be positive or negative depending 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 Vo2-Vo1 can be positive or negative depending on the 

polarities of both the inputs. And there are 4 combinations of input polarities 

ƘŜƴŎŜ ǘƘŜ άп ǉǳŀŘǊŀƴǘ ǘŜǊƳƛƴƻƭƻƎȅέΦ  

If for example V3-V4 is a positive DC control voltage (V3>V4) to alter the gain of 

the V1-V2 input where (V1>V2) so that the output voltage (Vo2-Vo1) is positive, 

then if this DC control voltage is reversed (V3<V4) then the output voltage Vo2-

Vo1 άflipsέ to a negative polarity as shown. This is the mechanism used in the 464 

to invert the channel 2 signal.  



The diagram below shows the basic input configuration in the 464: 

 

 

 

 

The Gilbert cell is especially effective when manufactured as a monolithic 

integrated circuit as Tektronix made it, rather than from discrete components. In 

the IC the devices are tightly thermally coupled and drifts due to heating are 

cancelled out. The vertical output amplifier IC, U464 in the 464 scope also uses a 

Gilbert cell like configuration. 

 

 

 



Frequency Compensation Networks: 

Throughout the пспΩǎ  vertical differential amplifiers the frequency compensation 

components are placed in various parts of the differential amplifier stages leading 

right up tƘŜ /w¢Ωǎ ǾŜǊǘƛŎŀƭ ŘŜŦƭŜŎǘƛƻƴ ǇƭŀǘŜǎΦ Some are fixed combinations of RC 

networks and RCL networks, other have been made adjustable by Tektronix. 

In the instance where ŘƛŦŦŜǊŜƴǘƛŀƭ ƛƴǇǳǘ ǾƻƭǘŀƎŜǎ ŀǊŜ ŀǇǇƭƛŜŘ ǘƻ ǘƘŜ ǘǊŀƴǎƛǎǘƻǊΩǎ 

bases, then lowering the impedance between the emitters increases the base 

currents and hence the drive currents to the differential transistor pair. If that 

άŜƳƛǘǘŜǊ ǘƻ ŜƳƛǘǘŜǊέ ǇŀǘƘǿŀȅ ƛǎ ŀn R-C network, then this lifts the gain of the 

stage at some specific range of frequencies set by the R & C values and this effect 

cancels out the R-/ ōŀǎŜŘ ŦǊŜǉǳŜƴŎȅ Ǌƻƭƭ ƻŦŦ ŀǘ ǘƘŜ ǎǘŀƎŜΩǎ ŎƻƭƭŜctor outputs 

caused by the resistances and capacitances there.  

Typical general ǘȅǇŜǎ ƻŦ ŎƻƳǇŜƴǎŀǘƛƻƴ ƴŜǘǿƻǊƪǎ ƛƴ ǘƘŜ пспΩǎ ǾŜǊǘƛŎŀƭ ŀƳǇƭƛŦƛŜǊǎ 

are shown below. They consist of either fixed resistors or capacitors where both 

or one are adjustable. The frequency ranges over which they act can be roughly 

estimated from the values, the larger value fixed capacitors with the variable 

series resistor operate over a lower frequency range than the smaller value 

trimmer capacitors with fixed or variable resistors. 

 

 

 

 

 

 

 



The circuit on the left below shows the typical location of the R-C compensation 

network placed between the transistor emitters when the signal drive is applied 

at the bases: 

In any individual differential stage the HF (high frequency) boost or compensation 

provided by the R-C network might 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 filter connected as a shunt peaking filter as shown 

on the diagram on the right diagram above. The resonant frequency is largely 

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

type of network affects the tranǎƛŜƴǘ ǊŜǎǇƻƴǎŜ ŀƴŘ ǘƘŜ άǊƛƴƎƛƴƎέ ƻƴ ŀƴŘ ŀǊƻǳƴŘ 

the leading edges of a step waveform like a square wave. In the 464, there are 3 

of these networks in the vertical amplifier system: 



One in CH1 (C3342,R3335 & L3245), one in CH2 (C3643,R3634 & L3642) and one 

in the vertical output amplifier (C428,R428 & L428).  

These άtransient responseέ adjustments 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 ringing and oscillations immediately after the 

step response and there will be a bumpy non-uniform high frequency response. 

I have yet to find these correctly setup in any 464 I have encountered, even 

ǘƘƻǳƎƘ ǘƘŜȅ ǿŜǊŜ ǎŀƛŘ ǘƻ ōŜ άŎŀƭƛōǊŀǘŜŘέ ǊŜŎŜƴǘƭȅΦ Cǳƭƭ ŘŜǘails on how to adjust 

these correctly is shown below. 

The reason it is necessary to have frequency boosting or άpeakingέ ŀŘƧǳǎǘƳŜƴǘǎ is 

that in any amplifier the circuit resistances and inductances combine with stray 

capacity and input capacity of the transistors to form [tCΩǎ όlow pass filters) which 

roll off the high frequency response. The Miller capacitance, depending on the 

specific stage design, 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 

ŀǾƻƛŘ ǘƘŜ ƘƛƎƘ ŦǊŜǉǳŜƴŎȅ ŘŜƎŜƴŜǊŀǘƛǾŜ ŦŜŜŘōŀŎƪ ƛƴŘǳŎŜŘ ōȅ ǘƘŜ ǘǊŀƴǎƛǎǘƻǊΩǎ aƛƭƭŜǊ 

capacitance. 

 In some Tektronix oscilloscope circuits άcross couplingέ is used from each side of 

the differential amplifier to phase cancel the Miller effect, but not in the 464. 

 Also there are component tolerance variables where even the paint on the 

components can affect their capacitance. So to be sure every scope can be bought 

into alignment adjustments are required. Tektronix were very generous with the 

range of adjustments in the 464. This ensures every scope can be bought into 

electrical alignment, provided the correct test equipment is available.  

 

 

 



TEST EQUIPMENT Th /![L.w!¢9 ¢I9 пспΩǎ ±9w¢L/![ !at[LCL9w{ ϧ ¢I9 

HEAVISIDE STEP, TRANSIENT RESPONSE & the FOURIER 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 making any adjustments 

which seem correct at one frequency might alter another. The solution to the 

problem is to check and calibrate a broadband amplifier with a square wave 

response test. According to the Fourier Theorem a periodic wave such as a square 

wave can be thought of as a wave composed of a fundamental frequency and a 

number of odd harmonics of sine waves. The high order odd harmonics make up 

the fast rising edge of the square wave: 

 

 

 

 

 

 

 

 

 

 

 

 

 

If the frequency response (or gain) for the higher order harmonic frequencies is 

inadequate then the resultant square wave has rounded corners as shown in the 



diagram above where there are only 5 harmonics and not 13. With 21 harmonics 

the waveform starts to approximate an actual square wave, albeit with 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. 

Notice on the diagram above showing 21 harmonics how the ringing after the 

rising edges is such that the amplitude of the oscillation after the rising edge is a 

little smaller after each cycle until it appears to decay to a series of small residual 

ripples on the flat part of the square wave. 

 A square wave test signal can therefore assesses the performance of an amplifier 

over a broad range of frequencies. The rising edge and then the stable state of a 

square wave, stable for ƘŀƭŦ ǘƘŜ ǎǉǳŀǊŜ ǿŀǾŜΩǎ ǇŜǊƛƻŘ at least, is effectively a 

άǎǘŜǇέ ǿŀǾŜŦƻǊƳ similar to a Heaviside function or a step unit voltage. The 

Heaviside function is an instantaneous step function at some moment in time up 

to a new fixed voltage which then stays stable over time after that. 

The diagram 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. Also a periodic or repetitive test wave is 

easier to display and visualise on an oscilloscope screen than a single Heaviside 

step function. This is why square wave testing from a fast rise square wave 

source, from a device like a PG506 generator (+/- a Tunnel Diode Pulser) is used to 

calibrate the frequency response of oscilloscope vertical amplifiers. 



 

 

 

 

 

 

 

 

 

 

 

There is always a phase or time delay, ɲt, as shown in the diagram above, in that 

the output signal from the amplifier arrives later than the input signal. This 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 harmonics comprising a square wave are such that they are 

inversely proportional to their frequencies. For example the amplitude of the 3rd 

ƘŀǊƳƻƴƛŎ ƛǎ мκо ƻŦ ǘƘŜ ŦǳƴŘŀƳŜƴǘŀƭΩǎ ŀƳǇƭƛǘǳŘŜΣ ǘƘŜ рth harmonic 1/5 of the 

ŦǳƴŘŀƳŜƴǘŀƭΩǎ ŀƳǇƭƛǘǳŘŜ ŀƴŘ ǘƘŜ ŀƳǇƭƛǘǳŘŜ ƻŦ ǘƘŜ нмst harmonic is 1/21 of the 

fundamental amplitude and so on. So to attain a square wave from a combination 

of sine waves: The relative amplitudes of the harmonics that comprise it must be 

correct and the waves must have the correct phase relationship. 

 So, as often is the case, there is another way to view the concept of the άfidelityέ 

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 frequency is phase delayed 

by the same amount the output will be correct. This concept is summarized in the 

diagram below taken from a Tektronix manual:  

 

 

If all the frequency components making up a square wave arrive with the correct 

amplitude at the correct time the square wave will be faithfully reproduced as 

shown in figure 1-27. However, if there are different phase lags for different 

frequencies (or different amplification of different frequencies) they will combine 

at the output to produce a distorted wave as shown in figure 1-28. So the 

terminology for amplifier fidelity is that of Amplitude distortion & phase 

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



Required Square Waves to Calibrate a Tektronix 464: 

The square waves 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 waveform, which is as mathematically as close as possible to a 

Heaviside Step, comes via a Tunnel Diode Pulser (TDP) in conjunction with the 

PG506, and the TDP is required for optimal adjustment of the 464 oscilloscope or 

ŀƴȅ ǎŎƻǇŜΩǎ ǾŜǊǘƛŎŀƭ ŀƳǇƭƛŦƛŜǊǎ.  

 

A Tunnel Diode Pulser (TDP) has the general configuration shown below: 

 

 

 

 

 

 

 

 

 

 

Once the voltage applied to the Tunnel diode reaches a threshold, around about 

100mV, the diode moves into it negative resistance region and the quantum 

mechanical process of electron tunnelling begins. There is a sudden (almost 

instantaneous) voltage step ɲ± as the current attains a new stable state. This 



ǊŀǇƛŘ ǾƻƭǘŀƎŜ ǘǊŀƴǎƛŜƴǘ ƛǎ ƻƴƭȅ ƭƛƳƛǘŜŘ ōȅ ǘƘŜ ¢ǳƴƴŜƭ ŘƛƻŘŜΩǎ ǎƳŀƭƭ ƧǳƴŎǘƛƻƴ 

capacitance and its peak current rating. The waveform also has a perfectly flat 

top.  

The square edge waveform produced by the TDP is as close as possible to an ideal 

Heaviside step and is perfect for checking the fidelity of oscilloscope vertical 

amplifiers. The input arrangement on this TDP allows for it 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. 

 

/![L.w!¢LbD ¢I9 пспΩǎ ±9w¢L/![ !at[LCL9w{: 

In general the calibration for each channel is performed with the attenuators on 

the 5mV/diviǎƛƻƴ ǎŜǘǘƛƴƎ ŀƴŘ ǿƛǘƘ ŀ рл hƘƳ ǘŜǊƳƛƴŀǘƛƻƴ ŀǘ ǘƘŜ ǎŎƻǇŜΩǎ ƛƴǇǳǘΦ This 

bypasses the attenuators. Once the vertical amplifier calibration is complete the 

attenuators can be calibrated after that according to the manual. Prior to the 

vertical signal switching circuitry the calibration controls on channel 1 and 2 are 

identical, albeit with different numbering. The vertƛŎŀƭ ƻǳǘǇǳǘ ŀƳǇƭƛŦƛŜǊΩǎ 

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 the TDP. The SG503 

levelled sine wave generator is useful for a final bandwidth check and to adjust 

the vertical output amplifier bias, R478.  

The TDP is fed from the high amplitude output of the PG506 via a 50 ohm cable, 

and then from the ¢5tΩǎ output via the x10 attenuator and 50 ohm terminator to 

the scoǇŜΩǎ ŎƘŀƴƴŜƭ м ƛƴǇǳǘ ǎŜǘ ǘƻ рƳ±κŘƛǾƛǎƛƻƴΦ 

 The PG506 output level and the control knob on the TDP are set to just activate 

the tunnel diode to produce the rectangular wave and just a little more to keep 

the tunnel diode reliably tunnelling. 



Firstly the adjustment locations: 

It is worthwhile printing out the adjustment locations and having them near the 

oscilloscope being calibrated. This speeds up finding them and reduces the 

chances or errors.  

 

 

 


