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(Abstract–We present the Data Acquisition System for Phase I of the Q/U Imaging ExperimenT (QUIET) that will operate arrays of 91 4-channel W-band (90GHz) and 19 4-channel Q-band (40GHz) receivers, both placed on 1.4m and 7m telescopes, in Chajnantor, Chile. The analog signals from the receivers, modulated at 4kHz, are read out by up to 13 custom-made 6U VME modules implemented each with 32 18-Bit, SAR ADCs. The sampling for all 364 (or 76) channels is simultaneous on one 800kHz, low jitter clock for each array. Data are then processed locally with field programmable gate arrays (FPGAs) that perform signal demodulation and averaging over 10ms, while blanking out the transition edges of the 4kHz switching frequency, during which the receivers outputs are not well defined. The calculated values are continuously read out through the VME backplane to the crate controller and then passed, along with the absolute time stamp and telescope pointing information, to a remote PC for storage. One of the ADC modules in the system acts as “Master”, generating the sampling clock as well as the switching and data processing synchronization signals for the whole array. In the future, the DAQ will be upgraded to accommodate the requirements of Phase II of the QUIET Experiment with arrays containing up to 1,000 receivers. The full design and multi-card test results will be described. 

I. INTRODUCTION

T
HE Q/U Imaging Experiment (QUIET) aims at measuring the polarization of the Cosmic Microwave Background Radiation (CMBR) from the ground at an unprecedented precision, using the technology of coherent correlation polarimeters. Detectors of excellent sensitivity and an exquisite control of systematics are required. The sensitivity of a single coherent receiver is limited by the noise of the devices used for the first-stage amplification of the incoming radiation, which are High Electron Mobility Transistors (HEMTs), implemented in QUIET as InP Monolithic Microwave Integrated Circuits (MMICs). Since their noise is close to fundamental limits the required increase in sensitivity can only be achieved by building large arrays of receivers.  The 1/f noise of the amplifiers is largely reduced by switching the signal at 4kHz and subsequent demodulation. The signals from the QUIET receivers are digitized before the demodulation (similar to the implementation for CAPMAP [1]), so that no analog demodulation circuitry is required. The digitization of the modulated signal also enables flexible processing like blanking of the transition edges at which times the receiver outputs are not well defined. In addition it allows valuable cross checks of possible systematic contaminations via the production of quadrature data sets, for which the signal is demodulated out of phase with the switching, so that any real signal would be eliminated.

This paper presents the Data Acquisition System for Phase I of the QUIET experiment that will operate arrays of 91 4-channel W-band (90GHz) and 19 4-channel Q-band (40GHz) receivers, both placed on 1.4m and 7m telescopes, in Chajnantor, Chile.

II. Implementation

The data acquisition system is built with a set of up to 13 custom-made 6U VME/VIPA[2] modules, the QUIET-ADC Boards, implemented each with 32 channels of 18-Bit SAR ADCs. The block diagram of a board is presented in Figure 1.

Each of the 32 differential input signals (full scale input of +/-2V) from the receivers, modulated at 4kHz, goes first to a buffer (Gain=-2; Zi=1K), implemented with an AD8028AR in a typical inverter configuration, before being passed on to the ADCs, through a one-pole RC low-pass filter. 
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Fig. 1. The QUIET ADC Board – Block Diagram

The ADC chips AD7674 [3] work in warp slave mode at 800kSPS, with serial data reading of the previous conversion during convert. The sampling is simultaneous, on one low jitter clock for the whole DAQ system.  Communication between boards, for simultaneous sampling and data processing is done via four PECL backplane lines from P0.

The data are processed locally with a field programmable gate array (FPGA), an Altera device from the Stratix [4] family, that performs signal demodulation and averaging over 10ms, while blanking out the transition edges of the 4kHz switching frequency. Each ADC channel connects independently to the FPGA on board. The calculated values, from all the modules in the crate, are read out every 10ms through the VME backplane to the crate controller and then passed, along with the absolute time stamps and telescope pointing information, to a remote PC for storage.

One of the ADC modules in the system acts as “Master”, generating the sampling clock as well as the switching and data processing synchronization signals for the whole array. These signals are sent out in LVDS levels via two front-panel connectors. The Master will also function as a digital I/O board to allow computer control of DACs on several boards, which provide the required bias settings for the electronics of the experiment.

III. QUIET-ADC Board – FPGA Design

The block diagram of the FPGA design is presented in Figure 2. Based on a local 40MHz clock, the Master card generates the 800kHz clock for the ADC sampling, the 4kHz-switching signal and a 100Hz signal which determines the final sampling rate. These signals are provided on the PECL lines in the backplane for use on all cards. The 4kHz and the 100Hz clocks, together with some other control signals, are also sent out the front panel, in LVDS format, for use in the experiment. 

The 32 serial data streams from the 18-bit ADCs are applied directly to a deserialization block, converted into a 1024-bit bus (using 32 bits for each channel to simplify memory addressing) and processed in three distinct ways:

A. Snapshot

800kHz samples for all 32 channels as well as the information on the state of the 4kHz clock are continuously written into a single memory block, looping to the beginning whenever the block is filled. A user-supplied signal can stop or start this process, “freezing” or “thawing” the memory contents. This signal is only checked for each time the memory block is filled, so that frozen data is always a continuous set of data. This allows for functional as well as performance testing (input noise, dynamic range, linearity, crosstalk, etc) of all channels simultaneously at the highest sampling rate. It further provides a quick way to check the blanking algorithm used for the demodulated mode, below. The memory block can hold 512 samples of each channel, which corresponds to 640 us.

B. High-speed

800kHz samples for a single channel, which is selected by the user via a VME register, are written together with the information on the state of the 4kHz clock into two alternating memory blocks, allowing for continuous readout. The user is signaled whenever one of these blocks fills, and memory read requests are directed to the inactive block. In this way, the user need only send a read request every time the block-full signal is received, and can construct a full, continuous time stream. There is no requirement that memory be read before processing can continue; if the user does not respond to a block-full signal before the subsequent one, the first block will be overwritten and lost.

This mode gives access to long stretches of ‘raw’ data than the snapshot mode, so that it allows studies of long-term behavior of the channels and for fine-tuning of the blanking algorithm used.

C. Demodulated

This is the mode used for real data taking:  The signal coming from the detector is a small 4kHz square wave, switched according to a 4kHz LVDS signal supplied by the Master card, with spikes on its transition edges, and on top of a slowly drifting offset. For every 10ms, the amplitude of the square wave and the average offset need to be determined.
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Fig. 2. FPGA Firmware Design - Block Diagram.
To achieve this goal, every 10 ms, the data stream from each ADC is summed in one accumulator (yielding the average offset) while in another it is added and subtracted according to the state of the 4kHz signal provided by the Master card across the VME backplane (yielding the amplitude of the square wave in the data). Possible delays between the 4kHz signal on the VME backplane and in the incoming data can be determined with snapshot or high-speed data, and the blanking mask (see below) can be adjusted to compensate for them.

In order to avoid the spikes at the transition edges, a user configurable mask (written to a small memory block within the FPGA) defines which 800kHz samples are kept and which are dropped within each 10ms period. The two accumulators are disabled during samples, which are masked out.

The 10ms ‘average’ and ‘demodulated’ data are each written into two alternating memory blocks, which work in exactly the same manner as those used in high-speed mode. In this case, only one block-full signal is sent to indicate that  both a block of ‘average’ and a block of ‘demodulated’ memory are ready for reading.


All three of the modes, which are described above, are active at all times. The user selects one by reading from the appropriate memory location.

IV. Testing

Three prototypes were built and tested, taking data of assorted duration, in all three operation modes, and with various loads on the input of each channel.

The input noise level was determined from snapshot data as well as from continuous 800kHz sampled data. Stretches of about 2 seconds of raw data were used to check the noise for both spectral content and gaussianity. The overall flat frequency spectrum is shown in Figure 3. With a 500 kHz low-pass input filter installed, the input noise RMS for all channels was between 14 and 20uV (LSB: 15uV).

Low speed (100Hz) demodulated and averaged data were recorded for 15 minutes. The spectra of these data were calculated and gaussianity was checked. The RMS for the averaged input noise levels was below 1uV.
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 Fig. 3.  Noise Voltage vs. Frequency at 800kHz sampling rate.

Synchronization between cards was tested by scoping the 800kHz sampling clocks on modules placed in slots 2,3 and 15 of the same VME card. The observed delays between cards were smaller than 5ns.

Simple signals of various amplitudes and frequencies were fed into the board, using a signal generator. In all operating modes, the module performed as specified

V. Conclusions

This Data Acquisition System and QUIET-ADC Board were designed to accommodate the particular requirements for the QUIET Experiment such as:

1. 384 channels of 18-Bit SAR ADCs with simultaneous sampling at rates up to 800kHz;

2. Configurable input filtering. The analog input signals are modulated and have transition intervals that have to be eliminated digitally, rather than filtered out. This requirement disqualified several commercially available sigma-delta ADC modules with digital signal conditioning/filtering inside the ADC chips. The printed circuit for the QUIET-ADC Board permits installation of one-pole low-pass RC filters;

3. Powerful real-time processing capabilities within the on board FPGA, to reduce the requirements for backplane data throughput. The high-density Altera STRATIX EP1S30F780C6 FPGA allows future design/algorithm modifications;

4. Relatively small size (6U VME Crate) for mounting inside a weatherproof enclosure on the telescope.

A view of the QUIET ADC Board is presented in Figure 4.
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Fig. 4. The QUIET ADC Board

In the future, the DAQ will be upgraded to accommodate the requirements of Phase II of the QUIET Experiment with arrays containing up to 1,000 receivers.
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