
MEDICAL INSTRUMENTATION 

Introduction 

Whether it be in industry, a hospital or university, the design, development and approval of a 
medical instrument is a complex, lengthy and expensive process. Very few new ideas survive 
this process. To be successful, there must be a champion for the project, who may be the 
original inventor, or someone else interested. From the original concept, there must be 
hypothesis testing research, market research, compilation of specifications, design, 
development, prototype manufacture, testing, regulatory approval, manufacturing, marketing 
and sale, to ensure the success of this new idea. 
 
Instrumentation involves obtaining a signal representing a measure of a body function by 
means of a transducer, and then processing this signal. 
 
The measure of body function is called the measurand. It may be internal, for example blood 
pressure, and thus require a special transducer or sensor, or it may be on the body surface, 
such as the electrocardiogram (ECG): the electrical signal obtained from the heart. It may be 
derived from tissue samples removed from the body, such as blood. The measurand may 
emanate from the body, such as infra-red radiation, or it may be derived as a result of 
energy being put into the body, for example x-rays. Measurands belong to the following 
categories: biopotential, flow, pressure, velocity, acceleration, force, dimension (imaging), 
impedance, temperature and chemical concentration. 
 

Sensor 

 
In most cases a sensor is used to convert a physical measurement to an electrical signal. An 
alternative is a transducer which converts one form of energy to another. A sensor should be 
designed to only respond to the wanted biological measurand, and to interface to the body 
with a minimum of interference to normal body function. 
 

Signal Conditioning 

 
The signal from the sensor is usually not in the correct form for display or further processing 
and requires amplification and filtering. An amplifier may simply match the output impedance 
of the sensor to the input impedance of the display. 
 

Output Display 

 
Displays are mostly visual, but may also be auditory. Their nature depends on the 
application. Most are either digital numbers, analogue or graphical in form. 
 



Auxiliary Controls 

 
The instrument may contain means for calibration, manual controls of feedback loops, 
temporary storage and alternative processing. 
 

Modes of Operation 

 
Instruments may directly or indirectly measure body variables. For example, cardiac output 
(volume flow of blood from the heart) may be measured directly by an ultrasonic imager, 
which measures the blood velocity profile across the aorta and the dimensions of the aorta. 
It may also be measured indirectly from measurement of respiration and blood gas 
concentration. 
 
Data may be collected continuously, or at discrete intervals. The ECG changes quickly, and 
so must be measured continuously. Sodium ion concentration in the blood or tissues changes 
only slowly, and so can be monitored by discrete measurements at long intervals. 
 
Data may be collected and processed in either analogue or digital form. In analogue form 
data measurement is continuous. In digital form measurement is in discrete steps. Most 
sensors produce analogue signals and most processing is in digital form. Digital signal 
processing is more flexible and accurate. 
 
Sensors acquire signals in real-time but processing may not be in real time. Delays may 
allow more complex processing to take place, but may not be acceptable in clinical practice. 
 

Pecularities of Medical Measurement 

 
The range of physical variables is different to many other systems. Voltages are mV or uV. 
Pressures are below 40 kPa. Signal bandwidths are low, usually below 20 kHz, and dc is 
frequently important. Variables are rarely deterministic. Variation exists both between 
patients and within the one patient at different points in time. 
 
It is important to avoid damage or interference by the sensor itself or the energy that must be 
put into the body to make a measurement, for instance when using x-rays. 
 
In the medical environment, equipment must be reliable, safe for both the patient and 
operator, and easy to operate. It must stand abuse from corrosive fluids, high voltage 
shocks and mechanical shocks. 
 
Measurements are made in the presence of noise or other interfering signals. Compensation 
must be applied by means of filtering and negative feedback to regulate amplitude. Some 
type of interference, eg 50 Hz mains, may be eliminated by using differential inputs. 
 



Statistical analysis and processing is frequently used to summarize data and to make 
allowance for the great variation seen in biological measurement. 
 
To characterize and allow comparisons between instruments, their properties are described 
in terms of gain, bandwidth, transient response time, common-mode rejection, accuracy, 
precision, resolution, reproducibility, sensitivity, drift, linearity, signal-to-noise ratio, input 
range, overload range, overload recovery time, input impedance, output range, output 
impedance and time delay. 
 
There are now regulations set by the health authorities of almost every country, that describe 
the standards that instruments must meet and the testing that must be done to show that 
those standards are met. 
 
 

 SENSORS 

 

Displacement 

 
Potentiomenters, strain gauges, capacitive and inductive sensors are the most popular for 
measuring displacment. Potentiometers have their shaft or arm attached to the appropriate 
part of the body. They are used to measure joint angle or limb movement. A dc or ac signal 
source is applied across the whole resistance and the output is measured from the arm or 
wiper connection (Figure 47). 

 
Strain gauges consist of fine wire mounted so that it is stretched and its resistance is changed 
by movement (Figure 48). They are used to measure very small movements. They often 
function as part of another sensor, e.g. attached to a diaphragm which distorts under 
changing pressures (Figures 49, 50). Strain gauges and potentiomenters are often connected 
as part of a Wheatstone bridge. When there is a long length of wire between the gauge on 
the body and the amplifier, there is an opportunity to pick up 50 Hz mains interference. A 

Figure 47 Potentiometric devices for measuring displacement: (a) 
translational, (b) single-turn, (c) multi-turn. 



Wheatstone bridge helps prevent this. Elastic resistance gauges are a special form which can 
measure large displacements. They consist of a silicone rubber tube filled with mercury 
(Figure 51). As the tube stretches, its diameter decreases so that its resistance increases. 

 Figure 48 Bonded strain-gauge units: (a) resistance wire type, (b) foil 
type, (c) helical wire type. Arrows above gauges show direction of maximal 
sensitivity to strain. 



Figure 49 (a) Unbonded strain-gauge pressure sensor. The diaphragm is 
coupled by an armature to an unbonded strain-gauge system. With  increasing 
pressure, the strain on gauge pair B and C is increased, while that on gauge pair A and 
D is decreased. (b) Wheatstone bridge with four active elements. R1 = B, R2 = 
A, R3 = D, and R4 = C when the unbonded strain guage is connected for translational 
motion. Resistor Ry and the potentiometer Rx are used to initially balance the bridge. vi 
is the applied voltage and ∆vo is the output voltage on a voltmeter or similar device 
with an internal resistance of Ri. (c) Balance circuit for ac-bridge operation. 



 
 
Inductive sensors work by displacing an inductor in a coil, or by displacing two coils with 
respect to each other (Figure 52). This changes the ac impedance which may be measured 
by applying an ac voltage, either directly or as part of an ac bridge circuit, and demodulating 
the response (Figure 53). Capacitive sensors are similar in that one plate of a capacitor 
moves and its displacement is measured with respect to the fixed plate (Figures 54, 55, 56). 
 

Figure 50 Semiconductor strain-gauge units (a) unbonded, uniformly doped, 
(b) diffused P-type gauge, (c) integrated pressure sensor, (d) integrated cantilever 
beam force sensor. 



 
Piezoelectric materials will develop a voltage across them when mechanically strained. 
Typical materials are barium titanate and polyvinylidene fluoride (PVDF). PVDF comes in 
the form of thin, light, flexible film which can be easily applied to different surfaces. It can be 
applied to the mother's abdomen to detect the foetal heart beat. 
 

Thermistors, as part of a bridge circuit, can be used to measure temperature (Figure 57). 
Their resistance decreases with increasing temperature. They have the advantage of being 
very small, so can be inserted through a needle to measure the temperature of the blood. 
This has application in measuring cardiac output where a known quantity of cold saline (salt 

 

Figure 51 Mercury-in-rubber strain-gauge plethysmography (a) four-lead 
gauge applied to human calf, (b) bridge output for venous occlusion plethysmography, 
(c) bridge output for arterial-pulse plethysmography. 

Figure 52 Inductive displacement sensors: (a) self-inductance, (b) mutual 
inductance, (c) differential transformer. 



water of the same concentration as found in the body) is injected into a vein, and the 
temperature of blood in an artery is measured. 
 
Optical fibres allow light to be carried to a tissue, eg blood in the heart, and the reflected 
light taken back to a sensor, such as a photo-diode. By this means, the saturation of blood 
with oxygen can be measured by the change in the spectrum of light. Images can also be 

transmitted by bundles of fibres from inside the body. This is used to examine the inside of 
the bronchi and the gut. 

 

Figure 53 Demodulator output for displacement transducer: (a) as x 
moves through the null position, the phase changes 180o, while the magnitude of vo is 
proportional to the magnitude of x, (b) an ordinary rectifier-demodulator cannot 
distinguish between (a) and (b), so a phase-sensitive demodulator is required. 



 
"Chemfets" are field effect transistors (FET) which have a semi-permeable membrane across 
the gate region of the FET. The field generated by the movement of ions through the 
membrane acts on the gate and controls the current flowing through the FET. By this means, 
quantitative measures of ions in solution can be made, with a different membrane for 
different ions. Non-ionic substances can also be measured by attaching agents that bind to 
these substances to the membrane. When the substance is bound to the membrane, the 
membrane distorts and changes its permeability to sodium ions. Thus a signal proportional to 
the concentration of the substance is produced. 

Figure 54 Capacitance sensor for measuring dynamic displacement 
changes.  

Figure 55 (a) Guarded parallel-plate displacement sensor, (b) 
instrumentation system with output proportional to capacitance 
displacement. 



 
 

AMPLIFIERS 

 
High-gain operational amplifiers, known as op amps, are the most common type of 
amplifiers used to increase signal amplitude or power. They are in the form of integrated 
circuits, which greatly simplifies their use. 
 

Figure 56 Capacitance displacement transducer (a) Differential three-
terminal capacitor. (b) Capacitance-bridge circuit with output proportional to 
fractional difference in capacitance. (c) Transformer ratio-arm bridge. 



Ideal op amps have infinite input impedance, infinite open loop gain (i.e. with no feedback 
from output to input), zero output impedance and infinite bandwidth. They have two inputs: 
an inverting and a non-inverting input, and one output (Figure 58). 

 

Figure 57 Temperature measurement: (a) dc differential temperature bridge, 
(b) ac differential temperature bridge. Rt1 and Rt2 are matched thermistors 100 kΩ 
(±1%). 



 
For practical applications a feedback conncection is made between the output and the 
inverting input. There are two forms, an inverting and non-inverting amplifier. The inverting 
amplifier is shown in Figures 59, 60 and the non- inverting circuit in Figure 61. By setting Rf 
to zero and Ri to infinity, a non-inverting, unity gain amplifier is produced. There are two 
basic rules: 1. when the op amp output is in its linear range, the two input terminals are at the 
same voltage. 2. no current flows into either input terminal of the op amp. 

Figure 58a Op-amp equivalent circuit. The two inputs are v1 and v2. A 
differential voltage between them causes current flow through the differential 
resistance Rd. The differential voltage is multiplied by A, the gain of the op amp, to 
generate the output voltage source. Any current flowing to the output terminal vo 
must pass through the output resistance Ro. 

Figure 58b Op-amp circuit symbol. A voltage at v1, the inverting input, is 
greatly amplified and inverted to yield vo. A voltage at v2, the noninverting input, 
is greatly amplified to yield an in-phase output at vo. 



 

Figure 59 Inverting amplifier: (a) current flowing through the input resistor Ri 
also flows through the feedback resistor Rf, (b) a lever with arm lengths proportional 
to resistance values enables the viewer to visualise the inpput-output characteristics 
easily, (c) the input-output plot shows a slope of -Rf/Ri in the central portion, but the 
output saturates at about ±13 V for a 15 V power supply. 

 

Figure 60 Balanced inverter: (a) this circuit sums the input voltage vi plus one-
half of the balancing voltage vb. Thus the output voltage vo can be set to zero even 
when vi has a non-zero dc component, (b) the three waveforms show vi, the input 
voltage; (vi + vb;/2), the balancing voltage; and vo, the amplified output voltage. If vi 
were directly amplified, the op. amp would saturate. 



 
The gain of the inverting amplifier, shown in figure 59, can be deduced as follows: 
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Figure 61 (a) The voltage follower, vo = vi. (b) A noninverting amplifier, vi appears 
across Ri, producing a current through Ri that also flows through Rf. (c) A lever with 
arm lengths proportional to resistance values helps to visualise the input-output 
characteristics. (d) The input-output plot shows a positive slope of (Rf + Ri)/Ri in the 
central portion, but the output saturates at about +/- 13 V. 
 
Three op amps may be used to produce a differential amplifier with high input 
impedance (Figure 62). 



 

Figure 62 Differential amplifier (a) right hand side shows single op. amp 
differential amplifier, but this circuit has lowinput impedance. The left hand side 
shows two additional op amps which provide high input impedance and additional 
gain, 1+R2/R1, as for the non-inverting op. amp, (b) for the single op. amp differential 
amplifier, the two levers with arm lengths proportional to resistance values show the 
input-output characteristics. 

 

 
A variety of other functions may be performed by op amps by circuit modification of the 
basic amplifier designs. A comparator compares a signal to a reference voltage on the 
inverting input of the op amp. With no other components except for the op amp, if a signal is 
applied to the non-inverting input, the output will be high (saturated positive limit) if the input 
exceeds the reference, and low (saturated negative limit) if the input is less than the 
reference. 
If there is noise on the input signal, there is likely to be rapid changes in the output when the 
input signal is near the reference value. This can be prevented by introducing hysteresis by 



adding positive feedback. A window comparator is shown in Figure 63. The centre of the 
window is set by vref and the width of the window by ∆v. When vi + vref < 0, D2 conducts 
and D1 is reverse biased. No current flows through R/2 and R/4 because both ends of these 
resistors are at 0 V. As the other three resistors on the inverting input of the second op amp 
are equal, the op amp output changes if vi + vref + ∆v = 0, or vi = -(vref + ∆v). When vi + vref 
> 0, D1 conducts and v1 = -(vi + vref)/2. The lower op amp changes state when vi/R + vref/R 
+ ∆v/R + - (vi+vref)/2 / (R/4) = 0 or when vi = -vref + ∆v. This circuit is used for pulse height 
analysis and for measuring probability density distributions. The resistor diode network 
connected to the output of the second op amp is used to limit the output . 

 

Figure 63 Window comparator (a) vref sets the nominal comparison reference. If 
v i is within  ±∆ v of vref, vo is negative, as shown in (b), the input-output 



characteristic. The diode-resistor limiting network at the output clamps the output to 
± 5 V. 

Simple resistor-diode networks do not make good rectifiers  for voltages below 0.7 V  
because the diode requires a forward drop of 0.7 V to turn it on. Placing the diode within 
the feedback loop of an op amp overcomes this problem as the output of the op amp 
increases to overcome the voltage drop (Figure 64a and 64b). Figure 64a shows a 
microvolt rectifier and its equivalent model. When vi is negative, the diode is open circuit and 
the high impedance Zi isolates the output from the input. When vi is positive with a load the 
diode conducts with a forward drop VD. From the equivatent circuit it can be seen that  v0 = 
vi -v and it also equals Av - VD. Because the open loop gain is very large it can be deduced 
that, 
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Thus, the forward drop across the diode becomes negligible. Figure 65 shows full wave 
rectifiers. 
  

 
Figure 64a. Microvolt rectifier. RHS shows the equivalent circuit.. 



 

Figure 65 Full-wave rectifiers: (a) full-wave precision rectifier. For v i > 0, the 
non-inverting amplifier at the top is active, making vo > 0. For v i < 0, the inverting 
amplifier at the bottom is active, making vo > 0. Circuit gain may be adjusted with a 
single potentiometer. (b) Input-output characteristics show saturation when vo > +13 
V. (c) Single op. amp full-wave rectifier. For v i < 0, the circuit behaves like the 
inverting amplifier rectifier with a gain of -0.5. For v i > 0, the op amp disconnects 
and the passive resistor chain yields a gain of +0.5. 

A logarithmic amplifier uses a bipolar junction transistor in the feedback loop (Figure 66). 
This makes use of the exponential relationship between the base-emitter junction voltage and 
the collector current. An anti-log circuit can be made by swapping the input resistor and 
transistor. Temperature compensation is required for these circuits, as the voltage-current 
relationship of the transistor is dependant on temperature. 



 
 
Figure 66. (a) A logarithmic amplifier makes use of the fact that a transistor’s VEB is 
related to the logarithm of its collector current. With the switch in the alternate 
position the circuit gain is increased 10 times. (b) Input-output characteristics show 
that the logarithmic relation is obtained for only one polarity; x1 and x10 gains are 
indicated. 

Integrator 

 
An integrator can be made using an op amp by replacing the feedback resistor with a 
capacitor. The output voltage is given by  
 
 
 
 

 v
C

idt
t

0
0

1 1

= ∫        

 
where i is the current through C for an integration time t1. i = vi / R so 
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If there is any dc component in the input, vi, or any offset voltage in the op amp, the 
integrator will continue to integrate this value until the output of the op amp exceeds its limit 
and the op amp goes into saturation. Thus there needs to be a reset circuit as shown in 
Figure 62. To reset the integrator to vic, S1 is opened and S2 is closed. During integration, S1 
is closed and S2 is open. After integration, the final value may be held by leaving both 
switches open. 
 
 
 
 
 



 
The frequency response may be found as follows: 
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where T = RC, ω = 2πf, (f = frequency) 
 
Gain increases with decreasing frequency, becoming infinite for dc. 
 

 
 
Figure 67. A three-mode integrator. With S1 open and S2 closed, the dc circuit 
behaves as an inverting amplifier. Thus, v0 = vic and v0 can be set to any desired 
initial condition. With S1 closed and S2 open, the circuit integrates. With both switches 
open, the circuit holds v0 constant, making possible a leisurely readout.  

Differentiator 

 
Interchanging the R and C of the integrator produces a crude differentiator (Figure 68). 
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The frequency response is given by: 
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Here gain increases with frequency. The signal of interest usually only extends over a limited 
frequency band, while noise is found at all frequencies. So high frequency noise is 
differentiated with a high gain. This can swamp the wanted signal and, if the op amp is not 
compensated, make the circuit prone to oscillation. Practical differentiators incorporate a 
low pass filter to decrease the signal gain beyond the highest frequency of interest. 



 

 
 
Figure 68. A differentiator. The dashed lines indicate that a small capacitor must 
usually be added across the feedback resistor to prevent oscillation. 
 

Active Filters  

 
Nearly all instruments incorporate an active filter following the sensor, to reduce noise and 
limit the signal to the frequencies of interest. A low-pass filter is formed by placing a 
capacitor in parallel with the feedback resistor (Figure 69). This attenuates high frequencies. 
The frequency response is given by: 
 
v

v

R

R j T
o

i

f

i

= −
+

1
1 ω

 

 
where T = RfCf. For frequencies, ω << 1/T, the circuit acts as an inverting amplifier. For 
frequencies, ω >> 1/T, the circuit functions as an integrator; often referred to as a "leaky" 
integrator, as the lower frequencies are lost. 



 

Figure 69 Active filters: (a) low-pass filter attenuates high frequencies, (b) high-
pass filter attenuates low frequencies and blocks dc, (c) bandpass filter attenuates 
both low and high frequencies. 

A high-pass filter, which attenuates low frequencies, can  be designed by placing a 
capacitor in series with the input resistor. The frequency response is given by: 
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where T = RiCi. For frequencies, ω >> 1/T, the circuit behaves as an inverting amplifier. 
For frequencies, ω << 1/T, the circuit acts as a differentiator. 
 
By combining a low-pass and high-pass filter in one op amp circuit, a band-pass filter is 
produced (Figure70). Filters with more than one combination of R and C for a given filter 
type (low-pass or high-pass) are higher order filters and attenuate high frequencies (for a 
low-pass filter) or low frequencies (for a high-pass filter) more rapidly with changing 
frequency than does a first order filter. 



                                      Figure 
70 Bode plot (gain versus frequency) for various filters: integrator (I), 
differentiator (D), low pass filter (LP) for 1, 2 & 3 sections (poles), high-pass (HP), 
bandpass (BP). Corner frequencies for each filter (upper and lower -3dB frequencies) 
are marked as fc. 

Open and Closed Loop Gain 
 
Op amps without feedback (in open loop configuration) have a very high gain, typically 
40,000 to 100,000 at low frequencies. Stray and transistor junction capacitance in the 
integrated circuit add a low-pass filter stage for each gain stage of the op amp. Most op 
amps have two or three stages. Thus for higher frequencies, the gain is reduced; to a value 
of 1 at about 4 - 5 MHz typically (Figure 71). There is corresponding phase lag of 90 
degrees for each of these stages. If a circuit is designed with feedback so that the gain 
through the op amp and around the feedback loop (loop gain) is greater than 1 and there is 
also a total phase lag of 180 degrees, the circuit will oscillate. This can be prevented by 
introducing another RC into the first stage of the op amp so that the loop gain is less than 
one by the time there is 180 degrees phase change. The R is provided by the integrated 
circuit. The capacitor may be an internal capacitor or an external one connected to two 
terminals specially provided for the purpose. Adding this capacitance is referred to as 
frequency compensation. 
 
The closed loop gain is always less than the open loop gain. The bandwidth of the open loop 
op amp is low, particularly if it is compensated. As these devices will amplify frequencies 
down to dc, the bandwidth is the upper -3 dB frequency, i.e. the frequency at which the gain 
has been reduced by 3 dB as a result of the low pass filtering effect of the internal or 
compensating capacitors. The bandwidth of the closed loop circuit (i.e. with feedback) is 



much wider than the open loop case. As the gain reduces, the bandwidth increases so that 
the product of gain and bandwidth is constant. 
 

 
Figure 71. Op-amp frequency characteristics. Early op amps were 
uncompensated and had a gain greater than 1 when phase shifts was equal to -1800 , 
and therefore oscillated unless compensated externally. It is common to internally 
compensate the op amp, so for a gain greater than 1, the phase shift is limited to -900. 
When feedback resistors are added to build an amplifier circuit, the loop gain on this 
log-log plot is the difference between the op-amp gain and the amplifier-circuit gain. 

Slew Rate 
 
Small signal gains are limited by the circuit's frequency response characteristics. For large 
signals there is an additional limitation due to the need to charge internal capacitors (usually 
the compensation capacitor) by an internal current source, so that the voltage across the 
capacitor can follow the signal voltage. This limits the maximum rate of change of voltage. If 
the current source has a maximum of Imax then dv/dt = Imax/C, which is proportional to SR 
= maximum slew rate. Thus the maximum undistorted frequency at full power is: 

ωp
or

SR
V

=  

where Vor = maximum rated output voltage. This frequency is usually much less than the 
small signal upper -3dB frequency. 
 

Offset 
 



The two inputs drive the bases of two transistors connected as a long-tail pair. 
Theoretically, with the same voltage on each input, there should be no output. In practice, 
the two transistors are slightly different, so that for the same input voltage, the output 
currents are different. This gives rise to a dc offset output voltage when there is no 
differential input (same voltage on each input). This voltage may be reduced to zero by 
adding a potentiometer to terminals connected to the long-tail pair. The output current of the 
long-tail pair transistors for a given base-emitter voltage varies with temperature. Both 
transistors tend to track together so that setting an offset voltage for one temperature also is 
adequate for other temperatures. 
 

Bias 

 
The input transistors of the op amp require a dc input current to bias the transistors. This 
current flows through the resistors connected to the input terminals and generates a voltage 
drop across them. The difference between the dc voltages generated at each of the terminals 
is amplified by the op amp and appears as an unwanted signal at the output. To minimise this 
signal the resistances seen by each of the terminals is made equal. This can be done by 
attaching a resistor to the non-inverting input equal to the parallel combination of the input 
resistor on the inverting input and the feedback resistor. 
 

Noise 
 
For low signal source resistances, op amps with bipolar junction transistors on the inputs 
give the lowest noise. For high signal source resistance, op amps with FET inputs have the 
lowest noise. In general, the lowest noise is produced if the characteristic noise resistance is 
made equal to the equivalent signal source resistance (Figure 72). This can be done by using 
a transformer between the signal source and the op amp to match the resistances (Figure 
73). 



 

Figure 72 Noise sources in an op amp. The noise voltage source vn is in series 
with the input and cannot be reduced. The noise added by the noise current sources, 
in, can be minimised by using small external resistances. 

 

Figure 73 Low noise amplifier. The OP-27 is a low noise op amp. For ac inputs, 
the noise obtained using a direct input (switches up) can be reduced by using an input 
transformer (switches down). 

Input Resistance 

The highest resistance occurs when the op amp is used in its unity gain mode. If used in the 
inverting mode, the input resistance is equal to the value of the input resistor used. Input 
resistance is set as high as possible if it is desired to have a maximum voltage transfer. Input 
resistance is set equal to source resistance if it is desired to have a maximum signal power 
transfer (Figure 74). 



 

 
 
Figure 74. The amplifier input impedance is much higher than the op-amp input 
impedance Rd. The amplifier output impedance is much smaller than the op-amp 
output impedance R0. 

Output Resistance 

Output resistance is equal to the op amp output resistance divided by the loop gain. If the op 
amp has a high capacitive load, the current required to charge the capacitor may exceed the 
op amp limit. Signal distortion is the result. The output resistance combined with the load 
capacitor will also produce further phase delay. This may be enough to cause oscillation. 
This can be prevented by inserting a small resistance between the op amp output and the 
load. 
 

Peak and Valley Detection 
 
Figure 75 shows a simple positive peak detector. The op amp with a diode in the feedback loop acts as 
an ideal diode with no voltage drop when the diode is forward biased. If a sinusoidal voltage is applied, 
as shown, as vI increases the capacitor is charged until vI reaches a peak. When vI decreases, the diode 
becomes reverse biased. The capacitor is then discharged by the negative input bias current of the op 
amp and the loading resistor, R, if it is connected through the switch. The decay rate of vo is minimised if 
a FET input op amp is used and R is kept high. The rise time of vo is determined by the maximum output 
current of the op amp, Im.  The maximum slew rate of the circuit is set by the minimum of either the 
maximum slew rate of the op amp or the maximum slew rate of the circuit: 
 
 
 

Figure 75 Simple positive peak detector, (a) circuit diagram, (b) output signal for a sine wave input. 
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A second op amp can be used to isolate any load resistance (Figure 76) so that the voltage droop rate 
becomes the op amp input current divided by the capacitor, C. 
 

Figure 76 Buffered positive peak detector. Negative peak detector may be constructed by reversing the 
diode. 

 
Both peaks and valleys can be detected. The simplest method is to split the signal, have one part go 
through a positive peak detector, as above. The second part is inverted, passed through a second peak 
detector and then re-inverted. Alternatively the second part of the signal is passed through a negative 
peak detector, which is simply a positive peak detector with the diode reversed. A third alternative is to 
use two positive peak detectors, the original signal is subtracted from the output of the first peak 
detector and fed into the second peak detector (Figures 77, 78). 

Figure 77 Block diagram of a positive and negative peak detector (peak and valley detector). 



 

Figure 78 Alternative peak and valley detector with v o1 being the peak output and v o2 being the valley 
output. 

 
A useful application of this type of circuit is to measure systolic and diastolic blood pressure, these 
being the positive and negative peaks of the blood pressure waveform. It may also be used to provide 
timing signals for other logic or software. In these sorts of applications it is necessary to be able to reset 
the peak detectors after each heart beat. This is done by placing a FET across each capacitor and using 
it to discharge the capacitor after the peak or valley is recorded. Alternatively the FET may be 
connected to a reference voltage to initially charge the capacitor to a voltage known to be below the 
positive peak or above the negative peak being recorded, in the same way as an integrator may have an 
initial value set. 
 
Mathematical algorithms may be implemented in software to record peaks and valleys in a signal. The 
most common application is also to determine the systolic and diastolic blood pressure at each heart 
beat. Newton’s and the derivative methods are the most commonly used. Other variations of these are 
used to overcome the problem of noise which causes minor peaks to be identified as systolic or diastolic 
pressures. 
 
In Newton’s method,  a gradient descent is used to identify maximum, minimum and zero of a function. 
An approximation to a tangent is drawn at time, tI, and this is then used to find the time of the next 
approximation: 
 

The maxima and minima occur at the zeros of the function, which are approximated by (Figure 79): 
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Figure 79 Newton's method for finding the zero (maximum or minimum) of a function. 

 
This method only works for “well behaved” functions with first and second derivatives with reasonable 
values. As the calculations are continued they will converge on a zero which may be either a maximum 
or minimum (systolic or diastolic pressure). The first and second derivatives, f’  and f’’, may be 
calculated by first or higher order, forward, backward or central difference algorithms. 
 
The derivative method finds those points where the first derivative equals zero. At this point the second 
derivative is less than zero for a maximum (systolic pressure), or greater than zero for a minimum 
(diastolic pressure). Both these methods are sensitive to noise and require prior low pass filtering. 
 
Another technique draws a chord between signal times separated by 8 sample points (Figure 80). It then 
repeats this process starting from the next sample point in time. This is repeated until the chord with the 
smallest slope is found. Within the 8 point sample spanned by this chord the process is then repeated 
over a span of 4 sample points until the sample with the smallest slope is found. The process is then 
repeated for a span of 2 points to find the zero. 
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Figure 80 Successive approximation determination of a minimum. A similar method may be used to find a 
maximum. 

 
 

Phase Sensitive Demodulators 
 
Wheatstone bridges excited by ac sources are commonly used as sensors, with the active 
sensor in the bridge being a capacitor or inductor. The advantage of this approach is a 
reduction in common mode noise induced in leads between the bridge and the amplifier. In 
spite of this there can still be a problem when the signal voltage is small and noise amplitude 
is high. To overcome this problem a phase sensitive demodulator is used. This circuit uses 
the ac signal source, used to excite the Wheatstone bridge, to demodulate the signal. After 
passage through a low pass filter, the only signal left is that which modulated the original ac 
source. So only signals locked into the carrier are detected (Figure 81). 



 

Figure 81 Functional operation of a phase-sensitive demodulator (a) 
switching function, (b) switch, (c), (e), (g), (i) several input voltages, (d), (f), (h), (j) 
corresponding output voltages. 

There are many types of phase sensitive demodulators , mostly using phase locked 
loops . A ring demodulator is the simplest (Figure 82). It consists of a ring of diodes. The ac 
signal source, or carrier, vc, needs to be at least twice the amplitude of the input signal, vi. If 
the carrier , vc, is positive at the black dot of the carrier input transformer, diodes D1 and D2 
are forward biased and D3 and D4 are reverse biased. By symmetry, nodes A and B are at 
the same voltage. If the input waveform, vi, is positive at the black dot, this transforms to a 
voltage vDB that appears at vo, as shown. 



 
Figure 82 Ring demodulator. This phase-sensitive detector produces a full-wave 
rectified output vo that is positive when the input voltage v i is in phase with the 
carrier voltage vc and negative when v i is 1800 out of phase with vc. 

During the second half of the cycle, diodes D3 and D4 are forward biased and D1 and D2 are 
reverse biased. By symmetry, points A and C are at the same potential. The reversed 
polarity of vi yields a positive vDC, which appears at vo. Thus vo is a full wave rectified 
waveform. If vi changes phase by 180 degrees, vo changes polarity. To eliminate ripple 
caused by the carrier vc, the output is usually low pass filtered by a filter, the corner 
frequency of which is about one tenth of the carrier frequency. 
 
The most commonly used phase sensitive detectors are single chips without the need for 
coupling transformers. It is necessary to ensure that dc bias is correct.



 


