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Introduction
CCD cameras provide the ultimate in sensitivity for 
low-light detection of fluorescence, Raman scatter and 
similar signals. Deep-cooled CCDs and EMCCDs like 
those manufactured by HORIBA can detect signals at or 
below the read noise floor of just a few photoelectrons. 
To unlock the full potential of a CCD camera, particularly 
when acquiring data at high speed, it is important to 
understand in detail how the signal is read out. This 
technical note discusses the basics of CCD readout.  

Full-frame CCD sensors consist of two-dimensional 
arrays of potential wells, referred to as pixels (Fig. 1).  
Photons incident on each pixel are converted to 
photoelectrons and stored in the potential well until 
readout (Fig. 2). Stored charges may be binned together 
in both the horizontal and vertical directions (Fig. 3-4).

CCD Readout Timing
Full-frame CCD cameras read out in a serial manner
1.	 Shift accumulated charge row by row towards the 

serial register, summing the total charge by columns.

2.	 Read out the charge stored in the serial register, 
pixel by pixel.

Fig. 1. CCD Basic Structure and Potential Well - Adapted from [1]

The time required for step 1 is called the vertical shift 
time. In HORIBA’s current lineup of CCD cameras, this 
parameter varies from ~5-36 μs per row.

Step 2 is performed at the ADC (analog-to-digital 
conversion) rate. For HORIBA cameras, this rate varies 
from 20 kHz to 3 MHz.

The Synapse Plus camera with an open electrode (OE) 
sensor has a pixel format of 1024 columns x 256 rows. 
The vertical shift time varies between 9.3 and 36.5 μs. 
The ADC rates are 50 kHz, 1 MHz and 3 MHz. Both 
parameters can be set in software. The entire CCD 
sensor can be read out in a minimum time of 9.3 μs/row 
x 256 rows = 2.38 ms + 1024 pixels/3 x 106-1 = 0.34 ms, 
which sums to 2.72 ms. Hence, the maximum possible 
acquisition rate of this camera is 1/0.00272 or 367 sps 
(spectra per second). In practice, this number is reduced 
to a typical value of 363 sps due to timing overhead and 
the finite speed of data transfer over a USB connection.

Fig. 2. Structure of Full Frame Transfer CCD - Adapted from [1]

The same sensor is used in the Syncerity camera 
platform, where it has a default 36 μs vertical shift time 
and a 1 MHz maximum ADC rate. The Ultra readout 
mode in the Syncerity OE camera changes the vertical 
shift time to 9 μs, which allows the camera to run at a 
spectral rate as fast as 278 sps.
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Binning
The readout scheme used above is called full vertical 
binning (FVB) and is the default acquisition mode in 
HORIBA software.

The entire charge content of each of the 256 rows is 
summed into the corresponding storage pixel in the 
serial register. A common practice, particularly with 
microspectroscopy, is to focus the light to be analyzed 
onto a small spot at the plane of the entrance slit of the 
spectrometer, or to guide the light with an optical fiber. 
The user then bins the sensor over the few illuminated 
rows taken up by the spectrally dispersed signal. Charge 
in the rows above and below the illuminated area must 
be due to dark current or stray light and is rejected in 
order to reduce noise. The serial architecture of the CCD 
means that it is still necessary to read out the charge in 
the rejected rows, and this requires the same amount of 
time. A typical scheme would look like this:

1.	 Bin together and read the first 118 dark rows but do 
not save the results.

2.	 Bin together and read the central 20 illuminated 
rows, and save the results.

3.	 Bin together and read the last 118 dark rows but do 
not save the results.

The net result is that we have done the same number of 
vertical shifts as in the FVB example but 3x the number of 
reads. The time required using the Synapse Plus camera 
is calculated to be 3.40 ms, leading to a spectral rate of 
~294 sps. The extra binning steps reduce the effective 
spectral rate.

Cleans
A CCD sensor is always sensitive to light and is always 
accumulating dark charge. Whenever a CCD camera is 
not actively acquiring signal or being read out, an idle 

loop performs cleaning cycles in which the charge in the 
sensor active area is binned and read out, and the signal 
discarded. One or two additional cleans may also be 
performed after an acquisition is triggered. This reduces 
the maximum obtainable spectral rate. The details of 
this protocol vary between camera platforms and can 
be controlled by SDK commands and to a lesser extent 
by HORIBA’s LabSpec and SynerJY software. Some 
Syncerity cameras include Ultra readout mode which 
increases the effective acquisition rate by doing away 
with post-trigger clean cycles.

Single vs. Multiacquisition
Typically, when an acquisition is triggered the current 
cleaning cycle completes before data can be acquired. 
This introduces a somewhat variable amount of overhead, 
or jitter, into the time budget of a single acquisition. 
Depending on where it is in the cleaning cycle when the 
acquisition trigger is received, it might take up to a few 
ms for the acquisition to begin.

The point-to-point time mapping functionality in 
LabSpec uses single acquisition mode. It is possible 
to significantly reduce the time overhead by using 
multiacquisition mode. SWIFT™ mapping uses this mode: 
up to 32,768 acquisitions are pre-programmed and then 
carried out without entering the idle loop. Timestamps 
for the individual spectra are calculated in the software.

ROI Crop Mode
It is possible to run Synapse cameras even faster by 
using Region of Interest (ROI) or Crop mode via SDK 
commands. ROI mode is not available in the Syncerity 
platform. In the simplest approach the full sensor is 
used, but enabling ROI mode skips cleaning cycles. 
Much faster speeds are available by redefining the active 

Fig. 3. Pixel (Horizontal) Binning Operation - Adapted from [1] Fig. 4. Line (Vertical) Binning Operation - Adapted from [1]
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area of the sensor to a smaller size, such as 8 rows. In 
this mode, only the redefined area is binned and read 
out. Spectral acquisition can be much faster, as the 
redefined sensor readout can be accomplished with 
only 8 vertical shift cycles rather than 256. In practice 
it is essential that the illuminated area of the sensor be 
located adjacent to the serial register. The remaining 
rows should not be illuminated. Any charge present in 
the chip area not included within the ROI will be shifted 
into the ROI upon the second or subsequent readouts. 
Hence, successive spectra will include varying amounts 
of unwanted signal due to dark current or stray light. In 
most cases the contribution of this signal to the overall 
SNR will be negligible.

Fast Kinetics/Burst Mode
This mode is used to follow microsecond dynamics of a 
process using a pulsed laser to excite photoluminescence 
or Raman scattering. The user illuminates a narrow 
strip located as far as possible from the serial register. 
A trigger synchronized to successive pulses shifts the 
accumulated charge by one or more rows toward the 
register, but without reading out. In this way the sensor 
will become filled with a series of strips of charge, each 
excited by a different laser pulse, and is then read out 
slowly in the usual manner, binning each strip separately.

What else contributes to timing overhead?
•	 Some CCD sensors may have partially or fully 

masked rows or columns, usually referred to as 
dummies. While not included in the active area of 
the sensor, these dummies contribute to shifting, or 
readout time. 

•	 Software may also define a “virtual” column of pixels 
at index zero. Users should not assume that the 
values contained in these virtual pixels can be used 
to infer the bias level.

•	 When an ROI is defined, the remainder of the sensor 
area is divided into blocks. When the sensor is read 
out, the charge in the area outside the ROI is binned 
together, read out and the signal discarded. In some 
cases, the block size is automatically defined to be 
no greater than the height of the ROI.

•	 The idle loop may include full sensor cleans (involving 
shift time), and/or cleans of the serial register only 
(only ADC time).

•	 EMCCDs include two readout registers above and 
below the active area. The EM register includes extra 
pixels used in the electron multiplication stage.

•	 HORIBA cameras use the USB 2.0 protocol for data 
acquisition. USB bus limitations on the timing and 
number of spectra transferred are computer- and 
setup-dependent.

Why not read the camera as fast as possible?
•	 The read noise increases with ADC rate.

•	 The charge-transfer efficiency decreases for fast 
vertical shift times. This results in image smearing 
and potential signal loss.

•	 Altering the normal clean patterns can result in 
unwanted signal from dark current or stray light.

•	 The guidance is to go as fast as you need to, but no 
faster, as when driving on the Interstate.

InGaAs Linear Array Cameras
HORIBA’s Synapse and Symphony InGaAs cameras 
use one-dimensional SWIR-sensitive photodiode array 
sensors which are more similar to CMOS sensors than to 
CCDs. InGaAs sensors incorporate an electronic shutter 
and do not have a serial readout register.

CCD vs. CMOS
CMOS sensors have replaced CCDs in some 
applications, primarily imaging, requiring small pixel 
size and fast readout. However, CCDs are still superior 
to CMOS for the most accurate quantitative detection 
of low-light spectra. One important difference is  that 
CMOS sensors contain multiple amplifiers and are 
read out in a parallel manner. While this increases their 
readout speed relative to CCD cameras, it also increases 
the pixel-to-pixel readout variance, as it is not possible 
in general to tune the individual amplifiers to precisely 
the same characteristics. By the same token, on-chip 
binning cannot be done in CMOS cameras. In CCD 
sensors binning is done prior to readout and is done in an 
effectively noiseless fashion. In CMOS sensors, binning 
is done after readout, incurring an additional read noise 
penalty for every binning action.
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