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A B S T R A C T 

KIDSpec, the Kinetic Inductance Detector Spectrometer, is a proposed optical to near -IR Microwa ve Kinetic Inductance Detector 
(MKID) spectrograph. MKIDs are superconducting photon counting detectors which are able to resolve the energy of incoming 

photons and their time of arri v al. KIDSpec will use these detectors to separate incoming spectral orders from a grating, thereby 

not requiring a cross-disperser. In this paper, we present a simulation tool for KIDSpec’s potential performance upon construction 

to optimize a given design. This simulation tool is the KIDSpec Simulator (KSIM), a Python package designed to simulate a 
variety of KIDSpec and observation parameters. A range of astrophysical objects are simulated: stellar objects, an SDSS observed 

g alaxy, a Seyfert g alaxy, and a mock galaxy spectrum from the JA GU AR catalogue. Multiple medium spectral resolution designs 
for KIDSpec are simulated. The possible impact of MKID energy resolution variance and dead pixels was simulated, with impacts 
on KIDSpec performance observed using the Reduced Chi-Squared (RCS) value. Using dead pixel percentages from current 
instruments, the RCS result was found to only increase to 1.21 at worst for one of the designs simulated. SNR comparisons of 
object simulations between KSIM and X-Shooter’s ETC were also simulated. KIDSpec offers a particular impro v ement o v er 
X-Shooter for short and faint observations. For a Seyfert galaxy ( m R = 21) simulation with a 180 s exposure, KIDSpec had 

an average SNR of 4.8, in contrast to 1.5 for X-Shooter. Using KSIM the design of KIDSpec can be optimized to impro v e the 
instrument further. 

Key words: Instrumentation – Software – MKIDs – Spectroscopy – Simulation. 
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 I N T RO D U C T I O N  

icrowave Kinetic Inductance Detector (MKID) usage in
ptical/near-infrared (NIR) and sub-mm astronomy is growing.
t the time of writing this paper, MKID’s unique properties
av e been e xploited in an increasing number of optical/NIR
nstruments: the Array Camera for Optical to Near-IR Spec-
rophotometry (ARCONS; Mazin et al. 2013 ), the DARK-speckle
ear-infrared Energy-resolving Superconducting Spectrophotome- 

er (DARKNESS; Meeker et al. 2018 ), and the MKID Exoplanet
amera (MEC; Walter et al. 2020 ), with more instruments planned to

ake advantage of these superconducting detectors. One such instru-
ent is the Kinetic Inductance Detector Spectrometer (KIDSpec),
 conceptual medium-resolution optical through near-IR MKID
chelle spectrograph (O’Brien 2020 ). Here, the MKIDs will allow
or medium-resolution spectroscopy instead of the spectro-imaging
pplication of previous instruments. 

MKID technology presents exciting opportunities for many areas
f astronomy, especially with low-SNR spectroscopy remaining in
arge demand. MKIDs are well suited for this owing to an absence of
ead noise and dark current (Mazin et al. 2018 ), and inherent energy
nd microsecond time resolving capabilities. MKID’s impro v ements
 E-mail: benedict.hofmann@durham.ac.uk 
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/), whi
o SNR can be seen from the standard SNR equation: 

NR = 

N Obj √ 

N Obj + N Sky + RON 

2 + N Dark 

, (1) 

here N Obj is the target object signal, N Sky is the sky background
ignal, RON is the readout noise contribution, and N Dark is the
ark current contribution. The lack of read noise and dark current
omponents for MKIDs therefore allow for higher SNR at shorter
xposures compared to typical semiconductor detectors. MKIDs are
lso more flexible, allowing rebinning to lower spectral resolution
ost-observation, without the additional readout noise contribution. 
MKIDs can be multiple x ed more easily than other superconducting

etectors, such as Transition Edge Sensors or Superconducting
unnel Junctions. The largest MKID array currently in use exists on
EC, which consists of 20 440 MKIDs (Walter et al. in preparation).
KIDSpec will provide low-noise spectroscopy, as discussed above,

or science involving faint sources such as high-redshift galaxies.
xamples of these faint sources are explored more in Sections 5.2
nd 5.3 . These sources provide information on the stages of evolution
f the Universe, and studies of stellar content of these galaxies.
KID’s lack of read noise and dark current will support these studies,

longside the device’s time resolution allowing for other features
uch as superb cosmic ray removal. The time resolving capabilities
f the MKIDs will also allow for observations of short-period binary
ystems, such as eclipsing double white dwarf binaries, shown in
© 2023 The Author(s). 
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ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. Simulated pulses in the phase time stream of an MKID pixel as 
a result of 656.28 and 400.00 nm photons, the H α wavelength and typical 
fiducial wav elength, respectiv ely. The height of these pulses is the maximum 

phase change (in degrees) which has been measured by the microwave probe 
signal. The right pulse has been caused by a 400.00 nm photon and the left 
by a 656.28 nm photon. 
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Figure 2. Conceptual optical layout of KIDSpec. Note that a cross-disperser 
is not required. Shown after the grating are the first and second orders, 
arbitrarily chosen to show an example of separate order wavelengths which 
are incident on the MKIDs. Each set of wavelengths from the orders shown 
is exposed on to a single MKID, which can then separate the different orders. 
In practice many orders, and hence w avelengths, w ould be exposed on to a 
single MKID. 
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urdge et al. ( 2019 ). These aspects of the MKID also allow for
mpro v ed sk y subtraction, owing to each spax el not observing the
bject taking real time simultaneous sky background data (Mazin 
t al. 2010 ). 

 D E S I G N  

.1 Micro wav e Kinetic Inductance Detectors 

KIDs are superconducting detectors. They consist of a capacitor 
nd an inductor making a resonant circuit. In order to a v oid thermal
 xcitations the y must be operated below the critical temperature, 
t temperatures of T ≈ 10 −1 K, thereby requiring a cryogenic 
efrigerator. This can be either a dilution refrigerator or an adiabatic 
emagnetization refrigerator. Aluminium MKID devices have been 
perated at 120 mK (De Visser et al. 2021 ), and PtSi devices have
een operated at a temperature of 100 mK (Meeker et al. 2018 ). Once
ooled, a signal can be passed through the resonant circuit. In the
ase of an MKID this signal is at microwave frequencies. 

When observing the microwave signal phase with respect to 
ime, an incoming photon will appear as a fast rise followed by an
xponential decay, as shown in Fig. 1 . This fast rise occurs because
f the photon breaking Cooper pairs as it strikes the MKID, causing
 change in inductance and subsequently, a change in the phase of the
icrowave signal. These pairs then recombine with a characteristic 

ime-scale of the order of 10s of microseconds. 
The quantum efficiency (QE) of MKIDs has been measured to 

e between 0.73 and 0.22 for the range 200–3000 nm (Mazin et al.
010 ). Ho we ver, more recent work has begun to improve this to
 80 per cent absorption from 400 to 1500 nm (Kouwenho v en et al.

021 ), using a method shown in Dai et al. ( 2019 ) where efficiencies
90 per cent were demonstrated at 1550 nm. 
A higher energy photon will break more Cooper pairs in the MKID

n arri v al, which then causes a greater phase change, and as a result,
KIDs become capable of detecting the energy of incoming photons 

rom the height of the pulses. 
The phase time stream in Fig. 1 also demonstrates the time 

esolving capability of MKIDs, where a photon’s arri v al time to
1 μs can be measured from the leading edge of the pulse. 
Because of the shape of a photon event, dark excitations can 

e separated from photon excitations, and MKIDs do not suffer 
rom read noise (Mazin et al. 2018 ). As with other detectors,
he fabrication of MKIDs may have errors, primarily the dead 
ixel fraction (Walter et al. in preparation), which could affect 
bservations. This is explored more in Section 4.2 . More details
n MKIDs, their operation, and the current state of the technology
an be found in Day et al. ( 2003 ), Mazin ( 2004 ), Mazin et al. ( 2013 ),
azin et al. ( 2019 ), De Visser et al. ( 2021 ), and Zobrist et al. ( 2022 ).

.2 KIDSpec design 

IDSpec will be a single object spectrograph with sufficient spectral 
esolution to resolve background sky lines for their subtraction, with 
 bandpass of 0 . 35 –1 . 8 μm in this work, but observing the K band
ould also be possible (O’Brien 2020 ). The use of MKIDs will

llow KIDSpec to photon count with μs time resolution, without 
 cross-disperser, described below. These features and the MKIDs 
ow-noise capabilities makes KIDSpec an exciting instrument for 
any science cases, especially those which require short and/or faint 

xposures with a wide bandpass. Fig. 2 shows a conceptual optical
ayout for KIDSpec. This design is based on a slit spectrograph where
ach spatial resolution element is dispersed on to a linear array of
KIDs. The slit could be formed by a mask, or a fibre, or even an

ntegral field unit (IFU). These would require additional MKID pixels 
ut would deliver additional information such as a simultaneous sky 
easurement or spatial information on the source. We have chosen 

o keep the geometry here as simple as possible but more complex
paxel geometries could also be simulated in a similar manner. 

A key parameter of MKIDs is how accurately they can determine
he energy of a photon, their so-called energy resolution ( R E ). There
re a number of intrinsic and external factors that influence this,
uch as the amplifier noise and the generation recombination noise, 
hich can be seen as phase noise in Fig. 1 (Yates et al. 2011 ;
azin et al. 2013 ). Because of these factors, if a monochromatic

ource is exposed on to an MKID the pulse heights will not all be
qual. The R E value of an MKID can be determined by the full
idth at half-maximum (FWHM) of the phase heights distribution, 
hen the MKID has been exposed to monochromatic light (Meeker 

t al. 2015 ). This phase height distribution can be approximated as
 Gaussian-like trend, as shown in Fig. 3 . This R E allows KIDSpec
o discern the incoming orders from the echelle grating, thereby not
equiring a cross-disperser. The absence of a cross-disperser will 
RASTAI 2, 278–292 (2023) 
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R

Figure 3. Three adjacent order Gaussians for orders 8, 9, and 10 with 
wavelengths 550, 489, and 440 nm at varying R E . Values used here for 
R E are 10, 20, and 30, which are equal to the order number m , 2 m , and 3 m , 
where m = 10 is the order number. Note that if the R E was higher, the MKID 

could resolve higher order numbers. The Gaussians were generated using the 
photon time stream simulation outlined in Section 3.5 and exhibit the spread 
of wavelengths of the incoming photons as seen by the MKID because of its 
R E . The percentage of photons falling in an o v erlapping re gion for an R E of 
10, 20, and 30 were approximately 97 per cent, 38 per cent, and 0 per cent, 
respectively. 
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Figure 4. Flowchart depicting an o v erview of KSIM during the simulation 
of an object spectrum. The split in the directional arrows in the top right 
corner of the diagram indicates a choice of two methods for processing the 
MKID response to the incoming photons, the order Gaussians, and photon 
time stream method, more details in Sections 3.4 and 3.5 . 
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mpro v e KIDSpec’s throughput, owing to the instrument requiring
ewer optical surfaces. The highest R E achieved for MKIDs in the
ptical/NIR regime is 55 at 402 nm (de Visser et al. 2020 ). This
s sufficient for KIDSpec but is still two to three times lower than
he theoretical maximum for MKID energy resolution (Mazin et al.
010 ). 
To separate the incoming orders, each MKID pixel within KID-

pec would see a particular wavelength bin from each order exposed
n to it, depending on the pixel’s position in the linear array. The
 E then determines the number of orders which can be separated,
ince a higher R E results in a smaller FWHM for the phase height
aussians of each order, as seen in Fig. 3 . Essentially, the higher the
 E is of an MKID, the more orders can be resolved by the device.
onversely, as the R E lowers, the order Gaussians o v erlap more, and

n a wider wavelength range it becomes unclear to which order an
ndividual photon belongs, and it could be misidentified. From the
op panel of Fig. 3 , if a photon event appears as ≈475nm to the

KID, there is a finite probability that it could belong to any of
he orders shown. In the bottom panel of Fig. 3 , a 3 σ separation
ASTAI 2, 278–292 (2023) 
etween the orders is shown. For equal height Gaussians, the orders
ave a 3 σ separation where R E ≥ 3 m , where m is the order number.
he R E of the MKIDs in an array hence defines the highest grating
rder which can be resolved with a 3 σ separation. Ho we ver, using
 2 σ separation instead, this would reduce the number of MKIDs
equired for the same spectral resolution. The lower separation
equirement means a higher maximum grating order. Ho we ver, this
ncreases the o v erlap between order Gaussians as seen in Fig. 3 .
o prevent photon misidentification issues, these Gaussians could
e fitted to determine what photons are sorted into which order.
o we ver, this does complicate the analysis of incoming photons,

nd also requires enough incoming photons to create the fits for the
rders. For simplicity hereafter, a 3 σ separation is used. 
A fabrication effect potentially affecting observations is R E vari-

nce ( R var ). When an MKID array is fabricated, the R E of the MKID
ixels may not all be equal to each other. Meeker et al. ( 2018 ) showed
hat in an array of MKIDs fabricated for DARKNESS, the R E s had
 normal distribution with an FWHM of ≈3. This variance in the
 E of the MKIDs will af fect ho w well each individual MKID can
eparate incoming wavelengths, meaning the width of the Gaussians
hown in Fig. 3 will vary between MKID pixels in the array. This
abrication effect in addition to the dead pixel fraction is explored in
ection 4.2 . 
KIDSpec is still in the conceptual phase but will distinguish

tself from other spectrographs through the use of MKIDs. This will
llow KIDSpec to be a photon counting, low-noise, high-efficiency
nstrument. More details on KIDSpec can be found in O’Brien
 2020 ). 

To develop the design and establish the limitations of KIDSpec,
 simulation tool has been created to test various design and
bservational parameters, for a range of science cases. This is the
IDSpec Simulator (KSIM). For the remainder of this paper we
utline KSIM and its current features, and include simulations of a
election of KIDSpec’s science cases to showcase the instrument’s
otential, and limitations, upon construction. 

 KIDSPEC  SIMULATO R  

SIM aims to give a performance prediction of what KIDSpec could
chieve on sky. A key moti v ation for KSIM is flexibility, to be able
o simulate a range of potential KIDSpec instruments, to give an
 v erview simulation of what science those potential instruments
ould be used for. Fig. 4 shows a flowchart of KSIM. A parameter text
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Figure 5. Gaussian distribution of a stellar object because of simulated 
atmosphere. Parameters were seeing set to 0.8 arcsec, airmass 1.5, slit width 
0.63 arcsec and length 2.7 arcsec, pixel scale of 0.3 arcsec, and at a wavelength 
of 534 nm. The solid box shows the spaxel used in this work. The dashed 
boxes represent a potential spatial geometry using additional spaxels, e.g. for 
simultaneous sky measurement. 
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le is read in, which includes aspects such as the grating parameters,
elescope information, and atmospheric parameters. The full list of 
SIM parameters are included in Appendix A . All steps in KSIM

re modular and so can be modified easily. Within KSIM, spectral 
ixels is defined as the number of MKID pixels used to make up an
ndividual 1D spectrum. The effective number of MKID pixels is the 
otal MKID pixels multiplied by the number of orders each MKID 

bserves, more details in Sections 3.3 and 3.4 . 
The simulation initially reads in the data spectrum of the object 

o be simulated. As the simulation progresses, various processes are 
ccounted for such as atmosphere and telescope transmission. 

.1 Atmospheric effects, photon conversion, and telescope 
ffects 

ransmission data for the atmosphere were acquired from the 
EMINI Observatory 1 in Cerro Pachon, Chile. The optical (OPT) 

xtinction, and the NIR atmospheric transmission 2 data were utilized. 
he OPT extinction data were converted to the OPT transmission of

he atmosphere using equation ( 2 ), 

I 2 

I 1 
= OPT Transmission = e −

A atmos x 
2 . 5 , (2) 

here I 1 and I 2 are the intensity before and after atmospheric 
ransmission, respectively, A atmos is the atmospheric extinction values 
rom GEMINI, and x is airmass. The computed OPT transmission 
ata and GEMINI NIR transmission data are then applied to the 
pectrum. For flux to photon conversion equation ( 3 ) is used which
ssumes flux F in units of erg cm 

−2 s −1 Å−1 , 

 photons = 

F �λ A mirror t exposure 

E photon 
, (3) 

here �λ is the size of the wavelength bins in the spectrum, A mirror is
he area of the telescope mirror, t exposure is the exposure time, N photons 

s the number of photons arriving within �λ with wavelength λ, 
nd the energy of the photon is defined as E photon = hc / λ. Telescope
nd optics reflectance are modelled using material reflectivity values 
s a function of wav elength. F or the telescope mirrors and optical
urfaces transmission, freshly recoated silver mirror transmission 
ata are used from the GEMINI telescopes. 3 

.2 Instrument slit and MKID QE 

his section of KSIM is where the effects of the incoming light
ropagating through the slit are simulated. A transmissions file is 
sed containing transmission factors with respect to wavelength, 
hich can be generated within KSIM. 
A Gaussian distribution is used to model the point spread function 

f the incoming point source object flux, o v er the desired slit
arameters. To create one of the transmission files the standard 
eviation of this Gaussian is calculated. An example of this Gaussian 
istribution is shown in Fig. 5 . 
The standard deviation is dependant on the wavelength of the 

ncoming photons and is also the result of atmospheric effects, i.e. 
eeing in units of arcseconds. The simulation calculates the standard 
e viation v alue by finding the FWHM using a method outlined in van
en Ancker et al. ( 2016 ) and is also used in the X-Shooter Exposure
 https:// www.gemini.edu/ 
 ht tps://www.gemini.edu/observing/t elescopes- and- sites/sites#Transmissio 
 

 ht tp://www.gemini.edu/observing/t elescopes- and- sites/telescopes 

w  

c  

4

T

ime Calculator. 4 To determine the FWHM of the Gaussian, the 
mage Quality (IQ) using equation ( 4 ) is found, 

Q = 

√ 

FWHM 

2 
atm 

( s, X, λ) + FWHM 

2 
tel ( D, λ) + FWHM 

2 
ins , (4) 

here s is seeing in arcseconds, x airmass, λ wavelength in nm,
nd D telescope diameter in metres. The value of FWHM ins is a
onstant adopted from van den Ancker et al. ( 2016 ) as an estimate
or KIDSpec also. FWHM tel is calculated as shown in equation ( 5 )
hich is the FWHM of the Airy disc, 

WHM tel ( D, λ) = 0 . 000212 
λ

D 

. (5) 

inally, 

WHM atm 

( s , x , λ) = s × x 0 . 6 × λ

500 nm 

−0 . 2 

×
√ 

1 + F Kolb × 2 . 183 × ( r 0 /L 0 ) 0 . 356 , (6) 

here L 0 is the wa vefront outer -scale, F Kolb is the Kolb factor, and
 0 is the Fried parameter. When L 0 is approached or exceeded by the
elescope’s diameter, the optical turbulence effects change, e.g. tip 
nd tilt aberration power is reduced (Ziad 2016 ). The Fried parameter
s defined as the telescope diameter required for its diffraction-limited 
esolution to be equal to the seeing resolution (Martinez et al. 2010 )
s described in equation ( 7 ), 

 0 = 0 . 976 × 500 . 0 × 10 −9 nm/s × 180 × 3600 

π

× λ

500 . 0 

1 . 2 

× x −0 . 6 . (7) 

he Kolb factor is defined as follows: 

 Kolb = 

1 

1 + 300 × D/L 0 
− 1 (8) 

ith the same definitions as abo v e. When the standard deviation is
alculated and applied to a Gaussian distribution in a 2D plane, it
RASTAI 2, 278–292 (2023) 

 https:// www.eso.org/ observing/ etc/ bin/ gen/ form?INS.NAME=X-SHOO 

ER+INS.MODE=spectro 
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esults in images similar to Fig. 5 . This image shows the spread of
 point source’s incoming flux to ground observatories as a result
f atmospheric effects. These Gaussian fields are used to find the
bject intensity transmission through the user-set slit, depending on
avelength. 
At this point in the simulation the sky background is added, using

ata generated from the ESO SKYCALC Sky Model Calculator. 5 A
eparate sky-only simulation is computed simultaneously from this
oint, for sky subtraction in the final steps of KSIM. This assumes
he same slit geometry as the science observation. In practice, this
ould be taken by offsetting the telescope at the expense of additional
elescope time, or a simultaneous sky exposure could be taken using
dditional MKIDs as described in Section 2.2 . 

The QE of the MKIDs is also applied here to simplify the software
t later stages. The QE value used is either a constant value of 0.75
Marsden et al. 2013 ), or a value between 0.73 at 200 nm reducing
o 0.22 at 3000 nm, as shown in Mazin et al. ( 2010 ). 

.3 Grating 

IDSpec will use an echelle grating for multiple orders to be
xposed on to the MKID array. The grating of the instrument and its
fficiency is simulated using a method outlined in Casini & Nelson
 2014 ). 

This section of the simulation is split into three parts: calculating
he rele v ant orders and ef ficiency of the grating set-up, assigning
he pixels that the spectrum photons fall on to by their wavelength,
nd distributing the photons which arrive to the instrument. For the
rst part the simulation calculates each order’s wavelengths up to a
hosen order number. While the light from all orders will land on
o the MKIDs, only orders with wavelengths within the bandpass
re considered. The wavelengths KIDSpec will observe in KSIM are
alculated using the grating equation, 

= 

d ( sin ( β) + sin ( α) ) 

m 

, (9) 

here λ is wavelength, d the groove spacing, m the order number, α
he incidence angle, and β the angle of diffraction. The orders which
ave values of λ within the bandpass are extracted. 
The efficiency of the grating is found using equation ( 10 ), 

 ( β) = sinc 2 
(

mπ
cos ( α) 

cos ( α − φ) 

sin ( α − φ) + sin ( β − φ) 

sin ( α) + sin ( β) 

)
, (10) 

here φ is the blaze angle and all other variables have the same
efinition as equation ( 9 ). The calculated wavelengths (from equa-
ion 9 ) and efficiencies are mapped to the MKIDs, depending on
heir position in the array. The number of wavelengths a spectral
ixel (an MKID) will observe is the number of orders passing the
rating calculations. For the third part of this section, the majority
f input data spectra used will have a different spectral resolution
han what KSIM can produce. This is because of a large number
f ef fecti v e MKID pix els; the data spectrum can be interpolated if
ecessary. Using this spectrum, each of the spectrum’s wavelengths
re binned on to a KIDSpec grid of ef fecti v e MKID pix el bins. Each
avelength bin of photons has the grating efficiency of the pixel bin

t is placed in, applied to it during this process. 
A Poisson distribution is used to simulate the photon shot noise

uring an observation. We are also able to model dead MKID pixels as
ASTAI 2, 278–292 (2023) 
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 result of current fabrication methods (Walter et al. in preparation).
hese dead pixels are unable to detect incoming photons, and so dead
ix els hav e their photon counts set to zero here. The proportion of
ead pixels can be set by the user. 

.4 MKID Order Gaussians 

he MKID pixel response to each order incident on it is applied
n this section of the simulation tool, examples of which are shown
n Fig. 3 . Each MKID has a single wavelength incident on it from
ach order, defined here as the order wavelength. Ho we ver, incoming
hotons of the same wavelength cause a range of responses by the
KID, resulting in a range of measured wavelengths for each order,

s discussed in Section 2.2 . The size of this range is dependant on the
 E . To represent this range of wavelengths, each order observed by

he MKID is assigned a random Gaussian distribution. The mean of
his order Gaussian is the order wavelength incident on that MKID.
he standard deviation value of the order Gaussian distribution is
alculated using equation ( 11 ), used from Marsden et al. ( 2013 ) with
he FWHM term defined as in Section 2.2 , 

 σ = 

μλ

R E × 2 
√ 

2 log (2) 
(11) 

ith R E and the mean wavelength μλ. R E in the MKID array reduces
s the wavelength increases, owing to them breaking fewer Cooper
airs, which also causes the fast rise heights to drop closer to the
hase stream noise. In the simulation the R E drops from the value
et in the parameters, decreasing linearly with increasing wavelength
O’Brien et al. 2014 ). R var is implemented here if desired, and will
ary each MKID pixel’s R E following an approximately Gaussian
rend (Meeker et al. 2018 ) centred on the set R E in the KSIM
arameters. The scale of R var can be set by the user. 
Order o v erlap within the simulation is defined as when the

aussians calculated abo v e o v erlap in wavelength as seen in Fig. 3 .
he order of a photon within an o v erlapping re gion of wav elength is
etermined by the order with the highest probability for that particular
avelength. After the overlap is calculated, the photons are sorted

nto their highest probability orders using the description abo v e. A
ist of photon counts seen by the MKID from each order is then
roduced. A non-trivial scenario which can be seen with KSIM is
hen the Gaussians are not all equal height, which can ne gativ ely

mpact the percentage of photons misidentified. An example of this
s bright sky lines which could cause this difference in heights to
ccur during observations. 

For the bottom panel of Fig. 3 where the R E was 30 at 400 nm, the
isidentified photon percentage was 0.2, 0.2, and 0.1 per cent for

rders 8, 9, and 10, respectively. When the incoming photon count of
rder 9 was increased to be 100 times the counts of the other orders,
rders 8, 9, and 10 had misidentified photon percentages of 5.8, 0.1,
nd 7.1 per cent – a decrease in misidentified photons for the more
ntense order 9, and an increase for the adjacent two orders. 

The impact of the unequal Gaussian heights can be reduced by
areful design of the MKID arrays and optics used for KIDSpec.
 or e xample, in a constructed KIDSpec there will be MKID pix els
hich will fall outside of multiple spectral order’s free spectral ranges

FSRs), and as such will receive less flux from these orders. This will
ccur for MKIDs on the ends of the linear array. If these MKID pixels
ith fewer orders are where the bright sky lines are exposed then the

ky lines will impact fewer orders than if they were exposed on to a
entral MKID which had wavelengths from all order’s FSR. 

http://www.eso.org/observing/etc/bin/gen/form?INS.MODE=swspectr+INS.NAME=SKYCALC
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Table 1. Consistent parameters for simulations shown 
in this paper. These parameters were used for each of the 
three set-ups described in Section 4.1 , which were used to 
simulate the cases in this paper, unless stated otherwise. 
The QE used was from Mazin et al. ( 2010 ). 

Parameter Value 

Seeing (arcsec) 0.8 
Airmass 1.5 
Slit width (arcsec) 0.63 
Pixel FOV (arcsec) 0.3 
Incidence angle (deg) 25 
Blaze angle (deg) 25 
Telescope diameter (m) 8 
Ef fecti ve area (m 

2 ) 50 
QE 0.73–0.22 
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.5 Photon time stream 

n alternative, more computationally expensive method to Sec- 
ion 3.4 is to simulate the photon time stream (PTS) which each

KID would observe in an exposure. This represents an actual 
KID observation more closely than Section 3.4 . This method 

rovides more output information of an object simulation, such as 
umber of potentially saturated time bins. A saturated time bin has 
ad two photons arrive in the same microsecond time bin. 

The PTS method produces time bins from an exposure, rather than 
sing only the total photon count in wavelength bins, as described in
ection 3.4 . The number of time bins is determined by the exposure

ime, time resolution of the MKIDs, and any coincidence rejection 
ime the user wishes to incorporate. This coincidence rejection time 
s incorporated because of the ‘cool-off’ tail of a fast rise in a phase
ime stream, owing to a photon arri v al. This tail can be seen in Fig. 1 .
f a photon then arrives during this tail, the height of the rise will
ave the tail’s height included within it, which makes it non-trivial 
o find the incoming photon’s true fast rise height. Because of this,
 duration of time bins following a photon detection are rejected in
oftware. For an example of a time bin calculation, an MKID with
ime resolution 1 μs, used for an exposure of 50s, with a coincidence
ejection time of 200 μs, would result in a minimum of 250 000 time
ins. This 200 μs rejection time is a conserv ati ve figure, as analysis
f MKID data impro v es this can be reduced to ef fecti vely zero, and
urrently on MEC a 10 μs rejection time is used (Walter et al. in
reparation). The photons arriving at each MKID are then assigned 
andomly into the time stream bins. Each order the MKID observes 
eceives its own time stream. The total MKID response for each time
in is determined by summing the energies of the photons which 
rrived in that time bin. 

R E of the MKIDs at each order is calculated in the same way as
n Section 3.4 , and similarly used in a random Gaussian distribution
ith the order wavelength as the mean. After the PTS has been
enerated, the total response of each time bin is taken and KSIM
ttempts to assign the correct order wavelength to the result of that
ime bin. A Gaussian probability density function is created for each 
rder, using the order wavelength and previously calculated 1 σ as 
he mean and standard de viation, respecti vely. The order distribution
hich produces the highest probability is assumed to be the order of

he photon which arrived in that time bin. 
A maximum of one photon per time bin is allowed here; any

dditional photons saturate the time bin and have the potential to 
ause misidentifications in the assignments of wavelengths to these 
hotons. In the PTS the time bins of the following ≈ 100 μs after a
hoton event are not used because of the ‘cool-off’ tail following the
ast rise event. It should be noted that the method used here aims to
e conserv ati ve in its simulation. 
As R E increases with MKID development, more orders will also 

e able to be resolved, lowering the required MKIDs in an array as
iscussed in Section 2.2 . The potential misidentification issues will 
lso be reduced in the future as the readout technology continues to
e developed, and is not an issue with the MKIDs themselves. 

.6 Simulation output 

ere, a grid of the MKID’s responses to the simulated observation 
s produced. This response grid is in dimensions of order number 
 ersus pix el, and has a wav elength counterpart. Sk y subtraction is
pplied here using the sky only response grid, which has been run
hrough the simulation tool simultaneously. Using the sky-subtracted 
nd sky-only grids the SNR is determined. 
Orders are merged using these response grids by rebinning the 
esponse grids on to a larger grid to form a 1D spectrum. From the
ebinning a raw photon spectrum is produced, before having a set of
tandard star weights applied to the wavelength bins. The observed 
hoton counts are not discarded ho we ver and can be retrieved. These
tandard star weights are calculated by running a standard star, GD71,
hrough the simulation tool. The output of the standard star simulation 
s divided by the original standard star spectrum, to produce weights
ith respect to wavelength to account for the instrument, atmosphere, 

nd telescope response, similarly to Modigliani et al. ( 2010 ). Instead
f using the known values of the various responses in KSIM, the
tandard star weights are used to represent an observation using 
IDSpec where these responses may not be known. The weighted 

pectrum is then converted back to units of flux in erg cm 

−2 s 
−1 

Å
−1 

.

 SI MULATI ONS  

n this section, we optimize potential designs of a medium-resolution 
IDSpec and show the impacts MKID fabrication effects may have 
n observations. Consistent simulation parameters are shown in 
able 1 . 

.1 KSIM to influence KIDSpec’s design 

hen designing KIDSpec the wavelength coverage must be carefully 
hosen to maximize the use of the MKIDs, co v ering as wide a desired
andpass as possible. To find the optimal use of a KIDSpec design, a
coring script was used which determined the optimal grating order 
lacements, considering the sky background and atmospheric trans- 
ission. The orders were placed using a method from Cropper et al.

 2003 ). The scorer varied the position of the highest order and number
f MKID pixels required given a set spectral resolution and R E . Given
 certain spectral resolution, the wavelengths in each order were then
ampled in the scorer with score gained for the wavelength residing in
n area of high atmospheric transmission and low sky background. 
or the atmospheric transmission score, values were given by the 

ransmission values themselves, with score also gained from orders 
issing areas of low transmission. For the sky background the values
ere normalized, and then the inverse was used to calculate the score.
hese results were then summed. Two spectral resolutions were 
hosen here, 5000 and 8500, to coincide with X-Shooter spectral 
esolutions (Vernet et al. 2011 ). A range of R E between 25 and 40
nclusive at approximately 400 nm was also selected. 

The optimizer’s results for the parameter space which was sampled 
s shown in Fig 6 . For the 8500 spectral resolution set-up, two R E s
RASTAI 2, 278–292 (2023) 



284 V. B. Hofmann and K. O’Brien 

R

Figure 6. Grating order placement optimizer maps for a KIDSpec with spectral resolutions of 8500 at R E s of 30 ( top left ) and 40 ( top right ) and 5000 at R E s 
of 30 ( bottom left ) and 25 ( bottom right ). Sampled were the first-order central wavelength and number of MKIDs required. Score, indicated by colour in these 
plots, was gained by ha ving wa v elength co v erage in areas of low sk y brightness and high atmospheric transmission, while maximizing co v erage. Common to 
all plots is a vertical line which signifies the point where adding MKIDs no longer impro v es the bandpass co v erage and there is unnecessary bandpass o v erlap 
in the orders. The large area of low score for the ( top left ) plot in the area of ≈5000 MKIDs is the result of the positions of the orders being in poor areas of the 
bandpass and experiencing more overlap. Similarly for ( bottom left ) plot which has the same R E . 
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ere used, 30 and 40. These optimizations resulted in a first-order
entral wavelength of 3.44 and 4.86 μm, respectively. The number of
ixels determined were 6000 and 3800, respectively. The difference
n number of pixels between the two were the result of the R E = 40 set-
p observing more grating orders with a 3 σ separation as discussed in
ection 2 . The gaps in co v erage for these set-ups were optimized by

he scorer to contain the large dips in atmospheric transmission, rather
han add extra MKIDs to get full bandpass co v erage at this resolution.
or the 5000 spectral resolution set-up R E s of 25 and 30 were used.
his gave a first-order central wavelength of 3.04 and 3.50 μm,

espectively, with 4000 and 3200 MKID pixels. Shown in Fig. 7 are
he scorer’s chosen grating order placements for a spectral resolution
f both 8500 and 5000 at various R E s. Magnitude bands from
SO 

6 used for ETC simulations are also plotted in Fig. 7 , with the
EMINI atmospheric transmission data used for the scorer. The R E 

 30 results demonstrate a trade-off between spectral resolution and
umber of MKID pixels, to achieve similar grating order placement.
his trade-off is shown by the 8500 spectral resolution results for
 E = 30 having a number of MKID pixels that was higher, than that

or the 5000 spectral resolution. Additionally from Fig. 7 with the
esults using the same spectral resolution, a higher R E allows for a
eduction in the number of MKID pixels required for an optimized
o v erage in the range ≈400–2000 nm. This is understandable, owing
o a higher R E meaning more orders can be separated and so more
rder wavelengths can be observed on a single MKID. 
For all of these KIDSpec set-ups, limiting magnitudes were

redicted using KSIM. The AB magnitudes of each order’s blaze
avelength were simulated, for varying exposures on a 8m class

elescope, at the point where SNR > 10, given a 30 s exposure. This
emonstrates KIDSpec’s potential for short exposure science. A 1
ASTAI 2, 278–292 (2023) 
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 exposure for SNR > 10 was also done, to match the X-Shooter
imiting magnitudes set-up in Vernet et al. ( 2011 ). Table 2 contains
he results of the predictions. From Table 2 KIDSpec could, for
xposures of only 30 s for an SNR > 10, achieve magnitudes of up
o ≈17.7 for a spectral resolution of 8500, and ≈18.0 for 5000. This
ncreases to up to ≈21.7 and ≈21.8 for the two spectral resolutions,
espectively, for an exposure of 1 h. 

KIDSpec’s spectral resolution can be lowered post observation
ith rebinning and no detriment, owing to the lack of readout noise.
he 5000 spectral resolution performs similarly to the 8500 spectral

esolution set-up towards the H band. This is the result of the low
tmospheric transmission areas contained inside these orders as
een in Fig. 7 . For the two spectral resolution set-ups with R E = 30,
s expected, the lower spectral resolution had fainter magnitudes,
xcept for the ≈1200 nm result where the two are very similar.
his is because of this wavelength being in a low atmosphere

ransmission region in the J band. These results demonstrate that
IDSpec has the potential to make a large impact, while still
aving the flexibility in post observation rebinning and low-noise
apabilities of the MKID devices. 

These varying simulated KIDSpec set-ups demonstrate KSIM’s
otential to simulate a variety of design choices for KIDSpec and
ill therefore help finalize a KIDSpec design. 
In the rest of this work, we utilize the two 5000 spectral resolution

et-ups, and the 8500 spectral resolution set-up with R E = 40. The
 E = 30 set-up is omitted, because of it having similar grating order
lacements as its 5000 spectral resolution counterpart. 

.2 MKID fabrication effects 

o observe the potential impact of MKID effects such as dead pixels
nd varying R E , KSIM can include these effects in a simulation. 

art/rzad018_f6.eps
https://www.eso.org/observing/etc/doc/formulabook/node12.html
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Figure 7. Grating order placement optimizer results for a KIDSpec with spectral resolutions of 8500 at R E s of 30 ( top left ) and 40 ( top right ) and 5000 at R E s 
of 30 ( bottom left ) and 25 ( bottom right ). Plotted for all are the grating order wavelength ranges observed by the MKIDs in bold black bars. The FSR for each 
order is represented by the thinner black lines and arrows pointing inwards. Magnitude bands from ESO used for ETC simulations are also plotted, with the 
GEMINI atmospheric transmission data. 

Table 2. Predicted limiting magnitude results for a KIDSpec with spectral resolutions of 8500 at R E s of 30 and 40, and 5000 at R E s of 30 and 25. 
The wavelengths shown are the blaze wavelengths for each spectral order. An exposure of 3600 and 30 s on an 8m diameter telescope were used for 
these simulations with an SNR > 10 threshold. In the AB magnitude columns the exposure times are separated in the form of 3600s/30s. 

Spectral Res. 8500 Spectral Res. 5000 
Energy Res. 40 Energy Res. 30 Energy Res. 30 Energy Res. 25 

Wavelength/nm AB mag. Wavelength/nm AB mag. Wavelength/nm AB mag. Wavelength/nm AB mag. 

1617 19.0/15.8 1742 19.5/15.9 1741 19.8/16.4 1507 19.0/15.9 
1212 20.2/16.5 1161 20.0/16.2 1160 19.6/15.8 1005 20.9/17.5 
970 21.0/17.3 871 21.3/17.6 870 21.8/18.2 753 21.6/17.9 
808 21.5/17.7 697 21.4/17.5 696 21.7/18.0 603 21.4/17.6 
693 21.7/17.7 581 21.0/17.1 580 21.3/17.5 502 21.6/17.6 
606 21.1/17.2 498 20.8/16.5 497 21.4/17.3 431 20.8/16.3 
539 20.8/16.6 435 20.3/15.8 435 20.6/16.3 377 17.7/12.8 
485 21.0/16.8 387 18.1/13.1 387 18.6/13.7 
441 20.2/15.8 
404 18.9/14.1 
373 16.8/11.6 
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Here, the impact of combinations of dead pixels and R var is

 xplored. The dead pix el proportion was allo wed to v ary up to
2 per cent, similar to the yield from Walter et al. (in preparation),
ith the dead pixels randomly assigned. Other dead pixel proportions 

ncluded are 1 per cent yield from a Hawaii 2RG detector currently
onducting observations, 7 and 3 per cent from the yield of a avalanche
hotodiode array (Atkinson et al. 2017 ). Other instrument avalanche 
hotodiode arrays have reported yields of 5 per cent. 8 Meeker et al.
 2018 ) showed a R var that occurred in an array of MKIDs for
ARKNESS. This variance had an approximately Gaussian form 
 https:// www.eso.org/ sci/ facilities/paranal/instruments/crires/ doc/ CRIRES 
User Manual P108 Phase2.pdf
 https:// www.eso.org/ observing/ dfo/ quality/ PIONIER/ reports/ HEALTH/tre 
d r epor t BADPIX HC.html 

f  

c
r  

e  

r
d

ith a standard deviation of 3, centred on 8. To investigate the impact
his variance could have on KIDSpec, it is simulated using KSIM.
s described in Section 3.4 , R E of the MKIDs were randomly chosen
sing a normal distribution with varying standard deviations, up to 
0. This is a similar ratio to central R E as was observed in Meeker
t al. ( 2018 ), owing to the R E here being higher. It should be noted
hat these values used for the dead pixels and R var are an upper limit,
nd are from earlier MKID instruments. Current MKID technology 
s expected to improve on these values. 

The object used for these simulations was an m R = 20 mock star-
orming galaxy spectrum at redshift z = 2, from the JA GU AR mock
atalogue (Williams et al. 2018 ), chosen for the wide wavelength 
ange which co v ers the KIDSpec bandpass in these simulations. An
xample of this simulation is included in Fig. 8 for the 8500 spectral
esolution design. The section between ≈1300 and ≈1500 nm falls 
irectly in a region of poor atmospheric transmission, which could 
RASTAI 2, 278–292 (2023) 
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R

Figure 8. Simulations of a JA GU AR mock spectrum ( m R = 20) for 180 s on a 8m telescope using the consistent parameters in Table 1 . Shown is the result 
for the KIDSpec set-up with a spectral resolution of 8500, rebinned to a spectral resolution of ≈4000, the original resolution of the JA GU AR spectra. In the 
upper segment of the figure blue represents the KSIM result, and red the input spectrum. The percentage residuals for their respective simulations are included 
in the bottom segment of the figure. The result from KSIM has been split into two plots because of the lower flux at wavelengths higher than 1000 nm; this was 
simulated for a KIDSpec design with bandpass 0 . 35 –1 . 8 μm. 
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esult in a poorer recreation of the galaxy spectrum. This set-up
o we ver has omitted this area of atmospheric transmission owing to
he optimizer which gives the gap seen in their respective figures.
he region of ≈350–370 nm has poor results here also because of

he atmospheric transmission reducing quickly from ≈400 nm as can
e seen in Fig. 7 . This transmission resulted in very low numbers
f photons reaching the detector stage of the simulation causing this
ide spread of flux for this region. The sharp line noise at ≈1100 nm

s also the result of low atmospheric transmission and bright sky lines
n this region. 

To understand how these MKID effects may impact observations,
ifferent combinations of these effects were tested for the spectral
esolutions of 8500 with R E = 40, and both 5000 KIDSpec set-ups.
n exposure time of 1800 s is used on an 8m diameter telescope. To

rack KIDSpec performance in observing this spectrum, a Reduced
hi-Squared (RCS) value between the JA GU AR spectrum and the
IDSpec spectrum was used. 
Fig. 9 contains the results for each combination. All had multiple

imulation results averaged, to reduce the impact of photon shot
oise. Of the two effects tested, the dead pixels had the largest impact
n the RCS value. For no dead pixels, the R var caused a change of
.09, 0.34, and 0.30 in the RCS value, from standard deviation values
f 0–10 for the R E = 40, 30, and 25 set-ups respectively, whereas for
o variance, the dead pixels caused a change of 1.66, 1.43, and 1.37
n RCS value from 0–22 per cent dead pixels, for the R E = 40, 30, and
5 set-ups, respectively. Generally for all plots, a trend of increasing
CS occurs diagonally, following increasing dead pixels and R var .
utliers such as the 6 per cent dead pixels and R E standard deviation
f 10 tile in the R E = 25 simulations are the results of particularly
nfortunate dead or low R E MKIDs. Here, these MKIDs have had
righter portions of the JA GU AR spectrum incident on them, and
hen are dead, have a lower R E , or both. 

As mentioned abo v e, for the two 5000 spectral resolution set-
ps, R var had a greater impact than for the higher R E 8500 spectral
ASTAI 2, 278–292 (2023) 
esolution set-up. All R E standard deviations of 10 had higher RCS
alues for the R E = 25 and 30 set-up than the R E = 40 simulations.
his is expected since the value of the standard deviations used across

he set-up simulations was the same. But this demonstrates that as
he R E continues to impro v e alongside the fabrication, the effect of
he R E variation will be mitigated. The dead pixel percentages which
ollow currently active instruments also did not greatly impact the
CS value. The 1 per cent dead pixel simulations had average RCS
alues of only 1.15, 1.11, and 1.21 across the R E = 40, 30, and 25 sim-
lations, respectiv ely. F or the 3 per cent dead pixel simulations, the
verage RCS values were 1.21, 1.55, and 1.26. In particular for the R E 

 40 simulations these effects did not cause a large increase in RCS.
To mitigate the impact these effects will have on an observation

ith KIDSpec, any dead pixels, with their locations, and the R E s
f the MKID array will be known when the MKID array has been
abricated. Additionally because of the lack of read noise, rebinning
an be used here with no penalty. For example, if a dead pixel
ould happen to have a part of a line feature incident on it. With
IDSpec the spectrum could be rebinned, removing that dead bin

nd only leaving the reduction to the o v erall SNR. Additionally for
oth effects, as fabrication methods impro v e these effects will reduce,
urther lowering their impact. 

 SCI ENCE  EXAMPLES  

.1 Stellar spectra 

D212442, a B9 type star of m R = 7, is simulated here to act as
 comparison object between the PTS and Order Gaussian methods
f simulating the MKID response. The HD212442 spectrum is used
rom the ESO Archive Library. Parameters used for these simulations
re shown in Table 1 , with exposure time and telescope primary
irror diameter being set to 60 s and 0.5 m, respectively. This

xposure is chosen here owing to this being the exposure time taken

art/rzad018_f8.eps
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Figure 9. Reduced-Chi Squared results for varying MKID R var and dead pixel percentage, with the Reduced-Chi Squared values representing the colour of the 
tiles. Simulated using the 8500 spectral resolution KIDSpec set-up with R E = 40, and the two 5000 spectral resolution set-ups. Top left is the spectral resolution 
of 5000 with R E = 25 set-up. Top right is the spectral resolution of 5000 with R E = 30 set-up. Bottom is the spectral resolution of 8500 with R E = 40 set-up. 
All grid tiles were averaged over 10 1800 s exposures, owing to the photon shot noise. 
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f HD212442 by X-Shooter to gain these data. Here, KIDSpec was 
imulated on a 0.5m diameter telescope, to coincide with the many 
maller robotic telescopes currently active in the world, for examples 
ee Jehin et al. ( 2011 ), Williams et al. ( 2008 ), Steeghs et al. ( 2022 ),
oelfsema et al. ( 2016 ), and Boer et al. ( 2003 ). 
This comparison of the resulting HD212442 spectrum, between 

he Order Gaussian and PTS methods gave an R value of 0.964,
mplying strong positive correlation. Here, a value of 1 or −1 implies
he two spectra are entirely positively or negatively correlated, 
espectively, greater than 0.5 implies strong positive correlation, 
nd 0 implies entirely no relationship between the two datasets. 
dditionally the H α feature at ≈656 nm for both was fitted, as

hown in Fig. 10 . A Lorentzian fitted to this feature gave a width
hich, both matched each other and the original data spectrum of
D212442 used, with the Order Gaussian method having a width 
f 1.513 ±0.040 nm and the PTS method had 1.505 ±0.038 nm.
he original data spectrum of HD212442 had an H α width of
.483 ±0.007 nm, meaning KSIM successfully retrieved this feature 
cross both methods of MKID simulation. From these results we 
ssume the two methods act generally consistently. To observe how 

aint KIDSpec could still fit this feature for a 60 s exposure on a 0.5m
iameter telescope, the magnitude of HD212442 was reduced and 
imulated using the Order Gaussian method. This was also measured 
sing the Pearson R correlation coefficient value between the KSIM 

pectrum and the HD212442 spectrum. Fig. 11 shows the results 
f this as HD212442’s magnitude was progressively reduced. From 

ig. 11 KIDSpec could successfully retrieve the H α line to m R ≈ 14
n a 0.5m diameter telescope for a 60 s exposure. Extending this to
 3600 s exposure, the H α line could be retrieved down to m R ≈ 18,
ith a fit of 1.420 ± 0.141 with an R value of 0.50. 
The theoretical brightness limit for this particular simulation on a 

.5m diameter telescope can also be determined with KSIM. Using 
he MKID’s μs time resolution and the chosen coincidence rejection 
ime, the maximum number of possible photons per second can 
e calculated. The same coincidence rejection times discussed in 
8
ection 3.5 , 200 and 10 μs, are used here. Considering the H α line
gain from the HD212442 spectrum, it could be observed to m R ≈
.5 for a coincidence rejection time of 200 μs. For 10 μs, the line
ould be observed up to m R ≈ − 2.4, with a range then of down to
 R ≈ 18, as described abo v e. 

.2 SDSS J003948.20 + 000814.6 

IDSpec has the potential to be able to observe many galaxy emission 
ines. An example of this is the m V = 16 star-forming galaxy SDSS
003948.20 + 000814.6 which was simulated in KSIM. The data for
his galaxy were used from the Sloan Digital Sky Survey’ s (SDSS’ s)
6th Data Release (DR) (Ahumada et al. 2020 ). In Table 1 are the
arameters used for the simulation of this target, with the telescope
iameter and exposure time set to 8m and 60 s, respectively. These
imulations gave an average blaze wavelength SNR of 24.1, 29.2, 
nd 32.8 for the 8500, 5000 ( R E = 25), and 5000 ( R E = 30) spectral
esolution set-ups, respectively. 

One of the key advantages KIDSpec would hav e o v er typical
CD detectors is the lack of read noise and dark current, particularly
iding faint source spectroscopy. To illustrate this, X-Shooter’s ETC 

as used to calculate the predicted SNR for an observation and
ompare with KIDSpec’s. This instrument was chosen because X- 
hooter is an optical to NIR spectrograph with comparable spectral 
esolution. For this comparison an m V = 22 spectrum of SDSS
003948.20 + 000814.6 was simulated, for a 180 s exposure on an
m telescope. The mean SNR was taken from the blaze wavelength 
NRs from X-Shooter’s ETC for this spectrum observation, and the 
ame was done for KSIM’s result. Results are shown in Table 3 .
he average SNR for KIDSpec in this comparison was 1.66 and
.71 for the two spectral resolution of 5000 set-ups, with R E 25 and
0, respectively. The spectral resolution of 8500 had an average 
NR of 1.44. For X-Shooter the average SNRs were 1.10 and
.83, respectively, for the spectral resolution options of 5000 and 
900. 
RASTAI 2, 278–292 (2023) 
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R

Figure 10. Lorentzian fits of the H α line for the PTS method of KSIM (left) , the input data spectrum of HD212442 (middle) , and the Order Gaussian method 
of KSIM (right) . The blue spectrum indicates the spectrum used for fitting, and the red line is the resulting fit. These fits, respectiv ely, gav e an FWHM of the 
H α feature of 1.505 ± 0.038, 1.483 ± 0.007, and 1.513 ± 0.040 nm. Both methods were simulated using the KIDSpec set-up with R E = 30, and a spectral 
resolution of 5000. The R value comparing the two MKID simulation methods was 0.964. Both methods were simulated using the parameters in Table 1 and for 
60 s on a 0.5m telescope. 

Figure 11. Fit results of KSIM simulations of the magnitude reduced 
spectrum of HD212442, simulated on a 0.5m telescope for 60 s using the 
spectral resolution of 5000 and energy resolution of 30. The bold black 
horizontal line is the fit to the input spectrum, and the red bar is the error 
in this fit. The circular points are the KSIM data fit and the errorbars are 
included for each fit. At m R ≈ 14 the R value of the resulting fit reduces to 
0.48, below the 0.5 threshold for the fit and data to be strongly correlated. 
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Using its MKIDs, KIDSpec would also be able to flexibly rebin

own to lower spectral resolutions, because the detectors do not
uffer from read noise. By rebinning down to a spectral resolution
f ≈2000, features can be extracted from faint objects and short
xposures. This resolution is the approximate spectral resolution used
o originally observe SDSS J003948.20 + 000814.6. The Lorentzian
tter was used to find the width of the H α and N II lines, located
t ≈726 and 729 nm, respectiv ely. F or the H α line, this gave 0.792

0.052 nm for the input data spectrum from the SDSS DR, and
.809 ± 0.084, 0.815 ± 0.100, and 0.927 ± 0.096 nm for the 8500,
000 ( R E = 30), and 5000 ( R E = 25) spectral resolution set-ups,
espectiv ely. F or the N II line, this gave 0.614 ±0.076 nm for the
nput data spectrum from the SDSS DR. KIDSpec achieved 0.634 ±
.142, 0.640 ± 0.130, and 0.568 ± 0.101 nm for the 8500, 5000 ( R E 

 30), and 5000 ( R E = 25) spectral resolution set-ups, respectively.
esults are shown in Fig. 12 . These results demonstrate the potential
ASTAI 2, 278–292 (2023) 
or KIDSpec to reach higher SNRs with set exposure times, using
ts lack of read noise and dark current. This is particularly so for
hese short observations, where KIDSpec still successfully recreates
pectral lines. 

.3 Mrk 348 

 NIR spectrum of Mrk 348 ( m R = 14) was simulated using KSIM,
ith the parameters used for the simulation in Table 1 . The data
f Mrk 348 shown in Ramos Almeida et al. ( 2009 ) were shared by
he author for use in KSIM. Exposure time and telescope diameter
as set to 60 s and 8m, respectively. The average SNR values for

hese simulations were 82.5, 105, and 102 for the 8500, 5000 ( R E 

 25), and 5000 ( R E = 30) spectral resolution set-ups, respectively.
o push KIDSpec to more extreme parameters, the m R magnitude
f this spectrum was reduced to 21, and simulated with an exposure
ime of 180 s. Results are shown in Fig. 13 . These simulations had
verage SNR values of 3.63, 4.60, and 4.79 for the 8500, 5000 ( R E =
5), and 5000 ( R E = 30) spectral resolution set-ups, respectively. It is
oted that the region of ≈1300–1500 nm had low flux results for the
 E = 25 set-up, which was because this region has poor atmospheric

ransmission. For this reason the optimizer in Section 4.1 omitted
his region for the other two set-ups shown in this paper, which can
e seen in Fig. 13 . This poor transmission area can also be seen in
ig. 7 . 
From this, as done in Section 5.2 , an SNR comparison was

one with the X-Shooter ETC. In the NIR KIDSpec is expected
o impro v e o v er conv entional NIR detectors, such as those used for
-Shooter, owing to the MKID’s lower noise capabilities described

n Section 2.1 . As in Section 5.2 , the set-ups from the ETC were
hosen to match KIDSpec’s spectral resolution set-ups in KSIM.
able 3 shows the result for this comparison, with X-Shooter having
verage SNRs of 1.47 and 1.16 for a spectral resolution of 5000
nd 8100, respectively. Here, KIDSpec more than doubles these with
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Table 3. This contains SNR results for objects simulated in this paper for KIDSpec, also simulated using X-Shooter’s ETC. SNRs are calculated 
by taking the mean average of the order blaze wavelength SNRs for those which fall within the object’s bandpass. For the instrument comparisons 
the SNR value included is the average SNR for the simulated object spectrum. The X-S SNR column represents the X-Shooter ETC results. 
Results included for the JA GU AR mock galaxy are for the simulations without the MKID effects discussed in Section 4.2 . 

Object Spec. Res. Energy Res. Exp. time (s) Tel. diameter (m) SNR 

KIDSpec X-S 

SDSS J003948.20 + 000814.6 ( V = 16) 8500 40 60 8.0 24.1 23 .8 
SDSS J003948.20 + 000814.6 ( V = 16) 5000 25 60 8.0 29.2 30 .2 
SDSS J003948.20 + 000814.6 ( V = 16) 5000 30 60 8.0 32.8 30 .2 
SDSS J003948.20 + 000814.6 ( V = 22) 8500 40 180 8.0 1.44 0 .83 
SDSS J003948.20 + 000814.6 ( V = 22) 5000 25 180 8.0 1.66 1 .10 
SDSS J003948.20 + 000814.6 ( V = 22) 5000 30 180 8.0 1.71 1 .10 
Mrk 348 ( R = 14) 8500 40 60 8.0 82.5 57 .8 
Mrk 348 ( R = 14) 5000 25 60 8.0 105 87 .0 
Mrk 348 ( R = 14) 5000 30 60 8.0 102 87 .0 
Mrk 348 ( R = 21) 8500 40 180 8.0 3.63 1 .16 
Mrk 348 ( R = 21) 5000 25 180 8.0 4.60 1 .47 
Mrk 348 ( R = 21) 5000 30 180 8.0 4.79 1 .47 
JA GU AR mock galaxy ( R = 20) 8500 40 180 8.0 3.06 1 .56 
JA GU AR mock galaxy ( R = 20) 5000 25 180 8.0 3.82 1 .86 
JA GU AR mock galaxy ( R = 20) 5000 30 180 8.0 4.00 1 .86 

Figure 12. KSIM simulation of SDSS J003948.20 + 000814.6 ( m V = 22), with an exposure of 180 s on an 8m class telescope. Shown are the Lorentzian fit results 
for the KIDSpec set-up with spectral resolution 8500 and R E = 40 ( left ), spectral resolution 5000 and R E = 30 ( middle left ), spectral resolution 5000 and R E = 

25 ( middle right ), and the original spectral resolution ≈2000 data spectrum ( right ). Included here is the Lorentzian fit of the H α and N II line located at ≈726 
and 729 nm to determine its FWHM. For the H α line this gave 0.792 ±0.052 for the input data spectrum from the SDSS DR, and 0.809 ±0.084, 0.815 ±0.100, 
and 0.927 ±0.096 for the 8500, 5000 ( R E = 30), and 5000 ( R E = 25) spectral resolution set-ups, respectiv ely. F or the N II line this gave 0.614 ±0.076 for the 
input data spectrum from the SDSS DR, and 0.634 ± 0.142, 0.640 ± 0.130, and 0.568 ± 0.101 for the 8500, 5000 ( R E = 30), and 5000 ( R E = 25) spectral 
resolution set-ups, respectively. 
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.63, 4.60, and 4.79 for the 8500, 5000 ( R E = 25), and 5000 ( R E =
0) spectral resolution set-ups, respectively. 
In Section 1 , the MKID’s impro v ed sk y subtraction was discussed,

amely by utilizing a simultaneous sky subtraction with the MKID’s 
ime resolving capabilities. To illustrate the impact a simultaneous 
ky subtraction has in comparison to not, Mrk 348 at m Z = 20
as simulated with both options for 1800s. The simultaneous sky 

ubtraction resulted in an R value of 0.964. The sky spectrum from
his exposure was then used for the sky subtraction in a repeated
imulation, to replicate a separate sky exposure in an observation. 
his had an R value of 0.794. When repeated for an exposure of
00 s, the simultaneous sky exposure had an R value of 0.960,
hereas the separate sky subtraction had an R value of 0.444,
assing the threshold of 0.5 making the result no longer strongly
orrelated. Additionally, KIDSpec’s time resolving capability gives 
he potential to be able to track variation in the sky lines with photon
ounting (Mazin et al. 2010 ). The logistics of using simultaneous
ky subtraction could be approached with multiple methods. Some 
xamples would be using a separate MKID array for KIDSpec, 
r ‘nodding’ the telescope on sky. These aspects could improve 
RASTAI 2, 278–292 (2023) 
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R

Figure 13. Simulations of Mrk 348 ( m R = 21) for 180 s on a 8m telescope 
using the parameters in Table 1 . Shown is the result for the KIDSpec set-up 
with a spectral resolution of 8500. The percentage residuals are included in 
the bottom segment of the figure. The section between ≈1300 and ≈1500 nm 

falls directly in a region of poor atmospheric transmission, which results in 
a poorer recreation of the galaxy spectrum. This set-up ho we ver has omitted 
this area of atmospheric transmission, owing to the optimizer which gives the 
gap seen in this wavelength range. 
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IDSpec’s performance particularly in shorter exposures, where
IDSpec has scientific interests. 

 DISCUSSION  

s shown in this paper KIDSpec will have the ability to observe a
ariety of astronomical targets, and contribute to a wide range of
cience areas. The spectra of stars carry important information about
hem: abundance of elements, ef fecti ve temperature, and gravity, for
xample (Szczerba et al. 2020 ). Galaxy observations also present
pportunities for many different science areas. High-redshift star-
orming galaxies and their emission lines can provide information
n the stages of evolution of the Universe, such as the epoch of
eionization (Onodera et al. 2020 ). Emission-line galaxies at medium
o high redshifts can aid in testing the cosmological dark energy
odel and constrain it (Gao & Jing 2020 ). The central phase of

eionization of hydrogen in the Universe can be investigated using
y α emitter galaxies, because of the resonant scattering of Ly α
hotons being responsive to the neutral hydrogen in the intergalactic
edium (Yang et al. 2019 ). KIDSpec’s rele v ant features for this are

hat MKIDs do not suffer from readout noise, and KIDSpec would
ave superb cosmic ray removal owing to the MKID’s time resolution
Mazin et al. 2013 ). In an MKID, the cosmic ray event lasts a few
undred microseconds and can be easily remo v ed from the phase
ime-stream because of its amplitude. This will result in the loss of a
mall fraction of an exposure. In a semiconductor detector, all of the
harge from the cosmic ray is stored until the readout, affecting the
hole exposure time (O’Brien 2020 ). 
Also as discussed in Section 5.2 , because of the MKID’s lack of

eadout noise, the resulting spectrum can be rebinned flexibly to a
ower spectral resolution. 

Active galactic nuclei can be spectrally identified using observed
mission lines and from this, information on their stellar populations
an be gained. NIR spectroscopy is well suited to this as it is in a
ess extinct wavelength range when compared to the optical. NIR
ASTAI 2, 278–292 (2023) 
pectroscopy is not dominated by non-stellar emission, allowing for
he study of the stellar content of the galaxy, and the search for
ignatures of intense star formation (Ramos Almeida et al. 2009 ). 

Other science areas of interest to KIDSpec include spectrally
ime resolved studies such as orbits of compact binaries. These
bservations are currently limited, especially ahead of the launch
f the Laser Interferometer Space Antenna (LISA) (Amaro-Seoane
t al. 2017 ). LISA will aim to detect tens of thousands of these
ystems (Burdge et al. 2019 ). For short-period binaries, ≈15 min,
ne limitation of CCDs is their read noise. A sufficiently long
xposure must be taken to reduce the read noise’s impact, which
imits the number of phase bins of the binary’s period to constrain its
arameters. The effect of this is an increase in error on the parameters,
ossibly even to similar values to the found feature (Burdge et al.
019 ). Additionally, smearing of spectral features for systems with
igh radial velocity make long exposures also unsuitable, as the
pectral line would not be resolvable. MKIDs however are not limited
y exposure time owing to a lack of read noise, and therefore can use
ore phase bins, i.e. shorter exposures, and hence result in more

onstrained parameters. The LRIS instrument (Oke et al. 1995 )
as used for spectroscopic observations of the system in Burdge

t al. ( 2019 ). LRIS can have a spectral resolution between 300
nd 5000 with a bandpass of 320 to 1000 nm, making the 5000
pectral resolution KIDSpec set-up described here an appropriate
ption. The magnitudes for 30 s exposures with an SNR ≥10,
alculated in Section 4.1 , at a spectral resolution of 5000 approach
he ≈19 AB magnitude of the system observed in Burdge et al.
 2019 ). Using KIDSpec would allow for more phase bins during
n observation of these systems, reducing the final error on the
arameters. Additionally KIDSpec could take a continuous exposure
nd the observation can be separated afterwards because of the time
esolving capabilities of the MKIDs. This makes KIDSpec suited
o observing short-period binaries, such as the systems LISA will
bserve. 
Another field of interest is fast time variability systems such as

ulsars, magnetic white dwarfs, and other binary systems (Mazin
004 ). For pulsars and magnetic white dwarfs, optical data alongside
imultaneous radio and gamma ray observations will aid testing of
igh-energy emission models (Mazin et al. 2010 ). KIDSpec will
lso be able to constrain parameters of various types of binaries
O’Brien 2020 ). In the Bowen region of 463 to 466 nm, there are
arrow high excitation emission lines, and these lines appear to
o v e during the period of the binary system. Using the mo v ement

f these lines the semi-amplitude of the radial velocity and mass
unction can be constrained (Cornelisse et al. 2008 ). Discussed here
re just a selection of KIDSpec’s science cases, which continues to
row. 

 C O N C L U S I O N S  

 new simulation tool for the proposed medium-resolution spectro-
raph instrument KIDSpec has been described, with astrophysical
bjects simulated. KIDSpec aims to set itself apart with its use
f MKIDs. These superconductor detectors bring several benefits,
ncluding time resolution, no read noise, no dark current, and
xcellent cosmic ray mitigation. The intrinsic energy resolving
apabilities of MKIDs mean a cross-disperser is not required, as
KIDs can separate the orders themselves, simplifying the optical

ayout of KIDSpec. Resolving the orders represents one of the
reatest challenges for KIDSpec. Its capabilities will be limited by
he R E of its MKIDs, which limits how many orders can be observed
y a single MKID. The benefits of MKIDs makes KIDSpec suitable
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or a growing list of science, including faint source spectroscopy and 
hort-period binaries, owing to the MKID’s lack of read noise and 
ark current, and time resolution. 
The KSIM has been developed to evaluate KIDSpec’s perfor- 
ance, and is now in a position to test more KIDSpec parameters

nd new science cases. By simulating the atmosphere, telescope, 
rating, MKIDs, and other aspects, KSIM simulates how KIDSpec 
ould observe a given object. Through the Order Gaussian or PTS
ethod, KSIM can now aid the future development of the KIDSpec 

nstrument. Using KSIM’s variety of input parameters, observing 
cenarios and objects can be simulated. Simulated in this work 
ere various stars and galaxies, including comparisons with X- 
hooter’s ETC. It was found that for short observations involving 
ainter objects, KIDSpec potentially doubles the SNR of the same 
imulated observation with X-Shooter. 

MKID fabrication effects were also simulated to observe the 
mpact they may have on observations. The dead pixels mostly 
ffected the recreation of the object spectra, while R var had a lower
bserved impact on the RCS value. Additionally, these fabrication 
rrors will be further mitigated as the technology and fabrication 
ontinues to impro v e, and with testing KIDSpec’s MKID array after
abrication to find the locations of any dead pixels. Multiple designs
ere also simulated to predict limiting magnitudes for various 
IDSpecs, which found it would have comparable or fainter limiting 
agnitudes than X-Shooter. This work demonstrates KSIM’s ability 

nd flexibility to test a variety of science cases and KIDSpec designs,
o progress the realization of KIDSpec as a constructed instrument. 
o further grow the list of science cases for KIDSpec, objects can be
imulated using KSIM on request or the simulation tool can also be
btained online from the KSIM repository . 
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PPENDIX  A :  KSIM  PARAMETER  LIST  

able A1 contains all variable parameters for KSIM, with units and
ormats. 
ASTAI 2, 278–292 (2023) 

able A1. All parameters which can be altered for a astronomical target object obs
or the value of the parameter is also included. 

arameter Description 

bject name Name of astronomical target object being
bject file Name of file containing spectrum of astro

wavelength (nm) and flux ( erg cm 

−2 s −1 Å
instep The size in nm of the bins in the Object F
irr diam Diameter in cm of the primary mirror of t

entr al obscur ation Percentage obscuration to the primary mi
eeing Value of the atmospheric seeing, in arcsec
xposure t Exposure time of simulated observation i
ele file Text file containing two columns, wavele
ambda low val Minimum wavelength for simulated KID
ambda high val Maximum wavelength for simulated KID
 pixels Number of MKID pixels in linear array fo
lpha val Incidence angle of incoming light to grati
hi val Reflected central angle of incoming light 
efl deg Reflected angle range of incoming light p
rooves Number of groo v es on grating per mm. 
orders Number of grating orders to test for incom
umber optical surfaces Number of optical surfaces in KIDSpec i

reflectance is used here. 
older dir Folder path where all other files can be fo
ducial energy res Energy resolution used to calculate energ
ducial wavelength Wavelength used to calculate energy reso
oincidence rejection time The coincidence rejection time, in μs, use

methods. 
aw sky file FITS file containing the sky background, 
lit width Width of slit in arcseconds. 
ixel fov FoV of MKID pixels in arcseconds. 
ff centre Sets the distance target object is from the
irmass Airmass of atmosphere. 
ead pixel perc Percentage of MKIDs which are consider
 E spread Standard deviation value of normal distrib

edshift Desired redshift of target object. 
edshift orig Original redshift of target object. 
ag reduce Factor which reduces incoming flux from
 enerate sk y seeing eff Generates transmission file, containing tr
ky seeing eff file save or load Name of sky seeing transmission file to e
enerate model seeing eff Generates transmission file, containing tr
odel seeing eff file save or load Name of target object seeing transmission
enerate additional plots Plots additional steps throughout KSIM, 

and grating orders. 
enerate standard star factors Generates standard star spectral weights a
tand star run filename details Name of standard star spectral weights to
whm fitter Option to use a Lorentzian-shaped fitter f
whm fitter central wavelength Central wavelength of a Lorentzian-shape
whm fitter central wavelength 2 Central wavelength of a second Lorentzia
ouble fitter If two lines are to be fitted then this is set
ontinuum removal use polynomial If True a polynomial will be fitted to the s
eset R E spread array When True generates new energy resoluti
eset dead pixel array When True generates dead pixel spreads.

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
ervation simulation using KSIM. Where appropriate, a requirement or range 

 simulated within KSIM. 
nomical target object, structured in the form of two columns with 
−1 

). 
ile spectrum. 
he telescope. 
rror of the telescope. 
onds. 

n seconds. 
ngth in nm and percentage reflectance of telescope mirror material. 
Spec bandpass. Minimum value of 350 nm and maximum value of 2999 nm. 
spec bandpass. Minimum value of 351nm and maximum value of 3000 nm. 
r KIDSpec. Minimum value greater than zero. 
ng in degrees. 
to grating in degrees. 
assed to MKIDs in degrees. 

ing wavelengths. 
nstrument between primary mirror and MKIDs. The GEMINI silver mirrors 

und and where results are saved to. 
y resolution at all other wavelengths. 
lution at all other wavelengths. 
d for MKID saturation calculations for both the PTS and Order Gaussian 

can be generated using ESO SKYCALC. 

 centre of the slit in arcseconds. Can be set to zero or greater. 

ed dead. Value can be set in the range 0–100. 
ution used to generate spread of R E . Can be set to zero or greater. 

 simulated target. Can be set to < 1 for an increase in flux. 
ansmission of sky spectrum though slit. 
ither save or load. 
ansmission of target object spectrum though slit 
 file to either save or load. 

including photon spectra at various stages such as atmosphere, telescope, 

s described in Section 3.6 . 
 either save or load. 
or spectral features, up to two features at once. 
d line. 
n-shaped line. 
 to True. 
pectrum to remo v e the spectrum continuum. If False a linear fit is used. 
on spreads. 
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