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ABSTRACT

The Next Generation Transit Survey (NGTS) has now been operating for six years, discovering and characterizing
transiting exoplanets around bright stars. We outline the NGTS project, including the Andor CCD cameras
used to perform high-precision time-series photometry. We quantify the photometric precision for a sample of
over 20,000 bright star observations. We find for single NGTS telescope observations we achieve a 30-minute
photometric precision of 400 ppm at low airmass. This is in good agreement with the photometric noise predicted
using a four-component noise model. We find that the photometric noise for bright stars (G < 12) is dominated
by atmospheric scintillation. We also present details of the NGTS multi-telescope observing mode, whereby 12
telescopes can be used simultaneously on a single target star to achieve a 30-minute photometric precision of
100 ppm. Finally, we describe a new generation scientific CMOS camera that we will be testing on-sky at the
NGTS facility to determine if it can compete with state-of-the-art CCD cameras used for high precision bright
star photometry.
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1. INTRODUCTION

1.1 Transiting Exoplanets

The concept of discovering exoplanets via photometric transits dates back at least 70 years.1 The discovery of
51 Pegasi in 19952 showed some exoplanets had much shorter orbital periods than the Solar System planets,
greatly increasing the prospects of detecting an exoplanet transit. Just four years later, the first transiting
exoplanet was discovered orbiting the star HD209458.3,4 In the following years teams began to discover transiting
exoplanets by photometrically monitoring large regions of the sky; most successfully with the WASP5 and
HATNet/HATSouth6,7 projects, which together have discovered over 300 transiting exoplanets. The value of
these discoveries to our understanding of exoplanets has been enormous, as in addition to well measured masses
and radii, these planet are amenable to study by techniques such as atmospheric transmission spectroscopy8 and
thermal emission phase curves.9 The bulk of early JWST exoplanet targets come from the discoveries made from
these surveys.10

Most of the exoplanets found from these ground-based transit surveys were gas giants with radii similar or
greater than Jupiter, which present transit signals of the order of 1%. Discovering smaller planets was difficult
in large part due to systematic noise in the photometry masking shallow transit signals.11 The Kepler mission12

showed that small radius, short period planets were relatively common around solar-type stars.13 The goal of
the Next Generation Transit Survey (NGTS14) is to deliver high precision photometry from the ground capable
of detecting Neptune-radius transiting exoplanets that present transit signals on the order of 0.1%.

1.2 NGTS

NGTS is a robotic and fully automated 12 telescope facility situated at ESO’s Paranal Observatory in Chile. The
telescopes are housed in a custom built enclosure with a roll-off roof (see Figure 1). Each telescope consists of
an ASA f/2.8 20 cm aperture Netwonian telescope on a fully-independent Optical Mechanics Inc equatorial fork
mount. Each telescope is coupled to a 2K×2K Andor iKon-L 936 CCD camera. An image of an NGTS telescope
showing the telescope tube, mount, and camera is featured in Figure 2. We set out more details relating to the
camera in Section 2.1. NGTS operates using a custom filter covering 520 to 890 nm. The majority of imaging is
carried out with an exposure time of 10 s. Full details of the NGTS facility and project are set out in the project
paper14 and on the NGTS webpage https://ngtransits.org.

The NGTS project began in 2016. In 2018 NGTS made its first exoplanet discovery with NGTS-1 b,15

a Jupiter-sized exoplanet transiting a low mass star. Since then NGTS has gone on to discover more than
20 transiting exoplanets. Of particular note is NGTS-4 b,16 a rare sub-Neptune-sized exoplanet lying within
the so-called “Neptunian Desert”.17,18 NGTS-4 b is the shallowest transiting exoplanet ever discovered from a
ground-based transit search.

Over the past 6 years NGTS has continued to discover transiting exoplanets by surveying the sky. NGTS
has also been extended to operate in a targeted mode, monitoring transiting exoplanets or exoplanet candidates
from the TESS mission.19 In this paper we provide an overview of the NGTS photometry, and present a study
of the photometric precision for bright stars. We also look to the future of the project, including multi-telescope
observations and testing a scientific CMOS camera, as we continue to discover and characterise transiting exo-
planets.

In Section 2 we outline our CCD cameras, autoguiding and aperture photometry that are at the core of
producing high precision photometric data for the NGTS project. In Section 3 we present a study of the
photometric noise in the NGTS data, comparing a four-component noise model to a large sample of bright star
observations. In Section 4 we outline a new multi-telescope observing mode used at NGTS to achieve even higher
precision photometry for targeted monitoring. In Section 5 we discuss an extension of the NGTS project to test
a new state-of-the-art sCMOS camera for high precision photometry of bright stars. Finally in Section 6 we
provide our conclusions.
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Figure 1. The NGTS enclosure during dusk moon-rise at ESO’s Paranal Observatory in Chile. The roll-off roof is open,
allowing each of the 12 telescopes an unobstructed view of the night sky to an airmass of 2.0 (60◦ from zenith). Image
credit: D. Bayliss

2. CCD PHOTOMETRY

2.1 iKon-L CCD Camera

To achieve high precision time-series photometry, NGTS relies on the images delivered by the iKon-L 936 CCD
camera, as shown in Figure 2, manufactured by Andor Technology∗. A number of design features make this
camera ideal for high precision photometry, which we highlight in this section.

The iKon-L CCD has a sensor size of 27.6×27.6 mm and utilizes the back-illuminated BR-DD sensor option.
Table 1 summarizes the main characteristics of the iKon-L CCD. The BR-DD camera model provides high
quantum efficiency with fringe suppression and an ideal wavelength coverage for observations in the visible and
near infrared. Figure 3 illustrates the quantum efficiency of this sensor alongside the NGTS filter bandpass of
520 to 890 nm. We also compare the sensitivity of the Andor Marana 4.2B-11 BV sCMOS camera, which is
discussed in Section 5.

The BR-DD detector is a CCD42-40 non-inverted mode operation (NIMO) back-illuminated and deep-
depletion sensor from Teledyne e2v†. Due to its NIMO characteristics, the dark current is higher than the
one of a standard device. However, for the observations at NGTS this is negligible as the dark current remains
much lower than the sky background.14

The 12 iKon-L CCDs at NGTS use 4-stage thermoelectric cooling, which allows for observations at an
absolute sensor temperature of -70°C. This represents a favorable cooling temperature for observations with
back-illuminated deep-depletion sensors in the 750-1000 nm region, as the quantum efficiency of some sensors,
such as the BR-DD model, show a temperature dependence in near-infrared sensitivity. This results in a trade-
off: as the sensor cools further, dark current decreases but so does long-wavelength quantum efficiency. A

∗https://andor.oxinst.com/
†https://www.teledyne-e2v.com/
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Table 1. Summary of technical specifications of the Andor iKon-L CCD and the Andor Marana BV-11 sCMOS

Description iKon-L 936 (CCD) Marana BV-11 (sCMOS)

Active pixels 2048 × 2048 2048 × 2048

Detector size 27.6×27.6mm 22.5×22.5mm

Pixel size 13.5×13.5 µm 11×11 µm
Read Noise 12 e- in fast readout mode (1.5 s) 1.6 e- in all readout modes

Dark Current 0.006 e-/pix/s at -80◦C 0.7 e-/pixel/s at -25◦C

Sensor Type e2v BR-DD GSense 400BSI

QE peak QE > 95% at 800nm peak QE > 95% at 550nm

Full Frame Readout Time 1.5 s 0.042 s

Operating temperature -70◦C -25◦C

Shutter 45mm programable shutter shutterless

consideration of signal to noise ratio versus measurement wavelength is required when deciding on a sensor
cooling strategy.

The readout speed we use to operate the CCD is 3MHz, which results in a readout time of 1.5 s for a full
frame, and a read noise of around 12 electrons root-mean-square (RMS). The iKon-L also offers slower readout
modes with lower read noise, however, this would lead to longer readout times and reduced on-sky exposure
time.14 Given that NGTS prioritises bright star photometry, it is more important to minimise the readout time.
Figure 4 highlights that even with a read noise value of 12 electrons, this is only a very minor component for the

Figure 2. One of the 12 NGTS telescopes in the stowed position. Visible is the Optical Mechanics Inc equatorial fork
mount holding the telescope, the carbon fibre ASA telescope tube, and the Andor iKon-L CCD camera mounted below
the telescope tube. Image credit: D.Bayliss
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Figure 3. The quantum efficiency of the NGTS Andor iKon-L BR-DD CCD camera (blue solid curve) in relation to the
NGTS filter bandpass (grey shaded region). Also plotted is the quantum efficiency curve for the Marana 4.2B-11 BV
sCMOS discussed in Section 5.

photometric noise, even for fainter stars.

To better suit the specific aims of this project, NGTS and Andor Technology collaborated to create a modified
version of the standard iKon-L CCD optimized for photometric precision. The customised NGTS cameras
have a modified internal fan for improved thermal stability, re-designed readout electronics for reduced thermal
sensitivity, and adjustable collection phase CCD voltage to maximise charge conservation at saturation.14

2.2 Autoguiding

In order to achieve high photometric precision, we maintain stars at precisely fixed positions on the CCD. We
achieve this using a closed-loop autoguiding system that continuously makes small adjustments to the telescope
pointing based on a real-time analysis of the science images. The system makes use of the DONUTS code20 and
maintains guiding to an RMS precision of around 0.03 pixels that is repeatable across timescales of months.14

2.3 Photometry

We produce high precision photometry from the individual CCD image frames using simple aperture photometry
whereby all pixels within a fixed radius of the target star are summed. For the original NGTS transit survey this
was performed by a custom photometric pipeline.14 For the targeted bright star observations, we use a stand-
alone photometric pipeline21 based on the SEP.22 Interestingly we found that traditional image calibration using
bias, dark, and flat-field frames does not improve our bright star photometric precision. The bias frames show
little variation or structure and the dark current is extremely low (see Section 2.1). The very stable NGTS
telescope autoguiding results in stars remaining on the same pixels for the entire observation sequence so that
flatfield variations do not contribute any significant photometric noise.
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3. NGTS SINGLE TELESCOPE PHOTOMETRIC PRECISION

3.1 Noise model

The precision of the NGTS photometry is well described using a four component noise model comprised of
noise from atmospheric scintillation, photon noise of the target star, sky background noise, and the read noise
of the CCD camera. Figure 4 sets out these four components for typical observing conditions at the Paranal
Observatory: a median sky background (35 ADU/pixel/s) and an airmass of 1.2. The total photometric noise
is also shown on Figure 4, which is the sum in quadrature of the four noise components. Scintillation noise is
the dominant source of NGTS photometric noise for bright stars (G<12), and is caused by distortion of the star
light as it passes through turbulent layers in the Earth’s atmosphere. The fractional amplitude of scintillation
noise (σY) can be estimated using the modified Young’s approximation,23,24

σ2
Y = 10× 10−6C2

YD
−4/3t−1(sec z)3 exp (−2hobs/H), (1)

where D is the diameter of the telescope aperture (0.2m for NGTS), t is exposure time used (10 s for NGTS
Bright Star observing), hobs is the altitude of the observatory (2440m for Paranal), H is the scale height of
the atmospheric turbulence, taken to be 8000m. z is the zenith distance, and thus sec z approximates airmass.
CY (m2/3s1/2) is the empirical coefficient that varies depending on the amount of turbulence in the Earth’s
atmosphere at the time of observation. The median scintillation at Paranal is CY=1.56, with the 1st and 3rd
quartiles of 1.37 and 1.76 respectively.25 For Figure 5 we calculate the scintillation noise assuming the median
index of CY=1.56. Unlike the other noise sources, Equation 1 shows that the fractional scintillation noise is
independent of the stellar magnitude. This is the reason it dominates the photometric noise for bright stars
in NGTS. Equation 1 also shows that scintillation is strongly dependent on airmass, thus NGTS bright star
photometry should show much better precision at low airmasses.

The noise model predicts that all bright stars will have a photometric precision of approximately 400 ppm in
the assumed observing conditions. The distribution in the photometric precision for bright stars will be set by
the variability of the scintillation index at Paranal Observatory during the observation. In fact the NGTS bright
star photometry can be used to measure the scintillation index as it applies to the NGTS 10 s imaging (which is
known as the “long-exposure” regime).25

3.2 Bright Star Sample

To investigate the CCD photometric precision we use NGTS data collected between November 2018 and February
2021. We use observations taken as part of the NGTS “Bright Star” program, which are 10 s exposure time-
series observations lasting a minimum of 2 h in duration (though typically 5-6 h). We remove observations taken
on nights where the photometry appears to be effected by cloud. Stars brighter than G=7.5 are likely to be
saturated at low airmasses in NGTS imaging. Our primary science goals relate to bright star photometry, so
we do not include stars fainter than G=12 in our analysis. Therefore our analysis sample contains stars in the
magnitude range 7.5<G<12. We also remove stars that show any astrophysical variability in the data - these
are predominately pulsating stars, stars with large active regions, or short period binary stars.

All NGTS light curves in our sample are normalized and then de-trended using the sum of all the non-variable
bright stars in the frame excluding the target star itself. We calculate the RMS over 30 minute intervals across
the normalized light curve. This is a convenient timescale given the typical length of a short period exoplanet
transit (∼ 4 h) and also allows us to directly compare to the 30 minute RMS percision calculated for the TESS
lightcurves produced by the SPOC pipeline.26

In total our sample consists of 21643 light-curves taken from 441 individual telescope pointings on 122
individual nights between November 2018 and February 2021. The sample of lightcurves used in this analysis is
identical to the sample used in our study of the scintillation at Paranal.25
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3.3 Photometric Precision Results

The distribution of our 30-minute RMS photometric precision for the bright star sample is set out in Figure 5.
We report two distributions. The first is the minimum 30-minute RMS photometric precision, which is calculated
for the lowest 30-minute RMS portion of the light-curve. Due to the strong airmass dependence for scintillation
noise (Equation 1), this typically occurs when the target is high in the sky near airmass of 1.0. We also present
the mean 30-minute RMS photometric precision for each light-curve. This measure calculates the noise over the
entire light-curve, which will include a range of airmasses, in many cases up to an airmass value of 2.0.

We find a distribution of minimum RMS values that peaks at approximately 400 ppm, which is in good
agreement with the prediction from our noise model (see Section 3.1). This implies that for bright stars we do
not have any additional sources of noise at the level of ∼ 100 ppm. The distribution is approximately Gaussian,
although shows a long tail extending to higher RMS values. We attribute this distribution to variability in the
scintillation index for Paranal Observatory.25

For the mean RMS distribution, we find a very similar distribution to the minimum 30-minute RMS distribu-
tion, but the peak is shifted to approximately 550 ppm. This is as expected given the median values will include
higher airmass portions of the light-curve.

4. MULTI-TELESCOPE OBSERVATIONS

To detect and characterise very shallow transits we need to achieve better photometric precision than is possible
with a single NGTS telescope (typically 400 ppm per 30 minutes; see Section 3 and Figure 5). In order to do this
we observe the target star simultaneously with multiple NGTS telescopes - an operational mode named “multi-
telescope”. This NGTS observing mode was first used in observations of WASP-16621 and HD106315.27 In these
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Figure 5. Histogram of 30-minute RMS photometric precision for single NGTS telescope time-series observations of the
bright star sample (G<12). The orange (solid line) histogram represents the minimum RMS for a given light curve, which
will typically occur at low airmass. The blue (dashed line) histogram represents the mean RMS of the lightcurve, which
is taken over the full range of airmasses for each observation.

studies we established that for bright stars (scintillation noise dominated), the photometric noise is completely
uncorrelated between individual NGTS telescopes (physically spaced at least 2m from each other). This allows
photometry between N telescopes to be combined to given a

√
N improvement in the total photometric precision.

Figure 6 shows the precision gain for multi-telescope observations assuming standard photometric conditions.

From 2019 onwards, we have been routinely operating NGTS in multi-telescope mode when very high precision
is required. An example of a multi-telescope mode in operation is the transiting exoplanet WASP-18b shown
in Figure 7, as part of the NGTS search for orbital period decay in ultra-short period transiting exoplanets.
The observation was conducted on the night of 2019 October 28 using five NGTS telescopes, and the measured
photometric precision is 180 ppm per 30-minutes. Such high precision is essential in order to search for the subtle
long term period changes expected from the tidal decay of exoplanet orbits.

The NGTS multi-telescope operation mode has been extremely fruitful for following-up shallow transits from
the TESS mission as part of the TESS Follow-Up Observing Program (TFOP)‡. These include exciting TESS
exoplanet discoveries such as the remnant planetary core TOI-849 b,28 the ultra-short period planet LTT 9779 b,29

and the six-planet resonant system TOI-178.30 In fact, in Figure 8 we show that by using all 12 telescopes, NGTS
is able to produce photometric precision equal to or better than TESS for stars as bright as G=9. Real examples
of this include systems where NGTS and TESS have simultaneously observed the same transits - such as was
the case for WASP-166 b21 and NGTS-12 b.31

‡https://tess.mit.edu/followup/
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Figure 6. Photometric precision as a function of stellar magnitude for the NGTS multi-telescope observations ranging
from 1 to 12 NGTS telescopes (blue to yellow line shading). Assumptions for observing conditions as for Figure 4.

5. SCIENTIFIC CMOS

As discussed in Section 2.1, a camera for astronomical imaging needs to fulfill a set of technical specifications
to allow for high precision photometric observations. To date, Charge Coupled Devices (CCDs) are the most
popular sensor choice for this type of application. However, due to major technology advancements in the field
of Complementary Metal-Oxide-Semiconductor (CMOS) Image Sensors over the past years, scientific CMOS
(sCMOS) cameras have gained increasing attention as an alternate high performance imaging solution for several
astronomical applications.

In principle, sCMOS cameras provide ideal performance features for high precision photometry as they
simultaneously offer very low noise, high dynamic range, high sensitivity and resolution, as well as rapid frame
rates, large sensor sizes, and shutterless operation. This set of capabilities highlights that performance drawbacks,
which have been associated with conventional and previous generations of CMOS sensors, have been overcome
and these devices are ready to be used in astronomical applications.33

5.1 The Marana 4.2B-11 sCMOS

With the advanced performance features of new sCMOS detectors, we plan to conduct on-sky testing of a new
sCMOS camera side-by-side with an existing iKon-L CCD camera at our NGTS facility. The aim is to directly
compare and evaluate the detectors’ performance for high precision photometry. For these tests we selected the
Andor Marana 4.2B-11 BV sCMOS camera, with a sensor size of 22.5 × 22.5mm and pixel size of 11 µm. It
utilizes the back-illuminated GSense 400BSI detector from Gpixel§. The BV sensor option offers high quantum
efficiency from 400 to 800nm, which is shown and compared to the iKon-L CCD’s sensitivity in Figure 3. The
technical specifications of the Marana sCMOS camera are set out in Table 1.

§https://www.gpixel.com/
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Figure 7. The transit of WASP-18 b from NGTS on the night of 2019 October 28. The observation was made using five
NGTS telescopes. Black points are NGTS photometric points binned to 5minutes. The red line shows the best fit transit
model. The photometric precision is 180 ppm per 30-minutes. These observations are part of a long-term program to look
for orbital decay in ultra-short period transiting exoplanets.

The read noise is extremely low for sCMOS cameras. The Marana has a read noise of just 1.6 electrons,
markedly lower than even the slowest speed, lowest noise CCD modes (see Table 1). While sCMOS cameras
show very low read noise properties, deep thermoelectric cooling is required to minimize the contribution of
thermal noise and dark current. The Marana sCMOS camera has been designed to offer effective sensor cooling
to an absolute sensor temperature of -25◦C. In addition, the sensor is protected in a vacuum enclosure based on
Andor’s UltraVacTM Technology, making it a reliable and low maintenance camera solution.

A comparison of the pixel well depth between the cameras shows that the Marana 4.2B-11 sCMOS has a
lower well depth (85,000 electrons) than the iKon-L CCD (150,000 electrons). However, the Marana sCMOS
has significantly lower read out noise, especially for high-frame rate measurements (see Table 1). A realistic
estimate of dynamic range requires consideration of target frame rate and exposure time, but a rough estimate
of maximum pixel well depth divided by minimum read out noise gives nearly equal values for both cameras,
approximately 50,000:1. In addition, the Marana sCMOS measurement linearity is specified at > 99.7% over the
full range of the sensor, as defined in the EMVA 1288 standard. Photo Response Non-Uniformity (PRNU) is
also minimal, with a value of < 0.5% at half-saturation.

5.2 Testing the Marana sCMOS at NGTS

We plan to test the photometric performance of the new Marana sCMOS camera for use in the NGTS project.
This work will be conducted as a collaboration between NGTS and Andor Technology.

The first phase of the project will involve laboratory testing at the University of Warwick. We will investigate
the noise properties of the sCMOS images under the standard NGTS operating conditions and exposure times.
This testing will also be important for understanding how to best integrate the sCMOS camera into the existing
NGTS software and hardware architecture.
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Figure 8. Photometric precision as a function of stellar magnitude for a single NGTS telescope (green line), 12 NGTS
operations in multi-telescope mode (blue dashed line) and the TESS spacecraft32 (red dot-dashed line). Using 12 telescopes
NGTS can achieve ∼ 100 ppm photometry for bright stars, and is competitive with TESS for stars as bright as G=9.
NGTS precision assumes the observing conditions as for Figure 4.

The second phase of the project will be to mount the sCMOS onto an existing NGTS telescope within the
NGTS facility at the Paranal Observatory, Chile. The sCMOS will then operate alongside the existing i-Kon-L
CCD cameras. We will simultaneously observe stars with both the sCMOS and CCD camera in order to directly
compare the photometric precision of the instruments. We will also trial photometry on very bright stars (G<5).
This will take advantage of the fast readout capabilities and shutterless operation of the sCMOS camera to use
short exposure times of ∼1 s (see Table 1). Such photometry has not been feasible with CCD cameras due to
the longer readout times and concern for wear on the camera shutter.

In the third and final phase of the project we will use the results of the on-sky testing to investigate if we
can improve our photometric precision by modifications to the sCMOS camera hardware, firmware, or data
processing. This phase of the project will involve a close collaboration between the University of Warwick and
Andor Technology.

6. CONCLUSIONS

NGTS has been operating for 6 years, and is now routinely producing some of the most precise time series
photometry of any ground based telescope. For bright stars (G<12) observed at low airmass, we show that our
30 minute RMS precision is 400 ppm, in line with the predicted noise model in the scintillation dominated regime.
By using multiple NGTS telescopes this 30 minute RMS precision can be improved to 100 ppm, meaning that
NGTS has a similar precision to the TESS mission for stars as bright as G=9. Over the next few years NGTS
will continue to discover and characterise transiting exoplanets. We will also test the latest sCMOS camera
in order to ascertain if such a camera can match the precision of the current generation of CCD cameras. If
sCMOS cameras can reliably produce high precision astronomical photometry they could be coupled with multiple
telescope observing modes to create new generations of high precision ground-based photometry facilities.
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