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In recent years, technological advancements in microelectronics and sensor technologies have
revolutionized the field of electrical engineering. New manufacturing techniques have enabled a higher level of integration that has combined sensors and electronics into compact
and inexpensive systems. Previously, the challenge in measurements was to understand the
operation of the electronics and sensors, but this has now changed. Nowadays, the challenge
in measurement instrumentation lies in mastering the whole system, not just the electronics.
To address this issue, this doctoral dissertation studies whether it would be beneficial to consider a measurement system as a whole from the physical phenomena to the digital recording
device, where each piece of the measurement system affects the system performance, rather
than as a system consisting of small independent parts such as a sensor or an amplifier that
could be designed separately. The objective of this doctoral dissertation is to describe in depth
the development of the measurement system taking into account the challenges caused by the
electrical and mechanical requirements and the measurement environment. The work is done
as an empirical case study in two example applications that are both intended for scientific
studies. The cases are a light sensitive biological sensor used in imaging and a gas electron
multiplier detector for particle physics.

The study showed that in these two cases there were a number of different parts of the measurement system that interacted with each other. Without considering these interactions, the
reliability of the measurement may be compromised, which may lead to wrong conclusions
about the measurement. For this reason it is beneficial to conceptualize the measurement system as a whole from the physical phenomena to the digital recording device where each piece
of the measurement system affects the system performance. The results work as examples of
how a measurement system can be successfully constructed to support a study of sensors and
electronics.

Keywords: Measurement systems, instrumentation design, development, bacteriorhodopsin,
gas electron multiplier detector
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Chapter 1

Introduction
Over the past few years, technological advancements in microelectronics and sensor technologies have dramatically changed the field of electrical engineering. New manufacturing
techniques have enabled a higher level of integration that has combined sensors and electronics into compact and inexpensive systems within everyone’s reach. The opportunity to
measure the world around you is no longer a privilege of a selected few working closely with
electronics. This development has led to a rapid growth in the use of sensors and electronics and widespread utilization in applications where the use of sensors and electronics has
hitherto been impossible.
Previously, the challenge in measurements was to understand the operation of the electronics
and sensors, but this has changed over recent years. Nowadays, even though instrument
consisting of a sensor with appropriate electronics are relatively easy to use, the challenge
in measurement instrumentation lies in mastering the whole system, not just the electronics
(Staiger, 2009).
Naturally, the challenges come from the electronics, but also from unknown sensor characteristics and the measurement environment. Measurement conditions such as electromagnetic
interference, ambient lighting, radiation, and high magnetic fields present in the measurement environment add requirements to the measurements. In addition to the electrical system
design and the measurement environment, other related fields such as mechanical design and
usability have to be taken into consideration.
To study and develop new sensors and related electronics, a measurement instrumentation has
to be constructed. This raises a question of whether it would be beneficial to conceptualize the
measurement system as a whole, from the physical phenomena to the digital recording device,
where each piece of the measurement system affects the system performance, rather than as
a system consisting of small independent parts such as a sensor or an amplifier that could
be designed separately. Understanding of this whole measurement chain from the physical
phenomena to the digital recording device is crucial, because even if a single component can
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achieve a high performance in a measurement system, other system components may degrade
overall system performance. This is especially harmful if the source of degradation is not
understood, or even worse, goes unnoticed, because wrong conclusion may be drawn about
the measurement. An example of this problematic is the report of the OPERA experiment
that erroneously measured the neutrinos to travel faster than light (Adam, T. et al., 2012).
To address this issue, this doctoral dissertation concentrates on describing the development
of a measurement system and highlighting the related challenges in two example applications
that are both intended for scientific studies. The example applications that are used in this
study are
1. A light sensitive biological sensor used in imaging;
2. A gas electron multiplier (GEM) detector for particle physics in the Large Hadron
Collider (LHC).
The objective of the doctoral dissertation is to describe the development of the measurement
system, discuss the challenges caused by the electrical and mechanical requirements and the
measurement environment, and propose a solution to them. A practical objective of the work
is to develop measurement systems for the two cases studied. The work explains in detail the
development and verification of these two measurement systems.
The study is carried out as an empirical case study with these two applications as cases; the
research method is well suited for studies where the number of samples is small, as is the
case here. Another strength of the method is that it is applicable to new research areas or a
research area for which existing theories seem inadequate (Eisenhardt, 1989). The research
method also provides examples that have a high value in scientific development (Flyvbjerg,
2006). This is especially true in the field of instrumentation and measurement, where the
approach is often rather problem than methodology driven.
As a research method, case study focuses on understanding the dynamics present within a
single setting (Eisenhardt, 1989). A case study can be exploratory, descriptive or explanatory in nature (Yin, 2009). This study focuses on describing in depth the development of
the measurement systems but is also exploratory since it tries to acquire new insight about
the characteristics present in measurement system development. Yin (2009) also notes that
case studies are often used to answer the questions ”how” and ”why”. This study, however,
answers the questions "what" and "how".
The two cases were chosen based on their availability for the research. In both of these cases,
development of a measurement system was required to enable future research. The intended
future research set the requirements for the measurement system and the researcher therefore
had no control over them. Lack of control over these cases and the small number of samples
support the selected research method.
Both cases are measurement systems with a number of differences in physical size, measurement environment and complexity. The first case applying a light sensitive biosensor focuses
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on studying the interface between the sensor and the front end. The work provides new information and methods on sensor characteristics and how the measurement front end affects
the measurements. The first application needs a relatively small measurement setup, which
is common when measuring a single sensor in a laboratory environment. The data acquisition of the system can be carried out using an oscilloscope without a need for extensive data
storing or analysis capabilities.
The second case, which concentrates on the development of measurement electronics for
particle physics is a large-scale research project. The measurement system to be designed
consists of hundreds or thousands of measurement channels. Research of this scale requires
significant data storing and analysis capabilities to cope with the large number of measurement channels. Because of the scale of the research project, the study concentrates on a
specific part of the measurement system. The dissertation focuses on the measurement chain
from the front ends to the data processing unit.
The work provides new results on the development of measurement instrumentation in these
challenging applications. The results will help instrument designers as well as engineers and
physicists in the development and testing of new measurement systems. In particular, the
results provide answers to the following questions about the measurement system:

1. Would it be beneficial to develop a measurement system as a whole in the selected
cases?
2. What are the main characteristic that need to be taken into account in these two cases
in respect of measurement system design?
(a) How does the measurement environment affect the development of the measurement system?
(b) How should the shielding from electromagnetic interference be taken into account
during the measurement system development?
(c) What other requirements need to be taken into account?
3. How should the measurement system be implemented in the selected cases?

Most importantly, the results of this study provide examples of how a measurement system
can be successfully constructed to support studies on sensors and electronics.
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1.1

Scientific contributions

The main scientific contributions of the doctoral dissertation are the following:
1. Development of a measurement system for dry bacteriorhodopsin (bR) sensors;
2. New observations of the light-dependent photoelectric response from a dry bR sensor;
3. New method for modeling the light-dependent photoelectric response from a dry bR
sensor;
4. Determination of the error caused by the amplifier to the photocurrent response measurements;
5. Development of a large-size motherboard for triple GEM detectors to be used in the
LHC during the high-luminosity phase.
These scientific contributions of this doctoral dissertation come from five publications presented in international conferences or journals. To demonstrate the scientific contributions in
more detail, an overview of the publications is presented in Table 1.1. The table summarizes
the objectives of the cases and the individual publications along with the research questions,
methods, and main results of each publication.

1.1.1

Author’s contributions

The author is the primary author in Publications 1–3 and 5. The author is responsible for
the theory and implementation of the measurement system in these publications. The data
taking, analysis, and results were also mostly provided by the author. In Publication 4, the
author was one of the coauthors of the publication. The author contributed to this publication
by planning the part of the measurement system that the publication describes. The part of
the measurement system planned in Publication 4 by the author is implemented and verified
in Publication 5.

Time-variant
electrical
equivalent circuit of a dry
bacteriorhodopsin sensor

Solve how the intensitydependent behavior of the
bR can be taken into account in sensor modeling

How can the intensitydependent behavior of
the bR be modeled and
simulated?

Literature study and electrical measurements

Method for modeling photocurrent responses of a dry
bR sensor at a given light
intensity

Objective

Research
question

Method

Main
result
Validation of the proposed
model even if the intensity
of the light source is varied.

Electrical measurements

Is the proposed model functional even if the light intensity is varied?

Test whether the proposed
method for modeling photocurrent responses of a dry
bR sensor is functional if
the light intensity is varied

Validation of a TimeVariant Electrical Equivalent Circuit for a Dry
Bacteriorhodopsin Sensor

Estimation of the amplitude
and time constant errors
caused by the limited rise
time of a transimpedance
amplifier

Electrical simulation

How does the limited rise
time of the transimpedance
amplifier distort the photocurrent measurements?

Illustrate and determine
the effect of the transimpedance amplifier on
the photocurrent measurements

Amplifier Errors in a Dry
Bacteriorhodopsin Sensor
Measurements

Proposition of a data acquisition system to be developed for a triple-GEM
detector

Literature study

What kind of a data acquisition system is required to
read out triple-GEM detectors?

Introduce the application
and propose a data acquisiton system for the CMS
forward muon spectrometer

Development of the data
acquisition system for the
Triple-GEM detectors for
the upgrade of the CMS
forward muon spectrometer

Large-size printed circuit
board for connecting and
powering 24 front end chips

Electrical measurements

How can high-speed signaling and grounding of 24
front ends be carried out
without exposing the system to electromagnetic interference?

Find a method for connecting and powering 24 frontend chips on a triple-GEM
detector

Development of a GEM
Electronic Board (GEB) for
triple-GEM detectors

Publication 5

Publication 4

Publication 3

Publication 1

Publication 2

Study the development of a part of a measurement system for particle physics.

Study the development of a measurement system for a biological sensor.

Title

Objective
of the case

Table 1.1: Summary of the publications and the cases of the doctoral dissertation.
1.1 Scientific contributions
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Chapter 2

Case 1: Measurement
instrumentation for a light sensitive
biological sensor
The first case chosen for study focuses on a light sensitive protein called bacteriorhodopsin
(bR). This case is a small research project that requires development of a measurement system to study the photoelectric response from the bR. This chapter introduces previous studies
on bR and explains the need for further study. The development and verification of the measurement system are also discussed in detail.
The work presented in this chapter is related to Publications 1 through 3. A literature study on
the dry bR sensors along with the proposed method for modeling the light intensity dependent
behavior of the bR is reported in Publication 1. Publication 2, again, focuses on validating the
proposed model at 13 different light intensities. Finally, Publication 3 discusses errors in the
photocurrent measurements that are caused by the limited rise time transimpedance amplifier.

2.1

Bacteriorhodopsin sensor

Bacteriorhodopsin is a photosensitive protein that functions as a light-driven proton pump.
This protein has been under intensive research because it has been considered an important
biomolecule for biochemical and technology-oriented studies (Hampp, 2000). The popularity of bR as a research target can be explained by its several favorable characteristics: an
ability to function and survive under extreme environmental stress (Trissl, 1990; Silfsten
et al., 1996; Xu et al., 2003; Walczak et al., 2008), a high quantum efficiency (0.65) (Tittor and Oesterhelt, 1990), and a storage life of years (Vàrò and Keszthelyi, 1983). So far,
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various technical applications in optoelectronics and biosensing have been proposed, such
as a bio-photoreceiver (Xu et al., 2004), an imaging sensor (Miyasaka and Koyama, 1993;
Lensu, 2002; Takamatsu et al., 2005, 2011; Wang et al., 2008), an optoelectronic logic gate
(Prasad and Roy, 2012), and a protein-based optical memory (Hampp, 2000; Stuart et al.,
2002).
The bR has been studied in both wet and dry states. Studying wet bR samples has been
more common although dry bR sensors have been more popular in technical applications
because of their suitability for integration into semiconductor devices (Lensu, 2002). In
technical applications, the dried bR is often used as a thin or thick film sensor. The film is
considered thin if the coating thickness is less than 5 µm, and thick if it is exactly or more
than 5 µm. Thin films containing only one layer of bR are more sophisticated and easier to
model because the interactions between the different bR layers do not have to be taken into
account. An advantage of the thick films is the easier preparation of the sensors. Both the thin
and thick films can be used to study the optical and electrical properties of the bR (Lensu,
2002).
The sensors used in this study are thick dry bR films, Figure 2.1. The sensors were prepared by mixing a water solution of purple membrane (PM) fragments with polyvinyl alcohol
(PVA). The substance was spread on a conductive SnO2 -coated glass, where the conductive
coating formed an electrode. During the polymer drying process, no active means was used to
orient the PM patches. The second electrode was prepared by sputtering a thin layer of gold
on the dried bR-PVA film. A more detailed description of the sensor preparation procedure
can be found in (Lensu, 2002).

Figure 2.1: Dry bacteriorhodopsin sensor produced by sandwiching a bR-PVA solution between a conductive glass and a thin layer of gold (Tukiainen, 2008).
Upon excitation of light to the dry bR, the bR generates a photoelectric response. The photoelectric response can be measured using for example a voltage or transimpedance amplifier.
Depending on whether a voltage or transimpedance amplifier is used, the response can be
measured as a photovoltage or a photocurrent. Both of these responses have a characteristic
shape, see Figure 2.2.
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τI1
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1
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Light on
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Figure 2. Photocurrent
pulse response
represented
by time
two time
constants,
Figure 2.2: Photocurrent
pulse response
represented
by two
constants;
τI1τI1whenFigure
the light
3. Normalized photovoltage step response when the
when the light is on and τI2 when the light is off (a). The photovoltage step
is on, andτI2 when
the
light
is
off
(a).
The
photovoltage
step
response
showing
a
third
time
on
and
off. The measured photovoltage decays faster wh
response showing a third time constant τV3 (b)
switched
on compared with a case when the light is switched
constant τV3 (b) (Note different time scales in the two parts of the figure.) (Talvitie
et al.,
from the authors’ previous work [18])
2013).

Recently, Wang et al. [17], Walczak [7], and Miyazaki et
al. [23] have reported that the bR capacitance varies depending
RP CP(EV)
on the illumination of the bR sensor. It was also found in a
IP
previous
measurementresponses
[18] thatis the
time
varies
andthe amplitude
Common to the
both photoelectric
a fast
riseconstant
time, after
which
cannot be modeled with a linear time-invariant (LTI) model.
starts slowly to decay back to the initial state. The difference between the photovoltage and
V P RI
An example of this kind of a light-dependent response is shown
RM
CM
~ E
photocurrent response
the decay
time. Formeasurement
the photocurrent
the decay time P
in Fig. 3, iswhere
a photovoltage
resultresponses,
is shown to
is submilliseconds.
decayconstant
of the photovoltage
onexperiments,
the other hand, may take
define The
the time
τV3 (see Fig. response,
2b). In the
seconds or even
minutes.
The
decay
time
of
the
photovoltage
response
depends
the step response was measured both when the light
was on the input
Figure 4. Proposed electrical equivalent circuit . The compon
impedance of switched
the voltageonamplifier
used
in
the
measurements
(Tukiainen
et
al., 2014).
and when it was switched off. Two different
model the membrane impedance, andCP and RP model the ph
instrumentation amplifiers with two different input resistances
the bR sensor. RIN and CIN model the input impedance of t
Challenges with
dry and
bR sensors
facttothat
photoelectric
of the
2 MΩ
44 MΩcome
werefrom
usedthe
also
testtheir
the effect
of the functionality
instrumentation. The light-dependent behavior is modeled by
input resistance
on the response.
is still partly unknown.
Understanding
the functionality of the bR has been important
CP(EV). in
explaining its properties and especially to evaluate its suitability for technical applications.
Fig. 3 shows that the photovoltage time constant τV3 varies:
The functionality
can be studied by
a number
of different
methods
such as polynomial
fitting
it approximately
doubles
when
the light
is switched
off
illumination CP(EV) as proposed in the electric
(Hong and Mauzerall,
1974;
Trissl,
1990)
or
estimation
of
induced
charges
(Keszthelyi
compared with the case when the light is switched on. The
circuitand
presented in Fig. 4.
Ormos, 1980).effect
One approach
is to electrically
model to
thewhat
behavior
of the dry
of illumination
was also similar
was reported
bybR sensor and
the analog front
end connected
to it.
advantage
of the
electrical
modeling
withproposed circuit has four unknown senso
Wang
et al. [17].
In An
their
study, the
time
constant
becamecomparedThe
The
effect
other methodsapproximately
is that it can be
to the sensor
and clear
electronics
design
twoapplied
times longer.
It is also
that the
step regardless of of the membrane RM and CM can be e
the photocurrent measurement. A tra
whether the analog
electronics
is integrated
the sensor
in the silicon orusing
whether
response
does not
follow ainto
typical
first-directly
or second-order
amplifier
with the input resistance RIN of
exponential
since
steepness
of the voltage decay
a separate integrated
circuitfunction
is used for
the the
signal
processing.
connected
to
the electrical equivalent in Fig. 4 sho
varies. This change along with the changes in the time constant
and
C
.
This
reduces the electrical equivalent circ
M
τV3 caused by the illumination dependence of the bR sensor
order circuit, with a time constant τI = RPCP(Ev).
complicate the determination of the component values for the
model shown in Fig. 1.
III. EXPERIMENTS
To solve this problem in modeling the electrical behavior of
Measurements and Matlab simulations were u
the bR sensor during the illumination, a new approach is
the
proposed model. The hypothesis of an illumin
needed. One solution is to express the capacitor as a function
capacitance CP(EV) was tested by measuring the
of
and estimating the light-on time constant τI1 and
time constant τI2. The test setup consisted of a li
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A number of different electrical equivalent circuits for bR sensors have been proposed in the
literature (Hong and Mauzerall, 1974; Trissl, 1990; Vàrò and Keszthelyi, 1983). Common
to all these models is that the photoelectromotive force Ep is connected to the measurement
instrumentation through a capacitance Cp . The bR membrane consisting of a membrane resistance Rm and a membrane capacitance Cm is generally accepted to be modeled in parallel
with the measurement instrumentation, as presented by Hong (1999). An electrical equivaHong
/ Progress
in Surface
62 (1999) 1±237
57
lent circuit presented byF.T.
Hong
(1999)
is shown
in Science
Fig. 2.3.
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Figure 2.4: Proposed electrical equivalent circuit. The components Rm and Cm model the
membrane impedance, and Cp and Rp model the photoactive part of the bR sensor. CIN and
RIN model the input impedance of the measurement instrumentation. The light-dependent
behavior is modeled by the capacitance Cp (EV ) (Talvitie et al., 2013).
sistance to the photocurrent path, but their effect can be neglected as the resistance is only
a fraction of Rm , which is in parallel with the input. Therefore, the measurement using the
transimpedance amplifier can be assumed as a short-circuit. The membrane resistance Rm
has been reported to be over 10 MΩ (Walczak et al., 2008; Wang et al., 2006). This reduces
the electrical equivalent circuit into a first-order resistor-capacitor (RC) circuit with a time
constant τI = RpCp (Ev).

2.2

Development of the measurement system

Verification of the proposed model required the development of a system to measure the photocurrent Ip using a transimpedance amplifier. The measurement system consists of a dry bR
sensor, an amplifier, and an oscilloscope. The transimpedance amplifier used in this study is
a two-stage amplifier. The advantage of a two-stage amplifier is that the required gain can
be shared with both stages of the amplifier, which enables higher bandwidth compared to
a single stage amplifier. The reduced gain of the first amplifier stage also makes the transimpedance amplifier less sensitive to the parasitic capacitance in the feedback loop. This
parasitic capacitance in the feedback loop arises from the resistor parasitics and the parasitics introduced by the printed circuit board (PCB) layout. The drawback of the two-stage
amplifier design is the degraded noise performance (Graeme, 1996).
The first stage of the amplifier consists of a basic transimpedance amplifier with a transimpedance gain of 14 000, Figure 2.5. The second stage of the amplifier consists of a
voltage amplifier with a voltage gain of 111. The amplifier achieved a bandwidth of 640
kHz with a total gain of 123.8 dB. More information about the linearity can be found in Appendix A. The output of the amplifier was connected to an oscilloscope using a Bayonet
Neill-Concelman (BNC) cable.
For the light excitation of the sensor, a Cavitar CAVILUX Smart laser diode was selected as
the light source. The peak wavelength of the laser is 690 nm, the pulse width Tp is 10 µs, and
the pulse rise time is 26 ns. The power of the laser is 400 W. The peak wavelength of the
laser is not ideal as the peak absorption of the wild-type bR is around 568 nm, which means
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Figure 2.5: Circuit of a two-stage transimpedance amplifier used in this study. The two-stage
design enables an higher bandwidth at the expense of the noise performance.
that the excitation of light with 690 nm will result in lower amplitudes of the photoelectric
responses from the bR. The maximum pulse width of the selected light source is also short
enough so that the resistance Rs of the DC photocurrent can be neglected.
In addition to the components of the measurement system, the optical, mechanical, and electrical requirements have to be defined for the measurement system. These comprise
1. Continuation of the conductive casing to shield against electromagnetic interference
(EMI);
2. Isolation from the mains to remove coupling of the mains;
3. Option to monitor the intensity of the illumination;
4. Minimization of optical reflections.
To meet these requirements, the measurement instrumentation and the bR sensor were decided to be placed inside a shielded enclosure to minimize the electromagnetic interference
from the light source and other surrounding electronics, Figure 2.6. A path for the illumination was provided by drilling an opening to the enclosure. The constant conductive shielding
was ensured by placing a piece of conductive glass and gluing it to the enclosure with conductive epoxy. This way, the illumination could penetrate the enclosure without compromising
the shielding from the EMI.
The possible optical reflections were minimized by placing the bR sensor close to the opening
and painting the inside of the enclosure with matt black. The opportunity to monitor the
intensity of the illumination was achieved by placing a photodiode after the bR sensor. Thus,
the photodiode can measure the shape of the light pulse going through the bR sensor. The
photodiode can also be used as a trigger in the measurement. The measurement system

sensor and the oscilloscope so the series capacitor introduced
by the AC-coupling does not load the bR sensor.
From each measurement, 1E+6 data points (with a
sampling frequency of 5 GSa/s) were stored to represent the
fast changes and enable further processing of the data. The
measurements were made at a room temperature of 25 ºC and
2.3 Results and discussion
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Figure 2.6: Developed measurement system for the photocurrent measurements on a dry bR
sensor. The figure shows the optical fiber for laser on the left, the BNC cable from the amplifier on the top, and the BNC from the photodiode on the bottom of the enclosure (Talvitie
et al., 2015b).

Fig. 4. Test setup used during the measurements. The figure shows the light
source on the left, the metal enclosure and the BNC cables to the oscilloscope.

excluding the light source was decided to be battery powered to isolate it from the mains.
This was done to prevent the conductive electromagnetic emissions from adding noise to the
measurement system. The batteries were also placed inside the shielded enclosure.

2.3

Results and discussion

The developed measurement system and the proposed electrical equivalent circuit were verified by testing the system to measure a photocurrent response. The measurements were taken
without any ambient illumination to prevent its potential effect on the measurement. The
measurements were made at a room temperature of 25 ◦ C.
Data acquisition of the measurements was performed with an Agilent DSO81204A 12 GHz
oscilloscope and an Agilent E2697A 500 MHz 1 MΩ high impedance adapter. The oscilloscope was set to an alternating current (AC) coupling to remove the DC offset, and averaging
of ten consecutive response measurements was used to reduce the noise. This approach improved the signal-to-noise ratio (SNR) without affecting the dynamics of the photocurrent
response. The AC coupling has no effect on the photocurrent measurement because it introduces a high-pass filter that has a cut-off frequency of 7 Hz, whereas the measured pho-
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It can be seen from Figure 2.7 that the time constant of the photocurrent response changes
depending on whether the light is switched on or off. The time constant in τI1 is around 6 µs
and the time constant τI2 is around 20 µs. Thus, the light-off time constant is over three times
as large as the light-on time constant. However, it has been reported by Wang et al. (2006)
to be approximately two times longer. This difference between the time constants might be
caused by the bR sensor, which was a thick film in our case and a thin film in the case of
Wang et al. (2006). Figure 2.7 also shows that the simulated responses match the measured
signal. This confirms that the proposed model with the intensity-dependent capacitor models
the photocurrent response from the dry bR sensor with a high accuracy.
A closer examination of Figure 2.7 shows that the rise time of the response is not zero as it
would be in an ideal case. The nonzero rise time is mainly due to the limited bandwidth of
the transimpedance amplifier. This limitation affects the interpretation of the amplitudes of
the photocurrent responses and may also alter the measurement results. Therefore, the error
caused by the limited rise time of the transimpedance amplifier was estimated by simulations.
The simulation setup is shown in Figure 2.8.

2.3 Results and discussion
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Figure 2.8: Model used to simulate the error caused by the limited rise time of the transimpedance amplifier on the photocurrent measurements (Talvitie et al., 2015a).

The simulations showed that the limited rise time of the transimpedance amplifier distorts
both the peak amplitudes and time constants of the measured response. This distortion causes
the measured amplitudes to appear smaller than they actually are. The simulations also show
that the smallest measured amplitude has the largest relative error. The measured amplitude
was 74.9% of the actual one. The largest relative error is due to the fact that the time constant
corresponding to that amplitude was the shortest. The shorter the time constants get, the more
the limited rise time of the amplifier affects the peak amplitudes. The longest measured time
constant was with the measured amplitude of 235.2 nA. In this case, the measured amplitude
was 94% of the actual amplitude.
Correspondingly, the limited rise time causes the measured time constants to be longer than
they actually are. In the case of the time constants, the largest relative error is with the shortest
measured time constant similarly as with the amplitude error. The measured time constant is
13.3% larger than the actual time constant. The largest measured time constant is only 1.5%
larger than the actual one. By using the results from the simulations, the amount of error in
both the amplitude and time constant can be estimated.
To study the photocurrent response of the dry bR sensor further, photocurrent measurements
on a dry bR sensor were carried out at 13 different light intensities. The first photocurrent
measurement was performed at the full intensity of the light source. After that, the light
intensity was reduced by 6.25 percentage points before each measurement until only 25% of
the full intensity was in use. Two examples of the measured photocurrent responses at the
highest and lowest intensities are shown in Figures 2.9a and 2.9b.
The measured photocurrent responses clearly show a low SNR especially at the lower intensities. To cope with the low SNR and to extract the amplitude and time constants from the
measurements, the signals were preprocessed applying a total variation denoising method.
The method was selected to enable the nonlinear least-squares fitting of the two models with
two exponential components to the responses without excessive manual tuning of the initial
model parameters and constraints for the fitting process. The root-mean-square error (RMSE)
values in the figure legends show a good correspondence between the models and the data.
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(a)

(b)

Figure 2.9: (a) Photocurrent response measured with a 100% light intensity and the transimpedance amplifier, the fitted model for the light-on component (solid line), and the model
for the light-off component (dashed line). (b) Photocurrent response measured with a 25%
light intensity and the transimpedance amplifier, the fitted model for the light-on component
(solid line), and the model for the light-off component (dashed line) (Talvitie et al., 2015b).
Based on the measurements and with the help of the fitted exponential models, the peak
amplitudes of the photocurrent responses are extracted, see Figure 2.10. On average, the
peak amplitude of the light-on part is approximately three times as high as that of the lightoff part. It should be noted that the measurement was influenced by the limited light-on
time of the laser system (pulse width), which is why the light-on part of the response does
not decay back to the initial level, as can be seen in Figures 2.9a and 2.9b. This limitation
affects the interpretation of the light-off amplitudes. As explained before, the amplitudes are
also affected by the rise time of the amplifier. Based on the simulations on the effect of the
limited rise time of the transimpedance amplifier, the peak amplitudes without the effect of
the limited rise time were estimated and added to Figure 2.10.
The estimated peak amplitudes show that the actual amplitudes are 7.5%–33% larger than the
measured ones. Despite this, the linear behavior of the peak amplitudes when the intensity is
changed remains the same. Based on these results, we may conclude that both the light-on
and light-off peak amplitudes of the photocurrent responses increase linearly with the light
intensity. This is the case even if the error caused by the linearity of the amplifier is taken
into account.

2.3 Results and discussion
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Figure 2.10: Dependence of the photocurrent response amplitude on light intensity (Talvitie
et al., 2015b).
In addition to the peak amplitude measurement, the time constants in both the light-on and
light-off cases were extracted from the photocurrent measurements applying the total variation denoising method. The measured time constants along with the ones corrected by using
the simulations on the limited rise time of the amplifier are shown in Figure 2.11.
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Figure 2.11: Dependence of the photocurrent response amplitude on light intensity (Talvitie
et al., 2015b).
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Figure 2.11 shows that the time constants both in the light-on and light-off cases are independent of the light intensity, at least when taking into account the limited SNR of the measurements and the accuracy of the model fits. Because the light-on and light-off time constants
remain approximately constant even if the light intensity is varied, we may conclude that the
proposed model with the light-dependent capacitor can be used to model the photocurrent
response of the dry bR sensor regardless of the light intensity used.
It should be noted that the errors shown in Figures 2.10 and 2.11 were estimated using the
assumption that the rise time of the light source and the bR sensor are ideal. Of course, this is
not the case in reality. Therefore, the estimated errors have to be considered as the maximum
error. In fact, the error is actually smaller as a result of the nonzero rise time of the light
source and the bR sensor.
The results presented here can be used when analyzing and modeling photocurrent measurements from a dry bR sensor. The proposed model makes it possible to take into account the
light-intensity-dependent behavior of the photosensitive biological sensor. An advantage of
the proposed method is that it does not require extensive knowledge of biochemistry. Further,
the developed measurement system acts as an example for others designing similar measurement systems for biological sensors.
In addition, the case shows how the measurement system is developed as a whole taking
into account the sensor, the electronics, mechanics, and the measurement environment. This
is important when designing and evaluating the reliability of measurements. For example,
in our case, the study on the sensor showed that the photocurrent responses of the dry bR
sensor were dependent on the light intensity. Furthermore, the measurement environment
may include ambient lighting along with the laser, the light of which can bounce inside the
enclosure if no actions are taken to minimize these effects. These reflections could increase
the light intensity experienced by the bR sensor. Moreover, this increased light intensity
would also change the photocurrent response because of the light dependent behavior of the
bR. In this study, these effects were taken into account by designing the measurement system
as a whole. This included placing the sensor closer to the opening, painting the inside of the
enclosure matt black, and making the measurement without ambient light present during the
measurements.
Further, the study on the effects of the limited rise time of the amplifier was shown to distort
the measurements. This effect was simulated to understand how it affects the measurement.
An absence of careful design and understanding of each of these issues may lead to inaccurate
measurements. If these issues go unnoticed, inaccurate measurements may lead to wrong
conclusions about the behavior of the dry bR sensors.
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Chapter 3

Case 2: Instrumentation for the
GEM detector for particle physics in
the LHC
The second case chosen for study focuses on the development of a motherboard for Gas Electron Multiplier (GEM) detectors and the readout electronics for particle physics in the Large
Hadron Collider (LHC). The case is a large and a complex research project that incorporates
multiple input channels and an extensive data acquisition system. This chapter introduces the
application and explains the need for further study. In addition to this, also the development
and verification of the measurement system are explained in detail.
The work presented in this chapter is related to Publications 4 and 5. Publication 4 introduces an application that applies GEM detectors to enhance the muon tracking and triggering
capabilities in the Compact Muon Solenoid Experiment (CMS). Publication 4 also proposes
a full data acquisition system needed to reach this target. Publication 5 focuses on a single
part of the data acquisition system described in Publication 4, the GEM Electronic Board.
Finally, the development and initial test on the GEM Electronic Board are explained in detail
in Publication 5.

3.1

Introduction

The world’s largest and most powerful particle accelerator, the LHC has been operational
since 2008. Since that time, the beam energy delivered by the LHC has been increased from
3.5 TeV to 8 TeV. By 2018, the LHC will be operated at 14 TeV, which will increase the
particle rate up to several tens of kHz/cm2 and also increase the integrated charge faced by
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Figure 3.1: Transverse section of one quadrant of the CMS detector showing the proposed
Figure 1. Transverse section of one quadrant of the CMS detector showing the present muon system and the
locations for the GEM detectors at the Muon stations GE1/1 and GE2/1 along with the η reproposed
locations
for thealso
triple-GEM
detectors.
gions.
The figure
shows locations
of different detectors in CMS such as Silicon Tracker,
Hadron Calorimeter (HCAL), Electromagnetic Calorimeter (ECAL), and the muon detectors
such as Resistive Plate Chambers (RPC) and Drift Tubes (DT) (Abbaneo et al., 2014).
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Figure 2. Electronics and data acquisition system architecture proposed for the CMS GE1/1 sub-detector.

The proposed architecture for the readout system is very similar to other LHC experiment upgrades and hence common needs exist between sub-detector systems. Common areas are typically
the power regulation and the optic data transmission link. At CERN, generic developments, such as
the Gigabit Transceiver (GBT) [4], the Versatile Link [5] and DC/DC converters [6] projects have
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the particle detectors. Currently in the Compact Muon Solenoid Experiment (CMS), Cathode
Strip Chambers (CSC) are the only muon detectors used in the high-η region (η) > 1.5)
because of the harsh environmental conditions, see Figure 3.1. The CSC detectors provide
tracking functions with a limited redundancy.

3.1 Introduction
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with readout strips at the bottom of the gas volume parallel to the mesh, a GEM detector
is produced. The GEM can be built to a multistage gas electron multiplier by placing several composite meshes within the same gas volume and biasing each mesh applying suitable
voltages. Advantage of this multistage design is that the overall gain of the detector can be increased by adding more stages (Sauli, 1997). The GEM detectors in this doctoral dissertation
are triple-GEM detectors that have three composite meshes in the same gas volume.
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reading out the strips of the GEM detectors.
Steel

1

0

3.0 5.7°

Silicon
tracker

4.0 2.1°
5.0 0.77°

To use these GEM detectors, a readout system is required. A complete electronics system
is currently under design for the purpose. The proposed electronics system for the GEM
Figure 1. Transverse section of one quadrant of the CMS detector showing the present muon system and the
detectors
consists of two regions: the "on-detector" region and the "off-detector" region,
proposed locations for the triple-GEM detectors.
presented in Figure 3.3.
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The proposed architecture for the readout system is very similar to other LHC experiment upgrades and hence common needs exist between sub-detector systems. Common areas are typically
the power regulation and the optic data transmission link. At CERN, generic developments, such as
the Gigabit Transceiver (GBT) [4], the Versatile Link [5] and DC/DC converters [6] projects have
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The readout from the GEM detectors is performed by using readout strips. The readout strips
are located at the bottom of a thick PCB called GEM Readout Board, which is seen in Figure
3.2. The readout strips are divided into 24 sections, each of which contains 128 strips. The
readout of these 128 channels is carried out through a 130 pin connector placed on top of the
GEM Readout Board.
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The electronic components of the "on-detector" region have to be resistant to radiation. The
electronics of the "off-detector" region are located in the counting room, where standard
electronic components can be used. The electronics in these two regions are connected to
each other using radiation hard optical links.
The proposed on-detector part of the system is optimized for use with the GEM detectors.
This system comprises a front-end readout application specific integrated circuit (ASIC)
for reading out the analog signal from the GEM detectors and sending them to an fieldprogrammable gate array (FPGA) board called an optohybrid. The front-end ASIC called
VFAT3 reads out 128 analog channels from the GEM detector and sends out a trigger when a
particle is detected. Along with the generation of the trigger, the front-end ASIC provides a
tracking function to identify the channels that were hit. Correspondingly, the optohybrid communicates with the 24 front-end ASICs and combines the triggering and tracking information
received from the front ends. This information is then sent to the "off-detector" electronics using the radiation hard optical links. What is currently missing from the measurement
system is the method for powering and connecting the ASICs to the optohybrid.
Challenges of this measurement system arise from the mechanical and electrical requirements. The mechanical requirements come from the predefined area in which the GEM
detectors with the necessary readout electronics and cooling have to fit. The length of the
trapezoid area available for the electronics and the cooling in the Muon station GE1/1 is 1003
mm. The width of the trapezoid area (with a height of 20 mm) is 345 mm at the wider end
and 146 mm at the narrower end. The width of the GEM detector itself is 457 mm at the
wider end and 285 mm at the narrower end, but in this extended area, the height available
above the detector is only 1.8 mm. Previously in the total cross-section, elastic scattering,
and diffraction dissociation measurement (TOTEM) experiment (The TOTEM Collaboration et al., 2008) in a similar system, the connection from the front ends to the optohybrid
was provided by flat cables. Owing to the tight mechanical constraints on the CMS site, this
is not an option.
Correspondingly, the electrical requirements arise from the fact that the system is designed to
pick up low-level signals that are generated by cosmic particles. For this reason, an adequate
noise performance of the system is one of the main concerns from the design point of view.
The noise in the measurements can be increased by a number of different mechanisms; for
instance, it can be induced by electromagnetic interference that radiates from high-speed
signals in the close proximity. It can also couple into the measurement from the power supply.
To solve these problems, a new method for connecting the front ends to the optohybrid has to
be provided.

3.2

Development of the measurement system

Based on the requirements for the method for connecting the front ends to the optohybrid,
three main objectives can be delineated:

3.2 Development of the measurement system
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• to provide stable powering and ground for 24 VFAT3 front-end chips;
• to connect the 24 VFAT3 front ends to the gigabit transceivers (GBT) of the Optohybrid
using high-speed digital signals;
• to shield the GEM detector from electromagnetic interference.

To meet these three main objectives, the design process was started by considering the electromagnetic shielding of the GEM detector. The strips on the GEM detectors are relatively
long (from 9 cm up to 20 cm), which makes them sensitive to picking up the external electromagnetic noise generated by other electronic systems nearby. Thus, the shielding of the
GEM detector requires a continuous shield that can cover the whole detector. A continuous
shielding was achieved by designing a single large PCB called GEM Electronic Board (GEB)
that can cover the whole over one-meter-long GEM detector. The GEM Electronic Board or
the GEB is a large-size PCB that is placed on top of the GEM detector. Even though the
GEB is placed on top of the GEM detector, it is a separate board. This allows the GEB board
and all of the electronics on it to be replaced without opening and possibly contaminating the
GEM detector. An advantage of this large continuous PCB is also that it enables the routing
of 24 VFAT3 front ends to the optohybrid without a need for additional connectors or cables.
The GEM Electronic Board was designed as a multilayer PCB with six layers. The six layers
have two middle layers that are used to distribute the power and ground. Another two inner
layers are used to route all 288 differential pairs and 144 single-ended signals from the 24
VFAT2 front ends to the optohybrid. The top and bottom layers of the PCB are continuous
ground planes. The ground planes are stitched together by vias to surround the signal lines
using ground. This way, the signal lines are shielded from external electromagnetic interference, but more importantly, this prevents the noise from radiating from high-speed signals to
the sensitive strips on the GEM detectors.
The VFAT3 chips are mounted on PCBs called VFAT3 hybrids. The VFAT3 hybrids have a
connector to connect the analog input signals from a GEM detector to the VFAT3 chip, and a
second connector to transfer the digital signals to the GEB; see Figure 3.4.

(a)

(b)

Figure 3.4: (a) Mounting of the VFAT hybrids on the GEM detector and on the GEB. (b) CMS
VFAT2 hybrids used with the prototype as the VFAT3 chips are still under development.
Figure shows the VFAT2 hybrids with and without the protective covers that are used to
provide mechanical protection (Aspell et al., 2014).
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Since the GEB is placed on top of the GEM detector, these two connectors have to be of
different height. This height difference also defines the thickness of the GEM Electronic
Board. In our case, the height difference of these connectors was chosen to be 1 mm, which
is the standard thickness in PCB manufacturing and meets our requirements for the maximum
height of 1.8 mm at the edges of the detector.
In addition to the shielding and dimensions, the signal distribution of the GEB had to be
designed. Signal distribution to the VFAT3 hybrids is carried out by using three separate
clock and trigger lines, which each provide the clock and the trigger for a single column
of eight VFAT2 hybrids; see Figure 3.5. Other differential lines were individual for each
VFAT3 hybrid. Thus, they were routed directly from each VFAT3 hybrid to the optohybrid.
Because of the high frequency of 320 MHz where the VFAT3 chips operate and the length of
over 1 m, the differential high-speed signals required phase matching. Phase matching was
performed for each whole row on the GEB that contained three VFAT3 hybrids instead of
a single hybrid. This eases the determination of the delay from each VFAT3 hybrid to the
optohybrid in the software development later on.

Figure 3.5: GEB clock and trigger signal distribution for 24 VFAT3 hybrids (Aspell et al.,
2014).
An advantage of the clock and trigger buses is that they need a smaller number of differential
pairs compared to individual clock and trigger lines. This is important since the routing
density on the narrow end of the PCB is rather high. A high routing density would force the
differential lines closer to each other that might increase the crosstalk between differential
pairs.

3.3 Results and discussion

3.3
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The primary objective of the proposed GEB board was to provide power and connect 24 front
ends to the FPGA without compromising the noise performance of the system. Besides the
primary objective, the first prototype was also used to study the signal integrity on the over
one-meter-long signals, to find out whether the PCB has enough space for the routing of 24
front ends to the FPGA and how the proposed design affects the noise performance of the
system. Another subtarget was to test the PCB’s suitability for large-scale manufacturing.
The feasibility of the proposed GEB board was verified by manufacturing a few prototype
PCBs, Figure 3.6. In the first manufacturing run of the proposed PCB, manufacturing problems were encountered. The finished PCBs suffered from short-circuits that were caused by
laminating deviations, which were difficult to control because of the large size of the PCB.
For the next manufacturing run, these problems were solved by adjusting the manufacturing
process.

Figure 3.6: Manufactured one-meter-long GEM Electronic Board with four CMS VFAT2
hybrids mounted on it (Aspell et al., 2014).
The final system that is to be installed to the CMS in 2018 will use a custom-made front-end
ASIC called VFAT3. Currently, the VFAT3 chip is still under development, which is why
the initial version of the GEB was manufactured without impedance control to be operated
with already available VFAT2 front-end chips that run with 40 MHz low-voltage differential
signaling (LVDS) signals (Aspell et al., 2008). For this reason, the initial GEB version was
used to test the signal integrity at 40 MHz on the longest over one-meter-long differential
pair, not the higher operating frequency of the VFAT3, which is 320 MHz.
The LVDS test signal feed-through the PCB was generated using a signal generator. At the
other end, the signal was terminated differentially with a 100 Ω resistor. The input signal
from the signal generator and the output signal over the 100 Ω resistor were recorded using a
differential probe and an oscilloscope. The measured signals are shown in Figure 3.7.
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Figure 3.7: Signals measured coming in and out of the GEB board (Aspell et al., 2014).

Figure 3.7 shows that at the frequency of 40 MHz, the signal from the end of the clock line has
a slightly lower amplitude. This is because the differential PCB traces have a DC resistance
around 11 Ω, each of which reduces the amplitude seen over the 100 Ω terminating resistor. It
can be also seen that the highest frequencies at the output signals are attenuated. Nonetheless,
the signal is sufficient to enable reliable communication between the VFAT2 front end and the
optohybrid board. The delay between the input and output signals is due to the propagation
delay over the meter long PCB traces.
The initial version GEB-V1 has an option to read out six VFAT2 front ends out of the 24
VFAT2 front ends using the first version of the optohybrid. The rest of the VFAT2 hybrids
could be read out using a different readout system called TURBO, which has been developed
for the TOTEM experiment (The TOTEM Collaboration et al., 2008). The use of these two
readout systems on the same PCB makes it possible to test the functionality and performance
of the proposed GEM Electronic Board with VFAT2 hybrids but also enables the use of the
well-known TURBO readout system as a reference for initial tests. The proposed GEB design
was tested with the VFAT2 front ends and the optohybrid and found to be functional.
The initial noise performance was tested by reading out multiple VFAT2 front ends simultaneously and monitoring the noise levels on the measured responses from the front ends.
No notable increase in the noise levels was detected that could be due to the electromagnetic
interference generated by the readout system. Nevertheless, further study is needed in the
future to verify the functionality for the next-generation VFAT3 front ends that are still under development. The major difference between these two front ends is the higher operating
frequency of the VFAT3 front ends, which is 320 MHz. The operation at 320 MHz might increase the electromagnetic interference generated by the differential signals that can be then
picked up by the GEM detector. Another concern could be the signal integrity on the over
one-meter-long differential signals at 320 MHz. This could be a challenge because of the thin
traces of the differential pairs and the long stub lengths that are defined by the application.

3.3 Results and discussion
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The results of the case two show how the development of the measurement system for the
GEM detectors is carried out as a whole taking into account electrical requirements such as
powering, signal integrity, and shielding of the differential pairs, but also a number of other
issues. These issues include the mechanical requirements, for instance the space available
for the electronics and the measurement environment that have to be taken into consideration
in order to design a system that can survive in the presence of radiation and high magnetic
fields.
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Chapter 4

Results and discussion
The purpose of this work was to study whether it would it be beneficial to consider a measurement system as a whole from the physical phenomena to the digital recording device, where
each piece of the measurement system affects the system performance, instead of a system
consisting of small independent parts such as a sensor or an amplifier that could be designed
separately. The practical objective of this doctoral dissertation was to develop measurement
systems for a light sensitive biosensor used in imaging and for a GEM detector for studies
in particle physics. The study was carried out as an empirical case study. The cases were
selected based on a need for development of a measurement system for future research.
The research questions answered in this doctoral dissertation are:
1. Would it be beneficial to develop a measurement system as a whole in the selected
cases?
2. What are the main characteristic that need to be taken into account in these two cases
in respect of measurement system design?
(a) How does the measurement environment affects the development of the measurement system?
(b) How should the shielding from electromagnetic interference be taken into account
during the measurement system development?
(c) What other requirements need to be taken into account?
3. How should the measurement system be implemented in the selected cases?
The study showed that in the measurement system for the dry bR sensor, the electrical interactions between different parts of the system can be designed by considering the interactions of
two parts of the system at a time. To give an example: the interface between a sensor and an
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amplifier calls for planning because of the sensor characteristics and the limited bandwidth of
the amplifier. Further, the connection from the amplifier and the oscilloscope has to be taken
into account to prevent signal distortions caused by the loading of the oscilloscope. However,
the interactions between the sensor and the oscilloscope can be considered minimal because
the amplifier functions as a buffer between the two.
In the case of the measurement system for GEM detectors, more effort had to be spent on
studying the electrical interactions between different parts of the system. For example, the
interactions between the detector and the motherboard have to be understood along with the
mechanical constraints to design protection from the electromagnetic interference. Without
proper design, the EMI could induce noise to the detector. The same effect is also present
in Case 1, but the consequences were easier to handle. This is because the system in case
one is simpler and more compact, which makes the aggressor and the victim circuits smaller,
thereby reducing the sensitivity to EMI and making the shielding more trivial.
Furthermore, the measurement environment can affect the measurements in both of the selected cases. In photocurrent measurements on a dry bR sensor, the measurement can be
affected by the ambient lighting present in the measurement environment and also by reflections of the laser beam. These can increase the illumination faced by the bR sensor, which
may affect the photocurrent responses because of the observed intensity dependent behavior
of the dry bR sensor. Correspondingly, the measurement environment where the GEM detectors are located suffers from radiation and high magnetic fields. For this reason, the effect of
the measurement environment on the measurement system should be understood in both of
the cases.
Implementation of the measurement system for the bR sensor and the GEM detectors was
described in detail in Sections 2.2 and 3.2. Photocurrent measurements on the dry bR sensor
have produced new information about the light dependent behavior of the dry bR sensor and
its modeling. Moreover, the developed large-size PCB has been successfully used to power
and connect front-end ASICs to the FPGA. Thus, the objectives of the development and
implementation of the measurement system can be considered to have been met.
Protecting the measurement from the electromagnetic interference was quite different for the
two cases. In Case 1, the protection was achieved by simply placing the battery-powered
electronics inside a metal enclosure. A path for the illumination was obtained by drilling an
opening to the enclosure. The opening was covered by gluing a piece of conductive glass
with conductive epoxy to retain the shielding capabilities of the metal enclosure.
Achieving this with the second case of the study was more complicated. Because of the
large size of the GEM detector shielding, using an enclosure is not feasible. To protect the
GEM detector against electromagnetic interference, the GEM detector was covered with a
large-size PCB to function as a shield on top of the GEM detector. The PCB also provides
powering and a means of connecting the front-end ASICs to the FPGA. In this method, the
challenge comes from the tight mechanical constraints of the measurement environment and
also from the need to manufacture an over one-meter-long PCB that would be large enough
to cover the whole GEM detector. Despite these challenges, the large-size PCB was success-
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fully manufactured and found to provide necessary protection against the electromagnetic
interference.
Because of the many issues that have to be considered when designing these measurement
systems, we may conclude that in these cases it would be beneficial to approach the development of a measurement system as a whole starting from the physical phenomena and continuing to the digital recording device. In addition to the electrical design and the measurement
environment, for example, the mechanics has a significant impact on the measurement system design. This approach is especially useful when working with the GEM detector, which
is a rather complex and large measurement system, but it is also beneficial with the smaller
measurement system for the dry bR sensor, as explained above.
In addition, the study provides the following contributions:
Case 1: Measurement instrumentation for a light sensitive biological sensor
1. Development of a measurement system for dry bR sensors;
2. Confirmation of the light-intensity-dependent behavior of the dry bR sensor;
3. Development of an electrical equivalent circuit that takes into account the lightintensity-dependent behavior of the dry bR sensor;
4. Determination of how the rise time of the transimpedance amplifier affects the amplitudes and time constants measured from the photocurrent responses of the bR.
Case 2: Instrumentation for the GEM detector for particle physics in the LHC
1. A compact method was developed for powering, connecting 24 front-end chips to the
concentrating FPGA, and providing a continuous electromagnetic shield over the GEM
detector;
2. Manufacturability of over one-meter-long six-layer PCBs was tested and found to be
feasible;
3. Signal integrity of over one-meter-long differential signals was tested at 40 MHz and
found to be sufficient;
4. Functionality with the existing VFAT2 front ends was verified.
Furthermore, the two measurement systems developed work as examples of a measurement
system needed for scientific studies. These results help instrument designers as well as engineers and physicist working on developing new sensors and electronics.
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Chapter 5

Conclusions
Technological advances in both microelectronics and sensor technologies have dramatically
changed the field of electrical engineering. These advancements have combined sensors and
electronics into compact and inexpensive systems, which has led to the rapid growth of sensors and electronics that are relatively easy to use even without extensive knowledge of electrical engineering. Therefore, the challenge in measurements has shifted from mastering the
electronics to understanding the whole system, not only the electronics. Understanding of the
whole system is highly important, because even if a single component in a system can achieve
high performance, other system components may degrade the overall system performance.
To study and develop new sensors and the related electronics, a measurement instrumentation
has to be constructed. This doctoral dissertation studies whether it is beneficial to conceptualize a measurement system as a whole from the physical phenomena to the digital recording
device, where each piece of the measurement system affects the system performance, instead
of as a system consisting of small independent parts such as a sensor or an amplifier that could
be designed separately. The development of a measurement system was studied empirically
in two cases: a light sensitive biosensor used in imaging and a GEM detector for particle
physics.
The study showed that in these two cases there were a number of different parts of the measurement system that interacted with each other. Without considering these interactions, the
reliability of the measurement may be compromised, which may lead to wrong conclusions
about the measurement. This is especially harmful if the source of the degradation is not
understood, or even worse, goes unnoticed. To take these interactions into account, it is beneficial to design the measurement system as a whole, including not only the electronics but
also other aspects such as mechanics and measurement environment.
In addition to the main results, the study also described in depth the development of the
measurement system for both of the cases. This description can be used as an example how to
construct a viable measurement system to support studies on sensors and electronics. Further,
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the study also provides new information on number of points related to the measurement
system design for a light sensitive biological sensor and a particle detector.

5.1

Suggestions for future work

Despite the answers given by the doctoral dissertation, there are still issues to be resolved in
both of the cases. In the first case, the measurements on dry bR sensors were carried out by
using the same sensor all the time. Thus, although the measurement results can be taken as
examples, they cannot be generalized. One reason for this is the manual preparation procedure of the dry films, which may cause the sensor characteristics to vary between individual
films (Lensu, 2002). To address this shortcoming, the measurements using the 13 different
light intensity levels should be repeated for similar sensors. This would enhance knowledge
about the repeatability of the amplitude and time constants of the measurement.
Another place for improvement is the rise time of the transimpedance, even though the error
caused by the limited rise time of the transimpedance amplifier was estimated by simulations.
The error caused by the rise time could be mitigated by increasing the bandwidth of the
amplifier. This could be achieved by using more advanced amplifier topologies, as described
in (Ciofi et al., 2007; Massarotto et al., 2006).
The designed GEM electronic board for the GEM detectors in the second case was tested for
the manufacturability, functionality with the current front-end designs, and signal integrity
at the frequency of 40 MHz. Although these results are promising, there are still questions
to be answered. For example, the designed GEM Electronic Board was not tested in the
actual measurement environment, which has radiation and high magnetic fields. However,
the proposed PCB does not have any magnetic components nor any integrated circuits that
could be vulnerable to radiation or high magnetic fields.
One of the unsolved issues is the manufacturability of the long PCBs in larger quantities, up
to 200 pieces. A possible problem with the manufacturing is for example the need for calibration during the manufacturing process. If repeated calibration is needed, it will increase
the manufacturing time and possibly the manufacturing costs. Another concern is the functionality of the next-generation VFAT3 front ends that are currently under development. The
VFAT3 front ends operate at 320 MHz, which will increase the need for decoupling between
the power and ground planes. This might be a problem especially when all 24 front ends
operate simultaneously. Insufficient decoupling will increase the power supply noise that can
couple to the front ends.
Further, the signal integrity over the 1 m differential pairs has still to be tested at 320 MHz.
Possible reflections and amplitude drop may ruin the signals in the long differential pairs
making them unavailable for providing a clock to the front-end chips. If this is the case, an
alternative is to use an LVDS buffer in the middle of the clock line, which would help the
signal integrity if a suitable buffer were found that could withstand the radiation level present
in the measurement environment.
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Appendix A

Linearity and bandwidth of the
two-stage transimpedance amplifier
The photocurrent measurements on a dry bR sensor were made at multiple light intensities. These changes also affect the input amplitudes of the transimpedance amplifier. If the
amplifier used in the measurements is not linear at the given amplitudes, the photocurrent
measurements from the bR sensor will be distorted. If not understood, this distortion could
be considered a feature of the bR sensor.
Because the two-stage transimpedance amplifier used in this doctoral dissertation was custom
made, the linearity of the amplifier had to be determined. The linearity measurement was
performed by applying a 1 MΩ resistor with a tolerance of one percent. One end of the
resistor was connected to a signal generator and the other end to the amplifier. From the
signal generator, a voltage ramp with an amplitude of 4.5 V and a duty cycle of 50% at the
frequency of 40 mHz was fed through the resistor and the amplifier. The voltage over the
resistor was measured by an Agilent DSOX2024A oscilloscope. The linearity error caused
by the amplifier was measured in the range from 20 nA to 500 nA. This range covers all
the amplitude values measured in this study. The measurements were performed at a room
temperature of 25 ◦ C, which corresponds to the temperature of the measurements on the dry
bR sensors. The error calculated from the measurements is shown in Figure A.1.
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Figure A.1: Linearity error of the amplifier within the range from 20 nA to 500 nA.

Based on the measurements, the amplifier was determined to introduce a maximum error
between + 6.3% and - 3.7% to the measurements within the whole measurement range. It
should be noted that the measurement is also affected by the uncertainty of the oscilloscope,
the tolerance of the 1 MΩ resistor, and the accuracy of the signal generator. Despite the
uncertainty of the oscilloscope and the signal generator and the tolerance of the resistor, the
error caused by the linearity of the amplifier is still rather small compared with the changes
in the peak amplitudes of the photocurrent measurements when the light intensity is varied.
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Abstract— Modeling the photoelectric response of dry
bacteriorhodopsin (bR) sensors has commonly been carried out
by following the theory of linear time-invariant systems.
However, it has been reported that the time constants of the
photovoltage responses of such sensors vary depending on
whether the sensor is measured when the incident light is
switched on or off. In this paper, we propose an electrical
equivalent circuit for dry bR sensors. Unlike the models
presented in the literature, the proposed circuit also considers the
illumination on the bR sensor. The model is experimentally
verified by photocurrent measurements. Further, a new result
concerning the photocurrent dependence on the illumination of
dry bR sensors is introduced.

I.

INTRODUCTION

Bacteriorhodopsin (bR) is a photosensitive protein found in
the archaean Halobacterium salinarum [1]. The native function
of bR as a light-driven proton pump with a reversible
photocycle is to participate in the energy-balancing mechanism
of the archaean: it produces a proton gradient across the
cellular membrane allowing ATP synthases to function. This
protein has been under intensive research because it has been
seen as an important biomolecule for biochemical and
technology-oriented studies [2]. The popularity of bR as a
research target is explained by its several advantages: a high
quantum efficiency (0.65) [3], an ability to function and
survive under extreme environmental stress [4]–[7], and a
storage life of years [8]. Owing to its advantageous properties,
various technical applications in optoelectronics and biosensing
have been proposed: an imaging sensor [9]–[12], a proteinbased memory [2], [13], and a bio-photoreceiver [14].

on the bR sensor. This first-order model has a capacitor, the
value of which varies as a function of illumination. The
proposed model is experimentally verified by photocurrent
measurements. In addition, a new result concerning the
photocurrent dependence on the illumination of a dry bR
sensor is presented.
II.

ELECTRICAL EQUIVALENT CIRCUIT

Different electrical equivalent circuits for bR sensors have
been proposed in the literature [4], [15], [18], [19]. Common to
all these models is that the photoelectromotive force Ep is
connected to the measurement instrumentation through a series
capacitance CP. The bR membrane consisting of a membrane
resistance RM and a membrane capacitance CM is generally
accepted to be modeled in parallel with the measurement
instrumentation, as presented by Hong [20]. However, not the
model shown in Fig. 1, nor any of the reported equivalent
circuits can be used to calculate component values for
simulating the changes in photocurrent responses caused by the
illumination of the sensor. This is despite the fact that this
change in the response has been reported in the literature [7],
[17], [23] and in our previous studies [18].
The model presented in Fig. 1 has two independent reactive
components, thus representing a second-order system.
Basically, RP and CP form one time constant, and CM and RM
another one together with the input impedance of the
instrumentation. The related time constants presented in the
paper are illustrated in Fig. 2, where both the photocurrent IP
and the photovoltage VP from the output of the sensor are
shown.

The photoelectric functionality of bR has been important in
explaining its properties and especially to evaluate its
suitability for technical application. The photoelectric
properties have been modeled by using an electrical equivalent
circuit [15], [23], exponential fitting [4], and estimation of
induced charges [16]. The modeling has been based on the
presumption that the system is a linear time-invariant system.
However, it has been reported in the literature [7], [17], [23]
and in our previous studies [18] that the time constants of the
photoelectric response vary in dry bR sensors depending on
whether the light is switched on or off.
In this paper, we propose a new electrical equivalent circuit
for dry bR sensors. Unlike the models presented in the
literature, the proposed circuit also considers the illumination

Figure 1. Electrical equivalent circuit of bacteriorhodopsin introduced by
Hong (reproduced from [20])
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Figure 2. Photocurrent pulse response represented by two time constants, τI1
when the light is on and τI2 when the light is off (a). The photovoltage step
response showing a third time constant τV3 (b)

Recently, Wang et al. [17], Walczak [7], and Miyazaki et
al. [23] have reported that the bR capacitance varies depending
on the illumination of the bR sensor. It was also found in a
previous measurement [18] that the time constant varies and
cannot be modeled with a linear time-invariant (LTI) model.
An example of this kind of a light-dependent response is shown
in Fig. 3, where a photovoltage measurement result is shown to
define the time constant τV3 (see Fig. 2b). In the experiments,
the step response was measured both when the light was
switched on and when it was switched off. Two different
instrumentation amplifiers with two different input resistances
of 2 MΩ and 44 MΩ were used also to test the effect of the
input resistance on the response.
Fig. 3 shows that the photovoltage time constant τV3 varies:
it approximately doubles when the light is switched off
compared with the case when the light is switched on. The
effect of illumination was also similar to what was reported by
Wang et al. [17]. In their study, the time constant became
approximately two times longer. It is also clear that the step
response does not follow a typical first- or second-order
exponential function since the steepness of the voltage decay
varies. This change along with the changes in the time constant
τV3 caused by the illumination dependence of the bR sensor
complicate the determination of the component values for the
model shown in Fig. 1.
To solve this problem in modeling the electrical behavior of
the bR sensor during the illumination, a new approach is
needed. One solution is to express the capacitor as a function
of
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Figure 3. Normalized photovoltage step response when the light is switched
on and off. The measured photovoltage decays faster when the light is
switched on compared with a case when the light is switched off (reproduced
from the authors’ previous work [18])
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Figure 4. Proposed electrical equivalent circuit . The components RM and CM
model the membrane impedance, andCP and RP model the photoactive part of
the bR sensor. RIN and CIN model the input impedance of the measurement
instrumentation. The light-dependent behavior is modeled by the capacitance
CP(EV).

illumination CP(EV) as proposed in the electrical equivalent
circuit presented in Fig. 4.
The proposed circuit has four unknown sensor parameters.
The effect of the membrane RM and CM can be eliminated by
using the photocurrent measurement. A transimpedance
amplifier with the input resistance RIN of ideally zero
connected to the electrical equivalent in Fig. 4 short-circuits RM
and CM. This reduces the electrical equivalent circuit to a firstorder circuit, with a time constant τI = RPCP(Ev).
III.

EXPERIMENTS

Measurements and Matlab simulations were used to verify
the proposed model. The hypothesis of an illumination-varying
capacitance CP(EV) was tested by measuring the photocurrent
and estimating the light-on time constant τI1 and the light-off
time constant τI2. The test setup consisted of a light source, a

dry bR sensor, amplifiers, and an oscilloscope. Light excitation
of the sensor was carried out by using a Cavitar CAVILUX
Smart laser diode as the light source. The peak wavelength of
the laser was 690 nm, the pulse width Tp was 10 μs, and the
pulse rise time was 26 ns. The power of the laser was 400 W.
The sensors used in the experiments were dry bR thick
films. The sensors were prepared by mixing a water solution of
purple membrane (PM) fragments with polyvinyl alcohol
(PVA). The substance was spread on conductive SnO2-coated
glass, where the conductive coating formed an electrode.
During the polymer drying process, no active means was used
to orient the PM patches. The second electrode was prepared
by sputtering a thin layer of gold on the dried bR-PVA film. A
more detailed description of the procedure can be found in [10]
and [22].
In the laboratory experiments, the photocurrent was
measured by using a transimpedance amplifier designed in
[21]. The measurement instrumentation and the bR sensor were
placed inside a shielded enclosure, which had a transparent and
conductive window for the illumination. Further, the inside of
the shielded enclosure was painted black to prevent optical
reflections. The power supply of the measurement
instrumentation consisted of batteries placed inside the
enclosure. The output signals of the amplifiers were connected
to an oscilloscope through BNC connectors. This was done to
reduce the effects of electromagnetic interference on the
measurement. Data acquisition of the measurements was
performed with an Agilent DSO81204A 12 GHz oscilloscope.
The measurements were made at a room temperature of 25 ºC
and without any ambient illumination to prevent its potential
effect on the measurement.
IV.

RESULTS

The photocurrent was measured using a transimpedance
amplifier with the oscilloscope set to average 20 consecutive
measurements to reduce noise. The measured and normalized
photocurrent with the corresponding simulations is shown in
Fig. 5.

The change in the light-on and light-off time constants τI1
and τI2 can be clearly seen in Fig. 5. τI1 is 6 μs and τI2 is 20 μs,
so in this case, with the given light intensity and parameters,
the time constant is over three times as long when the light is
switched off compared with the light-on condition. The
simulated time constants match the measured response. Based
on this result, it can be confirmed that the photocurrent
response can be modeled as a first-order RC circuit with a
capacitor CP(EV), the value of which varies as a function of
illumination.
The test was carried out only at two operating points, one
when the light was completely off and one at a given intensity
level. Therefore, a set of tests with different light intensity
levels is needed to further study the phenomenon and the
linearity of the model. Our test does not explain whether the
capacitance causes the change in the time constant, because the
resistance may also affect the time constant. Most probably,
both of these components vary under the illumination, but this
is out of the scope of this paper. By applying the proposed
model, however, the electrical properties and the change in the
time constant can be modeled at the given operating point.
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Abstract—The photoelectric response of dry bacteriorhodopsin
sensors varies depending on whether the incident light is on or
off. To model this behavior, we have proposed an electrical
equivalent circuit that has a capacitor that varies with the light
intensity. In this paper, the proposed model is experimentally
validated and found to be appropriate even when the light
intensity is changed. The results also confirm that the amplitude
of the measured photocurrent changes linearly with the light
intensity. The results can be used to correctly analyze and model
photocurrent measurements taking the time-variant behavior of
the photosensitive biological sensor into account. This knowledge
will be useful in sensing systems that utilize photosensitive
biological sensors.
Index Terms—Current measurement, Bioelectric phenomena,
Biological system modeling, Modeling, Time-varying circuits.

I. INTRODUCTION

B

ACTERIORHODOPSIN (bR) is a photosensitive protein
found in the archaean, Halobacterium salinarum [1]. The
natural function of bR as a light-driven proton pump with a
reversible photocycle is to participate in the energy-balancing
mechanism of the archaean. bR generates a proton gradient
across the cellular membrane allowing adenosine triphosphate
(ATP) synthases to function and produce ATP from adenosine
diphosphate (ADP). This protein has been under intensive
research because it has been seen as an important biomolecule
for biochemical and technology-oriented studies [2]. The
popularity of bR as a research target can be explained by
several favorable characteristics: a high quantum efficiency
(0.65) [3], an ability to function and survive under extreme
environmental stress [4]–[7], and a storage life of years [8].
Owing to its advantageous properties, various technical
applications in optoelectronics and biosensing have been
proposed, such as an imaging sensor [9]–[12], a protein-based
memory [2], [13], and a bio-photoreceiver [14].
Understanding of the photoelectric functionality of bR has
been important in explaining its properties and evaluating its
suitability for technical application. The photoelectric
properties have been modeled, for instance, by using an
electrical equivalent circuit [15], [16], exponential fitting [4],
and estimation of induced charges [17]. This early modeling
was based on the presumption that the system is a linear timeinvariant system. However, it has been reported in the
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literature [7], [18], [16] and in our previous studies [19], [20]
that the time constants of the photoelectric response vary in
dry bR sensors depending on whether the sensors are under
the effect of incident light or not.
In this paper, we focus on validating an electrical equivalent
circuit we proposed in [20] for dry bR sensors when the
intensity of the incident light is varied. Unlike earlier models,
the proposed model considers also the illumination on the bR
sensor. This first-order model has a capacitor, the value of
which varies as a function of the illumination. The proposed
model is experimentally verified by photocurrent
measurements at 13 different light intensities. Based on the
photocurrent measurements, it is also found that the amplitude
of the photocurrent changes linearly with the light intensity.
The results can be used to correctly analyze and model
photocurrent measurements taking the time-variant behavior
of the photosensitive biological sensor into account. This can
be especially useful in sensing systems utilizing photosensitive
biological sensors. Such systems have been studied by e.g.
Giakos et al. [21].
II. ELECTRICAL EQUIVALENT CIRCUIT
Different electrical equivalent circuits for bR sensors have
been proposed in the literature [4], [15], [19], [22]. Common
to all these models is that the photoelectromotive force Ep is
connected to the measurement instrumentation through a
series capacitance CP. It is generally accepted that the bR
membrane consisting of a membrane resistance RM and a
membrane capacitance CM is modeled in parallel with the
measurement instrumentation, as presented by Hong [23].
However, neither the model shown in Fig. 1, nor any of the
reported equivalent circuits can be used to calculate the
component values for simulating the changes in photocurrent
responses caused by illumination of the sensor. This is despite
the fact that this change in the response has been reported in
the literature [7], [17], [16] and in our previous studies [19],
[20].
The model presented in Fig. 1 has two independent
reactive components, thus representing a second-order system.
Basically, RP and CP form one time constant, and CM and RM
another one together with the input impedance of the
instrumentation. The related time constants presented in the
paper are illustrated in Fig. 2, which shows both the
photocurrent IP and the photovoltage VP from the output of the

sensor. The photocurrent response has two time constants in
the range of microseconds. The photovoltage, on the other
hand, has a time constant in the range of seconds. Exact values
of the three time constants vary depending on the input
impedance of the instrumentation and wavelength of the light
source [24].

times longer. It is obvious that the step response does not
follow a typical exponential model because the steepness of
the voltage decay varies. This change along with changes in
the time constant V3 caused by the illumination dependence of
the bR sensor complicate the determination of the component
values for the model shown in Fig. 1.
To solve this problem in modeling the electrical behavior
of the bR sensor during illumination, a new approach was
needed. Our solution [20] was to express the capacitor as a
function of illumination CP(EV) as proposed in the electrical
equivalent circuit presented in Fig. 3.
RP CP(EV)
IP

~

Photocurrent IP [nA]

Fig. 1. Electrical equivalent circuit of bacteriorhodopsin introduced by Hong
(reproduced from [23])

I1

TP

t [ s]

I2

Photovoltage V P [mV]

Light intensity

V3

0
b)

RM

CM

VP

RIN

CIN

Fig. 3. Electrical equivalent circuit of a bR sensor authors proposed in [20].
The components RM and CM model the membrane impedance, and CP and R P
model the photoactive part of the bR sensor. RIN and CIN model the input
impedance of the measurement instrumentation. The light-dependent behavior
is modeled by the capacitance CP(E V). The model is reduced to a first order
system when a transimpedance amplifier with a RIN of zero ohms is connected
to the sensor.

The circuit has four unknown sensor parameters RP, CP, RM
and CM. Resistance RS, shown in Fig. 1, represents the
resistance encountered by the DC photocurrent [23]. Its effect
on the measured high frequency photocurrent response can
therefore be neglected, and hence it is not shown in Fig. 3. The
effect of the membrane RM and CM can be eliminated by using
the photocurrent measurement. A transimpedance amplifier
with an input resistance RIN of ideally zero connected to the
electrical equivalent circuit short-circuits RM and CM. This
reduces the electrical equivalent circuit to a first-order circuit
with a time constant I = RPCP(Ev). Capacitor CP(Ev) changes
its value depending on the illumination, which causes different
time constants for the decays related to the light-on ( I1) and
light-off ( I2) cases. It should be noted that the electromotive
force EP is generated by the illumination EV but they are not
the same.

Light intensity

0

a)

EP

t [s]

Fig. 2. Illustration of photocurrent pulse response represented by two time
constants, I1 when the light is on and I2 when the light is off (a). The
photovoltage step response showing a third time constant V3 (b). (Note
different time scales in the two parts of the figure.)

Recently, Wang et al. [18], Walczak [7], and Miyazaki et
al. [16] have reported that the bR capacitance varies
depending on the illumination of the bR sensor. Our previous
measurements [19] found that the time constant varies and that
it cannot be modeled by a linear time-invariant (LTI) model.
Research on the time-variant nature of the response was
continued in [20]. The results showed that the photovoltage
time constant related to the decay varies: it approximately
doubled when the light was switched off compared with the
case when the light was switched on. The effect of
illumination was similar to that reported by Wang et al. [18].
In their study, the time constant became approximately two

III. EXPERIMENTS
Our previous publication [20] presented the change in two
time constants I1 and I2 when the light was turned on and off
at a selected intensity along with the proposed model.
However, the previous results could not verify that the
proposed model would be appropriate at different light
intensities. To address this shortcoming and in order to
validate the model and confirm our initial results, a set of new
measurements were performed at different light intensities.
The measurements were carried out by varying the intensity of
the light source from 100 % to 25 % in steps of 6.25
percentage points.
The test setup consisted of a light source, a dry bR sensor,
an amplifier, and an oscilloscope. Light excitation of the
sensor was carried out using a Cavitar CAVILUX Smart laser
diode as the light source. The peak wavelength of the laser
was 690 nm, the maximum pulse width Tp was 10 s, and the
pulse rise time was 26 ns. The power of the laser was 400 W.

The sensors used in the experiments were dry bR thick
films. The sensors were prepared by mixing a water solution
of purple membrane (PM) fragments with polyvinyl alcohol
(PVA). The substance was manually spread on conductive
SnO2-coated glass, where the conductive coating formed an
electrode. During the polymer drying process, no active means
was used to orient the PM patches. The second electrode was
prepared by sputtering a thin layer of gold on the dried bRPVA film. A more detailed description of the procedure and
the film characteristics can be found in [10] and [25].
In the laboratory experiments, the photocurrent was
measured using a transimpedance amplifier designed in [26].
The measurement instrumentation and the bR sensor were
placed inside a shielded enclosure, which had a transparent
and conductive window for the illumination, Fig 4. Further,
the inside of the shielded enclosure was painted black to
prevent optical reflections. The power supply of the
measurement instrumentation consisted of batteries placed
inside the enclosure. The output signals of the amplifiers were
connected to an oscilloscope through BNC connectors. This
was done to reduce the effects of electromagnetic interference
on the measurement. Data acquisition of the measurements
was performed with an Agilent DSO81204A 12 GHz
oscilloscope and Agilent E2697A 500 MHz 1M high
impedance adapter. The oscilloscope was set to an AC
coupling to remove the DC offset and averaging of ten
consecutive response measurements was used to reduce the
noise. This approach improved the signal-to-noise ratio (SNR)
without affecting the dynamics of the photocurrent response.
The AC-coupling has no effect on the photocurrent
measurement because it introduces a high-pass filter that has a
cut-off frequency of 7 Hz, whereas the measured photocurrent
has time constants of less than 25 µs. Additionally, the
transimpedance amplifier functions as a buffer between the bR
sensor and the oscilloscope so the series capacitor introduced
by the AC-coupling does not load the bR sensor.
From each measurement, 1E+6 data points (with a
sampling frequency of 5 GSa/s) were stored to represent the
fast changes and enable further processing of the data. The
measurements were made at a room temperature of 25 ºC and
without any ambient illumination to prevent its potential effect
on the measurement.

An algorithm was selected to define time constants from the
stored data. The standard approach to modeling phenomena
related to physico-chemical reactions, including photoelectric
responses, is to decompose a response into a set of exponential
components [23, 27]. The decomposition can be performed by
a nonlinear fitting of a number of exponentials and by
estimating the relevant parameters. When successful, a
response r can be expressed in the general case as follows:
n

r (t ) A0

Ai exp( t / i )
i 1

Despite the straightforward nature of the standard
approach, it involves certain important requirements. For
example, the time resolution/bandwidth of the measurement
equipment and the SNR of the response must be high enough
to resolve the components in the signal [27]. In view of the
wide frequency bandwidth of the measured responses and the
low SNR, in the case under study, it was necessary to preprocess the responses. To remedy the problem with the wideband noise and to keep the dynamics of the actual response, a
method based on total variation denoising [28] was applied
instead of standard digital filtering. The applied method
preserves the components of the response with high rise times
much better than the standard methods.
To perform the actual decomposition, a nonlinear leastsquares fitting with the trust region method was used. The
fitting was performed in two stages: the first fit just for the
light-on and the second for the light-off part of the response.
The two-stage fitting was done to avoid using an unnecessarily
high number of exponentials to represent the response (the
discontinuity in the response was due to the limited maximum
pulse width of the light source) and to avoid manual tuning of
the constraints of the optimization. Two exponentials are
needed for each stage due to the rise and decay parts of the
response. Therefore, the model to fit to the unbiased response
part j was as follows:

rˆj (t )

A j ,1 exp( t /

j ,1

)

A j , 2 exp( t /

j ,2

)

where j is an index specifying either the light-on or light-off
part of the response.
IV. RESULTS AND DISCUSSION
The photocurrent was measured using a transimpedance
amplifier with the oscilloscope set to average ten consecutive
response measurements to reduce noise. In the experiment, 13
different intensity levels for the light excitation were used.
Two examples of the measured photocurrent responses with
the corresponding exponential models are shown in Figs. 5
and 6.

Fig. 4. Test setup used during the measurements. The figure shows the light
source on the left, the metal enclosure and the BNC cables to the oscilloscope.

Fig. 6. Photocurrent response measured with 25 % light intensity and the
transimpedance amplifier, the fitted model for the light-on component (solid
line) and the model for the light-off component (dashed line).

The photocurrent responses clearly show a low SNR and
the need for signal pre-processing. The total variation
denoising method was applied to enable the nonlinear leastsquares fitting of the two models with two exponential
components to the responses without excessive manual tuning
of the initial model parameters and the constraints for the
fitting process. The MSE values in the figure legends show a
good correspondence between the models and the data.
The fitted exponential models for the different
measurements with varying light intensities were used in
characterization of the photocurrent response. The first
characteristic is the peak amplitude, which is shown in Fig. 7.
500
450

Response amplitude [nA]

400

Light on
Light off
Corrected light on
Corrected light off

25

20

Time constant [ s]

Fig. 5. Photocurrent response measured with 100 % light intensity and the
transimpedance amplifier, the fitted model for the light-on component (solid
line) and the model for the light-off component (dashed line).

The peak amplitude of the light-on part is approximately
three times as high as that of the light-off part. It should be
noted that because of the limited light-on time of the laser
system, the light-on part of the response does not decay back
to the initial level, as can be seen in Figs. 5 and 6. This
limitation affects the interpretation of the amplitudes.
The peak amplitude measurement is affected by the limited
the rise time of the transimpedance amplifier. It can be seen
from Figs. 5 and 6 that the rising edge of the measured current
is not vertical which will affect especially the interpretation of
the peak amplitudes but it will also have an effect to the time
constant measurement. The effect of the limited rise time of
the amplifier was investigated in [29]. Based on the
simulations done in [29], it was estimated what the peak
amplitude would be without the effect of limited rise time.
These estimated values for the peak amplitudes were added to
the Fig. 7 for comparison.
On the other hand, the actual non-zero input impedance of
the transimpedance amplifier and sensor wiring and contacts
have negligible impact to the amplitude measurement. The
effect of the input impedance and wiring etc. can be neglected
when simplifying the electrical equivalent circuit because the
resistance is only a fraction of the RM which is in parallel with
the input. Therefore, the measurement using the
transimpedance amplifier can be assumed as a short-circuit.
The membrane resistance RM has been reported to be over 10
, [7], [18].
Fig. 8 shows a comparison between the time constants I1
and I2 relative to the photocurrent of the responses. Overall,
the decay time is approximately 5 s for the light-on part and
22 s for the light-off part. The decay of the responses is 3.5-6
times faster for the light-on part than for the light-off case.
Time constants between the light-on and light-off responses
were reported by Wang et al. [18] to be approximately two
times longer. The differences in the measurements may be
caused by the bR sensor, which was a thin film in the case of
Wang et al. and a thick film in our case.
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Fig. 8. Comparison of the modeled time constants of the photocurrent
response.

100
50
0
20

30

Relative intensity [%]

150

30

40

50

60

70

80

90

100

Relative intensity [%]

Fig. 7. Photocurrent response amplitude dependence on light intensity.

As mentioned the limited rise time of the amplifier affects
the measured time constants. For this reason the estimated
time constants without the effect of the rise time limitation
were added to the Fig. 8 for comparison.

In our previous study [20], it could not be verified whether
the equivalent circuit model would be appropriate at different
light intensities. The test was carried out only in two operating
points; one when the light was completely off and one at a
given intensity level.
Based on the results of this study, it can now be confirmed
that the response peak amplitude changes linearly with light
intensity. This is true even if the error caused by the amplifier
is taken into account. The errors shown in Figs. 7 and 8 were
estimated using the assumption that the rise time of the light
source and the bR sensor are ideal. This is not the case in
reality. Therefore the estimated errors are to be considered as
the maximum error. In fact the error is actually smaller due to
the non-zero rise time of the light source and the bR sensor. In
addition, the time constants are independent of the light
intensity, at least when taking into account the limited SNR of
the measurements and the accuracy of the model fits.
When considering the results of this work, it should be
noted that our test does not explain whether the capacitance
causes the change in the time constant, because the resistance
may also affect the time constant. Most probably, both of
these components vary under the illumination, but this is out
of the scope of this paper.
Based on this work and our previous publication [20], it can
be concluded that the proposed model can be used to model
the time-variant photocurrent response measured from dry bR
sensors when light is switched on and off even if light
intensity is varied. Owing to the manual preparation procedure
of the dry films, the sensor characteristics may vary between
individual films [30]. This variation affects the exact
component values, but not the appropriateness of the proposed
model.
The results presented here can be used when designing
measurement setups and, more importantly, when analyzing
and modeling measurement results. The results enable the
time-variant behavior of the photosensitive biological sensor
to be taken into account. An advantage of this method is that it
does not require extensive knowledge of biochemistry. The
proposed electrical equivalent circuit could be especially
useful in sensing systems that utilize photosensitive biological
sensors.

into account. This knowledge could be especially useful in
sensing systems that utilize photosensitive biological sensors.
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Abstract—Bacteriorhodopsin is considered an important
biomolecule for biochemical and technology-oriented studies. The
modeling and functionality of bacteriorhodopsin sensors have
been extensively studied, but the studies lack the analysis of the
errors present in the measurements. Further, the impacts of these
errors on photoelectric measurements are mostly unknown. In
this paper, we discuss the errors caused by a transimpedance
amplifier in the photocurrent measurements on a dry
bacteriorhodopsin sensor. This information is especially useful
when evaluating the reliability of photocurrent measurements.
Index Terms— Error analysis, Operational amplifier, Current
measurement, Bioelectric phenomena.
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I. INTRODUCTION

ACTERIORHODOPSIN (bR) is a photosensitive protein
found in the archaean, Halobacterium salinarum [1]. The
natural function of bR as a light-driven proton pump with a
reversible photocycle is to participate in the energy-balancing
mechanism of the archaean. The protein has been under
intensive research as it has been considered an important
biomolecule for biochemical and technology-oriented studies
[2]. The popularity of bR as a research target can be explained
by its several favorable characteristics: a high quantum
efficiency (0.65) [3], an ability to function and survive under
extreme environmental stress [4]–[7], and a storage life of
years [8]. Owing to its advantageous properties, various
technical applications in optoelectronics and biosensing have
been proposed, such as an imaging sensor [9]–[12], a proteinbased memory [2], [13], and a bio-photoreceiver [14].
In this paper, we examine the errors caused by the
transimpedance amplifier in the photocurrent measurements
on a dry bacteriorhodopsin sensor. Previously [15], we have
found that the amplifier introduces errors to the photocurrent
measurements. The size of the error has not been determined,
even though measurement results have been used to calculate
component values for electrical equivalent circuits by different
research groups, [14] and [16]. The results of this paper can be
used to evaluate the reliability of the photocurrent
measurements. This is especially useful when the bandwidth
of the measured responses is close to the bandwidth of the
amplifier.
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II. DEFINITION OF THE ERROR
The main objective of the measurements on
bacteriorhodopsin sensors is to understand the behavior of the
biomolecule so that it can be applied to the design of new
sensors. To this end, a better knowledge of the measurement
instrumentation and its effects on the measurement is required.
With this knowledge, it is possible to minimize or even
remove some of the measurement errors. In some cases, the
measurement errors cannot be removed, and they have a
notable effect on the measurement. In this case, the effect of
the measurement errors on the measurement can be estimated
with proper understanding of the error source.
The photocurrent measurements on dry bacteriorhodopsin
sensors are carried out by illuminating the dry bR sensor with
a light source, in our case Cavitar CAVILUX Smart laser
diode with a peak wavelength of 690 nm and a pulse width of
10 s. The output of the bR sensor was measured by using a
transimpedance amplifier and an oscilloscope [15], Fig. 1.
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Oscilloscope

Fig 1. Overview of the measurement setups used in the photocurrent
measurements on a dry bacteriorhodopsin sensor in this and our previous
studies [15, 17]. The dry bacteriorhodopsin sensor is illuminated by a light
source not indicated in the figure. The photocurrent from the bR sensor is
amplified by a transimpedance amplifier and recorded by an oscilloscope.

The photocurrent responses from the bR sensor have fast
rising edges with rise times down to a picosecond range [6,
18]. This is something that transimpedance amplifiers with
large transimpedance gains cannot reach because of the
limited gain-bandwidth product of the amplifiers. A large
transimpedance gain is needed to amplify the small
photocurrent from the bR sensors, which are in the order of
tens to a few hundred nanoamperes in our measurements [15],
[17]. For this reason, the measured photocurrent response is
distorted by the limited rise time of the amplifier. The severity
of this distortion depends on the bandwidth/rise time of the
amplifier.
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The limited rise time of the amplifier introduces two types
of errors, Fig. 2. The first one is the amplitude error between
the peak amplitudes of the measured photocurrent and the
expected photocurrent response from the bR sensor. The
second one is the error between the measured and expected
time constants.
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Fig 4. Simulated responses from the bR sensor and the amplifier output. The
input signal is the response detected from the bR sensor with the time constant
of 3.3 µs. The amplifier response is the output of the amplifier when the input
signal is used as the input of the amplifier.

III. EFFECT OF THE ERROR
The effect of the error caused by the rise time limitation of
the amplifier was estimated by simulations, Fig. 3. Based on
our proposed model [15], [17], the sensor was modeled as a
first-order high-pass filter. The time constants of the sensors
used in the simulation were selected based on our previous
measurements [15] to give the maximum and minimum values
for the errors. The selected time constants were the shortest
(3.3 µs) and the longest (24.7 µs) ones we had in our previous
measurements. A step response was fed to the bR sensor to
describe a stimulus caused by the light. The output of the
sensor was then fed to the amplifier, which was modeled as a
low-pass filter. The time constant of the filter was based on a
550 ns rise time measured from the transimpedance amplifier.
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Fig 2. Errors in the photocurrent measurements caused by the limited rise time
of the amplifier.

The simulations were also performed with two bR sensor
time constants 3.3 µs and 24.7 µs at the same signal level to
see how the error caused by the limited rise time of the
amplifier behaves, Fig. 5. The figure shows that the amplitude
error caused by the limited rise time of the amplifier decreases
when the time constant of the sensor is increased.
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Fig 3. Simulation model used to study the error caused by the limited rise time
of the amplifier.

Simulations were performed using two input signal levels to
find out how the amplifier affects the amplitude
measurements, Fig. 4. The simulations show that the limited
rise time induces error to the measured peak amplitude. The
simulations also show that the relative error in the amplitudes
between the input and output of the amplifier remains
unchanged even if the input signal level is varied.

Fig 5. Simulated responses from the bR sensor and the amplifier output. The
input signal is the response detected from the bR sensor with the shortest
measured time constants of 3.3 µs and the longest of 24.7 µs. The amplifier
response is the output of the amplifier when the input signal is used as the
input of the amplifier.

The error between the measured and expected time
constants was also investigated. The simulations revealed that
the limited rise time of the amplifier causes the measured time
constants to be longer than they actually are. The error
between the measured and expected time constants decreases
when the time constant of bR is changed from 3.3 µs to 24.7
µs.
It should be noted that the errors are estimated using the
assumption that the rise time of the light source and the bR
sensor are ideal. In reality this is not the case. So the estimated
errors show the maximum error possible. In practice this error
is in fact smaller than the one estimated with the simulations.

It can thus be concluded that the rise time of the amplifier
does not affect the linearity of the amplitude measurement but
only causes the measured amplitudes to be smaller than they
would be in the case of an ideal amplifier. Even though the
relative amplitude error does not change at different input
levels, the different time constants of bR affect the errors in
both the amplitude and the time constant. For this reason, the
amplitude and time constant errors must be calculated for each
time constant of bR individually.
IV. RESULTS AND DISCUSSION
The effect of the transimpedance amplifier on the
photocurrent measurements on a dry bR sensor was simulated.
Based on the simulations, it was found that the limited rise
time of the amplifier distorts both the amplitudes and time
constants of the measured response. The limited rise time
causes the measured amplitudes to be smaller than they
actually are. Correspondingly, the rise time limitation causes
the measured time constants to be longer than they are.
In our previous study [17], we proposed an electrical
equivalent circuit for a dry bacteriorhodopsin sensor. The
proposed electrical equivalent circuit was verified in [15] to be
functional even at different light intensities. When analyzing
the results in [15], it was found that the limited rise time of the
amplifier causes an error to the amplitude and time constant
measurements. Now, using the results of this paper, the error
caused by the limited rise time of the amplifier can be
evaluated.
Based on the simulations, the actual photocurrent
amplitudes of the bR sensors were estimated for different light
intensities, Table 1. The limited rise time of the amplifier
caused the smallest measured amplitude to have the largest
error. The measured amplitude was 74.8 % of the actual one.
This was the largest error because the time constant
corresponding to that amplitude was the shortest. The longest
measured time constant was with the measured amplitude of
235.2 nA. In this case, the measured amplitude was only 94%
of the actual amplitude.

Table 1. Measured and estimated amplitudes of light-on and light-off
responses at different light intensities.

Light-on response

Light-off response

Actual
Measured
Actual
Relative Measured
intensity amplitude amplitude amplitude amplitude
[nA]
[nA]
[nA]
[nA]
[%]
25
24.0
32.1
86.2
92.7
31.25
31.3
39.2
109.4
116.5
37.5
41.8
51.8
139.6
148.5
43.75
55.2
67.5
174.7
186.1
50
66.0
80.3
211.4
226.2
56.25
75.3
91.7
235.2
250.4
62.5
86.8
104.8
259.9
277.8
68.75
100.5
121.7
299.3
321.7
75
112.8
136.9
335.1
361.2
81.25
118.8
144.5
355.1
381.2
87.5
125.8
151.6
382.1
409.1
93.75
139.0
168.3
413.5
444.3
100
145.8
176.2
450.0
480.9
The estimated actual time constants were also calculated for
the time constants presented in [15], Table 2. The table shows
that the largest error is with the shortest measured time
constant similarly as with the amplitude error. The measured
time constant is 13.3 % larger than the actual time constant.
The largest measured time constant is only 1.5 % larger than
the actual one.
Table 2. Measured and estimated time constants of light-on and light-off
responses at different light intensities.

Light-on response
Measured
Actual
Relative
time
time
intensity
constant
constant
[%]
[µs]
[µs]
25
3.31
2.92
31.25
4.60
4.22
37.5
4.91
4.53
43.75
5.33
4.96
50
5.50
5.13
56.25
5.50
5.13
62.5
5.81
5.45
68.75
5.70
5.33
75
5.61
5.24
81.25
5.55
5.18
87.5
5.90
5.52
93.75
5.73
5.35
100
5.77
5.40

Light-off response
Measured
Actual
time
time
constant constant
[µs]
[µs]
20.34
19.98
24.20
23.85
24.74
24.39
23.95
23.60
22.08
21.72
24.40
24.05
22.38
22.03
20.33
19.96
19.39
19.03
20.81
20.45
21.83
21.47
20.39
20.03
22.60
22.25

Based on this work, we may conclude that the rise time of
the amplifier introduces errors to the measured peak
amplitudes and time constants. The effect of this error can be

estimated by simulations and taken into account when
analyzing the measured photocurrent responses. Another
option for decreasing the error requires the use of a
transimpedance amplifier with a higher bandwidth. This could
be achieved by using a more advanced amplifier topologies as
described in [19–20].

[9]

[10]

[11]

V. CONCLUSION
In this paper, errors caused by the transimpedance amplifier
in photocurrent measurements on a dry bacteriorhodopsin
sensor were discussed. The limited rise time of the amplifier
was found to affect the measured photocurrent responses from
a dry bacteriorhodopsin sensor. The limited rise time causes
errors when interpreting the peak amplitudes and the time
constants from the photocurrent responses.
The effect of the rise time was estimated by simulations.
The simulations showed that the limited rise time caused a
relative error to the amplitude, which varied with the different
time constants. On the other hand, the relative error in
amplitudes was not affected by the input amplitudes. The error
between the measured and estimated amplitudes and time
constants increased when the measured time constants became
shorter. Correspondingly, the error decreased with longer time
constants.
With these results, the effect of the limited rise time was
estimated for the measurements made in our previous study.
The results of this paper can be used to evaluate the reliability
of the photocurrent measurements. This is especially useful
when the bandwidth of the measured responses is close to the
bandwidth of the amplifier.
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Development of the data acquisition system for the
Triple-GEM detectors for the upgrade of the CMS
forward muon spectrometer
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E-mail: gdelentd@ulb.ac.be
A BSTRACT: In this contribution we will report on the progress of the design of the readout and data
acquisition system being developed for triple-GEM detectors which will be installed in the forward
region (1.5 < |η| < 2.2) of the CMS muon spectrometer during the 2nd long shutdown of the LHC,
expected in the period 2017–2018. The system will be designed to take full advantage of current
generic developments introduced for the LHC upgrades. The current design is based on the use of
CERN GLIB boards hosted in micro-TCA crates for the off-detector electronics and the Versatile
Link with the GBT chipset to link the front-end electronics to the GLIB boards. In this contribution
we will describe the physics goals, the hardware architectures and report on the expected performance of the CMS GEM readout system, including preliminary timing resolution simulations.
K EYWORDS : Electronic detector readout concepts (gas, liquid); Data acquisition circuits
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Introduction

The CMS GEM collaboration [1] is performing a feasibility study to install triple-GEM [2] detectors in the forward muon spectrometer of the CMS [3] experiment at the LHC, to enhance the muon
tracking and the triggering capabilities in the region 1.5 < |η| < 2.2. The triple-GEMs are Micro
Pattern Gaseous Detectors (MPGD) able to sustain very high particle rates up to 10 MHz/cm2 ,
featuring a spatial resolution of the order of 100 µm, a time resolution of a few ns and detection
efficiencies above 98%. They can be operated in a stable manner in high radiation environments
at high gains, exceeding 104 . Their performance makes the triple-GEM technology, a very good
candidate to be used in the forward muon spectrometer of the CMS experiment for the LHC high
luminosity phase, when one expects particle rates of several kHz/cm2 . The CMS GEM collaboration aims for the installation during the second LHC long shutdown (2017–2018) of an entire
ring of triple-GEMs, referred to as GE1/1, in the first endcap station of the CMS forward muon
spectrometer, as shown in figure 1. The triple-GEM system will re-establish the redundancy of
the muon spectrometer which in the region 1.5 < |η| < 2.2 is only equipped with Cathode Strip
Chambers (CSC). The installation of triple-GEM detectors in the second endcap stations (labeled
GE2/1) could be done during the third LHC long shutdown scheduled beyond 2020 and will not be
discussed further in this note.
To control and read-out this new CMS sub-detector we propose the electronics system shown
in figure 2. The architecture is composed of two regions: the “on-detector” region and the “offdetector” region, the latter being located in the counting room. All electronics located “on-detector”
typically require custom made electronics components which have to be resistant to the radiation.
The “off-detector” electronics can be designed using relatively inexpensive and available “off the
shelf” components. The communication between the two regions will be done via optical fibers
which also require to be resistant to radiation.

–1–
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Figure 1. Transverse section of one quadrant of the CMS detector showing the present muon system and the
proposed locations for the triple-GEM detectors.
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Figure 2. Electronics and data acquisition system architecture proposed for the CMS GE1/1 sub-detector.

The proposed architecture for the readout system is very similar to other LHC experiment upgrades and hence common needs exist between sub-detector systems. Common areas are typically
the power regulation and the optic data transmission link. At CERN, generic developments, such as
the Gigabit Transceiver (GBT) [4], the Versatile Link [5] and DC/DC converters [6] projects have
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been put in place since several years already to satisfy the “on-detector” common needs. In addition the Gigabit Link Interface Board (GLIB) project [7] addresses common off-detector needs.
The CMS GEM electronics system intends to make full use of these generic developments as far
as possible, in order to minimize duplication effort and to ensure that design resources within the
project are focused on the project specific designs needed.

2

The “on-detector” electronics

In this section we will first review the design of the CMS triple-GEM detector, in particular its
readout properties, and then examine the requirements as well as the design specifications of the
front-end electronics
2.1 The CMS triple-GEM detector
The latest version of the CMS GE1/1 prototypes is shown in figure 3. The triple-GEMs have a
trapezoidal-shaped active area of 990 × (220–455) mm2 with a 3/1/2/1 mm drift/transfer-1/transfer2/induction gap configuration. The side of the detector seen in figure 3 is the readout board. Its
inner side contains a pattern of readout strips oriented radially along the long side of the detector.
The strip pattern is segmented in 8×3 partitions in η − φ , with a strip pitch varying from 0.6 mm
at the short end (at high η in CMS) to 1.2 mm at the wide end (at low η in CMS). The strips are
connected through metalized vias to the outer side of the board where 128-channel connectors are
soldered for the signal transfer to the front-end electronics.
2.2

The front-end electronics

The functional requirements on the readout system (and therefore on its front-end ASIC) are to
provide both triggering and tracking information. These are similar basic requirements to that
needed for the TOTEM experiment [8] that uses the VFAT2 [9] chip to read-out both silicon and
GEM detectors. Consequently the VFAT2 architecture is the baseline for the new front-end ASIC,
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Figure 3. Latest version of the CMS GE1/1 triple-GEM prototypes.

the VFAT3, being currently developed for the CMS triple-GEM system. The features of the new
ASIC are listed below:
• Operation at high particle rate using large GEM detectors;
• Provide trigger data at 40 MHz as well as precise tracking data upon Level-1 Accept (L1A)
signal;
• Large detector capacitance 20–60 pF;

• Programmable shaping time: 25, 50, 100, 250, 500 ns;
• Interface required: slvds elinks to GBT at 320 Mbps;
• Level-1 latency up to 20 µs;
• Integrated calibration, bias and monitoring functions.
Similarly to VFAT2 it will have 128 channels of preamplifier, shaper and comparator. The
shaping time and gain will be programmable in order to optimize the signal charge collection from
the GEM detector whilst maintaining excellent timing resolution (∼4.5 ns rms for VFAT2). A
longer shaping time will result in improved signal to noise ratio when used with GEM detectors
due to reduced ballistic deficit. However increased shaping times come at the cost of degrading
time-resolution due to increased time-walk. As discussed in section 4, we are studying techniques
to compensate for time walk and restore the original time resolution.
Both trigger and tracking data are sent to the off-detector electronics located in the CMS
service cavern via the new Versatile Link. The Versatile Link is bi-directional and operates at
a rate of 4.8 Gbps. On-detector the GBT radiation hard chipset will transmit the data from the
detector through the Versatile Link. The VFAT3 chip will embed an e-Port to be connected directly
to the GBT chipset. The trigger data will be sent in parallel to the Cathode Strip Chamber (CSC)
Trigger Mother Board (TMB) to be combined with the CSC data and to improve the Level-1 trigger
efficiency of the CSC system.
To send the trigger data to the CSC TMB we will use existing optical fibers located along the
CSC detectors inside CMS. These fibers cannot sustain the GBT protocol. Consequently an FPGA
will be placed on-detector to concentrate the trigger signals from the 24 VFAT3, to perform zerosuppression and transmit the data to the CSC as well as to the micro-TCA off-detector electronics.
About 400 I/Os will be required to connect the FPGA to the 24 VFAT3 chips. This FPGA will be
mounted on a board called “opto-hybrid” which will host in addition the GBT chipsets as well as
the optical connectors. Initially a Xilinx Virtex 6 was considered to equip the opto-hybrid board
because it is the type of FPGA used on the CFEB boards located on the CMS CSC detectors. In
addition radiation studies described in ref. [10] show that the FPGA Block RAMs would encounter
∼ 9 SEU/day at high LHC luminosities. Mitigation processes are being investigated. Given the
little space (240 × 225 mm2 × 11 mm in height) left on-detector for the opto-hybrid and to reduce
the heat, a smaller FPGA like the Xilinx Artix7 is now under study.
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• Relatively long signal charge collection ∼ 80 ns;

TTC (Clock, L1A, Fast controls)

CMS DAQ Link (optical)

AMC
13
Front-End
Electronics

Versatile Link
GLIB

GLIB

GLIB
MCH

Micro-TCA crate

Figure 4. Layout of the “off-detector” electronics for the CMS triple-GEM system.

3

The “off-detector” electronics

The off-detector electronics provides the interfaces from the detector (and front-end electronics) to
the CMS DAQ, TTC and Trigger systems. The design foreseen for the CMS GEM off- detector
electronics is based on FPGAs and Multi-GBit/s links that adhere to the micro-TCA (µTCA) standard [11]. Micro-TCA is a recent standard that has been introduced for the Telecom industry and
aims at high data throughput (2 Tbit/s) and high availability (the proportion of time the device is
actually operating correctly compared with the planned time of operation = 99.999%). It is compact, hot swappable and has a high speed serial backplane. The µTCA is now a common standard
for all the CMS upgrades and will replace the VME electronics.
The CMS GEM “off-detector” electronics, shown in figure 4, will be composed of the preferred CMS µTCA crate, the VadaTech VT892 [12], which supports 12 double-width, full-height
AMC cards and two µTCA Carrier Hub (MCH) slots. The MCH1 slot houses a commercial MCH
module, used for gigabit Ethernet communication and IPMI control. The MCH2 slot houses a
custom AMC developed by Boston University and called AMC13 [13]. The AMC13 became the
standard module within CMS to interface the µTCA crates to the CMS data acquisition system and
to provide the CMS Trigger Timing and Control (TTC) signals downlink.
Each µTCA crate will house 12 GLIB AMC boards as the GEM trigger and tracking data
receiver. The GLIB AMC is based on a Xilinx Virtex-6 FPGA with Multi-Gigabit Transceivers
(MGT) operating at rates of up to 6.5 Gb/s. In addition the GLIB board features two high-pin count
(HPC) FMC Mezzanine Card (FMC) sockets that can be used to extend the I/O connectivity of the
GLIB AMC. Consequently each GLIB could accommodate up to 8 GBT high-speed data links and
read-out a 10◦ φ -sector of triple-GEMs. In total 6 µTCA crates are needed to read-out the entire
GE1/1 system tracking data and 2 crates for the trigger data.

4

Time resolution studies

An important parameter of the CMS GEM system is to provide a time resolution better than 8 ns
to unambiguously identify the LHC bunch crossings. Measurements performed in beam tests have
shown that a time resolution of the order of 5 ns is achievable with triple-GEM detectors oper-
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Figure 5. Example of a simulated CMS triple-GEM detector signal. The induced signal on the anodes is
represented in red and the corresponding VFAT3 output in blue, with a shaping time of 100 ns.

ated with Ar/CO2 /CF4 (45/15/40) gas mixture and the VFAT2 front-end electronics [14]. While
the VFAT3 design is ongoing, detailed simulations of the CMS triple-GEM detector response to
1 GeV/c momentum muons have been performed. A detection cell has been simulated in 3D with
the GARFIELD [15] software using electric field maps computed by the finite element (FEM) software Ansys [16]. Using the response function of the pre-amplifier of the current VFAT3 design
we have studied the time resolution with two different methods that could be implemented on the
front-end chip: the Time-Over-Threshold (TOT) and the Constant Fraction Discriminator (CFD).
Figure 5 shows an example of a simulated triple-GEM induced signal on the anodes (red) and
the corresponding amplified and shaped signal obtained with a shaping time of 100 ns (blue). The
two peaks observed in the induced signal are due to the spread of the primary ionization along
the muon track in the 3 mm-long drift gap. Figure 6 shows the evolution of the time resolution
as a function of the shaping time for the two methods, TOT and CFD. With both methods a time
resolution better than 5 ns can be achieved for shaping times above 50 ns with the Ar/CO2 /CF4
(45/15/40) gas mixture.

5

Summary

The installation of a new sub-detector in the CMS forward muon spectrometer is essential for enhancing both the muon tracking and triggering capabilities, ensuring a highly performing muon
system during the LHC High Luminosity phase. Triple-GEM detectors have shown to have the
requested performance to achieve these goals. In this paper we reviewed the status of the electronics system for this CMS upgrade, to be installed during the second LHC long shutdown. The
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Figure 6. Time resolution as a function of the shaping time for the TOT and CFD methods.

system requires the design of a new front-end chip, the VFAT3, with similar functionalities that the
TOTEM VFAT2 chip. In addition to make full use of generic projects and to minimize duplication
efforts, the system will use the Versatile Link, the GBT chipset and the GLIB boards that will be
hosted in the “CMS standard µTCA crate”, the VadaTech VT892. The “CMS standard AMC13
board” will be used to interface the µTCA crates to the CMS data acquisition system. Nevertheless
an FPGA opto-hybrid board located on the detector is necessary to transmit the GEM trigger data
to the new CSC trigger boards through existing optical fibers.
Finally we present preliminary studies on the time resolution that could be achieved with the
VFAT3 chip under design with two methods: the TOT and the CFD. In both cases a time resolution
better than 5 ns can be achieved for shaping times above 50 ns with the Ar/CO2 /CF4 (45/15/40)
gas mixture.
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Introduction

The CMS GEM collaboration [1] is planning to use triple GEM detectors [2] as part of its muon
system upgrade in order to enhance the muon tracking and triggering capabilities in the region
of 1.5 < η > 2.2. A complete electronics system is currently under design for the purpose [3].
The electronics system consists of two regions: the “on-detector” region and the “off-detector”
region, presented in figure 1. The electronic components of the “on-detector” region are required
to be resistant to radiation. The electronics of the “off-detector” region are located in the counting
room, where standard electronic components can be used. The electronics in these two regions are
connected to each other using radiation hard optical links.
The on-detector part of the system is optimized for use with the GEM detectors and comprises
a new front-end readout ASIC (VFAT3), a dedicated GEM Electronic Board (GEB) and an optohybrid with embedded Gigabit Transceiver (GBT) [4] chip sets. In this paper, we introduce in detail
one crucial part of the readout system, the GEM Electronic Board. The main objectives of the GEB
are to provide stable powering and ground for 24 VFAT3 front end chips, to connect the 24 VFAT3
front ends to the GBTs of the optohybrid using digital high-speed signals and to shield the GEM
detector from electromagnetic interference. In addition, the GEB enables a compact system design
needed for installation within the limited space of the Muon stations GE1/1, GE2/1 and ME0.

2

GEM Electronic Board (GEB)

The GEM chamber with all the readout electronics and cooling has to fit in the limited space of the
Muon station. The height available for the electronics and cooling is at best 20 mm at the Muon
station GE1/1. Because of these tight mechanical constraints, connecting each of the 24 VFAT3
to the optohybrid using flat cables is not possible. To overcome this problem, the GEM Electronic
Board is proposed. The GEM Electronic Board or GEB is a large-size printed circuit board (PCB)
that is placed on top of the GEM detector. Even though the GEB is placed on top of the GEM
detector, it is a separate board. This allows the GEB board and all of the electronics on it to be
replaced without opening and possibly contaminating the GEM detector. The GEB functions as a
motherboard with three main objectives:
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1

• to provide stable powering and ground for 24 VFAT3 front end chips
• to connect the 24 VFAT3 front ends to the GBTs of the optohybrid using high-speed digital
signals
• to shield the GEM detector from electromagnetic interference.
The design was started by defining the mechanical dimensions of the GEB. The length of the
trapezoid area available for the electronics and the cooling in the Muon station GE1/1 is 1003 mm.
The width of the trapezoid area (with a height of 20 mm) is 345 mm at the wider end and 146 mm
at the narrower end. The width of the GEB board can be as large as the detector itself, which is 457
mm at the wider end and 285 mm at the narrower end as long as the thickness of the GEB does not
exceed 1.8 mm.
The strips on the GEM detectors are relatively long (up to 20 cm), which makes them sensitive
to picking up the external electromagnetic noise generated by other electronic systems nearby.
Thus, to shield the GEM detector from electromagnetic interference, the GEB was decided to be
made large enough to cover the whole detector. This unusual size makes it possible to provide a
continuous shield to protect the noise-sensitive strips of the GEM detector, but at the same time,
it introduces the challenges of the design and manufacturing processes. Another advantage of this
large continuous PCB is that it enables the routing of the 24 VFAT3 front ends to the optohybrid
without a need for additional connectors or cables.
The GEB board was designed as a multilayer PCB with six layers. The number of layers
was defined by the fact that it requires two layers to route all the 288 differential pairs and 144
single-ended signals from the 24 VFAT3 front ends to the optohybrid. Two layers were also used
for distributing the power and the ground planes. In addition to these four inner layers, the top and
bottom layers of the PCB were connected to the ground to surround the high-speed signals from
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Figure 1.
Electronics and data acquisition system architecture proposed in [3] for the CMS
GE1/1 subdetector.

(a)

(b)

the VFAT3 front-ends to the optohybrid. This way, the high-speed signals are shielded from the
external electromagnetic interference, but more importantly, it prevents the noise from radiating
from the high-speed signals to the sensitive strips on the GEM detectors.
To make it possible to connect the VFAT3 front end chips to the GEM detector and the GEB,
the VFAT3 chips are mounted on VFAT3 hybrids, which are PCBs with one connector to the GEM
detector for the analog input signals and a second one for transferring digital signals to the GEB; see
figure 2. The height difference of these two connectors defines the thickness of the GEM Electronic
Board. In our case, the height difference of these connectors is 1 mm, which is a standard thickness
in the PCB manufacturing and meets our requirements for the maximum height of 1.8 mm at the
edges of the detector.
The signal distribution planned for the GEB is shown in figure 3. The signal distribution to the
VFAT3 hybrids is carried out by using three separate clock and trigger lines, which each provide
the clock and the trigger for a single column. A single column contains eight VFAT3 hybrids. Other
differential high-speed signals are not shared with other hybrids, and thus, are routed directly from
each of the hybrids to the optohybrid. Since the signals are over one metre long and operate at
a frequency of 320 MHz, the differential high-speed signals require phase matching. The phase
matching is provided for each whole row on the GEB that contains three VFAT3 hybrids instead of
a single hybrid to ease the software and firmware development later on.

3

Proof of concept

An initial version of the GEB board was manufactured to verify its suitability for large-scale manufacturing, figure 5. The manufacturing of the GEB was successful but not without problems. The
first manufacturing run suffered from short circuits. They were due to the laminating deviations
that were more difficult to control because of the large size of the PCB. Nevertheless, after a rerun,
this problem was solved.
The first GEB prototype was manufactured without an impedance control as it was designed
to operate with VFAT2 chips that run with 40 MHz LVDS signals. A second prototype (with an
impedance control) has been submitted to study the 320 Mbps operation for the VFAT3. For this
reason, the initial GEB version was used to test the signal integrity at 40 MHz. The clock signal
was generated by using a signal generator and fed through the PCB. At the other end, the signal
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Figure 2. (a) Mounting of the VFAT hybrids to the GEM detector and to the GEB. (b) The CMS VFAT2
Hybrids used with the prototype as the VFAT3 chips are still under development. Figure shows the VFAT2
Hybrids with and without the protective covers that are used to provide mechanical protection.

Figure 4. Signals measured coming in and out of the GEB board.

was terminated by using a 100 Ω resistor and recorded by a differential probe and an oscilloscope.
The measured signals are shown in figure 4.
Figure 4 shows that at the frequency of 40 MHz, the signal from the end of the clock line has
a slightly reduced amplitude. This is because the differential PCB traces have a resistance around
11 Ω, each of which reduces the amplitude seen over the 100 Ω terminating resistor. Otherwise,
the signal looks good.
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Figure 3. GEB clock and trigger signal distribution for the 24 VFAT3 hybrids.

The initial version of the GEB-V1 has the option to read out six VFAT2 front ends out of 24
VFAT2 front ends by using the first version of the optohybrid. The first prototype uses VFAT2
front end chips [5] as the VFAT3 front end chip is currently under development. The rest of the
VFAT hybrids can be read out by using the TURBO readout system, which has been developed
for the TOTEM experiment [6]. The use of these two readout systems makes it possible to test the
functionality and performance of the proposed GEM Electronic Board with VFAT hybrids, but also
enables the use of the well-known TURBO readout system as a reference for initial tests.
Using the VFAT2 hybrids, the optohybrid and the GEB the system were tested with the GEM
detector and found to be functional. Even though the strips on the GEM were read out simultaneously by using different VFAT2 hybrids at 40 MHz, no notable increase in noise was detected
that could be due to the electromagnetic interference generated by the readout system. The results
were promising, but further study is needed especially on the electromagnetic interference when
operating at 320 MHz. These tests need a second version of the readout system to be completed.

4

Summary

An initial version of the GEB board (GEBv1) has been manufactured. The objectives were to verify
the manufacturing process and the electrical characterization. The GEBv1 prototype measured
slightly over one metre to be compatible with the existing GEM detectors. The manufacturing with
six layers was found to be feasible and cost efficient. Electrical measurements were performed to
characterize the signal integrity at 40 MHz. Moreover, the functionality of the GEB board with
the VFAT2 hybrids was tested. The tests showed that the system functions as intended, and the
electromagnetic interference was observed not to cause problems.
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Figure 5. Manufactured large-size GEM Electronic Board with four CMS VFAT2 hybrids mounted on it.
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