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Abstract

In this technical note we demonstrate how the MAGEEC Wand can be used to monitor the energy
of various sub-components of an embedded system, in this case an original Model B Raspberry Pi.
We illustrate the importance of determining where in a system energy is consumed, and how software
can influence it, by using annotated visualisations of the device’s energy consumption under various
conditions.

1 Introduction

Energy measurements are a useful tool for hardware designers, system integrators and software developers
alike. In an embedded systems context, where energy availability may be limited, having good information
on energy consumption, and knowing what can affect it is essential.

In this technical note, we demonstrate how real-time energy measurements can be useful to a software
developer in understanding the energy behaviour of a system that they are targeting. We use the open-source
MAGEEC Wand measurement hardware [1] and software stack [2] to conduct measurements. This note is
supplementary to the measurement demonstration [3] presented at the NiPS Summer School 2016 [4].

Such an approach can be used as a first step in giving a developer a better understanding of how software
influences energy consumption. This better equips developers to use emerging, more advanced techniques,
such as wider-scale use of energy modelling of software through simulation or static analysis [5]. Ultimately,
it is not physically practical or time-efficient for all developers to tool and measure hardware, hence model-
based techniques are more desirable in the general case.

The rest of this note is structured as follows. In Section 2 we describe the key components of the MAGEEC
Wand measurement setup and how the target Raspberry Pi was tooled for multi-point energy monitoring.
In Section 3 we demonstrate the real-time output of the monitoring process, highlighting interesting events
and relating them to software activity. Finally, Section 4 suggests more advanced approaches to energy
monitoring that can be achieved with the available tools.

2 Equipment setup

MAGEEC uses a shunt-resistor current sense approach to monitor energy consumption. This involves in-
serting a low-value resistor into the power supply path to the device under test. The difference in voltage
across the resistor is amplified with an op-amp, sampled with an ADC, and then used to determine power.

Figure 1 depicts the device-side view of a power supply circuit equipped for energy measurement. The
current can be determined with

I =
Vin − Vout

R
, (1)

and from this the power
P = VinI. (2)
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Figure 1: A simple circuit with a shunt resistor.
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Figure 2: Three measurement points for the Raspberry Pi.

The MAGEEC Wand has three measurement probes. If the target device already has shunt resistors
in-place, they can be used directly. Alternatively, the Wand has several shunt resistors on-board that can
be selected. To modify a device for energy monitoring, it is often easy to target the inductors present on the
output of any power supplies, removing them and attaching probe wires. To that end, the wand provides
an optional replacement inductor.

In the case of the Raspberry Pi, we modified a USB cable to allow whole-system power to be monitored.
Additionally, we used the inductor replacement method to probe the power supply to the CPU/GPU IC, as
well as one final probe for the power supply of the USB/Ethernet IC. This gives three measurement points.
An approximate diagram of this configuration is given in Fig. 2 and the physical setup is shown in Fig. 3.

Such modifications require some electronics and soldering skill, and safety should always be assured.
Fortunately, some devices include measurement points, and modifications to a USB cable are less invasive
than to a PCB. It is strongly recommended that a modified USB cable is only ever used for low-power devices
and never as a permanent setup.

A more detailed walk-through of the MAGEEC Wand wiring and software setup is given in [6].
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Figure 3: A Raspberry Pi attached to a MAGEEC Wand-equipped Discovery board.

3 Measurement demonstration

In the following measurements, only power is plotted, to make the data easier to examine. The interactive
view also supports current and voltage plots. There are three measurements per plot:

USB The total system power as measured at the USB power input cable.

IO Power supply to the USB I/O chip, including Ethernet.

CPU/GPU Power supply to the CPU/GPU chip. The supply is in fact in the same package as the
CPU/GPU, but Vdd core is accessible externally via an inductor.

USB power is generally around 2.8 W, or a current of around 560 mA, which appears to be in line with what
we would expect from the Pi with no USB peripherals or display connected. CPU power is much lower, at
2̃00 mW and IO at 600 mW. We do not focus on absolute power values in these experiments, as we are more
interested in relative changes for the purpose of demonstration. Events of interest are labelled on all plots.
We will briefly discuss each plot in turn.

3



3.1 Booting

Plug in

USB up

Eth PHY

Figure 4: Booting the Pi.

Figure 4 illustrates the first few seconds of the boot process, immediately after the USB power cable is
connected. In it we can see the USB chip be enabled, followed by the Ethernet interface, which coincides
visually with the Ethernet link LEDs illuminating. Overall power increases as the Linux-based OS (Raspbian)
boots and enables more components.

It is immediately clear that the IO and CPU/GPU probes do not capture the power dissipated by all
subsystems in the Pi, and indeed there is a significant gap between the sum of these and the total power
measured at the USB cable.

Ifup eth0

Figure 5: Finishing the boot process.

Some seconds later, the boot process reaches a stage where it is possible to pint the Pi over Ethernet.
This follows a brief drop in power, as noted in Fig. 5. Shortly after this it is possible to establish an SSH
connection with the device.
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3.2 Ethernet

Cable insert

Cable remove

Figure 6: Ethernet physical disconnect & reconnect.

Examining Ethernet in more detail, we conduct two small experiments. First, we disconnect and reconnect
the Ethernet cable, to observe the impact this has on the system. In Fig. 6 there is a dramatic drop in IO
power and total system power. This coincides with an increase in CPU activity (likely in response to the
change in status of the Ethernet PHY). The disconnect is not sufficiently long for the OS to abandon its
network configuration, so upon reconnect there is little additional activity.

Ifdown eth0
Ifup eth0

Figure 7: Software ifup and ifdown of eth0 interface.

In Fig. 7 the interface is downed in software, followed by a sleep period of approximately ten seconds,
before being raised again. CPU and total system power increases immediately after ifdown is run. This
represents the changes to services within the OS, its network stack etc., as the interface and its IP becomes
unavailable. However, note that the power dissipation of the IO probe remains largely unchanged.

A far more significant change, similar to the booting in Fig. 5 and physical disconnection in Fig. 6, occurs
only when the interface is brought back up. After restoration of the interface, system activity is higher
than in Fig. 6, as services must update their state. It could be argued that the power behaviour of the
network interface, when controlled in software, is unintuitive. It may be possible to optimize this through
further investigation, but without the information presented through measurements such as these, a software
developer may never be aware of what is actually going on in hardware.
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3.3 Benchmarks

We now exercise various subsystems with benchmarks from the sysbench suite, testing CPU, memory and
storage.

First, Fig. 8 shows the power dissipation during a test of memory, using sysbench --test=memory

--memory-total-size=100M run. We see CPU power increase, with a more pronounced increase in to-
tal system power.

Test end

Test begin

Figure 8: Sysbench memory benchmark.

Figure 9 shows the power dissipation during the execution of sysbench --test=cpu --max-time=5 run.
Note that the total system power dissipation is lower than in the memory benchmark, but the CPU power
still increases, although perhaps not by the same amount. This suggests external power, not measured via
the CPU/GPU power probe, is used during DRAM access.

Test end

Test begin

Less total power than memory test

Figure 9: Sysbench CPU benchmark.

This result is not surprising given the test setup, but illustrates the importance of understanding exactly
what in a system is being measured. Alternatively, if an energy model was being used to provide estimates
of this behaviour, it is important to understand exactly which system components are covered by the model,
otherwise software optimisation decisions may be misguided, or their impact not properly understood.
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Test end

Test begin

SD card activity

Figure 10: Sysbench sequential file read benchmark.

Finally, we run a sequential file read benchmark, prepared with:
sysbench --test=fileio --file-total-size=50M prepare,
and run with:
sysbench --test=fileio --file-total-size=50M --file-test-mode=seqrd run.

We see that total system power is the highest of all three benchmarks, suggesting that accessing the SD
card is the most power-expensive operation of the three. Once again, this detail would not be captured in a
CPU-only measurement. The power spike following the main SD card activity, after the test is finished, is
also likely to be SD card access, possibly from a sync or other disk-related operation.

3.4 Summary of results

These tests, while brief and with subjective analysis, illustrate the information that can be obtained from real-
time, multi-probe system energy monitoring. They highlight the subtleties of interpreting data, particular if
measurements are isolated to subcomponents of the system. In all cases, the changes in power in the system
are at the behest of software, some of which could be optimised (such as the ethernet PHY control) whilst
others must simply be accounted for.

3.5 Applicability to other platforms

This demo examines an original Model B Raspberry Pi. Newer versions will certainly have different energy
characteristics, although they may likely show similar trends. Absolute values are therefore not transferable
between platforms, even within a single product family, but may indicate possible routes to more efficient
software. Indeed, newer iterations of products may be accompanied by newer software, which in can both
contribute to better (or worse) power efficiency.

4 Next steps for an energy-aware software developer

The simple steps depicted in this technical note help to illustrate some of the software influences upon
hardware energy consumption. The approach is interactive and with largely subjective analysis of results.

More objective and controlled approaches are possible with the MAGEEC Wand. The software tools
allow software triggering of measurements, with data provided via command line or API, rather than GUI.
This allows the platform to be used for a wide variety of uses, such as device profiling for energy model
construction, or large-scale repeated tests to produce evidence of a particular behaviour.

Next steps for the software developer should therefore be to explore these features. The feasibility of
modifying target devices should also be considered. For example, monitoring USB power may be relatively
simple, but removing inductors and attaching probe wires is a barrier to entry for many software developers.
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As such, energy-aware software developers should voice their desire to have hardware that is pre-configured for
such measurements, either with existing probe-points, or through fully-embedded measurement capabilities.

The availability of energy consumption information is the first of many steps on the path towards software
that maximises the energy efficiency of the target hardware.
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