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1 Introduction

My specific goal was to feed the pulse shape of a Q-switched Nd:YAG laser
(as observed by a PIN diode head) into a computer. The pulse is about 1 µs
(microsecond) wide, and I would want plenty of samples in that microsecond
to accurately characterize the pulse shape. Supposing a goal of 20 samples
per pulse, I would require an ADC (analog-to-digital converter) capable of 20
MS/s (megasamples per second). Some instruments fitting these criteria are
commercially available (such as the National Instruments PCI-5105 [2]), but
at a price point not suitable for my (unfunded) project. Thus, the problem
was to accurately characterize a fast, repeating pulse without spending the
money for an ADC capable of 10s of megasamples per second.

2 The Analog Sampling Principle

The analog sampling principle is well-known [1] and has been used for
decades to allow analog oscilloscopes to display signals far faster than their
actual bandwidth. The idea is to sample a repeating waveform at different
points on successive repetitions, and build up an image of the waveform’s
shape. My lab is currently using an old but wonderful Tektronix 7854 main-
frame oscilloscope to view the pulse shape. The oscilloscope has an analog
sampling module (used for a separate ultrashort pulse system, not the YAG)
that gave me the idea. The simplest way to measure a signal with an ADC
is just to take repeated samples at a given speed. In this case, if one wanted,
say, 20 samples across a 1 microsecond pulse, one would need an ADC ca-
pable of taking 20 million samples per second. However, if the pulse is
repeating, another method is possible. Given a trigger signal which occurs
a known interval before the signal of interest begins, the measurements are
spread out across many successive signals. Suppose a trigger signal occurs
(for simplicity) at the beginning of the pulse. On one pulse, the waveform’s
trigger signal is fed directly to the ADC’s convert trigger input. The ADC
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makes one conversion, and the result is a voltage value for ∆t=0. On the
next pulse, the signal trigger is fed through a delay element which triggers
the ADC 50 ns (nanoseconds) after the trigger signal is received. This gives
a voltage value for ∆t=50 ns. On the next sample, the delay is increased to
100 ns, and so on until ∆t=1 µs (Figure 1). In this way, voltage values at
20 evenly-spaced points in a 1 µs interval (Figure 2) are acquired without
any requirements whatsoever on the ADC sampling speed.

Figure 1: Sampling of original repetitive signal. (T0 designates trigger signal,
falling edge of blue trace. ∆tn and ∆tn+1 are delays differing by the sampling
resolution.)

(For efficiency, it is preferable if the ADC can take a sample on each
pulse, but this is not necessary.) In this case, the pulse (which, in the physi-
cal world, represents a laser pulse caused by the Q-switch) repeats at a 1 kHz
rate. As long as the pulse shape changes slowly enough that about 20 suc-
cessive pulses can be considered identical, this method allows the accurate
characterization of the pulse shape. Since the pulse shape changes primar-
ily in response to manual adjustment of the beamline alignment, current
settings, etc., this requirement is met.
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Figure 2: Creation of accumulated signal shape.

3 Implementation

This method requires several components:

- An ADC capable of taking a very short sample (usually implemented
as an ADC behind a track-and-hold amplifier) based on an external
trigger;

- A very accurate (10s of nanoseconds) delay element which is dynami-
cally variable;

- A programmable controller to coordinate the above two components,
and transmit the measurements to the user

There are several ways to implement this, with varying degrees of integra-
tion. For example, an ADC chip could be coupled with a separate track-
and-hold amplifier and connected to an Arduino along with a programmable
timer chip run off of a high-speed digital clock. However, A more optimal
solution is provided by the Cypress PSoC 4. Specifically, I used the PSoC
4 Pioneer Kit [3], which is essentially a development board and debugger
for the PSoC 4 chip. The PSoC 4 can be thought of as an analog FPGA.
In the same way that an FPGA allows digital components and connections
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to be specified in “software” and configured onto a bank of cells, the PSoC
architecture allows designing in analog components such as comparators and
amplifiers as well. Of course, the “hardware” side (the configurable analog
and digital fabric) is tightly integrated with an ARM Cortex which runs
normal C code, with APIs to interact with the virtual components.

In this case, the analog side consisted of a SAR (successive approximation
register) ADC with a trigger input and a delay element consisting of a count-
down timer as seen in Figure 3. The timer is fed with the High-Frequency

Figure 3: Analog PSoC Design

Clock, which was set to 48 MHz, the maximum frequency according to the
PSoC 4 datasheet [4]. The register value of the timer is set using a C func-
tion call from the CPU, and begins counting down (decrementing each clock
tick) once a falling edge is received on the trigger input. When the timer
reaches 0, the tc (timer clear) output goes high, triggering the ADC to take
a sample. The control register allows the CPU to reset the timer to begin
another cycle. In pseudocode, the data acquisition cycle looks like this:

f o r i from ( i n i t i a l de lay ) to ( i n i t i a l de lay+sweep length ) :
Set t imer r e g i s t e r to i
Reset t imer
( Wait f o r t r i g g e r to s t a r t t imer )
( Wait f o r t imer to t r i g g e r ADC)
Read ADC value
Send ADC value to computer v ia s e r i a l
Increment i by sweep r e s o l u t i o n

Repeat
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On each cycle, the delay (in clock cycles) and the corresponding voltage
reading was sent to a computer over a UART serial link. These data were
then interpreted and displayed by a simple Python script using matplotlib.
The result is shown in Figure 4. As a test, a signal generator was used which
output a sine wave at 500 kHz, along with a trigger signal with a falling edge
at the negative antinodes of the sine wave (Figure 5).

Figure 4: Data visualization generated by Python and matplotlib

Figure 5: Oscilloscope trace of sinusoidal signal and accompanying trigger
signal. (Time base is 0.5 µs/div)

4 Results

Since, in an analog sampling implementation, the time interval between
samples is controlled by a delay element, the apparent sampling rate is
dependent on the resolution of the delay. In this case, the timer decrements
for each tick of a 48 MHz clock, giving an apparent sampling rate of 48
MS/s. This is far in excess of the actual maximum sampling rate of 1 MHz,
according to the datasheet for the SAR ADC component [5]. As seen in
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Figure 4, the measurement is not perfect; there are obvious error “spikes”
throughout the signal. Further testing will be done to determine if these
errors are in time (the sample being taken at an incorrect point in the
waveform) or in voltage (the ADC incorrectly converting the reading), or
some combination thereof.
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