5.   Science Payload



	5.1   Science requirements



The ARISE top level science requirements can be summarized as:



1.  Source detection: the spacecraft must be able to detect sources that have strength of about 10 mJy at 43 GHz, and about 3 mJy at 22 GHz.

2. Spacecraft - ground telecom data rates: 8 Giga bits per second (Gbps), driven by sampling at Nyquist rate (2 samples/sec/Hz) and digitizing at 1bit/sample or 2 bits/sample.

3. Observation duration: the spacecraft must be able to observe a single source for 12-24 hours, at one or several frequencies. One coherent integration time is between 15 and 350 seconds.

4. Sampling duty cycle: the fraction of time that science data is gathered during one observation is at least 70 %. That leaves 30% for other spacecraft duties.

5. Gain variation: the gain in the direction of the source cannot vary more than 2-5% during one coherent integration time.



Table 5.1 to 5.12 provide a more complete set of default parameters for the ARISE mission, together with possible ranges for those parameters. Telescope parameters for the Green Bank Telescope (GBT) have been taken from the GBT web site, while VLBA telescope parameters are taken from the VLBA web site, with some assumptions made about improved system temperatures by the time of ARISE launch. The possible ranges of many parameters are educated guesses. It is unlikely that phase-referencing will be possible at the higher (or any) frequencies for ARISE.  However, the tables include the possibility of achieving equivalently long coherence times by means of atmospheric calibration at the ground telescopes (using water vapor radiometers, phase referencing of the ground telescopes, or similar techniques). Finally, in the calculation of spectral-line sensitivities, a channel width of 0.5 km/sec has been assumed in all cases. This was chosen as a compromise among the various types of spectral-line science that might be done, and can easily be scaled for other assumptions by the square root of the channel width.



Table 5.1: Radio Telescope

Quantity�Nominal�Possible Range��Diameter�25 m�15 - 25 m��Structure�Inflatable�Others��Optics�Off-axis Gregorian�On-axis; Cassegrain��Sun-Avoidance Angle�30 deg�20 - 50 deg��Pointing Accuracy�3 arcsec�2 - 6 arcsec��Slew Rate�2 deg/min�1 - 4 deg/min��Phase Referencing�None�5 - 8 GHz��Surface Accuracy�0.5 mm (target)�0.2 - 1 mm��Corrected Surf. Acc.�0.25 mm�0.2 - 0.5 mm��

Table 5.2: Observing System

Quantity�Nominal�Possible Range��Freq. Coverage�8, 22, 43, 60, 86 GHz�No 8 & 60; add 1.6 & 5��Polarization�Dual Circular�Single Circular��Polarization Purity�< 3%�1-6%��Sampling�1 or 2 bit�2 bit��Calibration Accuracy�2%�1% - 3%��IF channelization�TBD�TBD��

Table 5.3: Sensitivity vs. Frequency - 8 GHz

Quantity�Nominal�Possible Range��Frequency Span�8 - 9 GHz�5 - 9 GHz��Tsys�12 K�8 - 15 K��Aperture Efficiency�0.50�0.4 - 0.6��System Equivalent Flux

     Density (SEFD)�130 Jy�75 - 590 Jy��Coher. Time (C=0.9)�350 sec�100 - 2000 sec��Data Rate�4 Gbit/sec�1 - 4 Gbit/sec��



Table 5.4: Sensitivity vs. Frequency - 22 GHz

Quantity�Nominal�Possible Range��Frequency Span�21 - 23 GHz�18 - 23 GHz��Tsys�16 K�12 - 25 K��Aperture Efficiency�0.38�0.3 - 0.5��SEFD�240 Jy�130 - 1280 Jy��Coher. Time (C=0.9)�150 sec�60 - 1000 sec��Data Rate�8 Gbit/sec�1 - 8 Gbit/sec��



Table 5.5: Sensitivity vs. Frequency - 43 GHz

Quantity�Nominal�Possible Range��Frequency Span�42 - 44 GHz�40 - 45 GHz��Tsys�24 K�20 - 35 K��Aperture Efficiency�0.24�0.2 - 0.35��SEFD�560 Jy�320 - 2700 Jy��Coher. Time (C=0.9)�60 sec�20 - 400 sec��Data Rate�8 Gbit/sec�1 - 8 Gbit/sec��



Table 5.6: Sensitivity vs. Frequency - 60 GHz (single dish only)

Quantity�Nominal�Possible Range��Parameters�TBD�TBD������



Table 5.7: Sensitivity vs. Frequency - 86 GHz

Quantity�Nominal�Possible Range��Frequency Span�84 - 88 GHz�80 - 90 GHz ?��Tsys�45 K�30 - 80 K��Aperture Efficiency�0.08�0.08 - 0.2��SEFD�3200 Jy�850 - 16,000 Jy��Coher. Time (C=0.9)�15 sec�5 - 100 sec��Data Rate�8 Gbit/sec�1 - 8 Gbit/sec��Table 5.8: 7-sigma continuum sensitivity to 1 VLBA antenna

Quantity�Nominal�Possible Range��8 GHz�1.9 mJy�0.6 - 15 mJy��22 GHz�4.5 mJy�1.3 - 46 mJy��43 GHz�15 mJy�4.4 - 162 mJy��86 GHz�120 mJy�25 - 1400 mJy��



Table 5.9: 7-sigma continuum sensitivity to GBT

Quantity�Nominal�Possible Range��8 GHz�0.4 mJy�0.1 - 3.6 mJy��22 GHz�0.8 mJy�0.2 - 8.3 mJy��43 GHz�2.5 mJy�0.7 - 28 mJy��86 GHz�26 mJy�5.5 - 300 mJy��



Table 5.10: 7-sigma spectral line sensitivity to VLBA antenna (0.5 km/s channel)

Quantity�Nominal�Possible Range��8 GHz�0.5 Jy/ch�0.2 - 2.2 Jy/ch��22 GHz�1.0 Jy/ch�0.3 - 3.8 Jy/ch��43 GHz�2.5 Jy/ch�0.7 - 9.5 Jy/ch��86 GHz�14 Jy/ch�2.9 - 57 Jy/ch��



Table 5.11: 7-sigma spectral line sensitivity to GBT (0.5 km/s channel)

Quantity�Nominal�Possible Range��8 GHz�0.1 Jy/ch�0.04 - 0.5 Jy/ch��22 GHz�0.2 Jy/ch�0.06 - 0.7 Jy/ch��43 GHz�0.4 Jy/ch�0.1 - 1.6 Jy/ch��86 GHz�3.1 Jy/ch�0.6 - 12 Jy/ch��



Table 5.12: Additional mission information

Quantity�Nominal�Possible Range��Launch Date�2008�2007 - 2012��Lifetime�3 yr�2 - 5 yr��Comm. Link�38 GHz�80 GHz or optical��Tracking Stations�5�4 - 7��



	5.2   Receivers/Amplifiers



The ARISE receiver design is critical to the final performance of the instrument. By providing the lowest noise possible, requirements on the size and performance of the primary mirror can be bound to achievable goals. Cryogenic InP High Electron Mobility Transistors (HEMTs) provide the lowest possible noise for receivers from 1-100 GHz operating at temperatures above 4 K. In addition InP HEMT transistors operate with the lowest power dissipation of any three terminal device, which is critical for thermal load on the cryocooler. 



The baseline ARISE receiver has channels at 8, 22, 43 and 86 GHz. The receiver front end is cooled to 20 K. The front end (Figure 5.1) is comprised of an antenna, orthomode transducer and an InP HEMT amplifier.  The front end is nominally designed to have a noise figure of 5 times quantum limited noise at all four frequencies. This noise temperature has already been achieved at 8, 22 and 43 GHz using InP HEMT amplifiers with discrete transistors. This goal at 86 GHz is expected to be met by a cryogenic amplifier program at JPL and is consistent with the goals of the ESAís Planck Surveyor, Low Frequency Instrument. The use of InP monolithic millimeter-wave integrated circuit (MMIC) technology allows for state-of-the-art performance and ease of integration at 86 GHz. This will be crucial should the adaptive array be utilized on ARISE.
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The cryogenic portion of the radiometer front end is connected to a warm back end via stainless steel waveguide or coaxial cable.  The signals are then passed through an image reject filter and mixed down to an IF bandwidth of DC-4 GHz. The mixer will utilize a phase locked local oscillator (PLLO) with phase locking derived from a stable crystal oscillator. Should an adaptive array be implemented, each feed in the array will have its own front end and mixer, the IF signal will be passed into an array processor which will trim the phase of the PLLO on each element individually and adjust the IF amplifier gain. The output of the array processor will be a single IF channel with a ìcleanî effective beam. 

� EMBED AutoCAD-r13  ���Figure 5.1: ARISE Receiver Schematic. 



Following the array processor, the IF signals are sorted by frequency and polarization and digitized. A tone provided by a ground based source is digitized along with the signal to provide an accurate phase reference for the signal. 



Two approaches towards digitization may be taken. The first option is to build on the current VLBA digitizers which multiplex many 32 MHz A/D converters to build a larger bandwidth. The advantage of this scheme is that it takes advantage of the current VLBA equipment, potentially reducing overall program costs. A second approach is to utilize modern high speed A/D converters operating at frequencies in excess of 1 GHz. The advantage to this technology is a greatly reduced digitizer mass and power, but the development costs to populate VLBI telescopes could be significant. 





	5.3   RF adaptive compensation



At all the operating frequencies, the radiation performance of ARISE has been evaluated using a vector diffraction computer program, which employs Physical Optics on both the main reflector and the subreflector. For the operating frequencies at 43 GHz and 86 GHz, array feeds are utilized to electronically compensate for the performance deterioration caused by surface distortions and beam pointing error. At both operating frequencies, a 19 element array feed is used with 0.86 l inter-element spacing. Investigations into adaptive methods to optimally combine the signals received by the individual array elements are currently under way. Utilization of circularily polarized compensation is also under investigation, and it is expected that although results will not change, hardware and software implementation will be more complex.



		5.3.1   Feed layout and array configuration



�

Figure 5.2: Layout of the single feed and array of horn feeds for the five different operating frequencies. The numbers refer to 1 = 86 GHz, 2 = 43 GHz, 3 = 22 GHz, 4 = 8 GHz and 5 =  4.85 GHz (Size of scaled square corresponds to size of the 86 GHz feed).



The layout of the horn feeds and array of horn feeds in the focal plane of the reflector are displayed in Figure 5.2. The numbers in this figure refer to the operating frequencies of the respective feed, i.e.



	1 = 86 GHz

	2 = 43 GHz

	3 = 22 GHz

	4 = 8.0 GHz





At both 43 GHz and 86 GHz a 19-element array feed is used. Both array feeds are hexagonal based. The feed geometry is displayed in Figure 5.3.  The usage of a 37-element array feed is also contemplated. This array feed is similarly hexagonal based and its feed geometry is displayed in Figure 5.4. For the RF performance shown in the following paragraphs, an array inter-element spacing of 0.86 l is assumed. This array spacing is still a subject of ongoing research.





�

Figure 5.3: Geometry of the hexagonal based 19-element array feed. The array spacing is at 0.86 l, which is 6 mm at 43 GHz and 3 mm at 86 GHz. 





		5.3.2   Surface distortions and un-wanted beam tilt



Due to material, manufacturing and deployment imperfections, limitations and errors, surface distortions are introduced in the primary reflector. Because of the unique characteristics of the inflatable membrane structure, these distortions are slowly varying in nature. In order to accurately simulate the RF system performance, the assessment of these distortions in terms of their effects on the radiation characteristics is imperative.





�

Figure 5.4: Geometry of the hexagonal based 37-element array feed. The array spacing is at 0.86 l, which is 6 mm at 43 GHz and 3 mm at 86 GHz. 





As an analytic distortion model, a functional dependency of the form:



z = t * r3 * sin(3 * j)



was considered. (r, j) are the coordinates in a polar coordinate system, t denotes the center-to-peak height of the distortion. A surface plot of this analytic distortion model is displayed in Figure 5.5. A surface RMS value of 0.5 and 1 mm was considered, which resulted in a center-to-peak height of 1.5 and 3 mm in the distortion model described above.



A surface plot of the most recently supplied discrete surface distortion data by L'Garde is displayed in Figure 5.6. This distortion has a surface RMS value of approximately 1 mm.



A further source of RF performance degradation is un-wanted beam pointing. A beam pointing error of only one beamwidth reduces the directivity and antenna efficiency significantly. At higher frequencies the beamwidth becomes more narrow, which makes the accurate pointing more difficult and necessitates the usage of an array feed and corrective feed array excitation to achieve the required RF performance.



�

Figure 5.5: Surface plot of the analytic surface distortion model. The center-to-peak height is 3 mm, which yields a rms of approximately 1 mm. 



�

Figure 5.6: Surface plot of the discrete surface distortion data as supplied by L'Garde on 04/06/98.





	5.3.3   RF performance using single feeds



At first the RF system performance is evaluated using single feeds at each of the five operating frequencies. This approach is less costly and easier in its implementation complexity. The key ARISE RF performance parameters for an undistorted and distorted surface (analytical distortion model) using single feeds at each frequency are displayed in the following table. For the analytic distortion model, an RMS value of 1 mm has been considered. Additionally at the operating frequencies 43 GHz and 86 GHz, a surface RMS value of 0.5 mm has been investigated.



Frequency [GHz]�Configuration�D [dB]�AE [%]�BW [deg.]��8.0�ideal�65.52�81.0�0.110���distorted (1 mm)�65.19�75.3�0.110��22.0�ideal�74.30�81.0�0.036���distorted (1 mm)�71.95�47.3�0.045��43.0�ideal

distorted (0.5 mm)�80.19

77.87�81.0

48.4�0.018

0.022���distorted (1 mm)�73.79�18.2�0.033��86.0�ideal

distorted (0.5 mm)�86.14

79.82�81.0

19.0�0.009

0.017���distorted (1 mm)�76.66�9.1�0.019��Table 5.14: RF performance of ARISE, using a single feed at each of the operating frequencies.



In Table 5.14, D denotes the directivity in dB, AE the antenna efficiency (including taper and illumination efficiency) and BW the half-power beamwidth in degrees. Note that the efficiency referred to here includes only taper and illumination efficiency. Other efficiency numbers due to losses caused by effects such as mismatch, feed network, finite surface conductivity, local surface rms, blockage or polarization mismatch are not considered in the antenna efficiency. The ultimate efficiency will be somewhat lower than the value recorded in this table.



It is apparent from the previous table, that the deteriorating effects of the surface distortions increase with frequency. While the losses in directivity and, hence, antenna efficiency are acceptable up to a frequency of 22 GHz, the losses at 43 GHz and 86 GHz are too severe for the RF system performance requirements assuming a RMS value of 1 mm. New ways to achieve the requirements are needed.







		5.3.4   RF performance using array feeds



At both 43 GHz and 86 GHz, array feeds are used to compensate for surface distortions and beam pointing errors. In the following, the RF performance at 43 GHz and 86 GHz is discussed using an array feed as displayed in part 5.3.1 of this section. At first, analytic surface distortions as displayed in Figure 5.5 are considered. In the following table, the three cases 'ideal' (no surface distortions), 'distorted' (analytic surface distortion model) and 'compensated' (using corrective feed array excitation) are considered.



For the discrete surface distortion data as supplied by L'Garde and shown in Figure 5.6, the RF performance at 43 GHz is investigated. With these surface distortions, the directivity reduces to 72.01 dB, where the beam tilts by 0.029 degrees. With a 19-element array as displayed in Figure 5.3 for distortion compensation, the directivity changes to 70.27 dB and the beam tilt reduces to 0.025 degrees. Using a 37-element array as displayed in Figure 5.4, the directivity increases to 73.31 dB and the unwanted beam tilt is fully compensated for. To avoid the usage of a 37-element array, subreflector shaping in combination with a 19-element array compensation is currently under investigation.







Frequency [GHz]�Config.�D [dB]�AE [%]�BW [deg.]��43.0 (RMS=0.5mm)�ideal�80.19�82.40�0.018���distorted�78.11�51.07�0.022���compensated�78.38�54.32�0.022��43.0 (RMS=1mm)�ideal�80.19�82.40�0.018���distorted�74.34�21.42�0.032���compensated�75.36�27.12�0.030��86.0 (RMS=0.5mm)�ideal�86.18�81.87�0.009���distorted�80.34�21.32�0.016���compensated�81.67�29.01�0.015��86.0 (RMS=1mm)�ideal�86.18�81.87�0.009���distorted�77.17�10.29�0.019���compensated�78.63�14.41�0.018��Table 5.15: RF performance of ARISE at 43 GHz and 86 GHz, using 19-element array feeds with corrective feed array excitation coefficients.





For the beam pointing error, an unwanted beam tilt in the amount of the half-power beamwidth is considered. At an operating frequency of 43 GHz, the half-power beamwidth is 0.018 degrees. Given a beam tilt of the same amount (0.018 deg.), the directivity and antenna efficiency at boresight without array compensation reduces to 67.13 dB and 4.08%, respectively. With the array compensation, the beam tilt is reduced to 0.006 degrees and the maximum directivity at that location is at 79.1 dB. For an unwanted beam tilt of 0.012 degrees, the array compensation can fully compensate for the tilt. The directivity for the uncompensated and the compensated case are 75.12 dB and 79.64 dB, respectively.





		5.3.5   Representative farfield patterns



The operating frequency for the following four cases is at 43 GHz. In Figure 5.7 a), the beam contour pattern of an undistorted ARISE reflector surface is displayed. In Figure 5.7 b), the distorted beam contour pattern is displayed using the discrete surface distortion data supplied by L'Garde (see Figure 5.6). A single feed is used in these two cases.



In Figure 5.8 a), a 19-element array is used to compensate for the surface distortion effects. In Figure 5.8 b), a 37-element array is used to compensate for the surface distortion. The improvement using array feed compensation with 19 elements and especially 37 elements is clearly visible in these figures.





















�   �

	a)	b)

Figure 5.7: Beam contour pattern of ARISE at 43 GHz. a) No surface distortions. Single feed. b) Discrete surface distortion model as shown in Figure 5.6. Single feed.
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	a)	b)

Figure 5.8: Beam contour pattern of ARISE at 43 GHz. Discrete surface distortion model as shown in Figure 5.6 a) Feed array compensation using a 19-element array feed. b) Feed array compensation using a 37-element array feed.











	5.4   RF system performances



One of the most critical parameter to assess on ARISE is the overall antenna efficiency. For a 25-m diameter aperture, the science requirements ask for a 7 s sensitivity of about 3 mJy at 22 GHz and about 10 mJy at 43 GHz. It is then desirable that the antenna efficiency be at least 0.55 at 22 GHz, at least 0.2 at 43 GHz, and the highest possible at 86 GHz. The RF adaptive compensation scheme described above allow for an increase in antenna efficiency that includes distortions of the main reflector, aperture taper, feed spillover and polarization efficiencies. However, other losses should be taken into account. A preliminary assessment of these other system efficiencies is summarized in Table 5.16 for each frequency of interest. The canopy transmittance is based on testing of a 0.5-mil CP-1 sheet coated with 100 Ang. of ITO, which is currently the candidate material. The reflector material is a 0.5-mil sheet of Kapton coated with Aluminum. The pointing error is an estimate from the spacecraft and antenna ACS analysis.





Efficiency�8 GHz�22 GHz�43 GHz�86 GHz��Adaptive compensation (computed)

     Antenna distortions

     Aperture taper

     Feed spillover

     Polarization�0.753

(Single feed)�0.473

(Single feed)�0.271�0.144��RF path attenuation

     Shadowing (struts + S/C)

     Canopy transmittance (twice)

     Meteoroid shield (twice)

     Reflector reflectance

     Surface local rms (specular)

     Feed displacement�

0.94

0.932

0.952

0.98

0.98*

0.98*�

0.94

0.912

0.952

0.98

0.98*

0.98*�

0.94

0.882

0.952

0.98

0.98*

0.98*�

0.94

0.852

0.952

0.98

0.98*

0.98*��Pointing error�0.98*�0.98*�0.98*�0.98*��Surface ohmic efficiency�0.99*�0.99*�0.99*�0.99*��Feed network loss�0.95*�0.95*�0.95*�0.95*��Margin�0.97�0.97�0.97�0.97��Total efficiency  �0.46�0.28�0.15�0.07��Table 5.16: Projection of the overall aperture efficiency                          *: estimated efficiency





The prediction of the antenna distortions results from an ACS/dynamics, structural analysis (described in the inflatable antenna section and spacecraft design section) and thermal steady state worst case scenario analysis. The amplitude of the distortions are summarized in Table 5.17. More work needs to be done to assess/confirm these antenna distortions.











Distortions type�Amplitude (peak

to valley) (mm)�RMS

(mm)�Comments��Manufacturing / Wrinkles�3�1�Predicted��Dynamics�< 0.1��Reaction Wheels effects��Thermal�TBD��Not compensated - Steady��ESD Lofting�TBD��Unknown at this stage��Make up gas waves�TBD��Unknown at this stage��Total  �����Table 5.17: Projection of the inflatable antenna distortions





Assuming the aperture efficiencies stated in Table 5.16, the science system performances then provide a 7 s sensitivity summarized in Table 5.18.



Frequency�8 GHz�22 GHz �43 GHz�86 GHz��ARISE diameter

ARISE efficiency

ARISE Tsys�25 m

0.46

12 K�25 m

0.28

16 K�25 m

0.15

24 K�25 m

0.07

45 K��VLBA diameter

VLBA efficiency

VLBA Tsys�25 m

0.72

30 K�25 m

0.52

60 K�25 m

0.36

80 K�25 m

0.15

100 K��Data rate�4 Gbps�8 Gbps�8 Gbps�8 Gbps��Coherence time�350 s�150 s�60 s�15 s��7 s limit�2.0 mJy�5.2 mJy�19.0 mJy�130 mJy��Table 5.18: ARISE Science System Performance Projection



Sensitivities of the antenna efficiency to the final detection threshold is under investigation.
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Table 5.13 Performance of the ARISE Receivers.








