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Abstract

At room temperature, high-responsivity charge-coupled devices (CCD) comprising 
arrays of several thousand linear photodiodes are readily available. These sensors are 
capable of ultraviolet to near infrared wavelengths sensing with detecting resolutions 
of up to 24 dots per millimeter. Their applicability in novel spectrometry applications 
has been demonstrated. However, the complexity of their timing, image acquisition, and 
processing necessitates sophisticated peripheral circuitry for viable output. In this chap -
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integrated circuit (ASIC) to drive a wider range of linear CCDs on the market. This is 
advantageous for rapid development and deployment of the spectrometer instrument.
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1. Introduction
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technological progress that has occurred over the last few decades in the area of image sens-
ing, particularly with respect to charge-coupled device (CCD) sensors. Today, they are found 
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tion, thereby covering a wide variety of applications. The interest to use CCDs in serious 
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ranges. One factor that contributed to these advances is that solutions were given to many 
of the problems associated with defect states of the semiconductor substrates on which the 
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allowed the reduction of readout noise, thereby improving the photodiode sensitivity even 
further [ 1]. Of particular note is the electron multiplication scheme that provided on-chip gain 
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typical CCD imager consists of a coordinated collection of individual photodiodes that can 
range from a few hundred pixels for computer optical mouse position encoding to high-speed 
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posite arrays that have image resolutions approaching 1200 dots per inch, excellent low-lux 
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lengths are fast-approaching performances nearly equal to the traditional photomultiplier 
tube, with an added bonus of having built-in control electronics that require only correct 
timing and serially orientated data acquisition [ 3–7]. The vast number of individual photo -
sensors and serial readout for the typical CCD sensor necessitates a rather complex layout of 
additional components that are peripheral to the CCD for the purposes of control phasing 
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cations, such as the cryogenically cooled CCDs in astronomy applications, in spectroscopy, 
and in education [ 8–14]. The operational principle of a CCD is simple in practice, namely 
that the individual photosensors are synchronously and serially clocked output. This poses 
formidable implementational challenges due to the complexity of biasing, timing, and control 
on any CCD device, for a usable intensity output data stream with high bandwidth images. 
According to the Nyquist sampling theorem, acquisition must therefore proceed at least twice 
the image bandwidth [ 15]. In practice, the analog-to-digital converter (ADC) must operate 
faster than the Nyquist frequency because of the mandatory intermediate processes in the 
sequence of acquisition, from initialization to acquired image transmission to data terminal 
�Ž�š�ž�’�™�–�Ž�—�•�1 �û�������ü�ï�1 ���‘�Ž�›�Ž�1 �Š�›�Ž�1 �Š�1 �—�ž�–�‹�Ž�›�1 �˜�•�1 �ž�œ�Š�‹�•�Ž�1 �Š�™�™�›�˜�Š�Œ�‘�Ž�œ�1 �•�˜�1 �•�‘�Ž�1 �’�–�™�•�Ž�–�Ž�—�•�Š�•�’�˜�—�1 �˜�•�1 �•�‘�Ž�1
�œ�Ž�š�ž�Ž�—�Œ�Ž�œ�1�’�—�1�•�‘�Ž�1�’�–�Š�•�Ž�1�Š�Œ�š�ž�’�œ�’�•�’�˜�—�1�•�›�˜�–�1�Š�1�������1�•�Ž�Ÿ�’�Œ�Ž�ï�1���‘�Ž�1���›�œ�•�1�’�œ�1�•�‘�Ž�1�‹�Š�œ�’�Œ�1�–�’�Œ�›�˜�Œ�˜�—�•�›�˜�•�•�Ž�›�,�1
�˜�›�1�–�’�Œ�›�˜�™�›�˜�Œ�Ž�œ�œ�˜�›�,�‹�Š�œ�Ž�•�1�Š�™�™�›�˜�Š�Œ�‘�ï�1���‘�Ž�1�œ�Ž�Œ�˜�—�•�1�’�œ�1�‹�Š�œ�Ž�•�1�˜�—�1�Š�1���Ž�•�•�1�™�›�˜�•�›�Š�–�–�Š�‹�•�Ž�1�•�Š�•�Ž�1�Š�›�›�Š�¢�1
�û�����	���ü�ð�1 �Š�—�•�1 �•�‘�Ž�1 �•�‘�’�›�•�1 �’�œ�1 �‹�Š�œ�Ž�•�1 �˜�—�1 �Š�—�1 �Š�™�™�•�’�Œ�Š�•�’�˜�—�,�œ�™�Ž�Œ�’���Œ�1 �’�—�•�Ž�•�›�Š�•�Ž�•�1 �Œ�’�›�Œ�ž�’�•�1 �û���������ü�,�‹�Š�œ�Ž�•�1
design. The third strategy is based on a custom-designed hardware application, known as an 
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provisions for upgrading, such as externally connected dual data rate (DDR) block memories 
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optimized memory and execution speed in a manner that is less reliant on additional periph -
�Ž�›�Š�•�œ�1�Š�—�•�1���›�–� �Š�›�Ž�ï

An alternative solid-state imaging technology to the CCD is commonly referred to as active 
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techniques are largely responsible for the microprocessor revolution because they are more 
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of having higher pixel densities; hence, these devices have larger pixel arrays and wider pho-
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photodiode and at most three transistors, is vastly reduced in comparison with that of the 
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column addressing protocol. The CCD element, on the other hand, relies on a sequential con-
veyance of charge, leading to a framing approach to image recovery. The general consensus 
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imagers is beyond our present scope. Holst and Lomheim [20], Janesick et al. [21, 22], and 
others provide a good review of the two alternatives.
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taken in this work is to present a proof-of-concept for the overall system functionality rather 
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cation with the intention to re-synthesize onto a purely ASIC system. However, it must be 
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2. FPGA or ASIC?
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in order to obtain the same system performance as an ASIC in older technologies; an increas-
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as cameras and mobile phones. Also, the hard coding of the logic in an ASIC leads to more 
secure and reliable systems by making it virtually impossible to reprogram the device. This 
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two decades, there has been a gradual movement toward the development and application of 
femtosecond time-resolved spectroscopy (TRS) in many areas of measurement [23–29]. Such 
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number of pixels and resolution of these cameras [30–34]. In general, the processing require-
ments of temporally demanding applications that maintain high sensitivity within a single 
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tions, particularly because they do away with the need for a dedicated, high-throughput ADC 
altogether. Thus, these developments mean that printed circuit board level design practices of 
ADCs are no longer needed. The characterization of the ADC becomes critical in such appli-
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events with femtosecond resolution and low crosstalk are now commonly implemented using 
ASICs [35–37�þ�1�Š�œ�1� �Ž�•�•�1�Š�œ�1�����	���œ�1�ý38]. Such ASICs are found in critical experiments such as the 
Large Hadron Collider (LHC) [ 39], space [1], organic, and biomedical applications [ 19–27].
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issues, particularly with respect to performance issues of heat removal and speed, is easily 
�Š�Œ�‘�’�Ž�Ÿ�Ž�•�ï�1 ���‘�Ž�1�™�›�˜�•�˜�•�¢�™�Ž�1�•�Ž�œ�’�•�—�œ�1�Œ�Š�—�1�‹�Ž�1�Ÿ�Ž�›�’���Ž�•�1 �Ÿ�’�›�•�ž�Š�•�•�¢�1�’�—�œ�•�Š�—�•�•�¢�1 �•�ž�›�’�—�•�1 �•�Ž�Ÿ�Ž�•�˜�™�–�Ž�—�•�1 �Š�œ�1
many times as necessary by simply downloading the design into the development test bed. 
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Figure 2 depicts the design steps in a typical ASIC-based design process. ASIC tools are gen-
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design, postsynthesis analyses of the timing and functional equivalences are the responsibility 
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2.3. A typical FPGA application in CCD-based spectroscopy

Figure 3 shows the schematic of a typical linear CCD application in which the light focused 
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a carefully positioned sample being characterized [14]. The general elements in the layout are 
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length and manifest as angularly dispersed alternating zones of high and low light intensity with 
a linear resolution in terms of spectral, that is, wavelength spread or range per unit length [ 2].

1. Figure 3 shows the general schematic of the image forming optics. A real but inverted image, 
shown as   x  �•  

����   , is required to fall onto the photosensitive areas of the CCD for detection. This 
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��   , which is itself the result of net interference 
of the light source as it passes through the grating. It is easy to show that the spread of 
wavelength along the total detection array length of the CCD is distance resolved. Thus, 
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   x  �•  
����   = �� ,   (1)

where  �… = mL�:/�:d .
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Therefore, a bright spot located at the position   x  
�•
  ����    will be at wavelength  �•  and an intensity 

measured at the corresponding photodiode. Hence, a direct readout of the CCD intensity 
data is possible. By utilizing a standardized light source, the voltage output of the CCD can be 
calibrated in lux; although this is not necessary in a spectroscopic application where knowing 
the spectral character and the relative peak intensities is more important than actual intensity, 
it is normal to express the output count in arbitrary units (au). Therefore, a plot of the CCD 
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many applications. In our particular case, the CCD output is measured in volts. The CCD 
output is read out sequentially in step with synchronization pulses. The hardware or software 
that receives the CCD output should therefore be designed to interpret that the CCD output 
�Š�œ�1 �‹�Ž�’�—�•�1 � �’�•�‘�’�—�1 �Š�1 � �Ž�•�•�,�•�Ž���—�Ž�•�1 �•�›�Š�–�Ž�ï�1Figure 4 shows the timing and control signals that 
are typical in linear CCDs for the detection of three colors. The waveform-labeled OS (serial 
output) shows the intensity variations relative to the sample and hold (SH), clocking phases 
(� 1 and � 2), and the register shift (RS) signals.

Figure 4 shows the complexity of the signals required to drive a typical CCD in even the most 
cursory application, without data acquisition in any form. These signals are derived from an 
actual CCD, the TCD2557, which henceforth we shall refer to as the exemplary application. The 
complexity of the additional conditioning circuitry can be appreciated by considering the fol -
lowing scenario. The exemplary CCD has 5415 elements that make up the readout frame, but 
5340 actual photosensors. The remaining 75 elements are dummy sensors, 64 presensor blocks 
and 11 postsensor blocks. The CCD requires dual-phase clock signals (� 1 and � 2) which, if 
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additional processing cause timing overheads beyond the needs to construct the frame. USB 
transfers and other processes are nonparallel and consume added real time. Between the three 
afore-mentioned design strategies that would realize a practical spectrometer that is designed 
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lowing reason. If the ADC presumably uses an 8-bit successive-approximation, ADC converter 
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�›�ž�—�—�’�—�•�1�Š�•�1�W�1���
�£�1�û�’�ï�Ž�ï�ð�1 � �̃7=�71� s ), then each photodiode level is converted to at least   2   8 � �̃7=�72.56  ms. 
It is likely that an associated temporary memory for  M�7=�78192  ( 4192�7<�7 (M�7=�75340) �7<�78192 ) bytes will 
be required. The operation of such a memory will be such that at the end of each conversion 
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5340 ×  2   8 � �̃7�¿�713.67  s. This time is clearly far too long for a simple 8-bit acquisition. In addition, the 
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put lines of the microcontroller, further complicating the design and requiring an extremely 
fast microcontroller. It is estimated that the operating frequency of such a microcontroller 
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Figure 4. Timing diagrams that lead to the generation of CCD output.
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application to drive the TCD2557 CCD [40–43]. The Xilinx software development kit (SDK) 
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default, parallel and can be made either synchronous or asynchronous. Thus, the generation 
and handling of the timing and synchronization signals becomes a trivial exercise. Figure 6 
shows the organization of the Spartan-6LX9 to implement the requisite control signals and the 
connection of the CCD.
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rate alongside other parallel processes such as acquisition and USB transfers. In the actual 
application mentioned above, we have achieved a CCD readout rate of 1.23 gigabit/s per color.
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obtained when a source of illumination was directed at the spectrometer.

2.4. The operational principle
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peripherals in that it permits the arbitrary implementation of high-speed functional blocks 
from the array of CLBs, clocks, and system management tiles. Their internal structures can 
be arranged into several virtual, highly parallel microcontrollers and peripherals [ 41]. The 
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interconnected architecture permits devices to be built for speed and low-power consumption. 
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comprising a 2-register, 6-input lookup table (LUT), steering logic, 18 kilobytes of random 
�Š�Œ�Œ�Ž�œ�œ�1�–�Ž�–�˜�›�¢�1�û�������ü�ð�1�Š�—�•�1�œ�ž�™�™�˜�›�•�1�•�˜�›�1�•�‘�Ž�1�������1�X�ï�V�1�œ�•�Š�—�•�Š�›�•�1�•�˜�›�1�Œ�˜�–�–�ž�—�’�Œ�Š�•�’�˜�—�œ�1� �’�•�‘�1�•�‘�Ž�1
�������ï�1���‘�Ž�œ�Ž�1�•�Ž�Š�•�ž�›�Ž�œ�1�•�‘�Ž�›�Ž�•�˜�›�Ž�1�–�Š�”�Ž�1�•�‘�Ž�1�����	���1�Š�1�Ÿ�Ž�›�¢�1�•�˜�˜�•�1�Š�•�•�Ž�›�—�Š�•�’�Ÿ�Ž�1�•�˜�1�•�‘�Ž�1�–�’�Œ�›�˜�Œ�˜�—�•�›�˜�•�•�Ž�›�1

Figure 7.�1���Œ�•�ž�Š�•�1�™�‘�˜�•�˜�•�›�Š�™�‘�œ�1�œ�‘�˜� �’�—�•�1�û�Š�ü�1�•�‘�Ž�1�Š�Œ�•�ž�Š�•�1�������X�[�[�]�1�������1�˜�ž�•�™�ž�•�ð�1�û�‹�ü�1�•�‘�Ž�1�������1�•�Š�–�™�1�œ�™�Ž�Œ�•�›�ž�–�1�•�‘�Š�•�1�•�Ž�—�Ž�›�Š�•�Ž�œ�1
the output in (a).
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ment ASICs, such as those developed by the CCD manufacturers themselves. However, the 
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acquisition. Such solutions are, for the low volume designs at least, that ASICs can be notori-
ously closed, proprietary solutions whose innards and general operations are hard to deci -
pher without knowledge of the intellectual property, or some amount of reverse engineering. 
Therefore, while an ASIC can deliver a blazingly fast and reliable performance in a given 
application, it can be beyond the means of a low volume production in terms of development 
cost and ASIC design. In this work, the necessary CCD control signals are derived from a 
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soundcard sampled at 44.1 kHz, can readily digitize the intensity stream using a number of 
third-party software ( Figure 8).

2.4.1. Emulating a microcontroller strategy using an IP core
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The sole requirement of the user is to correctly declare the desired unit and functionality, and 
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enhances repeatability and dramatically improves lead-in time. The resulting system is sup -
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does not process interrupts pertaining to the image acquisition stages.

2.4.2. A description of the FIFO IP core
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various control and clock signals to drive the CCD and other features in the design. The hand-
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photodiode, which is held as a proportional voltage, is shifted into the next photodiode and 
eventually out of the CCD analogue output, until all photodiode levels have been shifted out of 
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ASIC strategies.
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level, SDK-developed C/C++ that understands the hardware description, right from the initia -
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able parsing algorithm. At this point, all the intensities and pixels are then matched numeri -
cally. The interpretation of these data then yields information about the light that falls on the 
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3. Conclusions
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approaches in the design of a linear spectrometer instrument that uses a tricolor, CCD 
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surements. The approaches discussed are with respect to the complex timing and signal 
conditioning requirements to realize a workable output from the CCD. These approaches 
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essential aspects of the design by outlining the CCD and system control signals, the data 
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design approach leads to a high degree of reliability, repeatability for the task since a high 
performance, for rapid application development. The embedded intellectual properties 
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ment that allows both USART and USB 2.0 communications with a normal personal 
computer. The output data stream, comprising intensity versus wavelength format, can 
be incorporated directly into postprocessing programs. An equation was derived to show 
how the alignment and calibration of the spectrometer may be done. An aim of this has 
�‹�Ž�Ž�—�1�•�˜�1�•�Ž�–�¢�œ�•�’�•�¢�1�•�‘�Ž�1�Œ�˜�–�™�•�Ž�¡�’�•�¢�1�˜�•�1�•�‘�Ž�1�œ�¢�œ�•�Ž�–�1�‹�¢�1�˜�ž�•�•�’�—�’�—�•�1�’�—�1�œ�ž���Œ�’�Ž�—�•�1�•�Ž�•�Š�’�•�1�•�‘�Ž�1�™�‘�¢�œ-
ics behind image sensing while presenting the overarching challenges that such sensing 
presents to the acquisition system. The sensing of wavelength-proportional intelligence 
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domain that approaches real time. This naturally raises questions about the best acquisi-
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the ASIC route may be preferable in larger volume productions. This spectrometer has 
in fact been deployed in thermoluminescence (TL) measurement, photoluminescence (TL), 
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