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Abstract — Microcontrollers are often used as central 

processing elements in embedded systems. Because of different 
sleep and performance modes that microcontrollers support, 
their power consumption may have a high dynamic range, 
over 100 dB. In this paper, a data acquisition (DAQ) system 
for measuring and analyzing the power consumption of 
microcontrollers is presented. DAQ system consists of a 
current measurement circuit using potentiostat technique, a 
DAQ device based on system on chip PSoC 5LP and Python 
PC program for the analysis, storage and visualization of 
measured data. Both Successive Approximation Register 
(SAR) and Delta-Sigma (DS) ADCs contained in the PSoC 5LP 
are used for measuring voltage drop across the shunt resistor. 
SAR ADC samples data at a 10 times higher rate than DS 
ADC, so the input range of DS ADC can be adjusted based on 
data measured by SAR ADC, thus enabling the extension of 
current measuring range by 28%. Implemented DAQ device 
is connected with a computer through a USB port and tested 
with developed Python PC program.  

Keywords — DAQ, Microcontrollers, Power consumption, 
PSoC. 

I. INTRODUCTION 

OWER management is an actual topic for both stationary 
and mobile electronic systems [1], [2]. In stationary 

systems it can be used to reduce generated heat and 
environmental impact as well as to reduce the electricity 
bills. In addition, the increased power dissipation increases 
the probability of device failure, and leads to an increase in 
prices due to the introduction of a system for cooling and 
packaging. In a wide range of portable electronic devices 
for computing, communication, biomedical and many other 
applications, power consumption represents an extremely 
important issue. Reducing power consumption when 
devices are battery powered allows the use of light batteries 
and longer device operation between the charging cycles. 
Many design methodologies are implemented to achieve an 

energy-efficient electronic system [3]-[7]. For power 
management to be effective, the power consumption of 
power managed system needs to be accurately measured 
[8]. 

Power consumption of an embedded system depends on 
operating voltage and current. In order to measure and 
visualize voltage and current in real-time, oscilloscopes and 
data acquisition (DAQ) systems can be used. Oscilloscopes 
have high precision and allow real-time visualization and 
analysis of measured data. DAQ systems consist of sensor, 
DAQ device connected to a computer and PC software for 
data acquisition, visualization and analysis running on that 
computer [9]. 

When measuring power consumption of an embedded 
system, voltage is kept at a certain operating value (for the 
system to be functional) and current consumption is 
measured. If current is sampled at predefined time intervals, 
average energy and power consumption data can be 
obtained. 

In this paper a new DAQ system for measuring 
microcontroller power consumption is presented. 

This paper is organized in the following way: the section 
Measurement principles provides the concepts and details 
of measuring current with a high dynamic range, since 
microcontroller current consumption exhibits similar 
behavior. The section System implementation focuses on 
presenting three integral parts of the proposed solution: 
Programmable System on Chip (PSoC 5LP), Data 
acquisition device and Python PC program. Experimental 
results are presented in section Results and Discussion. 
Finally, conclusions are given in the last section. 

II. MEASUREMENT PRINCIPLES 

Current measurement using shunt is a widely used 
technique [10]. However, problem with shunt is the burden 
voltage effect [11], which affects operating voltage of the 
system whose power consumption is being measured. That 
is especially noticeable if current rapidly changes in time as 
a result of system activity and if the dynamic range of 
changes is several orders of magnitude. 

Several shunt-based current measurement techniques 
exist which solve the problem with burden voltage [12]-
[14]. One solution to the problem of burden voltage is to use 
current mirror (Fig. 1a). 

As can be seen from Fig. 1a, current flowing through a 
system whose power consumption is measured is mirrored 
and shunt is placed in the mirrored branch. Thus the 
operating voltage remains constant, but accuracy of 
measurement is affected by the transistors and matching of 
those transistors. Also, power consumption of the whole 
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system is increased and calibration is required.  
Another possibility is to use the potentiostat technique 

[13], [14]. For providing a constant voltage supply for the 
device under test (DUT), operational amplifier with 
negative feedback is used. In this case, an OP amp with high 
input impedance, high slew rate and with the application-
appropriate maximum output current needs to be used. 
There are two variants of potentiostat technique, depending 
on the current sensing being low-side (Fig. 1b) or high-side 
(Fig. 1c). Low-side current sensing variant provides low 
common mode voltage on shunt resistor terminals, but 
requires a negative supply voltage to be available and 
disturbs ground path. High-side current sensing allows a 
supply voltage of DUT to be set using VDUT, but has a high 
common mode voltage on shunt resistor terminals. 

   
                                       (a) 

           
(b)                                              (c) 

Fig. 1. Current measurement without burden voltage 
effect: a) current mirror; b) low-side potentiostat; 

c) high-side potentiostat. 

Microcontrollers are widely used in embedded system 
products and a number of low-power devices or devices that 
are battery powered, such as industrial devices, consumer 
electronic devices, smart sensors and others. Battery life 
time is a critical parameter of these applications, in which 
the microcontroller has a very important role in reducing 
system power consumption and prolonging battery life.  

Modern microcontrollers have many different 
peripherals integrated and support several active and sleep 
states, which are represented with different levels of 
functionality and power consumption. Also, frequency and 
voltage scaling, as well as clock gating are power 
management techniques widely used in microcontroller 
power consumption reduction [15], [16]. Because of 
different low power and performance modes and different 
power management techniques that microcontrollers 
support, current consumption of microcontrollers spans in 
the range of 10-6 to 10-1 A [17]. This high dynamic range of 
current values makes plain shunt technique inadequate for 

microcontroller current measurement, because with a single 
shunt resistor value measurements with the required 
accuracy over the entire range cannot be obtained.  If shunt 
resistor value is small, measurement accuracy for low 
current will not be enough. On the other hand, if shunt 
resistor value is large, system functionality will be 
compromised when current consumption is high, because of 
the burden voltage effect. 

There are several commercial solutions available for 
measuring power consumption of embedded systems: 
EnergyTrace [18], PowerMonitor [19], PowerScale [20]. 
An overview of their features is presented in Table 1, and 
they are discussed below. 

 
TABLE 1: BASIC CHARACTERISTICS OF COMMERCIAL SOLUTIONS 

FOR POWER CONSUMPTION MEASUREMENT. 

Solution Current 
range 

Maximum 
sampling rate  

EnergyTrace nA – mA 4.2 ksps 
PowerMonitor 2 µA – 1 A 5 ksps 
PowerScale 0.2 µA – 1 A 100 ksps 
 
EnergyTrace is used for power consumption 

measurement only for MSP430 microcontrollers and it uses 
the time density of the dc-dc controller charge pulses to 
measure energy consumption of microcontroller [18]. 
PowerMonitor and PowerScale use shunt for current 
measurement. PowerScale covers the widest current range, 
but it requires manual modification of measurement system 
for a full supported range. 

III. SYSTEM IMPLEMENTATION 

In this paper a new data acquisition system for measuring 
microcontroller power consumption is presented. DAQ 
device is based on PSoC 5LP system on chip [21], 
connected with a computer through a USB port. For the 
analysis, storage and visualization of measured data Python 
PC application is created.  

The DAQ system should meet the following main 
requirements: 
 current measurement from 1 µA to 100 mA, 
 acquisition rate up to 10 ksps, 
 external synchronization of events, 
 software reconfiguration of the system suiting other 

applications 

A. Programmable System on Chip PSoC5 LP 

PSoC is a versatile Programmable System on Chip that, 
in addition to a powerful microcontroller, contains 
Programmable Logic Devices (PLD), circuits for analog 
signal processing and circuits for signal conversion. For the 
DAQ device design PSoC 5LP chip is used and its main 
features will be presented shortly [21]. 

PSoC 5LP is a family of system on chip from Cypress. It 
integrates Cortex-M3 microprocessor core with a range of 
configurable analog and digital blocks. Analog and digital 
blocks can be configured at design time using PSoC Creator 
IDE [22], and can have various functions: AD and DA 
converters, amplifiers, analog multiplexers, PWM 
components, serial interface, etc. A description of some 
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functional blocks will be presented. 
Successive Approximation Register (SAR) ADC supports 

8 to 12 bit resolution and a sampling rate of up to 1 Msps. 
It can be used in single-ended and differential 
configuration. Internal 1.024 V reference can be used, as 
well as external. 

Delta-Sigma (DS) ADC with selectable resolution from 8 
to 20 bits and a sampling rate of up to 384 ksps enables 
measurements in the microvolt range. It can be used in a 
single-ended or differential configuration. Internal 1.024 V 
reference can be used, as well as external. Additionally, 
input voltage range can be configured at design time. 
Supported voltage ranges for differential configuration are: 
±Vref, ±Vref/2, ±Vref/4, ±Vref/8 and ±Vref/16, where Vref is a 
reference voltage used. Relations between resolution and 
maximum sampling rate for ±Vref and ±Vref/16 input ranges 
at Vref = 1.024 V, as two extremes, are given in Table 2. 

 
TABLE 2: MAXIMUM SAMPLING RATE FOR DS ADC FOR 

DIFFERENT RESOLUTION AND REFERENCE VOLTAGE. 

Input range 
(Vref = 1.024 V) 

Resolution 
[bits] 

Max sampling 
rate [sps] 

±Vref 

15 113777 
16 48000 
17 12000 
18 3000 

± Vref/16 

15 27777 
16 15625 
17 3906 
18 976 

 

DS ADC has a differential amplifier front-end. Input 
amplifier provides high impedance input and can be used to 
amplify input signal with a maximum gain of 8. DS ADC 
also supports up to 4 different independent configurations 
which can be configured through PSoC Creator IDE during 
software design and selected at runtime. For selected 
voltage range Vr, resolution n of DS ADC and resistor RS, 
minimum and maximum current values that can be 
measured are respectively: 
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Term 2n-1 is used because only half of the available range 
is used, since measured voltage drop on shunt resistor will 
always be positive. 

DMA controller supports copying data from memory to 
memory, memory to peripheral, peripheral to memory and 
peripheral to peripheral. Single transfer can be used for data 
up to 32 bit wide. There are 128 Transaction Descriptors 
which can be linked, so DMA requests can be cascaded. 

DAC supports 8 to 12 bit resolution and can provide 
output voltage up to 4.096 V. Output voltage can be set at 
runtime. 

USB Full speed controller is built into the chip. It 
supports all four data transfer types: Control, Interrupt, Bulk 
and Isochronous. USB controller can be configured at 
design time for a desired mode of operation. 

B. Data acquisition device 

DAQ device measures voltage drop across the shunt 
resistor and sends measured data, together with external 
synchronization data to PC through USB port. A block 
diagram of implemented DAQ device with measurement 
circuit is presented in Fig. 2. 

 
Fig. 2. DAQ device and measurement circuit block 

diagram. 

DAC is used to set operating voltage for the device under 
test (DUT). DS ADC, because of its high resolution, is used 
for measuring voltage drop on shunt resistor. Internal 1.024 
V reference is used (Vref = 1.024 V). Since 10 ksps is a target 
acquisition rate, maximum resolution for DS ADC is 16 bits 
(Table 2). However, since common mode voltage is over 2 
V, input ranges of ±Vref/4, ±Vref/8 and ±Vref/16 cannot be 
used with resolution higher than 15 bit because input 
capacitors will not be fully charged [23]. That is why 
resolution of 15 bits is used.  

From equation (1), with DS ADC 15 bit resolution and 
voltage range equal to ±Vref, a minimal value of shunt 
resistor is 62.5 Ω. However, shunt resistor of 62.5 Ω would 
cause voltage drop for maximum current of 100 mA to be 
6.25 V, which is much higher than ADC’s input voltage 
range. On the other hand, in order to measure low currents 
with high precision, input voltage range should be reduced. 
If the input voltage range is set to ±Vref/16, then the minimal 
value of shunt resistor will be 3.9 Ω, and in this case the 
maximum value of the current which can be measured is 16 
mA. 

In order to avoid the above-mentioned problems and still 
achieve a desired data acquisition rate, SAR ADC is set to 
acquire data with 8 bit resolution at 100 ksps, which is 10 
times higher than the DS ADC data acquisition rate. All 
four available configurations for DS ADC are set to use 
different input ranges. This way, by selecting DS ADC 
configuration based on data measured by SAR ADC, input 
range of DS ADC can be set at runtime. Taking into account 
that PSoC CPU clock speed is several orders of magnitude 
greater than the DS ADC sampling rate, switching time is 
less than one sampling interval, which can lead to loss of at 
most one sample. 

DS ADC configurations with selected input ranges and 
thresholds for initiating configuration change are shown in 
Table 3. 
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TABLE 3: DS ADC CONFIGURATIONS SETUP. 

Config Input range THV  THV  

1 ±1.024V 218 mV x 
2 ±0.256V 97 mV 242 mV 
3 ±0.128V 40 mV 113 mV 
4 ±0.064V x 56 mV 

In order to meet timing requirements for data transfer, 
DMA is used. Measured voltage data is packed, together 
with information about DS ADC range and 8 digital 
channels value, and triple buffered. Each buffer can store 

up to 512 words with a word size of 32 bits. USB controller 
is configured for bulk transfer with 64 Bytes packet size. 
USB data transfer is managed by DMA. 

Power consumption measurement is done using high-
side potentiostat technique (Fig. 1c). From equations (1) 
and (2) a minimum value of shunt resistor for the Vr = 0.064 
V is 3.9 Ω and maximum is 10.24 Ω which is achieved for 
Vr = 1.024 V. Shunt resistor of 10 Ω is chosen, which allows 
current measurement in the range from 0.39 µA to 102.4 
mA. 

       
(a)                                                                                                     (b) 

        
(c)                                                                                                    (d) 

               
(e)                                                                                                    (f) 

Fig. 3. PC Application: a) Real-time visualization during data acquisition; b) Format of stored data; c) Analysis window; 
d) Selected segment analysis and display; e) JSON file format for configuration of synchronization data interpretation; 

f) Analysis window with synchronization data interpretation. 

 

{ 
   "cycles":[ 
      { "name":"period", "id":0 } 
   ], 
   "states":[ 
      { 
         "name":"example", "ids":[ 2, 3 ], 
         "state":[ 
            { "name":"idle", "val":"0x0" }, 
            { "name":"adc", "val":"0x1" }, 
            { "name":"transmit", "val":"0x2" } 
         ] 
      } 
   ] 
} 

    # V=3296mV 
    # V[uV]     dig 
     200355    0x05 
     200340    0x05 
     200512    0x05 
     200621    0x05 
     200324    0x05 
     196824    0x05 
     142086    0x05 
      68097    0x05 
      56956    0x05 
      56925    0x05 
      57269    0x05 
      19563    0x01 
      19930    0x01 
      19915    0x01 
      20087    0x01 
    20274   0x01

header 

synchronization 
data 

measured 
voltage 



48 Telfor Journal, Vol. 8, No. 1, 2016. 

 

C. PC program 

A PC program that provides data acquisition, analysis 
and visualization is implemented in Python. Python USB 
access module PyUSB [24] is used for communication with 
PSoC5 LP and module PyQt [25] for GUI. Matplotlib 
Python plotting package [26] is used for data graphs. 

The main application window is presented in Fig. 3a. 
DAQ device parameters, DAC voltage and log file, can be 
set from Settings menu. After parameters are set, 
acquisition can be started and measured voltage drop on 
shunt resistor is visualized in real-time and stored. 

Measurement results are stored in the format presented in 
Fig. 3b, so they can be used for further analysis. Header 
holds a supply voltage that was set for DUT using DAC. 
Data is organized so that the first column holds measured 
voltage in microvolts, and the second column holds 8 bit 
digital value from synchronization signals. 

In the analysis window (Fig. 3c), data stored during 
acquisition can be displayed. Shunt resistor value can be set 
for current calculation. Measured current and 
synchronization signals are plotted and a segment for 
further analysis can be selected. Segment selection can be 
made based on synchronization signals, or an arbitrary 
section of data can be selected. A segment selected in 
analysis window is shown in a new window (Fig. 3d), 
together with calculated power and energy consumption. 

User can define how synchronization signals will be 
interpreted by the analysis application. Synchronization bits 
can be interpreted either as cycle information, where every 
time synchronization bit is toggled, a new cycle starts, or as 
state information, where a group of synchronization bits 
contains information about a current state. Configuration 
can be passed as a JavaScript Object Notation (JSON) file 
in the format presented in Fig. 3e. Based on configuration 
and measured synchronization data timing diagram with 
information about cycles and state changes can be displayed 
(Fig. 3f). Clicking on a certain cycle or state will select a 
segment for further analysis (Fig. 3d). 

IV. RESULTS AND DISCUSSION 

Presented data acquisition system for measuring and 
analyzing power consumption of microcontrollers has been 
tested by measuring the power consumption of 
CC430F5137 microcontroller [27]. Microcontroller 
CC430F5137 has MSP430 CPU core with CC1101 wireless 
interface. Microcontroller CC430F5137 was chosen 
because power consumption in different operating modes 
and with RF interface turned on or off differs significantly 
(Table 4). 

 
TABLE 4: CURRENT CONSUMPTION OF MICROCONTROLLER 

CC430F5137 IN DIFFERENT CONFIGURATIONS 

Configuration I[mA]@3.0V 
LPM3, RF off 0.001 
LPM0, RF off 0.08 
Active, RF off 0.23- 5 
Active, RF on, RX 15 
Active, RF on, TX 18 

 

CC430F5137 microcontroller is programmed to perform 
the following repetitive task: acquire 256 samples from AD 
converter, calculate the average of acquired data and send 
acquired samples over RF link. One digital pin was set to 
toggle every time a new cycle starts. Two additional pins 
were used to indicate ADC averaging, Transmit and Idle 
states. 

Results of microcontroller power consumption 
measurement and analysis during one cycle of example 
program are shown in Fig. 3d. The total energy 
consumption of one cycle is 2.83 mJ, where energy 
consumed in ADC averaging state is 0.22 mJ, Transmit 
state 1.44 mJ and Idle state 1.17 mJ. 

The performance and characteristics of DAQ system 
presented in this paper are comparable with current 
commercial power consumption measurement systems, 
especially in the range of interest for microcontroller power 
consumption. The advantage of presented measurement 
system in relation to what is commercially available is that 
it requires no manual adjustment at runtime. By using 
potentiostat measuring technique, operating voltage of the 
system whose power consumption is measured is held 
constant, so there is no burden voltage effect. 

V. CONCLUSION 

In this paper the architecture, implementation and testing 
results for microcontroller power consumption 
measurement system are presented. Power consumption is 
measured by keeping constant DUT voltage supply VDUT 
and measuring current that is consumed. Supported current 
consumption measurement range is 0.39µA to 102.4 mA 
with a maximum sampling rate of 10 ksps. Up to eight 
external synchronization signals can be used to provide 
information for interpretation of measured data. This high 
dynamic range for current measurement is achieved by 
using both types of ADCs present in PSoC 5LP so Delta-
Sigma ADC’s input range is modified at runtime based on 
data sampled by Successive Approximation Register ADC, 
which uses a 10 times higher acquisition rate. The 
advantage of presented DAQ device over commercially 
available ones is that there is no burden voltage effect and 
it requires no manual adjustment at runtime. PC application 
program for real-time data visualization and storage, and 
offline analysis and interpretation of measured data is 
implemented in Python. 

It should be noted that the proposed solution uses an 
external operational amplifier for the implementation of 
potentiostat. DAQ device can be modified to use only 
components inside PSoC 5LP, but this would limit the 
measurement range to 25 mA [28]. With a different shunt 
resistor value or modification to the potentiostat range DAQ 
device can be adapted to measure the power consumption 
of different embedded systems. 

A limitation of proposed system is that it can be used to 
measure the power consumption of only those embedded 
systems whose voltage supply is less than 5 V, because of 
the maximum input voltage on PSoC pins [29]. This can be 
solved by using an external differential amplifier, whose 
output would be used as input to DAQ device ADCs. 
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