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Abstract
The paper is a review of analog and digital electronics dedicated to monitor nanosecond pulses. Choosing
the optimal peak detector construction depends on many factors for example precision, complexity, or costs.
The work shows some virtues and limitations of selected peak detection methods, for example standard peak
detector with rectifier, sample and hold circuit with triggering units and ADC fast acquisition. However, the
main attention is paid to problems of results from effective triggering signal for sample and hold operation.
The obtained results allow for designing a peak detector construction as an alternative for costly and very
complex fast acquisition systems based on ADC and FPGA technologies.
Keywords: peak detection, pulse amplitude, free space optics, constant fraction discriminator, leading edge
discriminator, sample and hold, ADC, fast acquisition.
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1. Introduction

Peak power detection of nanoseconds pulses is a very important issue in many technologies,
e.g. medicine [1], spectroscopy [2–3], telecommunications, nuclear technology, security [4] or
ultraprecise measurements of optical pulses [5–9]. For example, it enables to estimate the power
of received signals [10–12]. In these applications, the main attention focus is on triggered circuits
(e.g. sample and hold ones) or fast digitizing techniques. When compared with traditional methods
using e.g. a rectifier, gated devices are more accurate, more resistant to interferences and to noise.
The limited accuracy results from a high leakage current of diodes used in peak detection
circuits, especially in the case of pulsed signals with a low duty cycle. The current discharges
the capacitance lowering the voltage with the detected pulse level, proportionally. This problem
leads to a loss in linearity and accuracy of peak detector operation. However, for gated circuits,
some problems related to correcting trigger signal generation are very critical. In many cases, the
signal shape and noise sources influence the correct operation of such circuits.
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2. Signal peak detection in optoelectronic technology

The performed analyses of peak detection of optical pulse have defined two kinds of technolo-
gies basing on digital or analog electronic circuits. The operation of these circuits is schematized
in Fig. 1.

Fig. 1. Technologies of pulse peak detection: a) standard peak detector – SPD, b) sample and hold peak detector – SHPD,
c) triggered ADC peak detector – TAPD, d) fast clocked ADC peak detector – FCAPD.

Figure 1a shows a block diagram of a standard analog peak detector (SPD). It is characterized
by the simplest operation but its construction does not enable to detect the amplitude of nanosecond
pulses. This is due to the mentioned leakage current of the rectifying diodes (reverse saturation
current) as well as input current of the buffer. These currents rapidly discharge the memory
capacity. To handle this problem, it is possible to apply the current steering method [13]. This
method isolates the memory capacitor from quiescent current of a transconductance amplifier
during the peak-hold cycle. The presented scheme of the Sample and Hold Peak Detector (SHPD
– Fig. 1b) is more complex. A triggering unit is applied to determine the sampling procedure with
Sample and Hold (S&H) device. The unit task is to develop an external triggering signal (usually
the TTL standard) immediately with the analyzed signal. It is critical to synchronize the analyzed
signal and the S&H operation. It can be achieved using e.g. a Constant Fraction Discriminator
(CFD). The triggered ADC peak detector (TAPD) scheme (Fig. 1c) is similar to the SHPD with the
difference of using an Analog-to-Digital Converter (ADC). The fast-clocked ADC peak detector
FCAPD (Fig. 1d) uses the ADC as a signal recorder of the analyzed signal. The ADC clocking
source provides a high sampling frequency. Appropriate algorithm implemented in e.g. FPGA is
capable of analyzing nanosecond pulses. For these pulses, the sampling frequency is of the of
order of a few hundreds of MHz, and even of a few GHz. This detector is the most expensive due
to use high-costs elements such as ADC converters and FPGA chips. In literature, there are also
described other methods of peak detection, e.g. the precision peak detector/full-wave rectifier
of input sinusoidal signals using dual-output current conveyors or the 0.35 µm CMOS compact
and accurate readout system with two-phase peak detector connected to multielement detectors
and offset cancellation [14, 15]. Very interesting tool is real time peak detection technique with
digitally set noise threshold eliminating noise sensitivity and providing high throughput [16].
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To achieve high resolution, another group of peak detection methods based on some correlation-
function techniques are also applied [17].

2.1. A standard peak detector

A complete solution of the SPD circuit is presented in Fig. 2a. During its correct operation,
the output signal is basically constant (with low fluctuations and low discharging of memory
capacitance), that is why a “slow” ADC can be applied to read-out output signal in the case of
digital processing. This configuration is simple but it has some limitations. These are related to
the detection of short time or low duty cycle pulses. In this circuit, the output voltage is reduced
by the diode voltage drop. This problem is solved in the circuit shown in Fig. 2b using an opamp
feedback loop. However, the problem with diode reverse current is still critical. In Fig. 2c D2
and R elements are added to keep opamp U1 below the saturation level during reverse biasing of
diode D1. Resistor R limits the current of rectifier diode circuit D2. The opamp response time is
shorter since its output follows the input signal. This also keeps its output from quickly switching
to its saturation limits when D1 cuts off, thus minimizing the transient feedthrough to the memory
capacitor via D1. The applied diode should be characterized by a low reverse saturation current
to minimize the leakage current in the reverse operation mode. Reduction of reverse biasing
voltage causes a decrease in the diode reverse current. This can be done using the technique of
bootstrapping (Fig. 2d) by adding D3 diode and R2 resistor. In the holding mode, Vout voltage
follows the capacitor voltage and R2 resistor applies this voltage potential to the D3 diode anode
to reduce its voltage to zero. D1 diode blocks this node from the signal-varying output of opamp
U1 but its leakage is not critical for low values of R2. When Chis charging, R2 isolates the diode
node from the output of opamp U2. That is why the need for special low-leakage diodes is not so
critical. In the configurations presented in Fig. 2a–c, D1 can be replaced using a JFET gate-source
junction circuit. It typically has a lower leakage current than discrete diodes [18–21]. Some other
applications of such circuits are also described in literature [22–23].

Fig. 2. Standard peak detector circuits.

The opamp selection for peak detector construction depends mainly on both output slew rate
and output maximum current. The output voltage follows the input voltage changes with the rate
of dVin/dt = Iout,max/Ch where Iout,max is the maximum output current of opamp. In memory
state, the output voltage drops with the rate of dVout/dt = IB/Ch where IB is the input bias current
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of U2 opamp. The value of Ch is the compromise between rates of both output voltage drop in
memory state and this voltage growth during the charging of the capacitor. This capacitor should
be also characterized by a low leakage (high insulation resistance) to minimize the discharge rate.
It should be characterized by low dielectric absorption to retain 0 V until recharged by the input
signal for the reset mode.

3. A peak detector with a Sample and Hold circuit

The fundamental element of the SHPD circuit is an opamp circuit operated with a switch Sw
to control the sampling and hold device (Fig. 3). When this switch is closed, the capacitor Ch is
charged up to the voltage level of pulses presented at the input of opamp U1, The output voltage
fluctuations depend on e.g. the memory capacitance Cm, signal dynamics and parameters of a
buffer U2 (its input bias current). Critical tasks to deal with in buffer construction are a low input
bias current and a large output current recharging the memory capacitor. The switch-off mode
causes the peak voltage to be held at the output of U2 for the time determined by the Ch capacitance
and leakage currents [24–27]. However, a design of the S&H device requires analyzing opamp
parameters such as input offset voltage, gain error, bandwidth, slew rate, maximum output current,
nonlinearity, aperture time. In the SHPD circuit, there is also observed an error resulting from
the influence of the S&H control signal on the collected charge [28–31].

Fig. 3. SHPD peak detector with input-output waveforms.

The triggering signal (TTL/CMOS standards) is necessary for the correct operation of each
S&H device. In many scenarios, this signal is not directly available and it is necessary to design
an additional triggering unit. This unit produces a triggering signal synchronized in time with the
analyzed one. This is a critical requirement (full synchronization of the trigger gate with the input
pulse) for proper operation of the peak detection system. For this purpose, a triggering unit with
leading edge discriminator or a constant fraction discriminator can be used.

3.1. Leading edge discrimination

In the leading edge discriminator (LED) (Fig. 4), a signal comparator is used. Its output signal
is set to a high level (the value of the voltage supply) when the amplitude of the analyzed signal
exceeds the threshold value determined by resistor divider. In this configuration, the generation
of the trigger also depends on the shape of the analyzed signal, e.g. its rise time. This feature can
be applied in fine matching of temporary synchronization.
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Fig. 4. Triggering system based on threshold comparison.

After the time matching (e.g. through a delay line), the S&H circuit is triggered. However, for
this unit, there is a delay between the pulse rising edge and the triggering pulse generation. This
delay is described as the walk effect. Due to this phenomenon, the moments of response (time
from tevent) are different (ttrA < ttrB) (Fig. 5).

Fig. 5. Influence of rising time on response delay time of LED.

It can be expressed by:
ttr = f (tr)

���Vmax=const
. (1)

The influence of the shape of the input signal on the walk effect is expressed by its deterministic
parameters. This phenomenon is responsible for e.g. the jitter effect. It is also determined by signal
noises (from both the detector and the read-out electronics) as well as the stochastic process of
signal generation in this detector. Figure 6 shows the impact of the noise signal on the jitter effect.

The solid line corresponds to “noiseless” pulse and noise envelope defines the standard
deviation of σv. In terms of stochastic processes, uncertainty of the trigger time caused by the
noise is expressed by the mean standard deviation σtr:

σtr =
σV

dV (t)
d t

����� ttr

. (2)
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Fig. 6. Influence of noise on indeterminacy trigger time due to jitter effect.

3.2. Constant Fraction Discriminator – CFD

The block diagram of a CFD circuit is shown in Fig. 7. Only one comparator is used here. Its
task is to determine the time intersection of an attenuated input signal with the time-delayed one.
Thanks to this, the circuit defines a point with a constant time fraction in relation to the input
signal (time of event occurrence), regardless of its amplitude. Its operation idea is presented in
Fig. 7.

Fig. 7. Block diagram of a basic CFD and its operation idea [32].
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The time point of the signals’ intersection tT (trigger time) depends on the time delay td and
the attenuation coefficient α However, there is no dependence related to the amplitude of the input
signal. It could be analyzed determining the trigger factor p as:

p =
VtT

V0
=

Vo · f0(tT )
V0

=
f0(tT − td)
α

, (3)

where: VtT – threshold voltage, f0 – shape of the input signal, V0 – signal amplitude, f0(tT − td)
– normalized coefficient of the delayed input signal.

The p value is constant and there is no component of the signal amplitude. The input signal
is characterized by a specific value of the signal to noise ratio (SNR). To avoid false triggering
signals from the CFD, a low bias voltage VDC can be added. Finally, the trigger factor can be
expressed as:

p =
c0 (tT − td) − VDC

V0
α

. (4)

However, in this case the p value depends on the amplitude of the input signal. For this reason,
the bias voltage should be as low as possible.

In Fig. 8 some solutions are shown aimed at minimizing the triggering error caused by
the input signal noise. The first unit consists of a CFD discriminator and a LED one. The LED
discriminator produces a triggering pulse when the input signal crosses a threshold level. It allows
to minimize false triggering signals resulting from noise. Output signals from these discriminators
are given at the input of the AND gate. In some applications, a flip-flop can be applied. The other
circuit, with a zero crossing point detector, is also very effective and the idea of its operation was
described in [33].

Fig. 8. CFD: with a threshold one (left) and with zero crossing detector (right), where Vi (t) is the input signal, Vw (t) is
the inverted and attenuated signal, Vd (t) is delayed signal, VΣ is the summarized bipolar pulse.

4. Peak detection using the S/H method with a transconductance amplifier

Peak detection can be implemented using operational transconductance amplifier (OTA) to
charge the memory capacitor (Fig. 9). This device amplifies the voltage difference of Vin − Vout.
For Vout < Vin, the output current from the amplifier G charges the capacitor C with the diode
D. If Vout > Vin, the diode is reversely biased so the voltage at this capacitor is unchanged. The
function of the constant current source is to provide static operation for the OTA amplifiers. To
detect very short pulses, the OTA peak detector should be characterized by a short response time,
high droop rate and high bandwidth. It is also recommended to use a trigger signal if the OTA
is equipped with an S&H function. It reduces leakage currents discharging capacitor C. There
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are some integrated circuits (IC) equipped with the S/H function available on the market. These
devices are called SOTAs (Sampling Operational Transconductance Amplifiers), e.g. OPA615.
The S/H signal can be generated by a CFD or LED discriminator [34–37]. When the S/H signal
is applied, the use of the diode is not required.

Fig. 9. Peak detector with SOTA amplifier.

For forward biased diode D, the output voltage Vout is given by:

Vout =
1
C

∫
id t, (5)

where i = g(Vin − Vout), and g is transconductance of the amplifier G.

5. Peak detection using sampling by an ADC

5.1. Fast constant sampling

Theoretically, the simplest method to detect a peak pulse is signal sampling (Fig. 1d). However,
for short pulses, a high sampling frequency is required. Figure 10 shows sampling processes of
three pulsed signals. The shape of the signal presented in Fig. 10(A) reflects an ideal situation
in which the pulse is flat with duration time several times longer than the sampling period.
Figure 10(B) presents a pulse signal with ringing and overshoot effects. In this case, it is possible
to record a sample with different amplitudes. However, it distorts the measurements. For very

Fig. 10. Operation of peak a detector with fast signal sampling.
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short Gaussian pulses, it is difficult to record a sample at the peak signal (Fig. 10(C)). There is
a need to use the high sampling rate to obtain enough samples [38–43]. As a result, the peak
detector will work correctly with a hard-defined error or amplitude underestimation, respectively.

5.2. Sampling with triggering

To detect signal amplitude, it also possible to use a low ADC converter. In this method, a
peak detector should be developed using a triggering system to generate an ADC trigger/clock
signal. This can be applied using e.g. a LED or CFD discriminator. The diagram of these devices
is presented in Fig. 1c. For this method, it is important to synchronize the input signal and the
triggering one to accurately detect signal amplitude (Fig. 11). The ADC converter samples an
input signal after the time of td (usually called the aperture delay time). This method uses the
Sample & Hold circuit built in the ADC chip.

Fig. 11. Operation of the peak detector with an ADC low sampling frequency converter.

5.3. Peak detection using the method with an emitter-coupled logic output comparator

Some different peak detection methods were described by Krehlik and Śliwczyński in Design
Ideas (Fig. 12) [44]. For example, a fast comparator (U1) is used with an emitter-coupled logic
(ECL) as a capacitor charger. It charges the capacitance C1 and works as a peak detector. The U2

Fig. 12. Fast peak detector with an ECL comparator.
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opamp compensates a voltage shift by the ECL comparator outputs to provide the same voltage
level at its inputs. The output stage is a voltage follower built with the use of the opamp buffer.
Using an ultra-fast comparator, this circuit can detect pulses with time duration of even a few
nanoseconds.

6. Simulation results

In the first step of analysis, the operation of an SPD circuit was simulated using the SPICE
software. For this purpose, a circuit with MOS input opamps with (for low bias current) and a
memory capacitor of 100 pF was constructed. Figure 13 shows the SPD output signal (thick line)
registered for input pulses with positive polarity. A significant error can be noticed in the pulse
amplitude measurement.

Fig. 13. Simulation results of a standard peak detector
(for pulse parameters of: 50 ns time duration, 3 µs period, 1 V amplitude).

In the next step, characteristics of output voltage versus pulse width from 10 ns to 80 ns were
tested. For very short pulses, the measure error was very high. However, increasing the pulse
duration reduced that error (Fig. 14). For pulse width of 80 ns, this error was less than one percent.

Fig. 14. Peak detector signal versus pulse time duration.
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To show the difference between SPD and S&H circuits, some simulations with the SOTA
device (OPA615) were made for pulses with 1 V amplitude, 10 ns time duration and 250 ns
period. In these circuits, the same memory capacitors of 100 pF were used. The results are shown
in Fig. 15. The correct operation of the S&H circuit is observed for pulses with time duration of
even about 10 ns.

Fig. 15. Simulation results of a peak detector with SOTA.

7. Our work

7.1. A peak detector with an ECL comparator to monitor light pulses

A pulse monitoring unit with an emitter-coupled logic output comparator based on the circuit
presented in Section 5.3 was built of a two-sided PCB circuit with 50 Ω impedance matching
the detection module, model AIP-10k-200M produced by the VIGO System S.A. This setup was
described by the authors in [45]. Using this setup, laser pulses at the wavelength of 9.3 µm with
the frequency of 4 MHz, time duration of 16 ns and 400 mW peak power were detected. The light
pulse shape and output signal of the developed monitoring unit were recorded using a DSA 70404
digital analyzer (Fig. 16). The levels of both signals are basically comparable and the differences
are less than 5%.

Fig. 16. Pulse shape registered with detection module and output signal from the monitoring unit [45].
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There is a linear dependence observed between the amplitude of input pulses and the output
signal level with the adjustment R-squared value of 0.9996. The determined linear coefficient is
1.04 and the estimated processing error of the monitoring unit is at the level of approx. 4%.

7.2. A peak detector based on the S/H and a CFD

The block diagram of the built CFD circuit is shown in Fig. 17. The proposed method has
been implemented to verify the dependence of the peak detector signal on the amplitude of input
pulses. These pulses were modified with a 200 mVpp Gaussian noise signal using a Tektronix
AFG3252 generator. Fig. 18 presents the peak detector response for different pulse time durations.
This circuit allows to monitor pulses with time duration above of 8 ns. For such time duration,
the error is high, i.e. about 20%. However, it decreases quickly for longer pulses. For example,
the error decreases to the value of 5% for 12 ns pulses. There is also observed a lower influence
of the noise signal.

Fig. 17. Block diagram of an S/H peak detector controlled by a CFD.

Fig. 18. Operation characteristics of peak detector triggered with CFD (for Cm = 47 pF f = 1 MHz) [46].

Summarizing, the performances of some peak detection methods are listed in Table 1. The
typical (standard) peak detectors are characterized by simple construction but it is difficult to
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achieve correct amplitude estimation for nanosecond pulses. In the case of long-time pulses, they
are accurate and resistant to noise. For precision estimation of nanosecond pulses the S&H method
can be used to synchronize operation and hold the accumulated voltage. The transconductance
amplifier PD (in SOTA PD) is useful for fast memory capacity charging. Another approach uses
digital data acquisition with an ADC. It is possible to obtain very high precision of amplitude
estimation but in the case of nanosecond pulses it needs a very high sample rate or accurate
synchronization of input pulses.

Table 1. Dimensions of a bowtie patch antenna (mm).

Peak detection Pulse duration Noise Complexity Costs Precision
Technology Example resistance

Typical analog PD
min. 300 ns [12]1

10 ns to 250 ns [13]2
65 ns [18]3

high low low medium/high

Sample and Hold PD
500 ns [27]4

1 µs [24]5 [29]6
min. 8 ns [46]7

high medium medium medium/high

SOTA PD 100 ns [36]8
20 ns [37]9 high medium medium medium/high

Fast ADC acquisition PD 50 kHz [42] medium high high high

Triggered ADC PD medium medium medium high
1 4 V of amplitude and the highest value of repetition rate equal to 1 ms
2 in this range the output voltage dependency was ±5%, the specific compensation of capacitor discharging current was used
3 for pulses with time duration higher than 65 ns the detector error is lower than 5%
4 for 200 mV of amplitude and 1 µs repetition rate and 5 V the supply error is 1%
5 the voltage drop is about 2.16 µV/µs and the voltage error less than 0.5 mV
6 designed for an ASK receiver (860 kHz)
7 S&H triggered by a CFD, pulse duration vs. error dependency (above 12 ns pulse time duration, error less than 5%)
8 repetition frequency 20 kHz, voltage drop 25 mV/µs
9 pulse width extended to 200 ns in the circuit, voltage drop 5.7 mV/s

8. Conclusions

The paper presents a review of several peak pulse detection methods. These methods can be
applied in optical detection modules to analyze the level of light pulses. The main attention was
paid to peak detection of ultra-short pulses (with duration of a few ns). For S&H circuits, some
analyzes of various signal triggering circuits are described. The influence of signal noise on peak
detection errors was also discussed. There are identified some advantages of the CFD circuit
considering commercial solutions or other triggering methods. The paper is a guide to select the
best peak detector construction considering e.g. size, weight and power (SWaP) requirements.
As was shown, the S&H circuit is a very effective tool to operate with short pulses (ti ≈ 10 ns).
Under the same conditions, a standard peak detector demonstrates a significant error which is not
acceptable in many applications.
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