High voltage amplifiers — How fast are they really?

Falco Systems Application note AN-1

The high speed, high voltage amplifier: performanceriteria

High voltage amplifier performance in terms of gpe&enot only determined by the bandwidth and tee/s
rate, but also by the maximum sustainable curréthe amplifier and the capacitance of the loadisTh
article discusses the specifications of high vdtagmplifiers required to determine whether they are

suitable for a certain amplifier-load combination.

The bandwidth

The basic specifications relating to speed of edirhigh
voltage amplifier like theé=alco Systems WMA-30@re

its large signal bandwidth, small signal bandwidiid
slew rate. The large signal bandwidth shows what th
output amplitude voltage of a high voltage amplifie
for a given input sine wave amplitude as a functidn
frequency that drives it to its maximum output agk
(Fig. 1). Because the output voltage of the highage
amplifier falls off gradually above a certain tréios
frequency, a single magic number
bandwidth” being so-and-so many kHz is only uséful
also the reduction of the full-power bandwidth bkt
high voltage amplifier at this frequency is alsmtpd. It
is often expressed as the -3dB point, where thdiaute
has fallen to 0.707 times the maximum amplitudewat
frequencies, but this is not always the way itgscified,
so one has to be careful with a single number. a@plgr

showing the maximum output voltage versus frequency

conveys much more information. The small-signal

bandwidth (sometimes, confusingly, also called “the

bandwidth”) is the frequency response of the highage
amplifier at some very low output voltage like 1%ctloe
maximum output. This bandwidth is usually largearth
the large signal bandwidth by a significant amount.
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Figure 1. The large signal and small signal bandwidth of
a high voltage amplifier can differ significantly

named “the

The slew rate

The slew rate of a high voltage amplifier is alfasubtle
spec. It is the time an amplifier needs to go frbdd6 to
90% of the total output voltage in response toep sh
voltage at the input (Fig. 2). It is given in ¢, the
number of volts that the output can rise (or fall)one
microsecond. This spec obviously limits the capgbof

an amplifier to generate high voltage pulses witarp
rising and falling edges (Fig. 3), but is also adaidth
limiting factor for sine-wave or arbitrary signalghis can
be seen as follows. The highest rate of changehén
output voltage of a sine wave is at the 0V-crosgifig.

4). The higher the frequency, the faster the veltags to
rise there to prevent distortion of the sine wakthe high
voltage amplifier cannot follow due to its limiteslew
rate, the sine wave will be distorted and its atagk is
lower than at low frequencies. The maximum peagbetak
sine wave output voltagé,, is related to the slew rate
by V,, =9 f, wheref is the frequency of the sine wave.
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Figure 2. The slew rate of a high voltage amplifier is the
voltage step divided by time required to changeotlhiput
from 10% to 90% amplitude. In this example the state

is 80V/2.8 s =29V/ s



High slew rate

Lower slew rate

Insufficiently
low slew rate

Figure 3. Depending on the slew rate of the amplifier, a

set of pulses can either be amplified undistorted o
severely affected.

If the slew rate is less than the
steepest part of the sine wave,
the output voltage will be distorted.
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Figure 4. If the slew rate of the amplifier is not sufficten
sine waves are distorted as well. The higher the
frequency and the amplitude of the waveform, theemo
important is the slew rate of the high voltage afigul

Slew rate vs current — capacitive loading

The discussion above assumed that the load atutipeito

of the high voltage amplifier does not influencee th
behavior of the amplifier in any way. This is these for
very small capacitive or resistive loads. Howewgpjcal
loads for a high voltage amplifier are highly capiae,

like PZT (piezo) transducers, EO (Electro-Optical)
modulators, and, to a lesser extent, coaxial caldes
RG58 cable constitutes about 100pF per meter!)b&o
able to bring the output voltage of the high voitag
amplifier to a certain level, this component at thaput
representing electronically a capacitor has to terged

to this voltage (Fig. 5). If the high voltage anfigli has a
current limit ofl_ amperes, it can charge up a capadtor
only with a certain maximum speed. The maximum rise
in voltage per microsecond (again a slew rate, nowt
determined by the maximum current and the load
capacitor, so we call 8,) is thenS, =1,/C, which can be
significantly lower than the intrinsic slew rate tie

amplifier S discussed above for large capacitance values.

The bandwidth for sine wave signals is reduced
correspondingly. Even worse: if the high voltage

amplifier has a current limit but will overheat whé¢he
maximum current is drawn continuously, it will bkea
down after a while when delivering a high frequentigh
voltage output even though the load at low freqiesnis
negligible.
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Figure 5. A capacitive load at the output of the high
voltage amplifier can change its slew rate

Instabilities and overshoot due to capacitive loadig

Many high voltage amplifiers have an internal citigu
that looks like a high voltage version of the geaher
operational amplifier (Fig. 6). A capacitor at thetput of
such a circuit creates a time lag of the outputagd,
because the capacitor has to be charged firstsasstied
above. This means that the voltage at the (-) ioptihe
opamp is delayed too, which can cause the sigrihegt)
and (-) input at certain frequencies to be 180 eEgout
of phase rather than in-phase. If this happens eéttain
capacitance value at frequencies well above thguéecy
where the opamp has an amplification smaller thathig

is no problem, but when this happens at a frequerieyre
the opamp is still capable of amplifying the signidde
circuit has been effectively turned into an ostilta The
result is then at least overshoot or ringing at abéput,
and in extreme cases sporadic or continuous osoil&
(Fig. 7). If the capacitor value is chosen largewgh, this
effect disappears again (although with a dramadyical
reduced bandwidth as a result). This means thatt mos
amplifiers have a certain capacitive load value netthey
are most likely to generate spurious signals. Oboyy
placing the output stage outside the feedback (6ap 8)

in a high voltage amplifier design, this effect is
circumvented.
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Figure 6. Most high voltage amplifiers have an internal
structure that is similar to that of an operaticavalblifier.
Certain load capacitance values can cause insyasilthe

amplifier
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Figure 7. Amplifier instability manifests itself in various

Figure 8. By adding an independent output stage that is

Overshoot

ways on the oscilloscope

not in the feedback loop, the instabilities of a
conventional high voltage amplifier at certain azipee
loading conditions are eliminated

Conclusions

To select a high speed high voltage amplifier foegain
purpose, one has to look not only at the bandwaditiyor
slew rate of the amplifier, but also at the expecte
capacitive load, the maximum sustainable outputectr
and the possibility of overshoot voltages damagdimg

load. All of these are required for an optimal tesu

Example with numbers, using the Falco Systems

WMA-300 high speed, high voltage amplifier
In the following section, we illustrate the prinkip

discussed above by comparing them to specs of la rea
high voltage amplifier, theFalco Systems WMA-300

(Fig. 9). It is made for very high speed operatand

hence has a very large bandwidth of DC — 5 MHzE)3d

and a 2000V/s slew rate. The main application is in
MEMS (micro-electromechanical systems), where the
connecting coax cables are usually the main capecit
load (~100pF), but it is instructive to see whappens
when the capacitive load is increased to the vatlygisal
for piezo-transducers or EO-modulators (~nF). Targéd
signal bandwidth of the WMA-300 with 30@Qy output
voltage (the maximum) is given in Fig. 10. The slate

is measured by monitoring the rise-time of a puleean
oscilloscope (Fig. 11). The bandwidth and slew sptecs
result in a nice 300y, 100kHz square wave (Fig.12) with
fast rising and falling edges with no load. Thisvefmrm

is distorted if we add a significant load capadtaitFig.
13). For 150pF the effect is negligible, but whes dvive
several nanofarads, the speed is reduced consigerdie
reason is the 300mA current limit of the WMA-30Gtth
limits the speed at which the capacitor can beggdrand
hence the loaded slew ra& is smaller for the loaded
conditions. Note that there is no capacitive loadviich
the system generates overshoot. Unlike in manyrothe
amplifiers, in the WMA-300 the configuration of Fi§
has been used, which effectively prevents any lilgta
caused by the load.

Figure 9. A wide bandwidth high voltage amplifier, The
Falco Systems WMA-300
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Figure 10.The large signal bandwidth of the WMA-300



Figure 11.The slew rate of the WMA-300 is obtained by
investigating the time it takes for a voltage putsen -

150 to +150V to go from 10% to 90% amplitude. Oa th
oscilloscope screen the 0%, 10%, 90% and 100% marks
on the left are used to do the measurement praperly

240V in 125ns gives 1920Vs.

Figure 12. An oscilloscope image of an amplified,
undistorted 100kHz, 30Q) square wave with no load at
the output of the high voltage amplifier
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Figure 13.Loading the high voltage amplifier with
different capacitors at its output limits the sleate
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