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Abstract 
 
Replacing a data acquisition system (DAQ) is a substantial and long-term investment. Sie-
mens Energy’s R&D department is considering a new DAQ system. The equipment should 
be relevant for at least ten years. The system performance needs to reflect today’s require-
ments but also consider those of the future. Together with measurement engineers at the 
company, a list of specifications is written, highlighting the DAQ system requirements. 
Also, two parallel use cases are defined. 

The general architecture of a data acquisition system is analyzed. Different implementa-
tion techniques are compared when navigating through the DAQ system design process. 
The comparison forms a relation between the architectural constraints and the require-
ments. Several tradeoffs in DAQ system design have been found and discussed. Further-
more, the review of market trends indicates the technical direction of modern DAQ sys-
tems Thus, questioning the current instrument/measurement strategy. 
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1. Introduction 
 

1.1   Motivation 

Siemens Energy AB is the Swedish division of the German “spin-off” company Siemens 
Energy AG, origin from Siemens AG. All energy-related businesses within Siemens AG are 
concentrated to this relatively new company. The businesses cover traditional and renew-
able power generation, -transformation, and -transmission.  

At the Siemens Energy AB site in Finspång, the focus is on development and manufactur-
ing of the most competitive gas turbines in the world. The R&D departments are con-
stantly working to improve the products, by increasing performance, reducing cost, lower 
emissions.  

An essential tool to support these improvements is reliable measurement equipment. 
Thousands of parameters need to be measured, monitored, and analyzed. It is also im-
portant to store the measurement data, for offline analysis and as future reference.   

A large portion of the measurement signals are being of quasistatic nature, like tempera-
ture and static pressure. These parameters are monitored and stored in a measurement 
system communicating with a SCADA system. Some other signals have a more dynamic 
nature, e.g., vibration, sound, and dynamic strain. The required sample speed and band-
width requests for a high-speed recording system.  

The recorder system currently in use is built from individual modules containing 24 analog 
input channels, each. Some of the ingoing digital components of these modules are be-
coming obsolete. Also, the system requirements have evolved since this system was intro-
duced. 

Efforts have been taken to find a new “of the shelf” system to replace the outdated record-
ers. It has been difficult to find a system with the required functionality. The purpose of 
this thesis is to assist in the process of acquiring a new data acquisition (DAQ) system. 
New aspects and tradeoffs will be visible by elaborating on the available components and 
techniques in a modern DAQ system. Also, by study the market and DAQ trend, new in-
sights are gained.    

The system will be used as a recorder for the continuous storage of sensor data during gas 
turbine testing. An existing system of 312 channels will be phased out. The investment 
will be substantial, and the lifetime should be long, more than ten years. Therefore, it is 
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important to consider all aspects before deciding on an investment. From a theoretical 
background and a requirement specification, different possible design approaches are be-
ing considered.  

1.2   Purpose 

The insights from DAQ design should give new perspectives on the requirements and pos-
sible also influencing the measurements methodology. Thus, facilitate the DAQ instrument 
procurement and integration. 

1.3   Problem statement 
1. What requirements, in the requirement specification, are the toughest to meet?  
2. What alternative methods for these requirements are there?  

1.4   Delimitations  

The original project proposal from Siemens focused on finding existing hardware and 
looking at how to implement that in the current measurement system. To fulfill the re-
quirement, that the system should be relevant for at least ten years, it was an early decision 
to focus on the architectural design features. An initial interview led to a preliminary re-
quirement specification. These requirements have been indicative of what parts to high-
light.  
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2. Background 
2.1   Related work 

A 4-ch, 16-bit @ 600kSa/s DAQ with USB connection to a computer is presented in [22]. 
A good introduction to front-end design is given. Also, communication with peripherals is 
discussed. The load on the SPI interfaces is well illustrated. A design was built and suc-
cessfully tested.  

How to record and replaying sounds to/from a USB stick is documented and verified in 
[23]. The complete function is implemented on a Discovery board, containing a microcon-
troller with an ARM core. USB communication, filesystem, and Wave file format are being 
described in detail.   

The design of a 128-channel DAQ, specialized for the small signals of electrocardiography 
(EGG) is documented in [24]. The system relies on an external computer, interfaced via 
Ethernet, for control and data storage. The processing is handled by a Xilinx Zynq-7020, 
FPGA. Communication with the computer is handled from the ARM microprocessor inside 
the FPGA.  

The details and verification of a PTP synchronization between two DAQ systems are de-
scribed in [36]. The error sources and achievable performance serve as good input for 
DAQ system design.   

2.2   Market and trend  

Interviews conducted by the magazine Evaluation Engineering are describing the current 
and future market of data acquisition systems [1]. The interviews include companies like 
B&K Precision, IMC DataWorks, Keysight, Measurement Computing, National Instru-
ments, among others. The result is sorted in three categories, trending features, driving 
applications, and challenges.    

2.2.1  Trending features  

 Real-time analysis/processing. 
 More channels, signal types, and functionality in one system. One system for both, 

field-, and rig- test applications.    
 Low mass, low power, rugged, reliable, modular. 
 Isolation of measurement channels. 
 Edge computing and the possibility to store direct data to the cloud. Autonomous 

operation.  
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2.2.2  Driving applications  

 Distributed system topologies like Industry 4.0 and Industrial IoT. 

2.2.3  Challenges 

 Maintain usability of the more complex systems. 
 New products cannot rely on ADCs with greater speed and resolution anymore. 

New customer value needs to be created by greater OS and computer support. 
 Maintaining a small form factor and low weight whilst including more channels. 
 Product stability and accuracy over time and temperature. 
 Improve calibration process to make it less demanding. 

 

A market overview conducted in 2020 describes the market in a similar way [2]. The mar-
ket is expected to grow 5% annually during the forecast period, 2020-2025. The drivers 
are Industry 4.0, especially in the aerospace and automotive sector, also the monitoring of 
green power generation is growing. Enabling techniques such as 5G and a higher demand 
for automated DAQ are essential.  

The largest market share is still in the aerospace and defense industries. These industries 
are undergoing modernization why this market is expected to stay large.  

Seen to geographical distribution, the market grows the fastest in the APAC (Asia-Pacific) 
region. While it is mainly driven by R&D investments, there is also an increased need for 
DAQ systems in process automation with increased production rate.       

 
 

  



 

5 
 

3. Theory  
 

3.1   System architecture 

A schematic view of the sub-systems building up a modern data acquisition hardware is 
illustrated in figure 1. The architecture is divided into eight sub-systems: 

 Analog front end: Protect against overvoltage (not covered by this report). Adjust-
ment of the signal amplitude and bandwidth to enable proper sampling (signal con-
ditioning). The ADC performs analog to digital conversion. 

 Onboard calibration: Update correction factors caused by accuracy drift. 
 Isolation: Galvanic separation of DAQ sub-system to prevent damages and disturb-

ances.  
 Clock & synchronization: Maintain a correct relation to a common time reference. 
 Triggering: Start, stop, and synchronize data acquisition. 
 Processing: Process, store, and forward measurement data. Manage communica-

tion and user interaction.  
 Interfaces: Facilitate communication with peripherals.  
 Power management: Intelligent power distribution (not covered by this report) 

 

The sub-systems will be regrouped into functions to better analyze the impact of the re-
quirements: 

 Analog front end: Analog front end, onboard calibration, isolation, and analog out-
put. 

 Module communication: Interfaces, triggering, clock & synchronization. 
 Digital architecture:  Processing, the firmware/software will also be covered here.    
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Figure 1. Schematic view of typical components in data acquisition systems. [41] Courtesy of Texas 

Instruments. 

 

3.2   Analog front end 

The analog front end involves protection, signal conditioning, and analog to digital con-
version.  

The signal conditioning is the limiting part when it comes to signal-to-noise ratio or the 
ability to find small details in a large input range. Harmonic distortion, or non-linear spurs 
caused by improper design, and thermal noise are the top issues. Gain and offset errors 
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are present but can be mapped and compensated for [6].       

 

3.2.1  Voltage input range 

A typical voltage input range of an ADC is ±5 V. To fit inside that range the input signal 
usually needs to be offset, amplified, or attenuated. Introducing components for this task 
will add noise to the signal. By amplifying the incoming signal with a low noise amplifier, 
the signal will be less vulnerable to noise further in the signal chain. If the signal instead is 
being attenuated, the distance to noise, introduced further down the chain, will decrease. 
The impact from the measurements chain seen in the Friis equation, (1). Friis equation 
explain how SNR is affected by different components in the signal chain. Impedance 
matching is assumed. G is the gain of that stage, amplifier, filter etc. Noise factor, F, is the 
relation Sin/Nin / Sout/Nout = SNRin/SNRout. The noise figure is the noise factor, ex-
pressed in decibels: NF (decibels) = noise figure =10 log10F    
 

𝐹 = 𝐹 +
𝐹 − 1

𝐺
+

𝐹 − 1

𝐺 𝐺
+

𝐹 − 1

𝐺 𝐺 𝐺
+ ⋯ +

𝐹 − 1

𝐺 𝐺 … 𝐺
 

( 1 ) 

An amplifier contains several noise sources of which thermal noise is the dominating fol-
lowed by shot noise (valid for bipolar transistors, not MOSFET). Near DC, flicker noise 
dominates the noise spectra. The thermal noise of an amplifier can be found in the 
datasheet, defined for a specific bandwidth, and referred to the input. The reference to 
input is to better see the resulting SNR. The input-referred noise of an amplifier can be 
modeled as a two-port network, figure 2. Consisting of two noise sources, a voltage- and 
a current-source. Both having the unit of spectral density (A/√N respectively V/√N). As 
said, this input noise is equivalent noise and cannot be measured but remains useful when 
calculating the SNR. The impact of the voltage- and current-source is dependent on the 
source impedance (output impedance from previous circuit), see figure 3 [5]. The input-
referred noise current is negligible if equation 2 is true. That is, if source impedance is 
much lower than voltage noise over current noise, then the current noise is neglectable.  
 

 
Figure 2. Two-port network 
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Figure 3. Dominating noise source dependent of source impedance. (top) low impedance makes 
voltage source dominant; (bottom) High impedance makes current source dominant.  

 

|𝑍 | ≪
𝑉 , ̇

𝐼 , ̇

 

( 2 ) 

Some noise is not randomly distributed, called harmonics and nonlinearity spurs. The im-
pact of such cannot be reduced by applying different processing gains. A key performance 
figure, that quantifies this type of noise, is the Spurious free dynamic range (SFDR). It is 
the relation between worst spur (including harmonics) and full scale, see figure 4.     

 
Figure 4. Spurious free dynamic range defines full scale related to worst spur. [42] Courtesy of 

Analog devices. 

3.2.2   Analog to digital conversion 

The most obvious part in a DAQ unit is where the data is being digitized, namely the 
Analog to digital converter (ADC). There are several different architectures available to 
make the actual conversion, most relevant for this application are the SAR (Successive 
approximation registers) or the delta-sigma modulator. Historically the SAR ADCs have 
been faster but with less resolution and Sigma delta the other way around. Today one can 
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find modifications of both architectures bridging that difference. Still, the tradeoff is be-
tween speed and precision because precision is improved by averaging/filtering. 

The ADCs resolution is specified by the number of bits. This number should be interpreted 
as the best possible value. There are different operating modes for the ADC. Usually, the 
slowest will give a resolution close to specified. Just like the amplifier stage presented 
above, an ADC contains nonlinearities and thermal noise. Additional noise, in this appli-
cation with limited impact, comes from the sample timing, jitter, aperture, and quantization 
noise. 

A Comparison between ADCs can be made from a few key performance figures. When 
comparing these key figures, it is important to understand how it is being calculated. There 
are a couple of standards defining the key figures. An example is the interpretation of the 
highly relevant SNR or noise in the presence of a signal. Most of the difference, of SNR 
interpretation, lies in the definition of the noise portion. A differentiator is to include har-
monics of the input and harmonics from the ADC working principle or not. Quantization- 
and Johnsson/thermal-noise is always there. A special case is when the definition is ac-
cording to standard AES17 [43], then the noise is also being filtered to fit the sensitivity of 
the ear. According to Standard IEC60748 [45] the noise should be cleared of all harmonics 
up to the 10th. In standard IEC62008 [44] the SNR is not specified on its own. It is always 
mentioned as a part of SINAD (Signal to noise plus distortion). The datasheet does not 
always refer to what standard being used. The best help is to read the datasheet diagrams, 
see the spectrum example in figure 4.   

Getting an ADC with a high number of quantization steps is not enough to get a good 
resolution of the measurement. A high SNR is important to find the signal in the noise. 
The ideal SNR of an ADC is considering only the quantization noise i.e., the best possible 
SNR. Noise from inside the components and its matching is much greater, thus limiting 
SNR [9].   

The SNR is often specified over the complete signal bandwidth (Nyquist sampled). The 
final signal-to-noise figure will improve, taking the actual signal bandwidth into account 
and having the signal filtered accordingly. By narrowing the bandwidth to match the signal 
of interest, the evenly distributed white noise will be reduced. Analyzing the signal with 
help of FFT processing, the bandwidth will be significantly reduced to match the individual 
frequency bins. This improvement or processing gain can be calculated by 20 log10 M/2. 
The noise is being distributed between the frequency bins, the more bin the less noise per 
bin. Thus, doubling the N-point FFT increases the SNR by 6 dB (double). The example of 
applying a 4096-point FFT to a 12-bit ADC will result in a noise floor of -74 dB + -33 dB 
= -107 dB [7].    

Another method for achieving a processing gain, is to average the measurement signal. 
The gain will relate to the number of averages according to equation 3. The SNR improve-
ment by averaging depends on the number of averages, 𝑁, the signal, 𝑣 , the sample, 𝑘, 
and time, 𝑇. The denominator contains noise as gaussian, zero mean and standard devia-
tion, 𝜎 . An average of 100 samples will improve SNR by ten times (20 dB) [8]. 

 

𝑆𝑁𝑅 =
𝑁𝑣 (𝑘𝑇)

√𝑁𝜎
= √𝑁 × 𝑆𝑁𝑅  

( 3 ) 
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3.2.3  Delta-sigma analog to digital converter 

The delta-sigma ADC consists of oversampling modulator and a decimation filter.  
A model of the modulator circuit can be seen in figure 5.  

 
Figure 5. Model of a delta-sigma modulator 

The analog input is being compared to the analog version of the previous output. The 
resulting signal (delta) is integrated (sigma) with the previous delta signal. The comparator 
will output logical ‘1’ if the integrated signal is greater than or equal to Vref otherwise it 
outputs a logical ‘0’.  

The quantizer gives one of two possible levels as output, deviation from these two are 
interpreted as quantizer noise. The signal is also fed back to the integrator input via a DAC 
(Digital to analog converter). The integrator is delaying the signal one sample, why it is 
acting as a low pass filter and the high-frequency noise is being filtered. The noise is 
treated as random, why the filtering is averaging out its effect to the input signal. This 
process is called “noise shaping” and it is a key to the very good performance of the delta 
sigma ADC, see equation 4.  

The filter effect is often increased by adding more integrators before the comparator. Then, 
the order of the modulator is defined by the number of integrators. The low resolution of 
the comparator/ quantizer is compensated by a high number of samples, much higher 
than the usually required Nyquist frequency. This rate of oversampling is referred to as 
OSR (oversampling rate). [34], [35]. 

𝑂𝑢𝑡 = 𝐼 + 𝑁 ;  𝐼 = 𝐻(𝑓)(𝐼𝑛 − 𝑂𝑢𝑡)  ;  𝑂𝑢𝑡(1 + 𝐻(𝑓) = 𝑁 + 𝐻(𝑓)𝐼𝑛 

𝑂𝑢𝑡 = 𝐼𝑛
𝐻(𝑓)

1 + 𝐻(𝑓)
+ 𝑁

1

1 + 𝐻(𝑓)
 

( 4 ) 

The signal is now noise-shaped, the lower part of the frequency spectra contains our sam-
pled signal, higher frequencies are dominated by the quantization noise. The next step is 
to digitally low pass filtering the signal. The cutoff frequency is set to match the Nyquist 
frequency of the input signal.  

After filtering, redundant samples are being deleted in a decimation process. To the OSR, 
the same number of samples are being deleted and the output frequency is adjusted ac-
cordingly. If the OSR is 64, then the first sample is outputted the following 63 is deleted.     
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3.2.4  Isolation 

Isolation is the method of separating one circuit from another circuit’s electric potential. 
The purpose is to protect from disturbances, origin from potential galvanic connection to 
another circuit. It can also be a safety concern when measuring harmful voltages or oper-
ation in explosive areas.  

A typical problem that can occur is ground loops. Two ground connections differ in voltage 
potential. If these two are connected the potential difference will drive a current in the 
shared impedance. A disturbing voltage will be measured in parallel with the actual signal. 
The different couplings to ground could be realized between neighbor channels in the 
DAQ, shared power supply, or via the instrument ground, why multiple isolation points are 
needed [31], [32].  

There are two strategies where to introduce the isolation, before or after the analog to 
digital conversion. Isolation before ADC, isolator amplifier, uses a delta-sigma modulator 
to digitize the signal before the isolated transfer takes place. The signal is then averaged 
back to the original analog signal by a low pass filter before the actual analog to digital 
conversion happens. In the case of isolation after the ADC, the process is similar. Instead 
of filtering back the original analog signal, the delta-sigma signal continues the conversion 
by applying a digital filter and decimation.      

The isolation is built upon inductive, capacitive, or optocoupler transfer techniques. Since 
DC voltage is problematic or impossible to transfer via these methods, the signal needs to 
be modulated and demodulated.  

3.2.5  Analog output 

The analog output shares many design aspects with analog input. The digital signal repre-
sentation is fetched from a memory location and isolated before entering the DAC. The 
same scaling applied at the input of the ADC needs to be used for amplifying the output. 
As a final step, optionally within the same amplifier design, the signal needs to be buffered 
to adapt output impedance and withstand possible shortcuts outside of the DAQ. Equiva-
lent to the input signal conditioning, the output ditto also needs calibration and associated 
correction parameters. 

This method can be used as buffering during recording as well as offline. Used online, it 
is important to consider the extra time for reproduction compared to the input signal.  

A common approach to achieve a buffered output is to replicate the analog input signal 
parallel to the ADC. Thus, substantially shorten the signal delay. This output cannot be 
used during replay from memory.        

3.2.6  Calibration 

All ingoing components in the DAQ have uncertainties and they are, to different degrees, 
affected by temperature and aging effects. To maintain an accurate result over time, it is 
required to compensate for these drifts. In the procedure of calibration, a known accurate 
signal source is used as input to the system under calibration. The reading from the system 
is adjusted in several steps to achieve the required accuracy. By so, attaining the correction 
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parameters. 
The ADC has generally a low drift. It is dependent on the voltage reference, which will be 
dominated by temperature- and aging-drift. The temperature drift can be compensated by 
adding a matrix of correction parameters. The input amplifier is usually a bit keener to 
drift. Both gain and offset parameters need adjustment to get a satisfying result. 
A manual way of calibration is to adjust potentiometers built into the different amplifica-
tion stages. Another technique is to replace the potentiometers with voltage sources in the 
form of DACs, enabling a digital path of adjusting for inaccuracies.     
A third example of applying correction is in its digital form, figure 6. Providing processing 
power, a MAC (Multiply and Accumulate) operation is run onto the digital signal [33].  

 
Figure 6. MAC operation in order 1 to 3, correcting gain and offset. Uncorrected red signal gets 
multiplied, then adding up to the correct value in green. 

 

The quality of an analog front end depends much upon the matching between different 
parts. One needs to be aware of the technics being used, not to create intermodulation 
products, harmonics, or letting spurs through. Further, temperature gradients in the circuit 
may cause measurement inaccuracies. Having all components close to each other makes 
it easier to maintain an even temperature and apply for compensation. Having that in 
mind, it makes sense to handle the analog front end as one entity, preferably integrated. 
The required space and power will decrease which also is a welcome feature [10],[11]. 
The largest manufacturers of ADCs also offer a broad spectrum of prepacked analog front 
ends. There are several different labels for the integrated systems, Analog front end (AFE), 
System in package (SIP), Data acquisition system (DAS), etc. The smallest scope starts 
with an amplifier together with the ADC (figure 7), but can also include simultaneous 
multi-channel sampling, programmable filter banks, and built-in calibration (figure 8). Tak-
ing the concept of integration further there are the full integration, System on module 
(SOM). SOMs are complete DAQ cards with an embedded processor, Ethernet interface, 
USB, etc.  
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Figure 7. Analog Devices SIP ADA4003, 18-bit, 2 MSPS, +-10V. [46] Courtesy of Analog devices. 

 

 
Figure 8. Analog Devices DAS AD7606C-18, 8ch, 18-bit, 1MSPS, +-20V, SFDR 105dB. [47] 
Courtesy of Analog devices. 

3.3   Module communication 

The DAQ system is often put together by several modules. The size of a module is one of 
the tradeoffs between a distributed and centralized system. A low channel count will have 
a relatively high overhead in terms of power supply, network adapter, housing, possible 
cooling, etc. On the other hand, there is a limit where the number of channels demands a 
higher performance architecture. Smaller modules can potentially also gain from shorter 
cables to reach the measurement points.   

Communication between the modules is naturally easier over shorter distances. Sharing 
signals over long distances suffer from signal degradation, affected by transmission loss, 
latencies, noise, etc. There are techniques available to help facilitate such communications 
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e.g., optical links. An alternative is to communicate the measurements as packet-switched 
data instead. 

The connection between modules has two purposes, to achieve synchronous sampling 
and collect all measurement data to centralized storage. 

3.3.1  Synchronization 

It is important to achieve high synchronization between modules to later be able to com-
pare signals acquired within different modules. If the sampling clock and the system time 
clock is separate, they also need to be synchronized. The signal sampling, controlled via 
clock or not, is powered by an oscillator that sets the timing accuracy. The oscillator is 
often of quartz crystal type, where the oscillator frequency is defined by its crystal reso-
nance. The crystal will change its resonance frequency with temperature. To achieve the 
needed accuracy the temperature effect must be controlled. Two common methods exist, 
one, TCXO, that is calibrated at different temperatures and actively compensating for it, 
the other one, OCXO, has its own oven built in to maintain a steady temperature.      
Synchronization of all clocks is important to achieve simultaneous sampling and triggering 
of all the ADCs in the system. There are two methods to achieve synchronization within a 
system, signal- and time-based. The first method is to distribute a sync/clock reference 
signal in the network, wherefrom all clocks are derived. The second method is to achieve 
a common time reference, accurate enough to derive a sample clock.  

Signal-based synchronization 

Signal-based synchronization covers from, on a chip, between chips, between PCBs (back-
planes) to sync/trigger lines between modules. The signal could be a clock signal, a dis-
tinct pulse, or a pattern. There is a collection of common time code formats in the IRIG 
standard 200-04 [40], IRIG-A to IRIG-H. These six versions satisfy different requirements 
of precision, transmission length, time format, simplicity etc.   

Routing clocks over, relative frequency, long distances or through logics will create skew 
to the signal. To keep the clocks synchronous with the source, feedback loops in PLL are 
needed to stay in phase. Also, clock buffers are needed to withstand the load of multiple 
sinks.  

Timing and triggering are delicate tasks and widely used. Some manufacturers develop 
their own ASICs to get exactly the performance they want (e.g., NI-STC3 from National 
instruments) 

Time-based synchronization  

To synchronize devices over a larger distance a method is to refer timing to the system 
time/clock. If the system times of two devices are synchronous, they can agree upon trig-
gering operations at a specific time. There are two approaches to this method, that often 
are combined, absolute or relative time.  

Having a very precise and accurate time reference like a GPS clock or an atomic clock will 
give a reference to absolute time. This method facilitates precise synchronization all over 
the world. Synchronization could also be done to a stable but not absolute time reference. 
The time will instead adjust to an agreed reference clock. Examples of relative time-based 
synchronization are NTP, PTP, and White rabbit [36]. Although, the reference clock in 
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these systems is often synchronized to an absolute source.  

A Differentiator when it comes to accuracy between the time-based methods lies in where 
the synchronization takes place. Closer to the hardware gives better accuracy. Comparing 
the two methods, NTP and PTP highlights the difference. 

NTP 

The NTP (Network time protocol) synchronizes a local computer to its closest reference 
server. The offset to an NTP server is measured, considering the round-trip delay. The 
offset is gradually reduced by adjusting the client’s clock frequency in a feedback loop 
(PLL). The protocol operates in the application layer of the OSI model (see table 1), result-
ing in the accuracy of ~10 ms used over the Internet. During ideal conditions in a local 
network 200 µs is achievable [14],[15].  

PTP 

The PTP (Precision time protocol) can work similarly to NTP with software timestamps, 
but the real advantage is to use the timestamping in hardware, IEEE 1588v2 2008, see 
figure 9. The use of PTP needs special support in the network where it is used. The net-
work adapter needs built-in support for hardware time stamping and forwarding hardware 
(e.g. switch or router) do also need PTP support. All inaccuracies from traveling between 
the protocol layers (table 1, OSI model) are avoided by PTP. The achieved accuracy is then 
within 1µS.  

What clock is to be used as a reference in the system, the grandmaster clock, is chosen 
with help of the “Best master clock algorithm” [16]. At regular intervals, all clocks in the 
network send out an announce message with 7 parameters characterizing the clock. The 
clocks receive these messages and compare them to the local parameters. If the local clock 
is worse, it becomes a slave, if not it waits for more messages during a defined period. If 
still no better clock it claims to be the grandmaster clock. [16] A former grandmaster that 
for example loses its GPS connection could be replaced in seconds by the second-best 
clock.  

As with the NTP, the local clock drift is corrected in small steps. When an accurate time 
has been established, a PPS signal from the local clock can be used as a reference for 
internal ADC triggering. The local clock is continuously synchronizing to reduce drift. How 
often depends on the local clock/oscillator stability and the required accuracy [16].  

PTP time representation consists of a 48-bit seconds and a 32-bit nanosecond field. The 
origin of the timescale, the so-called epoch, is January 1st, 1970 00:00:00 TAI1. Hardware 
timestamp is available from between the MAC and the PHY (figure 9).  

 
 
 
 

 

1Temps Atomiques International is standardized timekeeping format   



 

16 
 

 
Figure 9. PTP clock distribution [16] The clocks are synchronized between layer 2 and 3 in the OSI 
model, to avoid the latency and jitter of higher layers. The switch is nonstandard to handle the PTP 
protocol.   

3.3.2  Open Systems Interconnection (OSI) model 

The protocols needed for communication in a computer system are arranged into layers 
in the OSI model (Table 1). The layers address specific tasks of the communication 
process, from the cable voltage on layer one to the browser webpage on layer seven. In 
the first layer, the level of abstraction is low and the response is instant. Higher up in layers, 
together with increased abstraction, more latency will be added. The OSI model helps in 
understaning real-time communication and exact time stamping.       
     
Data Layer Examples 
Data 7. Application SMTP, Profinet 
Data 6. Presentation Encryption, JPEG, ASCII 
Data 5. Session Logical ports 
Segments 4. Transport TCP, Profinet 
Packets 3. Network Router, IP, Profinet 
Frames 2. Data link Switch, MAC, Ethernet 
Bits 1. Physical Hub, Bits and volt, Ethernet  

Table  1. OSI model used to describe network architecture. Sometimes the layers are labeled 1 to 7 
starting from the bottom, [12]. 

3.3.3  Network standards 

Ethernet is the de-facto standard for non-real-time communication. Its popularity has led 
to falling prices which made it even more popular. Over the years special adaptions have 
been made to make Ethernet more real-time. Since a few years ago, Ethernet-based indus-
trial networks passed traditional Fieldbus technologies in terms of market share, see figure 
10 [18]. Support for industrial networks can be found in many DAQ systems.   
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Figure 10. Market shares industrial networks in year 2020, [20] 

 

Several alternatives of real-time networks exist side by side. They have in common that 
they want the communication to be dependable. Many protocols have been developed to 
address this task at different levels of the OSI-model. Effort is made by IEEE to implement 
general support for real-time features, called TSN (Time-sensitive networking). Agreement 
to a common standard, especially on the lower OSI layers, is important to produce hard-
ware with broad support.              

TSN (Time sensitive networking) 

The Time-sensitive networking task group, working inside the IEEE 802.1 family, has de-
fined a set of standards defining mechanisms to transfer data over Ethernet with real-time 
performance. The name of the group was previously Audio Video Bridging Group, reveal-
ing its origin. The 30+ standards can be summarized into three focus areas, all to enable 
true real-time communication [4].  

 Time synchronization (using an adaption of PTP, IEEE 1588) 
 Scheduling and traffic shaping 
 Selection of communication paths, path reservations, and fault-tolerance 

As an example: Profinet and EtherNet/IP are now supporting the IEEE standardization 
and the lower-layer protocols, MRP (Media redundancy protocol), and DLR (Device-level 
ring), are now redundant [19].  

Latency 

The latency of a network is important when the data being sent is time-critical, for exam-
ple, the reaction to an event. Taking the example of the time between brake pedal move-
ment to the slowdown of the car, low latency is crucial. The latency of a mail transmission 
is less important. This is the core of industrial Ethernet, data is being delivered on time. 

EtherNet/IP 17%

PROFINET 17%

EtherCAT 7%

Modbus 5%

POWERLINK 4%CC-Link IE field 2%

Other Ethernet 12%

WLAN 3%
Bluetooth 1%

Other wireless 2%

PROFIBUS DP 8%

Modbus-RTU 5%

CC-Link IE field 4%

CANopen 3%
DeviceNet 3%

Other fieldbus 7%
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The latency of Ethernet communication is essentially linked to the frame size and a minor 
processing time. Small size enables fast exchange of data. Since the minimum Ethernet 
frame size is 64bytes, that puts a lower limit to achievable cycle time.  
Because of a required overhead in all Ethernet frames, the best bandwidth utilization is to 
use as large as possible frames size. Latency stands in contrast to throughput, where the 
overhead needs to be a minimum to allow maximum usage of the transfer capacity.        

3.3.4  Communication buses 

Communication in and between DAQ systems can be done in a variety of ways. Several 
standards aimed for instrumentation have been developed over the years, all with their 
own niche. Stand-alone instrumentation buses like GPIB, USB and LXI (LAN) work well 
with standardized instruments for instrument control, and are suitable for distributed and 
remote monitoring. Modular instrumentation buses like VXI, PXI (PCI) and PXI (PCI) Ex-
press are suitable for signal integration and provide high bandwidth [39]. 

Communication networks based on real time Industrial Ethernet standards are not explic-
itly meant for instrumentation. Ethernet/IP, Profinet and Ethercat are popular examples 
in that category. The need for automatization and integration, in combination with the 
increased speed of industrial networks, makes industrial networks interesting to include 
in a DAQ system.      

PXI  

PXI was first introduced by National Instruments, but in 1998 the PXI System Alliance was 
formed to manage the standard. All PXI manufacturers are members of this organization. 
PXI (PCI eXtensions for Instrumentation) is a platform for modular electronic instrumen-
tation. It is an industrialization of the PCI bus, offering robustness and added functionality 
for triggering and synchronizing between modules. The basic PXI system consists of a 
chassis with a backplane shared by several slots, the first slot is occupied by a system 
controller. Over the bus, within chassis and/or between chassis, a common clock, trigger 
lines, etc. are being shared. PXI is a local bus but can be extended up to 200 m by an 
optical link [28]. Equivalent to PCI express there is also a corresponding PXI express with 
a smaller form factor and increased speed performance. With PCI Express 1.0 the band-
width per direction per lane is 250 MB/s. Up to 16 lanes can be combined to reach 4 GB/s. 
As a part of the PXI standard, is the requirement to provide an API called VISA (Virtual 
instrument software architecture) [21].  

LXI (LAN eXtension for Instrumentation) 

LXI was introduced in 2005 by Keysight Technologies (was Agilent) and VTI (was VXI 
Technology Inc). It is said to combine the best features of GPIB, LAN, VXI and PXI. LXI is 
an instrumentation communication, operation, and function standard based on Ethernet. 
The standard is now being developed, promoted, and supported by the nonprofit LXI 
Consortium. LXI provides support for clock synchronization (IEEE 1588), triggering, LAN 
discovery and IVI (Interchangeable Virtual Instruments) driver support with associated 
API (application programming interface). Also, providing a web interface is mandatory for 
an LXI-compliant instrument [27]. There is an option to get better trigger performance 
than IEEE 1588 permits, by using a separate trigger bus.     
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Profinet  

Profinet is the leading Industrial Ethernet standard. It employs a master-slave structure, 
where only the master/controller initiates the communication. Profinet can provide real-
time performance over Ethernet. The implementation can be made in three levels, con-
formance classes A-C, where class C is the most stringent. Class C, also called Profinet 
IRT (Isochronous Real-Time), requires special hardware to achieve update times of 
31,25uS (at 100 Mbit/s) and up to 1uS delay/jitter. These speeds require the Ethernet 
frame to be fragmented, thus allowing fewer data to be transferred.  The bandwidth can 
be split into one dedicated real-time part and one normal TCP/IP part. In that way, normal 
internet traffic and real-time traffic can exist side by side. Compared to a standard internet 
connection, for real-time traffic the non-deterministic protocols are being skipped, table 
2. A field in the Ethernet frame reveals what kind of data is being transferred. For real-
time Profinet data layer 3 and 4 will be bypassed to layer 7 [29].  
 

OSI model layer Internet 
7 Application 
layer HTTP SNMP SMTP 

PROFINET 
class A-B 

PROFINET 
IRT 

4 Transport TCP/UDP PROFINET 
Real-Time / 
TSN 3 Network 

IP 

2 Data link Ethernet 
1 Physical 

Table  2. Comparison between Internet and Profinet in the OSI model, [29]. 

 

EtherCAT  

EtherCAT is a real-time bus with a similar application as Profinet. It also employs the mas-
ter-slave structure. In an EtherCAT network, the master creates one frame that travels all 
the nodes/slaves, the slaves can receive, modify and forward. When the frame has passed 
all slaves the frame returns to the master. In this way it is highly deterministic. To maintain 
the real-time performance and let TCP/IP traffic through, EtherCAT utilizes a hardware 
(switchport) to allow fragments of TCP/IP packets in the EtherCAT data [30]. The perfor-
mance of a 100 Mbit realization with 200 analog I/O:s (16 bits) is 50 us. Less amount of 
data, forming shorter frames and allowing even shorter cycle times. The standard is gov-
erned by the ETG (EtherCAT Technology Group), EtherCAT has been around since 2004 
[30].   
 

3.4   Digital architecture 

 
The many processes taking place in parallel inside the DAQ modules will be handled by 
different hardware. The task of running an HMI will run along with the very time-critical 
sampling of ADCs. As all tasks have different requirements, depending on speed, com-
plexity, and parallelism, different hardware is relevant. Following that, a module will con-
tain different processing architectures. Further, separating the most time-critical processes 
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will ease the requirements on the hardware/software for other parts. 

3.4.1  DSP (Digital Signal Processor) 

A DSP is a specialized microprocessor, best suited for repetitive, looped calculations and 
real-time tasks. The DSP comes with ROM, RAM, and logic for accessing peripheral bus-
ses. DSPs are specialized in doing calculations very efficiently. The limited instruction set 
has support for advanced operations in just one clock cycle and the memory access is 
arranged for mathematical calculations. A DSP is commonly used in ADC/DAC interaction 
[25]. 

3.4.2  MCU (Micro Controller Unit)  

A microcontroller forms a system of a microprocessor, peripherals, flash memory and I/O, 
see figure 11. A suitable task for the MCU is a real-time operating system controlling the 
operation and communication of a DAQ module.  

 
Figure 11. Microcontroller general architecture 

3.4.3  Field-Programmable Gate Array (FPGA) 

An FPGA contains logic blocks, interconnects, and memory blocks. An FPGA is (hardware) 
programmed to get functionality. The pins of the FPGA can be set up to be used as input, 
output, or both. The strength of FPGAs is the ability to process data in parallel and be very 
flexible. A suitable task for the FPGA in a DAQ module, is the parallel transport of data 
between ADCs, DACs, and memory.     

When programming an FPGA, a common design approach is to buy and integrate IP de-
signs to get the required functionality. An example of a popular IP is an ARM core, where 
the functionality of a complete microprocessor can be achieved. 

Also, FPGA functionality can be instantiated into a SoC and is then called an embedded 
FPGA (eFPGA). In this way, the communication between the eFPGA and other parts of the 
SoC is simplified and sped up.    
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3.4.4  Serial peripheral interface (SPI) 

An SPI bus is a common interface for chip-to-chip communication (like ADCs to DSP), 
both as a control and data interface. It is synchronous and operates in full duplex. One 
master and several slaves, limited only by the chip select lines, make up the network [31].  
The four, optional three, wire bus allows for a speed up to 100 MHz. There are faster com-
munication interfaces, but those apply to faster peripherals. If having more units and a 
speed-up is needed, a solution is to have multiple SPI masters.   

3.4.5  System on Chip (SoC)     

An SoC is an integrated circuit containing some or all the above components. A good 
example of an SoC is a modern mobile phone. Having all functionality in one chip enables 
a well-integrated, high-speed, and low-power product.  

3.4.6  Software and firmware  

All processing hardware needs software/firmware. It can be a few lines of code in a loop 
or a full operating system. Isolated, simple, and real-time tasks are preferably implemented 
without OS. Running multiple processes and communication to peripherals on the same 
hardware will benefit from a kernel. For example, shared resources require support for 
scheduling and memory management. For handling user interaction or running software 
an operating system is appropriate. Closer to the ADC process a Real-time OS is preferred, 
and on the user side, a non-real-time OS is better suited.         
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4. Method 
 
Together with users of the existing system, the current DAQ solution was analyzed, and 
two use cases were specified. To get a better understanding of the field, DAQ market and 
trend were studied.  

After having acquired sufficient knowledge of the background and market, an interview 
template was created.  The targeted group was seven experts and users of the current 
system. The participant was asked what performance, control, and features are required 
of a replacement DAQ system. 

To learn about available implementation techniques, information was searched for in 
books, application notes, and reference manuals. Implementation examples found in aca-
demic papers and company patents further enriched the understanding. Examination of 
commercially available products gave some insights from manufacturers. 

To link the theory and to get an understanding of popular brands, and technologies, re-
verse engineering of well-known products took place. Also, an evaluation of what is avail-
able in the market was made. The brand selection was made from all known companies 
within the Siemens measurement department. Further, all companies mentioned in the 
market and trend reports were followed up. Additionally, all relevant exhibitors of the “Sen-
sor and test” fair from 2019 were looked up. 

 
  



 

23 
 

5. Result 
 

5.1   Requirements  

From the interview summary, the following list was extracted. Some requirements are not 
consistent, but they were kept for the purpose of discussion. 

  
 Input range is a voltage of ±24 V (DC+AC) 
 Channel to channel isolation 
 Bandwidth 0-20 kHz 
 Smallest detectable signal (usually a single tone) of interest 20 uV (in the full range 

±24 V) 
 Maximum system channel count 312+. Minimum 4, 8 or 32 channels. 
 Synchronization between channels should be sample accurate. Later follow up in-

dicate an accuracy of less than 1 uS. 
 System time absolute accuracy should stay within one second 
 Event controlled trigger should be possible for data reduction purpose 
 Module/channel adjustable sample speed  
 System setting for file size/length 
 Setup via PC interface and possibility to start/stop on device  
 Display for channel amplitude and storage utilization 
 Data storage per module (USB) and at central point 
 File format support TDMS, UFF, WAV 
 Buffered output and offline playback through an individual DAC per channel 
 Higher signal integrity is needed for site measurements 
 Keep master-slave functionality (one unit to control all) 

  

The disadvantages of the current solution were said to be the reliability, an inefficient 
setup/control of the system, and the large form factor. 

The good things about the recorders are that one recorder can start/stop the others, an 
USB port to download local data, an informative display, and the replay function (possibil-
ity to instantly replay data via buffered outputs).     

5.2   Use cases 

There are two typical user cases for the recorder. Recording during tests at Finspång test 
rig vs all other measurement missions. The recorder should fit in both user cases.   

Taking measurements in a rig prepared for testing gives several advantages over tests per-
formed at customer locations. Among others, known EMC situation, known distances and 
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surroundings, plenty of extra resources to put in if something unexpected happens. The 
number of channels in use is usually more than 100 and less than 312. The modules sit in 
a location made for electrical instruments. Start and stop are controlled by a remote com-
puter. A measurement campaign lasts for weeks-months.   

Tests outside of the test rig usually include fewer modules Often is just a single module, 
24ch, being used. Other differences are the need for triggers and standalone operation. 
The number of channels is rarely more than 20, never more than 50. The recorder will find 
a temporary location not always temperature regulated. Preparations necessary for remote 
control is not always there, why control is often locally. A measurement campaign lasts for 
days-weeks.    

 

5.3   ADC resolution 

The ADC needs to detect 20 uV in the +-24 V range. To have details of 20 uV in the +-24 
V range, a dynamic range of log2(48/0,00002) ≈ 21,2 bits is needed. Expressed in dB this 
equals 20log10 (48/0,00002) ≈ 127,6 dB. The gain of having a large input signal decay when 
it is larger than the ADC range. Since the common input range of an ADC is +-5 V, the 
input signal needs to be attenuated by 5 (amplified 0.2 times).  

Taking the precision instrument amplifier LT6372-0.2 from Analog devices as a relevant 
example. It is made specifically for data acquisition, thermocouple amplifier, or bridge 
amplifier. Set up with 20 kHz bandwidth and amplification of 0.2 it can handle a signal of 
+-36 V. Using the formula from the datasheet [37, p.3] gives an input-referred noise level 
of 22.6 uV. Applying some processing gain this number is well in line with our require-
ments. The harmonic distortion for the same bandwidth is -85 dBc. The worst case is to 
have distortion from a full-scale amplitude signal. The distortion could in that case be 100 
times greater than the required resolution. If the harmonics are produced by a smaller 
signal in the range of ~100 mV then the signal will be easily noticeable above the noise.      

The signal will be attenuated according to the 0.2 amplification. Thus, the minimum signal 
of 20 uV gives a new minimum level of 4 uV to be detected at the ADC input. This value 
must stand out compared to the input-referred noise of the ADC. A high-performance 
flexible choice of ADC is the ADS127L11 from Texas instruments. From the noise perfor-
mance table [38, p.14] the following is found; Bandwidth 20.625 Hz, input range 4.096 V 
will give 3.66 uV in input-referred noise. The SFDR is specified to 125 dB that is close to 
the required resolution.      

Emphasis should be given to reduce the input voltage, possible by filtering. The SNR is 
reduced by attenuating the signal at the first stage. 

 

5.4   Isolation 

Isolating the signal before ADC will add further noise to the signal and possibly add offset 
and gain inaccuracy. To achieve the resolution needed it is preferred to perform the isola-
tion as part of the modulation in the analog to digital conversion. Thus, having the isolation 
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after the ADC conversion minimizes the effect on signal SNR. 

5.5   Analog output/ buffered outputs  

The requirement of output signal buffers is closely linked to the required replay function-
ality. A recorded recent event is sometimes necessary to be replayed within a short time. 
The reason for that is the separation of recording and analysis instruments. Connected to 
the recorder’s buffered output is the analysis instrument with limited recorder capabilities.  

Connection of the ADC data direct to DAC will induce time skew issues, a FIFO should 
solve that issue. Still, the output signal encounters a lag.  

This option could be combined with a replay functionality, by fetching data from memory 
instead of ADC, and that is the current standard. The extra amplifiers and buffer circuits 
will in this case serve dual purposes.    

Taking an analog output from the buffered input signal will reduce the latency. Extra iso-
lation, in the form of an isolation amplifier, from the ADC input, is needed for the signal 
integrity. The needed isolation and amplitude adjustment will affect the SNR. Extra asso-
ciated calibration points will be needed. Still, a circuit for the replay functionality will be 
needed.         

The buffered outputs are a rare feature that limits the number of available systems. The 
DAC signals available on many DAQ instruments are meant to be used as control signals 
or signal generators, why they lack the replay functionality.  

The input signals can be buffered as a separate system, before the signal distribution. The 
analog replay could also be handled separately, but not in the same configuration. Thus, 
reducing the complexity and size of the recorder. 

Alternative solutions are to move the analysis into the recorder system, or in real-time 
export the digitized data as a data stream.  

 
 

5.6   Module communication 

5.6.1  Synchronization 

The requirement of absolute time is relaxed and NTP will be sufficient. Synchronization 
between modules is more demanding and will require a PTP implementation. Adjusting 
the local clock (RTC) via NTP will introduce an error of less than 10 ms. Using this clock 
as the grandmaster in a PTP synchronization would fulfill the requirements. This arrange-
ment requires a constant connection to an NTP server.  

The user case of standalone operation might prohibit this approach. By choosing a very 
accurate temperature stabilized oscillator (TCXO) for these units, a drift of less than 2 ppm, 
2 uS per second, <200 uS per day or ~ 1s per six days [13] will be ensured. Thus, allowing 
for standalone operation for days if first being synchronized to standard (over the internet) 
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NTP server.    

Triggering in a packet-switched system can be treated as time triggers. Still, implementa-
tion of an event trigger could be in the form of a time trigger with the time controlled by 
an event. The samples during the actual event could later be calculated from the pre-trig-
ger data.  

 

5.7   Network latency and throughput    

Most data traveling through the network will be measurement data. Other parts will be the 
initial transfer of configuration, a few control signals, and repeating synchronization mes-
sages. The following can be said about these data types and the requirements they have 
on throughput and latency.  

The start and stop may not happen instantaneously as long as they are concurrent. The 
transfer of data has no real-time requirement either. There is of course a limit where the 
local storage is full before the data has been transmitted.  

That gives some hints to what speed is being required. To get an estimate of the network 
speed needed and the required storage size, some assumptions were made.  

ADC outputting 24 bit at sample speed 50 kSa/s and covering 312 channels, leads to  

24 x 50 000 x 312 = 374,4 Mbit/s = 46.8 Mbyte/s = 168.5 Gbyte/h. This number do not 
take communication overhead into account. When the networked modules need to share 
data with a throughput higher than 100 Mbit, then the options of communication alterna-
tives go down. Allowing data transfer partly or completely after the recording has stopped, 
enables the use of a <100 Mbit link. Live streaming the data for direct storage to NAS or 
live view demands for gigabit Ethernet.   

 

5.8   Digital architecture 

Because of its distributed nature, every module must have a controller, maintaining net-
work communication and interface. The strengths of a modular instrument bus, like PXI, 
will not be utilized in this distributed network of DAQ modules. The requirements suggest 
a minimum module size ranging from 8 to 32 channels. To fulfill both user cases more than 
one module size is advisable e.g., 8, 32, and 128.  

The choice of digital architecture is heavily dependent upon module size, the number of 
channels. An example of what processes that are expected to run in the system:  

 Read configuration and apply system check.  
 Provide a synchronous clock, check for triggers. 
 Acquire data from all ADCs.  
 Apply calibration coefficients to the input amplifier and ADC data. 
 Apply timestamps. 
 Replay data from local storage via DAC. 
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 Apply calibration coefficients to the DAC data and amplifier.  
 Calculate and display the requested information if build in display. 
 Move data to local and centralized storage. 
 Format and write data to USB device. 
 Perform calibration and store calibration coefficients. 
 Maintain a computer interface with the purpose of data-, and configuration-ex-

change. 

If the final system is built up of modules with varying size, it is possible that different digital 
architecture applies to these. It is then important that all aspects of the two use cases have 
been considered, not introducing performance skews.  

The centralized storage is preferably managed by a personal computer where the pro-
cessing power can be chosen accordingly.  

Different built-in signal conditioners could be added. This is not a requirement but fits to 
the market trend (ref chapter 2.2), why it should be considered.   

 
 

5.8.1  Interfacing sampled data 

From the product range available from two of the largest ADC producers, Analog devices, 
and Texas Instruments, it is obvious that SPI is the most common interface. 

The maximum number of channels per module given in the requirements, 32, needs a 
more advanced architecture to handle more data in parallel. The limit for a state-of-art 
ADC [39] is at 21 units for daisy-chaining SPI interfaces. That is per SPI interface. Finding 
a device with several SPI interfaces will widen the bottleneck. SPI could also be used for 
setting the gain of the input amplifier or adjustment of correction DAC. Figure 12 shows 
an example of SPI bus utilization. This and related constraints are hard to predict since it 
dependens on circuit selections. The manufacturers will maximize the utilization of the 
priciest circuits, which can be affected by the parameters in the requirement list.   
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Figure 12. Multi-unit SPI interface 

 

5.9   System interface 

An embedded operating system, running a computer interface together with some digital 
inputs to enable the triggering of start and stop fulfils the requirements. The instrument 
should preferably be provided with an API to facilitate better integration to the present 
software environment.  
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6. Discussion 
 

6.1   Result  

The initial thought was that this recorder application cannot be unique for Siemens Energy 
Finspång. How is this solved by other companies, how is Siemens thinking differently from 
others?  

Siemens’s approach is to have data recording hardware separated from the evaluation and 
analysis systems. Further, they experience that the typical DAQ system has an excess of 
processing- and analysis capabilities, that are not needed to simply record the signals. In 
this way, paying for features that are not utilized. On the other side, they experience a lack 
of buffered outputs and sufficient input range. The reason for this is that the market pro-
vides recording and analysis functions combined, making buffered outputs redundant. The 
input ranges need to be kept close to the range of the ADCs. Two methods are used to 
facilitate these lower ranges: using separate tachometer inputs not to saturate the analog 
inputs, and the separation of DC from AC.   

The DAQ market is broad, and the requirements differ accordingly. It is hard to put clear 
boundaries between the different areas of use. That is why the current DAQ solution orig-
inates from the music industry. They simply had the required performance for the best 
price. I believe the required functionality has now extended to more than that of a pure 
recorder. That is why the coming upgrade will not be found in the music industry.      

Since the trend is to reduce cable length by measuring closer to the test object, the dis-
tance between amplifier and DAQ is shorter why it makes sense to incorporate that func-
tionality inside the DAQ. Incorporating the recorder and analyzer function in the same unit 
removes one reason for not integrating the amplifiers.  

The trend of increased system integration demand for support of general communication 
interfaces. Signals being used for control purposes require real-time communication. 
Whilst signals used in other analysis situations are less time critical. Some signals have this 
dual use, why it also makes sense to apply real-time requirements for the cause of integra-
tion. Some communication standards, e.g., Profinet or Ethercat, let real time and non-real-
time data transfer coexists.     

Systems incorporating the mentioned functionality are increasing in numbers. They have 
support in megatrends like IoT and Industry 4.0. Systems providing a simple recorder 
function are less common. For these two reasons, it makes sense to question the common 
approach of separating conditioning, logging, and analysis/evaluation. It is a natural de-
velopment to decrease the time from measurement to analysis result.  

Filter out a small stationary fundamental tone from a relatively noisy signal, low SNR is 
drastically improved when using an FFT and utilizing the power of processing gain.  If the 
signals have a transient appearance or a complex composition a better SNR/SFDR should 
be fought for. These kinds of signals are possibly processed/filtered in some way before 
being recorded by the backup system. If the spurs can be kept low, the SNR requirement 
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is believed to be relaxed.  

Requiring a 24-bit ADC excludes some of the highly integrated analog front ends with the 
fine-tuned SNR and SFDR. Focusing on the needed performance and maybe accepting a 
20-bit resolution could save power, money, area. Also, the requirement includes more DAQ 
vendors to choose from. A reduction in the number of bits will also reduce workload, net-
work bandwidth, and storage requirements.  

The adjustment of gain and offset has historically been controlled by analog potentiome-
ters. A cumbersome job when the number of channels increases and in the presence of 
analog outputs the effort is doubled. By introducing some of the automatic concepts the 
calibration can be performed more frequently, the temperature drift can be compensated 
for, and the yearly calibration can be reduced to cover the voltage reference of the mod-
ules. 

Buffering the signal via an ADC/DAC solution will introduce a delay that could complicate 
the comparison with signals traveling a parallel path to the same analysis instrument. In 
the field user case with the modules separated more than 100 m, the required analog out-
puts would have to be accompanied with an analog front end of the analysis hardware. 
The need to forward the raw data to a secondary system could alternatively be satisfied 
by implementing a real-time data stream. provided the secondary system has support for 
data streams, the SNR will gain from that. The alternative of a signal splitter in front on the 
DAQ module, will work similar to a built-in buffer. An important difference is that back up 
DAQ and analysis DAQ will have the possibility to sample the signal at the same time. 

The communication between modules needs to have a very precise synchronization and 
accurate real-time clock. To fully implement a real time network with the required through-
put is at the absolute forefront of what is provided today. The real advantage and possibil-
ities of such an implementation will not be utilized, why standard gigabit network is the 
better option. Some system offers both solutions in parallel, which might make sense if the 
system in the future will implement control features.     

The large overhead cost for chassis based DAQs, like PXI, makes them less suitable for 
small module sizes. Considering the requirement of having the same system for both user 
cases promote more decentralized standards.  

 

6.2   Method 

 
The subject of DAQ is very wide-ranging, there is always something more to be explained. 
I have emphasized the parameters that are an option and can be controlled by the buyer, 
without excluding important details that describe the unity.  

The strategic choice of not trying to have a mutual agreement on all requirements possibly 
saved a lot of time. At the same time, it led to a result less specific and with less depth.  

I found it difficult to find academic sources or books about mid-segment of DAQ design. 
The reason for that, I am speculating, is because the research is conducted inside the R&D 
department of companies in the business. The high-performance DAQ systems being used 
in particle accelerator experiment was unproportionally well documented, related to the 
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number of existing particle accelerators. That is likely to depend on the fundings usually 
origin from official sources. Documentation of low-performance DAQ systems were the 
most found, probably because it is in reach for hobbyists and students. 

Alternative methods being used are: 

 Patents 
To get inside companies’ R&D departments I started to look for patents. I found a 
few patents, but it was not a very time-efficient method to cover a large subject. 

 Company contacts 
Most companies have a very business-oriented approach to new contacts. Trying 
to contact companies as a student was a struggle. When establishing contact as a 
company representative, I had better luck. After getting some general information 
from the salesperson, trying to get in-depth knowledge required more rare re-
sources in the company. That required more effort in presenting a business case. 
Consequently, making the progress very slow.  

 Reverse engineering to get a feeling of popular IC brands, and relevant circuits, 
was an effective method.         

Finding interesting papers with Google and accessing them via the University library gave 
many matched results to continue with.  

I did avoid forums and blogs as sources. Since my work was purely theoretical, I could not 
verify the methods proposed.  

I had trouble verifying the trustworthiness of one source [2], for market trends. The infor-
mation was used carefully and partly correlated with alternative sources.    

 

6.3   Work in a wider perspective 

An oil or gas turbine consumes massive amounts of fuel, counted in kg or liters per second. 
The output emissions do heavily depend on the combustion efficiency; Are the flame tem-
perature, the fuel/air mix, the pressure, etc. optimal or will excess unburned hydrocarbon, 
nitrogen oxide, carbon dioxide, etc. be produced. To maintain the optimum condition for 
efficient combustion, the process needs to be close to the limits of combustion instability, 
material strength, and lifetime limits. The more precision delivered by the measurements 
the finer the combustion process can be tuned; greener fuel will be enabled, emissions 
can be reduced, and lifetime is preserved. Thus, providing less stress on the nature and 
environment.        
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7. Conclusion  
 
The report gives insight into the data acquisition process, highlighting important concepts 
and presenting alternative implementations. Several constraints in DAQ system design 
have been discussed. By carefully considering these limitations, a better-performing sys-
tem could be specified. Gains will come in higher accuracy, better availability, less mainte-
nance, better price, etc.  

The toughest requirements were analog outputs with buffer and replay capability, fine de-
tails in a fixed large input range, and synchronization between distributed modules. 

Alternative methods have been discussed, such as digital data streams, precise computer 
setup of sampling, and time synchronization via external NTP and internal PTP. 

The insight from this report can be used to reformulate the DAQ requirements. Further, 
the review of market trends indicates the direction of modern DAQ systems. Thus, advis-
ing the current instrument/measurement strategy to be reevaluated.  

 

7.1   Future work 

The work of this report could be completed with a similar approach to the software side 
of DAQ systems. How can the data be stored and accessed in the long run? What file 
format and data base to use? How to serve hundreds of people to access and display live 
and historical data. The need of comparing all type of data is just growing. It is one thing 
to handle slow and fast sampled one dimensional data. The analysis is much more efficient 
if video streams, CAD files, calculations, and historical data could be combined.    
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8. Appendix A 
 

8.1  Review questions with answer 

 
“What are your requirements of a backup measurement recorder? “The need to have” 

- Performance  

Largest measurement range (AC + DC) of the signals? 

+-24V 

How fast signals needs to be acquired?  

(50kSa) Band width 20kHz. Different between modules to reduce amount of data. Slow signals (temp, 
static pressure) could be sampled around 100Sa/s 

The smallest amplitude of interest? 

Go with 24-bit ADC to have margin. Variable between modules to reduce data, 16 bit to 24. Hard to 
specify smallest signal of interest. Let’s say 10% of weakest sensitivity (pressure signal of 0,2mV/mbar) 
-> 20 uV. 

Which is the minimum, typical and maximum channel count?  

Minimum 3-4 channels, maximum channels today 24*13. Min is preferably 8ch. 32ch is good since it is 
common as sub block size regarding other equipment.   

The current recorder hardware has single ended inputs. Have you encountered any disturbance 
problems because of this? 

No problems encountered at local test rig. Maybe it has created problem at costumer site, but no root 
cause analysis performed. I know we had some input impedance problem when hooking up several 
measurements to one amplifier output. 

To what level do the logging need to be synchronized with other systems? (is it enough to be 
within the same second)  

It is enough if timestamp is within 1 sec from absolute time. Sometime long distance between instru-
ments-> robust sync. A big drawback with today’s system is that timestamp might differ up to 1 sec 
between units. The difference between units should be less than one sample. 

- Control 

What interface to set up the system do you prefer? (knobs and buttons, pc interface, memory 
card, etc) 

Pc control only. Few controls on instrument, maybe a start/stop. A control for playback is useful. 
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What information do you need from the system during a recording? (All the way from simple indi-
cation led to a live view of the signal)  

Filtered information like measured max amplitude, Amplitude and Saturation warning. Recording indica-
tor. Display showing remaining space/time with current settings. General Error indicator. 

Do you require to have acquisition parameters adjustable, such as amplitude range and sample 
speed?  

Lower performance to save data. Lower range for less ad-bits and slower sample rate. Do not change 
resolution, use 24bit. Possible to change sample speed. A limit of file size or duration is useful for further 
processing. Smaller files are needed. 

- Features  

In what format would you like the data to be stored and to what kind of media?  

TDMS. Wave. uff universial file format. Matlab fileformat. 

Store to USB memory, hard drive and NAS 

How is the online bypass/playback function being used? Are there any alternatives? 

An alternative is to have a separate hardware for signal duplication and isolation/buffering. It has hap-
pened that signal feed through failed with current system. 

A case where buffered output with playback is useful: A sudden unpredicted behavior force the moni-
tored machine to shut down. Before restarting, the captured data can be replayed though the analysis 
equipment and necessary adaptations can be made before a rapid restart can take place. 

When is the offline playback function used?  

During offline evaluation. If no data locally, the data is being fetch from the NAS before being replayed. 
It is also useful as signal source for evaluation of new DAQ systems. The individual BNCs might be 
reduced to a few multi connectors to facilitate neater format. 

Is it crucial to have that function built into the recording device? 

A smaller solution would be nice. As previously said, it has been useful during prototype testing. 

Are you missing the functionality to manipulate the input signal in some way? (DC filtering for 
example) Not needed, the signal should be as raw as possible. If lower sampling option will be imple-
mented this needs to be low pass filtered 

Do you see any risks with implementing event driven logging? 

That we miss the event because of poor setup. Not suitable for prototype testing because of less known 
signal behavior. Individual and repeated start and stop will make the evaluation much harder. Good for 
troubleshooting disturbances. Buffer needs to be 30min. Make a complete recording in parallel, if event 
logging is fine then discarding the full recording. Keep all, that is safer and simpler because storage is 
cheap. Useful to always start at the same speed. 

- Other 

Are Coherence to specific (gas-turbine) standards or regulations needed?   
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Check specification on latest vibration measurement system to get ideas. Equipment with certain per-
centage of US made components will lead to export restrictions, embargo. No relevant standard (API, 
ISO) specifies the recorder equipment. 

Pros and cons of current system, black box: 

Pros: 

Master slaver setup, where one unit control all. Good display and information. USB is convenient. Replay 
functionality. 

Cons: 

Reliability, touch control. Troublesome setup. Large size. Have had overheat issues 

What equipment are being used by other sites? 

IMC Cronos flex with manual transfer to NAS.” 
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