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Traditional industrial signal conditioners (pro-
cess transmitters) respond relatively slowly, typ-
ically tenths of a second. Sometimes this may be 
due to design limitations (especially in digital de-
signs), but in most cases filtering is purposely 
added to smooth noisy measurements. Flow (of-
ten represented by differential pressure) is noto-
riously noisy. Other measurements such as 
force, pressure and liquid level sometimes have 
significant short-term variations. Filtering 
smoothes these variations to produce an output 
representing the true average. As a bonus, filter-
ing also rejects electrical noise such as 50/60 Hz 
line frequency pickup. 
 

 

 
 

THE NEED FOR SPEED 
 

Slow response is well suited for most continuous processes but, for many others, not so. Experimental 
and test applications such as wind tunnels, combustion studies and projectile impact measurements in-
volve analysis of rapidly changing signals, sometimes including temperature. One particularly interesting 
application we were involved with involved impact measurements on aircraft drop tests. 
 

Non-continuous manufacturing applications sometimes need rapid response. Examples include stamping 
(impact force) and automated bottle or container filling (weight and/or flow rate). Robotics applications, 
position control and motor speed control also require rapid response to changes. 
 

This paper reviews response speed, frequency response and filter design. The effects of phase shift and 
other delays on closed loop control stability are discussed. We close by reviewing available high speed 
industrial signal conditioners (currently all analog) and discussing of the pros and cons of digital. 
 
TWO VIEWPOINTS - RESPONSE SPEED AND FREQUENCY RESPONSE 
 

Frequency response is just another way of looking at response speed. Filtering limits how quickly the out-
put can change (response speed), which means that the output cannot follow rapidly-changing inputs 
(frequency response). Simply put, frequency response is the inverse of response speed.  
 

The way you express it depends on the application. Stamping, filling and drop tests will be concerned with 
response speed. Closed-loop feedback systems such as robotics and motor speed are concerned fre-
quency response, often including phase shift. Wind tunnel and combustions studies might emphasize ei-
ther, depending on the test goals. In digital control systems, processing delay may also be factor. 
 

For the simple single-stage low pass filter (single pole resistor-capacitor filter) shown in Figure 1 the rela-
tionship can be expressed as: 
 

To = 1/(2πFo), where: 
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To = time constant (63% response time) in seconds = R x C, 
Fo = -3dB frequency (70.7% of the DC gain) in Hertz = 1/(2πRC). 
 

 
 
As an example, if the 3db frequency is 1kHz the 63% response time constant will be 0.16 milliseconds.  
 
High-speed applications always will require a trade-off of response speed versus filtering to smooth sig-
nals and limit noise. 
 
FREQUENCY RESPONSE LIMITS IN DIGITAL SYSTEMS 
 

In digital or sampled data systems the maximum frequency must be limited to avoid aliasing errors. Infor-
mation theory says the sampling rate must be more than twice the maximum frequency. Practical reality 
says it should be even faster.
 
Simply put, aliasing is the error which occurs when 
periodic input waveforms change faster than the 
system samples them. Without diving into theory, 
Figure 2 gives a simple demonstration. In (a) the 
sine wave is sampled at exactly twice its frequency. 
The frequency is faithfully reproduced, although as 
a square wave, not sine. The amplitude is not: it 
varies depending on just when the waveform is 
sampled. (If it were sampled at the zero crossings 
the result would be zero.) If you sample just slightly 
faster, properly-designed software could eventu-
ally compute the correct peak-to-peak value of the 
input but would need several samples and some 
computing time to do so. 

 
 
Figure 2: Aliasing errors occur when the sample rate 
is too low.

 

In (b) the sampling rate is lower - just 1.5 times the input frequency. As you can see, the output is at half 
the input frequency. This is a major error and, if used in a feedback control system, could cause serious 
problems. From the response speed viewpoint, the measured quantity (input) is able to change drastically 
before it is sampled again. For accurate measurement and control the sample and A/D (analog to digital) 
conversion rates must be significantly higher than the maximum signal frequency. 
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CUTOFF FREQUENCY - HOW SHARP (HOW MANY FILTER STAGES)? 
 
 
The ideal frequency response would be flat up to 
the cutoff point then drop off rapidly. Reality is 
not so simple. Filter cutoffs are gradual, not 
sharp. Also, sharper filters produce larger phase 
shifts which can cause instability in closed loop 
feedback control systems. 
 

We've already studied the response of the sim-
ple single stage (one pole) filter in Figure 1; now, 
we’ll look at 2 and 3 poles. We won't discuss ad-
vanced filter design here, but sharper filters are 
possible. Today advanced digital filters have be-
come common, but analog anti-aliasing filters 
still are needed ahead of the A/D conversion. 
 

Table 1 and Figure 3 show the frequency re-
sponse (output vs. input) and phase shift versus 
frequency for a single stage filter and for 2- and 
3-stage cascaded filters. For this example all 
stages in the multistage filters are set to the 
same corner frequency, chosen such that the 
combined filters are 3dB down at frequency FO. 
The advantage of multistage filters is sharper 
cutoff (less response at frequencies above the -
3dB point). 
 

 
 
Figure 3: Characteristics of 1, 2 & 3 pole filters.

 
Frequency 
Response 
(Output vs. Input) 

One Pole 
@ Fo 

1-Pole 
Phase 
Shift 

Two Poles, 
Each 

@ 1.55Fo 

2-Pole 
Phase 
Shift 

3 Poles, 
Each 

@ 1.96Fo 

3-Pole 
Phase 
Shift 

99% (down 1%) @ 0.14Fo 8 deg 0.16Fo 11 deg 0.16Fo 14 deg 
95% (down 5%) @ 0.33Fo 18 deg 0.36Fo 26 deg 0.37Fo 32 deg 
90% (down 10%) @ 0.48Fo 26 deg 0.52Fo 34 deg 0.53Fo 45 deg 
70.7% (-3dB) @ Fo 45 deg Fo 66 deg Fo 81 deg 
50% (down 50%) @ 1.73Fo 60 deg 1.55Fo 90 deg 1.56Fo 116 deg 
10% (down 90%) @ 9.95Fo 84 deg 4.66Fo 143 deg 3.74Fo 187 deg 

 

   Table 1: Frequency response and phase shift of 1, 2 and 3 pole filters. 
 

Reduced high-frequency response also means longer response time. Table 2 and Figure 4 show the re-
sponse to a step input change for the same 1-, 2- and 3-stage filters. Note that although the -3dB fre-
quency is the same, the multistage filters respond more slowly. Multistage filters trade slower time re-
sponse for sharper frequency cutoff. Advanced filter designs may produce different trade-offs but the 
basics remain the same. 
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Time 

(Note: 
To=1/[2πFo]) 

1 Pole 
@ Fo 

2 Poles, 
Each 

@ 1.55Fo 

3 Poles, 
Each 

@ 1.96Fo 
0.1To 0.095 0.011 0.00009 
0.25To 0.221 0.058 0.011 
0.5To 0.393 0.182 0.072 
0.75To 0.528 0.324 0.178 
To 0.632 0.459 0.306 
1.5To 0.777 0.675 0.557 
2To 0.865 0.815 0.745 
3To 0.950 0.946 0.930 
4To 0.982 0.985 0.984 
5To 0.993 0.996 0.997 
7To 0.999 1.000 1.000 
10To 1.000 1.000 1.000 

 

Table 2: Time response of 1, 2 and 3 pole filters. 
 
 

 
 
 
 
 

 
 
Figure 4. Step response of 1, 2 & 3 pole low pass filters.

Multistage filtering usually is better. However, higher phase shift above the corner (-3dB) frequency can 
sometimes cause problems in feedback control systems. 
 
CLOSED LOOP CONTROL: PHASE SHIFT MATTERS 
 

Excess phase shift can make a control system un-
stable. Figure 5 shows a simplified feedback con-
trol system. The controller compares the desired 
process value (set point) to the actual (the signal 
conditioner's output) and responds to the differ-
ence. If the measured value is too low the control-
ler's output increases; if too high, the output de-
creases, until the process equals the set point. The 
output drives a control element such as a valve, 
heater or motor speed controller. Actual control-
lers usually are more complex than this example 
and may be implemented digitally. 

 

 
 

  

Phase shift increases the time between the sensor signal input and the signal conditioner's output. Figure 
6 shows two examples. In (a) there is no phase shift. The feedback control system works as desired. (b) 
shows 180 degree phase shift. Now the signal conditioner’s output tells the controller the process value 
is decreasing even though it actually is is increasing. Control is lost. The usual result is continuous oscilla-
tion of the process variable. If the phase shift is less than 180 degrees the results will be less severe. Small 
amounts of phase shift will not cause problems and sometimes may actually speed the control system 
response. Large amounts of phase shift but less than 180 degrees will cause overshoot or ringing (damped 
oscillation) in response to process upsets or noise. 
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Real world systems are much more complex. The 
process itself also will have phase shifts or delay 
(dead time). A controlled valve, for example, 
takes time to move. More significantly, a heated 
or cooled process cannot change temperature 
instantaneously. Process control circuitry 
(and/or software) will have delays or phase shifts 
at high frequencies; also, modern control algo-
rithms are more complex than simple difference 
amplifiers and may add computational delay or 
deadtime. 
 
So, remember to take all phase shifts into con-
sideration when designing feedback control sys-
tems. The "loop gain" and phase shifts of the en-
tire system matter - controller, process and sen-
sor, not just the signal conditioner. Loop gain is 
the total of all gains and losses starting from the 
controller's input and ending at the signal condi-
tioner's output.  
 

 
 
Usually, all will have decreased gain and increased phase shifts at higher frequencies. Oscillation will not 
occur if the phase shift is less than 180 degrees; also, oscillation is not possible if the loop gain is less than 
one. So, to insure stability the loop gain must drop below one before the sum of all phase shifts (including 
the effects of dead times and lags) gets near 180 degrees. 
 

Most controlled systems are slow enough that the response or "gain" of the process will drop substantially 
before the signal conditioner shows any significant phase shift. In that case the signal conditioner’s phase 
shift will not matter. In some fast-response systems such as robotics, though, the signal conditioner char-
acteristics may need to be taken into account. Each system will be different: this paper will not discuss 
complex control theory.  
 

Note that at high frequencies 2-pole filters produce near-180 degree phase shifts and 3-pole, near 270 
degrees. Be sure to understand the characteristics of your signal conditioners when using them in high 
speed control systems. Fast-response conditioner specifications usually do not list the number of filter 
stages or phase shift characteristics. Digital designs add processing delay and often use complex control 
algorithms with no direct analog equivalents. If the signal conditioner’s characteristics are critical to your 
control application you may need to ask the manufacturer or test a sample unit in your system. 
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SLEW RATE - ANOTHER FACTOR 
 

Slew rate is not the same as frequency response. 
It refers to how fast the output can change, re-
gardless of frequency. For example, a sine wave 
rises and falls ten times as quickly at 10 volts as 
at one volt. At higher amplitudes the output may 
be restricted by slew rate rather than frequency 
response. Maximum slew rate is usually speci-
fied as volts per microsecond. 
 

Figure 7 shows square wave and sine wave ex-
amples. The square wave problem is obvious: 
the input changes instantaneously but the out-
put takes a while to get there. Sine waves at high 
amplitudes and frequencies may move faster 
than the maximum slew rate and become dis-
torted. 
 

Signal conditioners usually do not specify slew 
rate. In all but the fastest operations they prob-
ably will be fast enough to handle full-scale sig-
nals over the specified frequency range. In many 
applications you will not need full-scale output 
swing at the maximum frequency. If you do, we 

suggest you ask the manufacturer whether the 
output can swing full scale at the maximum fre-
quency, or test a sample unit in your system. 
 

 
 
NOISE CONSIDERATIONS 
 

Standard "slow" signal conditioners automatically filter out most noise. Fast response units won’t filter 
AC line frequency and probably won’t filter most other stray noise pickup. One suggestion: minimize noise 
problems by not specifying a faster response than you need. 
 

Use common-sense design and installation to minimize problems, especially with low-level inputs. Use 
shielded twisted pair for input cables. Keep cabling away from power wiring, especially high electrical 
noise sources such as triac and SCR motor or power controllers. High common mode rejection ratio 
(CMRR) always is good, but it is best to use signal conditioners with isolated inputs. In this way the com-
mon side of the input can be grounded regardless of where or whether the output and power supply are 
grounded. 
 
TYPICAL PRODUCT OFFERINGS 
 

JH Technology (www.jhtechnology.com) offers high speed Option HS on most of its JH5000 Series DIN rail 
transmitters. DC, thermocouple, RTD (resistance thermometer), strain gauge, potentiometer, add, sub-
tract, multiply, divide, square and square root inputs are included. These transmitters are available for AC 
or DC power. 
 

The standard Option HS is 1 msec. (95% response) with frequency response 3dB down at 600 Hz but can 
easily be ordered with faster (or slower) response. Originally designed in response to a specific customer's 
needs, it has proven popular with others. Note that fast response is not feasible for AC inputs (1 cycle of 
60 Hz line is 16.7 msec.) or low-range frequency inputs. 
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In a recent web search we found very few other companies offering signal conditioners with similar re-
sponse speeds. Those who did generally offered it only for higher level DC inputs. One did include millivolt 
and strain gauge inputs, another appeared to offer it only for RTD resistance thermometers. Some offered 
"high speed" options, but with response times in the 10 to 25 msec. ballpark. We found no high speed 
offerings for thermocouple, potentiometer or math function inputs. All (including JH Technology) were 
analog transmitters, none digital. 
 

There is one exception. Piezoelectric sensors (vibration, sound and impulse) are intended for high fre-
quency and pulse applications. High speed signal conditioners are available for them, but they simply am-
plify or buffer the waveform. Most do not translate the measurement to DC signals such as 0-10Vdc or 4-
20mAdc. 
 
DIGITAL VERSUS ANALOG 
 

In our search we did not find any digital or microprocessor based industrial signal conditioners with re-
sponse times anywhere near 1 msec.  Of course, we could expect to see some eventually. What follows 
here is theoretical. 
 

Microprocessor based signal conditioners offer the obvious advantage of programmability - changing 
ranges and other features (including response time) via computer. This can be helpful on units which will 
be used in multiple applications or stocked as spares. For dedicated use devices, though, it sometimes is 
best that the range not be easily changed, to avoid errors. (Would you believe we once had a user return 
to analog conditioners because they wanted to have trimpots to adjust?) 
 

With proper design, digital instruments can offer improved accuracy and stability. By replacing part of the 
analog signal chain with digital, overall temperature drift may be reduced. It also becomes easier to com-
pensate thermocouple and other sensor nonlinearities and  imperfections. If the circuitry includes an in-
ternal temperature sensor, temperature drifts might be compensated. For analog outputs such as 4-20mA 
current loops, though, some of this advantage may be reduced due to the added digital-to-analog conver-
sion circuitry. 
 

Millisecond or faster response in digital designs introduces potential cost and performance challenges. 
The first is conversion and processing time. Think of digital television or audio which, although providing 
beautiful reproduction at high bandwidths, introduces a delay in the signal. The signal conditioning equiv-
alent would be an output accurately representing fast-changing signals but with a slight delay. This might 
not be a problem in data acquisition and analysis systems but could be fatal in high-speed control systems. 
As an example, some digital signal conditioner specifications list updates per second, not response time. 
 

Sampling, conversion and processing must be done at several times the maximum signal frequency to 
avoid aliasing as discussed earlier in the Frequency Response Limits section. Accuracy and, especially, wide 
range programmability add a requirement for high resolution. For fixed input ranges a 12 bit A-D converter 
provides resolution better than 0.1% and is readily available. Wide range adjustability, however, requires 
more bits. For example, the ability to change the input span from 100 to 2,000 degrees while maintaining 
0.1% resolution requires an additional 4 or 5 bits, so now a 16 to 18 bit high-speed A-D is needed. These 
are available, but at a cost. Perhaps digital signal processors could be adapted for this use: we have not 
yet explored this. 
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No matter the conversion scheme used, analog filtering cannot be avoided. Digital processing allows ad-
vanced filter techniques but analog anti-aliasing filtering is still needed ahead of the A-D converter. De-
pending on the D-A design, filtering of the final analog output also may be needed. 
 
SUMMARY 
 

Most industrial signal conditioners are designed to respond slowly - tenths of a second. This usually is an 
advantage – it filters out unwanted noise. For impulses and other fast-responding signals, however, milli-
second or sub-millisecond response is needed. Product offerings with millisecond and faster speed are 
limited. JH Technology offers a high speed option on most of its JH5000 Series DIN rail transmitter line 
and can often provide it on other products. Offerings from other companies appear to be more limited. 
 

High speed (wide frequency response) usually serves well for open-loop data acquisition and analysis sys-
tems. For closed loop feedback control, though, phase shifts and digital processing delays can lead to 
instability and become critical, as discussed in this paper. 
 

As of today it appears all high speed industrial signal conditioners are analog, not digital. Digital high speed 
designs certainly are possible and may appear in the future. We have reviewed their pluses and possible 
limitations on a theoretical basis.  
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