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ABSTRACT

Most of the available oscilloscopes are difficult to use, bulky, and expensive. Other challenges
of using an oscilloscope include its long setup time, messy wired connections, and an unfriendly
interface. To address those issues, in this paper, we propose an original solution, Scopen, a pen-
shaped wireless oscilloscope that is accurate and affordable. By transmitting the captured signals
wirelessly and displaying the waveform on the software side, Scopen eliminates cables’ require-
ments to achieve maximum flexibility. Furthermore, the wireless transmission feature allows us
to display the waveform on multiple devices and platforms, increasing flexibility and ease of use.
This paper presents Scopen’s system target specifications, hardware design that includes a custom
printed circuit board, and software architecture. Finally, we will discuss the features and perfor-
mance of our wireless oscilloscope.

INTRODUCTION

Oscilloscopes are one of the most generally used visual signal measuring equipment in the en-
gineering domain. The available oscilloscope in the market composes the whole price spectrum
ranging from as low as $50 to as high as $100,000. Among these products, performance typically
determines the price, yet the product’s form factor in different price ranges is almost the same.
Even though wireless oscilloscope has been proved to be feasible [1], most of them are benchtop
oscilloscopes having bulky sizes and requiring messy wired connections. Based on our own ex-
perience of using oscilloscopes as students, performance is not the top requirement because most
student projects only involve low-speed circuits. Tedious preparation work, such as setting up the
workbench and connecting many wires, is usually frustrating and time-consuming.

For low-cost products targeting student users, ease of use is more important compared to perfor-
mance. The solution presented in this paper is inspired by some previous portable oscilloscope
designs [2,3] portable oscilloscope and proposed to satisfy this requirement. By implementing the
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basic oscilloscope features in a pen-shaped form factor and by adopting the wireless transmission
for waveform streaming, Scopen achieves maximum portability and flexibility. Users can simply
hold Scopen like a pen in their hand when probing the circuit, and the waveforms could just be
displayed on their laptops, tablets, or even phones. In addition, Scopen’s small form factor allows
for high portability, allowing students to carry Scopen in their pockets or take them for in-field
debugging.

DESIGN

A. Features & System Design

Figure 1: System Diagram

Our solution comprises several modules: power supply, analog front end, buffer-and-send system,
and gesture touch interface. The purpose of these modules is to achieve the electrical requirements
or the features we want to provide. Specifically, the detailed functions of each module are presented
in the following section:

• Power Supply: powers the system with correct voltage and enough current, and manages the
Lithium-Ion battery charging and discharging unit.

• Analog Front End: scales the input signals correctly before feeding them into the sampling
Analog-to-Digital converters (ADC).

• Buffer-and-Send System: converts the scaled input signal into digital data, stores sampled
voltage data into the SRAM buffer, and transmits the buffered samples after the memory has
buffered enough data. This part mainly involves three components: the microcontroller’s
internal ADCs, memory, and the WiFi module.

• Gesture Touch Interface: provides users an easy way to change voltage and time divisions
by allowing users to use gestures like swiping and tappings on the pen-shaped body.
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B. Hardware

In this section, we discuss the details of the hardware design. We will mainly focus on the chal-
lenging modules and exclude the relatively straightforward design, such as the Power Supply.
Specifically, we will cover the Analog Front End, Buffer-and-Send System, and the Gesture Touch
Interface. In the end, we will also present how we approached the PCB design and layout.

B..1 Analog Front End

Figure 2: Analog Front End

Inspired by the previous work [4], the analog front end (AFE) consists of modules as shown in
Figure 2. This subsystem aims to manipulate any arbitrary input signal to be compatible with
the voltage range of our ADC. Given that a regular oscilloscope should be able to take in any
arbitrary (up to the voltage limit and bandwidth) without distortion, this stage had to be designed
to introduce little noise or distortion to our input. The AFE consists of three stages: attenuator,
variable gain amplifier (VGA), and single to the differential converter (SDC).

The attenuator, as the name suggests, takes an input signal and scales it down to our ADC’s input
voltage range. In a standard oscilloscope, the user can change the measurement scale; to achieve
this, relays are used to alter attenuation/gain. In our design, the attenuator’s relay changes the signal
path between 0.03 attenuation (for voltages above 1.8Vpp and below 50vpp) and 1 (for voltages
below 1.8V) depending on user input. We had to ensure that this stage had high impedance (1M
ohm), low noise, and at least 10MHz bandwidth for this design. The high impedance is necessary
to make sure our scope isn’t loading the signal source. Otherwise, this would change the voltage
being measured. The low noise is crucial to make sure subsequent gain stages do not amplify this
noise-causing inaccurate measurement. The 10 MHz bandwidth was a design goal of ours, based
on the maximum sampling rate of our ADCs.

The VGA’s purpose was to take the attenuated signal and accurately scale it to the user’s desired
voltage per division. The VGA component was chosen to have high bandwidth, a large dynamic
range, a high slew rate, and the correct gain range for our specifications.
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Lastly, to minimize the noise in the signal path between the output of our AFE and the ADCs,
we chose to have our ADCs operate in differential input mode [5–7]. Also, our ADCs are not
capable of taking in negative voltages. Therefore, our AFE had to convert the single-ended input
to a differential signal and shift it up to the middle of our ADCs’ voltage range between 0V to
1.8V. To achieve this conversion, we used a differential output op-amp that could be configured in
unity gain (to maintain our gain from the VGA stage) and could be biased at the midpoint of 1.8V.

B..2 Buffer-and-Send System

Figure 3: Buffer-and-Send System

Following the AFE is the buffer-and-send subsystem, as shown in Figure 3. The scaled signal from
the front-end is fed into four ADCs inside the microcontroller. Those four ADCs are configured
to trigger and sample one-by-one in a round-robin manner. We use four ADCs to increase our po-
tential sample rate. This is because when one ADC is still busy digitizing the sampled voltage, the
following ADC is already starting sampling another data point. Once the fourth ADC is finished,
the first will be ready to sample data again. The sampling result of each ADC will be transferred to
an external memory module by the microcontroller’s DMA. This pipeline was chosen to minimize
delays between sampling and buffering data, thus maximizing our sampling rate. To further opti-
mize this pipeline, we used two DMA peripherals. We used the two channels on DMA1 to transmit
the results from ADC1 and ADC3, and the two channels on DMA2 for ADC2 and ADC4. Because
the ADCs are triggered sequentially, the two DMAs run in the following sequence: DMA1 ch.1,
DMA2 ch.1, DMA1 ch.2, DMA2 ch.2. This design minimizes the congestions on both DMA
channels and achieves maximum throughput.

After the system accumulates a certain amount of samples (depending on the user’s time scale
setting), the sampling process will stop temporarily, and the transmission process will start. This
process involves two parts of work. The main microcontroller first transmits the buffered sam-
pling data to the WiFi controller. This transmission is achieved through an SPI interface, which is
clocked at 10MHz to achieve a decent amount of throughput. The WiFi controller then forwards
the received data to the upper machine software (on the user’s device) over WiFi.

B..3 Gesture Touch Interface

In this subsystem, we used a dedicated gesture control chip made by Azoteq, which captures and
transmits the gesture events to the main microcontroller over the I2C bus. Because the chip already
handles the gesture detection, the only challenging work is designing the capacitive electrode.
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Figure 4: Touch Area Layout

As shown in Figure 4 [8], the touchpad needs to have diamond shapes, where the red color repre-
sents the RX channel and green represents the TX channel. For the chip we used, there are 3 TX
channels and 2 RX channels, so we designed the following board shown in Figure 5.

Figure 5: Touch Pad Top-Layer Layout Figure 6: Touch Pad Bot-Layer Layout

In our first iteration of this board, we observed a ground-shift phenomenon [9]. We realized when
the pen is powered by a power cable, the touch sensor works perfectly, yet if we let the battery
power up the system by disconnecting the power cable, the touch sensor becomes very unstable.
The ground-shift phenomenon can be neutralized by increasing the parasitic capacitance between
the touchpads and the local ground so that even if the earth ground is removed, the parasitic capac-
itance will not change by a large amount. More specifically this can be achieved by placing a local
ground under each diamond-shaped area. As shown in Figure 6.

B..4 PCB Design

Since we were aiming to make a pen-shaped oscilloscope, our entire system had to be packed in a
compact form factor. In the end, we managed to pack the whole system onto a gum-size PCB board
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Figure 7: Main PCB Layout

Figure 8: PCB Top-Layer Render Figure 9: PCB Bot-Layer Render

by adopting a 6-layer PCB design. To further shrink the size of the board, we placed components
on both sides of the board, placing the passive components like resistors and capacitors under
the active chips. Overall, the board can be divided into three regions. The densest region on the
left is our power management and the analog front end. The center part is occupied by the main
microcontroller, and the right part includes the touch sensor connector, WiFi controller, and an
antenna. The rendered diagrams of the finished board are shown in Figure 8 and Figure 9.

C. Firmware

There are two parts of the system that need to be programmed. One is the main STM32 microcon-
troller which handles the sampling logic and responses to user interactions/input. The other one is
the ESP32 WiFi controller, which manages the WiFi stack and functions as a bridge between the
STM32 and the upper machine software. In this section, we will give an overview of the firmware
architecture and present the details of the sampling triggering method.

C..1 Architecture

As shown in Figure 10, the STM32 firmware stack is on the left, and the right is the one for
ESP32. For the STM32 stack, we built our project mainly based on the STM32 HAL Library,
which provides the low-level drivers for most on-chip peripherals. For those peripherals on which
we need special features that the HAL library does not directly support, we wrote our own drivers
based on the STM32 Low-Level Library (LL Library), which functions as the wrapper layer of
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Figure 10: Firmware Architecture

the registers. For example, we needed the restart feature of I2C for communicating with the touch
sensor efficiently. So we wrote a custom I2C library based on the STM32 LL I2C Library to handle
our touch sensor IC.

In the middle, the three smaller rectangles represent the drivers for the external sensors, which
are developed based on the lower-level drivers mentioned above. Due to the nature of our project,
which requires the controller handling user input and data transmission concurrently, multi-threading
is needed. For that reason, in the middle layer, we used a real-time operating system - FreeRTOS.
In this way, we can change the programming pattern from running multiple functions in a while
loop (polling pattern) to running different tasks in different threads (thread pattern).

As seen from the top-level, five threads are running on the STM32 controller. These threads are
divided into two groups: threads processing events and threads for communication. The three com-
munication threads can also be further classified into two categories: upstream and downstream.
The upstream includes the Command Transmitter thread and the Data Transmitter threads. As
their name indicates, one is used to send the upper machine software control commands, and the
other is used to transmit the sampled data from the ADCs. The downstream group only includes
the Command Receiver thread for receiving the control commands sent by the upper machine
software.
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Figure 11: Sampling Algorithm

C..2 Sampling Algorithm

One critical challenge we faced while developing the system is how to design the trigger for the
four ADCs. Our goal was to sample with a fixed time interval to achieve the high sampling rate
system we described in the hardware section. Since we are using four ADCs, we cannot take
advantage of the ADC’s master/slave mode [5] because that is limited to two ADCs. We cannot
use interrupts either because interrupt context switching takes time, and the exact time it takes is
unpredictable. Our solution is to use the High-Resolution Timer (HRTIM) [5, 6, 10] as the trig-
gering source to control when the ADCs start sampling. After each sampling finishes, the DMAs
will move the result from the ADC result register to the external SRAM. Figure 11 illustrates this
design.

The HRTIM is loaded with three compare values. Those values are equally spaced with the space
Tmax / 4. Whenever the counter value matches those values, one triggering event will occur, and
one ADC will be triggered. Combined with the counter overflow event, which triggers the ADC4
when the counter value goes to 0, the four ADC triggers happen with a fixed time interval in
between. This triggering doesn’t trigger CPU interrupts, so no context switching time is involved,
meaning the triggering-timing accuracy is guaranteed.
We also developed a PC-end software prototype for displaying the samples. We followed the
MVC design pattern. The view layer is developed based on the Java Swing library. It’s designed
to have an oscilloscope-style user interface including the components like voltage/time knobs, etc.
The model layer mainly consists of two classes. One is the CommManager used to manage the
connections to the hardware, and the other is the CmdManager that receives/transmits and de-
codes/encodes the control commands. The controller functions as the bridge between the view and
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Figure 12: User Interface

model layer and also manages the software’s state machine. The user interactions happening on
the view layer will travel downward and be sent to the Scopen hardware by the model layer classes.
Similarly, the data/command received by the model layer will be forwarded upward and eventually
be displayed on the user interface. The user interface is shown by Figure 12.

CONCLUSION

So far, we successfully built the first prototype and started the second prototype for fixing minor
bugs and further optimizing the performance. Our project was successful in proving the idea of im-
plementing a portable pen-shaped wireless oscilloscope. We even managed to show we could com-
municate and stream data to a smartphone. With these results, we are confident that our pen-shaped
oscilloscope has the potential to serve as a valuable and easy-to-use tool for students, hobbyists, or
even professional engineers.
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