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Sticky Note
A snapshot of the camera is shown in the left figure. The camera has a field of view of 2 arc-min. In the top right figure, the optical design is shown. Two flat mirrors (M6,M7) orient the beam on the bi-conic mirror M8. The rays enter the cryostat through the window, coincident with lens L1. A grid polarizer located at 70 mK between lenses L2 and L3 splits the beam and redirects the radiation to two polarization-sensitive arrays, the first optimized for 150 GHz and the second for 220 GHz. The band-defining filters centered at 150 GHz and 225 GHz are mounted directly on the flat face of each L3 lens. 

The bottom right figure shows one of the two KID array used.



MKID: reminders

@ Bolometer array = line with n high Q resonators

o Bolometer array built by microlithography
o Average resonator self resonant frequency spacing of 2 MHz.
o Resonance frequency at several GHz
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N resonators per line

@ Detection principle — shift of the resonator self resonant frequency
when illuminated.

@ Constraints:

o Array at very low temperature (cryostat at 100 mK)
o Cable feedthrough must be kept to a minimum

o Work in RF domain

o Full array readout at several Hertz
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Sticky Note
A KID (Kinetic Inductance Detector) array can be seen as a single line equipped with a relatively large number of high quality factor resonators. The array is built by micro-lithography and current state of the art allows an average self-resonant frequency spacing of about 2 MHz.

The detection principle relies on the fact that a resonator experiences a self-resonance frequency shift when illuminated by photons. Therefore by exciting a KID at its resonance frequency, the photon detection is signed by the fact that the sine wave of the corresponding frequency at the line output is modified in amplitude and phase.

The constraints that are driving a dedicated electronics development are: the requirement to minimize the cable feed-through to the cryostat, the fact that high frequency signals are involved and finally that the readout rate must be significant.



Array instrumentation method (1/2)

@ @ Generation of a frequency comb (frequency multiplexing):
o Containing the largest possible number of frequency (— Output

analog frequency (Shannon))
o Each frequency adjustable at a kHz resolution.

@ Up-mixing of the baseband generated frequency comb

© The signal passes through the array and is eventually modified
@ At the array's output, down-mixing to baseband

© Signal processing: determine each tone amplitude and phase
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Sticky Note
In order to monitor a large number of KIDs a frequency comb containing the largest number of frequency must be built. Due to the Shannon theorem, the number of frequencies that can be generated digitally is limited to less than half the digital frequency.

The frequency comb up-mixing is done by an IQ mixer in order to minimize the image frequencies (see next slide) and to suppress the local oscillator frequency in the output spectrum. For this reason, the electronics must construct the two necessary frequency combs (in the quadrature version of the frequency comb, all sine wave are individually phase shifted by 90°).



Array instrumentation method (2/2)
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Sticky Note
Illustration of the up and down-mixing of two tones f1  and f2  by a carrier flo  with ideal mixers (no harmonics generated). Part (c) depicts the spectrum affected by the KID array; only the green part is attenuated by a maximum of 2 to 10 dB (practical rejection values), i.e., it still contains amplitudes 20 to 28 dB larger than the residuals in red.  As shown on (d), the tones affected by the KID array and the image frequencies, i.e., the residuals (red), are summed, because of the back folding due to the down-mixing.

This figures show the utter importance of minimizing the image frequencies in order to maximize the available dynamic range.



Used methods

© Sine and cosine waves generated by CORDIC (COordinate Rotation
Dlgital Computer)
o Using only adder/subtracters and a small precomputed arc tangent
table
o Easily algorithm “pipelining”
o Can reach sine and cosine resolution of 1/2"~!, where n is the
number of + /- stages and atan constants
@ Line output signal analyzed by Digital Down Conversion (DDC)

o As much processors as spectral rays to analyze

o Principle: signal is shifted to baseband and
projected on |, Q axis by multiplying the

returning signal by the original sine and cosine cos fl - Low pass
wave 55 I
g<
. . <
o Low pass filter actually implemented by 1 ms 9§ Low pass
signal averaging (not moving average —CIC!!) = Q
)
= A sin f1

o For A x sin(wt + ¢) = |A| = mand

¢ = arctan 3
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Sticky Note
The FPGA firmware is composed of 128 tone managers. Each of those contains a phase accumulator that feeds a CORDIC generator with the angle used to calculate the sine and cosine amplitude. The fastest the phase accumulator increments, the higher the frequency generated. A copy of the sine and cosine signal is used by the embedded DDC module. The phase increment setting and the DDC readout are performed via a USB interface. The 128 sines and the 128 cosines are summed by a pipelined adder (128 inputs of 12 bit, one output of 19 bit) to form the frequency comb. The resulting sum is attenuated when required by a digital attenuator (bits are dropped to attenuate the signal).
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Equipped rack

@ Electronic board
@ Data server PC (Ubuntu) for Ethernet interfacing

e AC/DC power supplies + fan control
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Frequency response
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e Flat response over the whole bandwidth (-20dB over 125 MHz).
@ Attenuation mostly due the input Variable Gain Amplifier.
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Sticky Note
In order to check the frequency response, a frequency comb containing 125 frequencies was generated and acquired by the board (with a loopback cable). It can be seen that the frequency response is relatively flat. 



Signal to Noise in loopback mode

@ @ Sine wave at ~ 300 kHz
o Fiiting of a perfect sine wave — RMS=1.1

@ Electronic chain allows to recover up to ~11 effective bit (out of 12)
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Sticky Note
In order to evaluate the signal-to-noise ratio due to the electronics board, a test firmware was used to generated a single sine wave at 300 kHz and was acquired  in the FPGA by using an “oscilloscope mode”. The standard deviation between the acquired signal and the perfectly fitting sine wave is about 1.1 (Full scale is 4096). This is just slightly more than the ADC alone performance specifications. 



First images with the sky simulator

=

@ A source at ambient
temperature is placed between
a cold plate and the MKID
array and moved in 2D

Thin Nylon wire Moving “Planet”
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@ The “planet” is seen when passing in front of a MKID pixel.
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Sticky Note
After the electrical tests, a sky simulator was used to assess the electronics performances. The simulator replicates real observation conditions and properly estimates the amount of stray-light. The basic idea is to cool down a large black disk having the same dimensions as the telescope focal plane. This cold disk simulates the background temperature in ordinary ground-based observing conditions. It is used to simulate a point-like source signal to reconstruct the focal plane. This is achieved by placing a room-temperature high emissivity ball (“the planet”) in between the camera and the sky simulator cold disk. This ball can be displaced in azimuth and elevation for reproducing the typical scanning strategy and thus to access the different KID pixels.

The 2D histograms show each KID’s response. It can be seen that each KID effectively detects the  passing “planet” whenever it faces the corresponding KID.



System noise contributor identification

==board loopback
cryostat bypassed

== full chain off-res
full chain on-res

PSD (dBFS)

1 10
Frequency (Hz)

Noise is not due to the MKIDs themselves (see off/on resonance)
Noise floor electronic alone at -135dB

Noise added by mixing electronics is +10dB

Cold amplifier adds 10dB of noise
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Sticky Note
In order to determine the noise contributors, three different measurements were done. The first measurement was done with all electronics and the KID array, using a frequency comb having half of its frequencies matched to KID resonances and the other half out of any KID resonances. This first measurement showed the overall noise level and the fact that the KIDs are not adding noise in the system. The second measurement was done with the cryostat bypassed. In other words, the mixers and the warm amplifiers were still in the chain while the KIDs and the cold amplifier was removed. This alone removed 10 dB of noise, which can thus be attributed to the cold amplifier alone. Finally, only the electronics board was used in loopback mode and the noise floor was reached at -135 dBFS.



Multiplexing limit

@ @ When targeting a constant resolution of 50 aW /+/Hz at an
acquisition rate of 20 Hz with a fixed dynamic range of 115/135dB,
the multiplexing limit is fixed by the brightest spot in the FOV
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@ Mars in FOV — 110 MKIDs, Jupiter in FOV — 10 MKIDs!!
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Sticky Note
Using the previous measurement results and by fixing a target resolution to the minimum value desired (whatever the observation conditions) a plot providing the maximum number of KIDs that can be multiplexed at a constant resolution is constructed. For normal observation condition, i.e., Mars or the brightest quasar in the Field-of-View, a multiplexing factor higher than 110 can be achieved.



Crosstalk between MKIDs

@ Using sky simulator with cold plate at 50 K

@ Highly emissivity ball simulating the planet at 300 K
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Sticky Note
The amount of electrical crosstalk was determined by exciting one pixel with a very large signal and by observing its effect on another one. Frequency shift versus time was plotted for the most sensitive pixel and it can be seen that the electrical crosstalk is very limited.



Summary 1%t prototype

@ Technology and know-how validated for 128 spectral rays fitting in a
bandwidth of 125 MHz

o Validation done with 64 bands separated in average by 2 MHz
@ see 2011 JINST 6 P06012, also available at arXiv:1102.1314

e Equip arrays featuring 200044000 pixels

@ Design and construct electronic boards able to manage 256 spectral
rays over a bandwidth of 500 MHz
o Limited by trade off between number of spectral rays and
multiplexing limit
o Technical difficulty (computing power/FPGA size, bandwidth, ...)
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http://arxiv.org/abs/1102.1314

Obvious (?) “analog” solution

Generation | ADL53857
@ Dual ™ 1Q No IQ
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o Idea: split the 500 MHz bandwidth in 4 bands: 0—125, 125—250,
250—375, 375—500 MHz

o 1%tdrawback: impossible to build directly the comb in 1Q

e 2" drawback: practically impossibility to have highly selective filters
massive crosstalk due to image frequencies!!
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Sticky Note
The first intuitive approach to building a large frequency comb would be to associate four generators like the previous one and to use a first stage of modulation in order to juxtapose the 4 frequency combs of 125 MHz to build a final frequency comb covering 500 MHz. In a similar way, on the reception side, four filters+mixers would then be used to process the four bands. 
Actually there are several drawbacks and technological limitations. At first it is impossible to precisely construct a very high order analog filter which would avoid image frequencies leakage from one band to another. This is true both on the generation and on the reception side and would cause massive crosstalk between KIDs. Also it would not be possible to build the final frequency comb in an IQ version allowing a proper up-mixing to the GHz region. This would then yield additional dynamic range limitation.



All “digital” solution

@ Frequency comb generation

@ Nowadays DAC providing analog samples at 1 GSPS while receiving
digital inputs at 250 MSPS exist off the shelves

@ Principle: features digital modulators, interpolators and very steep
(high order) filters

@ = Use 5 DACs to build 5 100 MHz wide bands to generate the
excitation comb

Returning signal digitization and processing

@ ADC running at 1 GSPS exist but impossible to manage so many
spectral rays in a single FPGA

@ Using polyphase filtering and digital demodulation, it is possible to
separate the 5 bands and bring them back in baseband for a
“regular” processing.

@ Becomes almost identical to 5 times the processing developed and
implemented in version 1
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Sticky Note
A digital solution is considered for performing the up and down mixing of five frequency bands of 100MHz. The idea is to transpose what is done in state-of-the-art DACs used for wireless applications. These DACS can be fed with digital samples at 250 MHz and by using their internal digital modulator, very high order filters and interpolators they can provide analog samples at 1GSPS.

Using a derived digital solution on the reception side, it is possible to use a single 1GSPS ADC followed by custom made (in FPGA) polyphase filter and digital modulators to separate the 5 frequency bands and to provide them shifted back in baseband. 



Board block diagram
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Sticky Note
Block diagram of the new electronics board. The central FPGA labeled “split” is used to implement the ADC interface, the digital filters and demodulators. The 5 shifted frequency bands are provided to the corresponding processing FPGA (labeled “proc”). The FPGA “proc” contains the CORDIC generators and the DDC modules. Outputs I and Q of the DACs are summed in order to build the final frequency comb. 

The IQ measurement of each KID  is provided by the FPGA “proc” are transferred to the “split” FPGA which interfaces the USB microcontroller.



Conclusion

@ One board will instrument between 256 (2 MHz spacing) and 500
pixels (1 MHz spacing)
@ = For 4000 pixels, less than 16 boards required

@ Algorithms of the frequency band separator developed and coded in
VHDL

@ New board available and in debug
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