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Abstract
Combining the output signals from two or more ground station antennas can increase the gain of the received signal, providing the critical flexibility to increase the science data rate from space missions.  NASA’s Near Space Network (NSN) has developed a gigabits/sec high rate antenna arraying system, based on the coherent combination of signals derived from multiple directive antennas.  This arraying system is called the “High Data Rate Signal Combiner (HDRSC).”   This arraying design approach/technology has been used previously at very low data rates.  This work, however, focuses on gigabits/sec high rate antenna arraying system architecture.  When coherently combining just two signals there is ideally a doubling of power, i.e., a 3dB signal-to-noise improvement.  Arraying of small antennas can easily outperform a single large aperture antenna not only in radio-frequency performance but also in a substantial reduction of cost.   This paper will cover the design approach for Gbps arraying, hardware architecture, test philosophy, and results.
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1. Introduction
NASA’s Near Space Network (NSN) has been developing Ka-band high-rate antenna arraying, which enables two or more antennas to function as one larger antenna capable of receiving science data at higher data rates than they could individually.  Antenna arraying coherently combines radio frequency signals from a group of smaller antennas to produce a signal comparable to the signal produced by a single, larger antenna with more gain. For a number of reasons, building a single larger antenna may be impractical, especially if the site already has multiple resources in close proximity to each other. Applying this technology to assets already in place will enable the NASA to support missions with higher data demands sooner rather than later.  The preliminary NSN antenna arraying analyses were focused on solving the problem of daily data downlink/volume and coverage needed to meet the requirements of the Roman Space Telescope. Initially, Roman Space Telescope had planned to use the Deep Space Network (DSN). A major sticking point was trying to get the DSN to firmly commit to providing the daily hours of coverage needed to meet the daily volume of 11.5 Terabits (Tbit). Working with Roman Space Telescope, NSN developed a solution based on 18-m antenna arraying to increase the data rate transmitted from Roman Space Telescope without impacting the Radio Frequency (RF) design of the spacecraft itself. In addition, the recommendation incorporated multiple data rates for the Roman Space Telescope mission to accommodate the atmospheric attenuation variation during any given pass. This strategy of “Arraying two 18-m Antennas” allowed the 18-m dedicated antenna option to provide well in excess of the 11.5 Tbit/day data volume requirement. To achieve this, two ground terminals are required - one in the northern hemisphere and the other one in the southern hemisphere to account for the earth’s rotation, seasonal tilt and the Halo orbit of Roman Space Telescope around the earth/sun L2 libration point. A number of ground station locations were studied and the recommended locations were White Sands, NM (WSC) and South Africa (SA). The resulting coverage exceeds an aggregate of 18 hrs/day. Having a minimal arraying capability at 600 Mbit/s increases the daily volume captured to ~ 30 Tbits per day. 
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Figure 1.  Overview of the High Speed Antenna Arraying
Figure 1 shows an overview of the NSN antenna arraying system.  While NASA has experimented with antenna arraying since the 1980s, the NSN arraying hardware surpasses the data rate capabilities of previous arraying technologies. Appropriately named the High Data Rate Signal Combiner (HDRSC), the HDRSC employs the latest cutting edge silicon technologies to calculate the time delay between signals of spatially disparate antennas. After first converting the incoming signals to the digital domain, the unit determines the time difference between the antenna arrivals. Knowing the time delay to within utmost accuracy, the unit while still in the digital domain, adds the signals. The resulting coherently combined signal is then converted back to the analog domain. Updates to the time difference estimates are accomplished on the order of milliseconds so that the whole process can be completed in real time during a spacecraft pass.  Without these real time calculations, the signals, and therefore the data, would be unintelligible. The HDRSC presents NASA with a capability that is both innovative and cost effective.
This paper discusses the systems architecture, development, and demonstration of the high data rate arraying for ground-based network.  As NASA’s Artemis missions move toward a planned lunar landing in 2024, improving communications between spacecraft and ground has become even more important. The recent breakthrough in the development of HDRSC will allow the network to bring gigabits per second (Gbps) of data back to Earth, expanding our discovery capabilities.  Data requirements continue to grow as advanced science instruments are developed and deployed on NASA missions. Ground antennas and systems need increased capacity and capability to capture the immense amount of data coming from these missions.
2. HDRSC Systems Architecture and Development  
2.1 Modeling the Arraying System
Figure 2 shows the MATLAB/Simulink model of the High Speed Antenna Arraying system.  The model uses a test source representing the spacecraft and channel impediments.  It incorporates both carrier and phase instabilities, and relative temporal displacement between spacecraft and antennas.  It also injects uncorrelated AWGN noise.  The FPGA primary cores include channels A and B carrier and phase recovery cores, the correlator core, and the output formatter core.   The VHDL code for the correlator core was generated manually and embedded on the FPGA development board for testing.
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Figure 2.  High Speed Antenna Arraying MATLAB/Simulink Model
The initial analyses focused on a design with minimal capability to perform arraying between a pair of antennas at 600 Mbit/s, anticipating that the antennas could be separated by up to 5km.   The final working prototype design eventually proved to have the capability to array signals up to ~ 1.2 Gsymbols per second (Gsps) while allowing up to 10km between antennas. The overall design is scalable and allows arraying up to eight antennas.
2.2 Arraying System Architecture
A generic description of the High Data Rate Signal Combiner (HDRSC) relies upon an extremely efficient and tightly-constructed cross-correlator. Referring to figure 3, two analog radio-frequency (RF) streams are presented on input to the HDRSC, each representing the output of a spatially disparate antenna prior to any signal processing beyond down-conversion. Each analog channel is converted to a digital stream using an analog-to-digital converter (ADC), their respective output each stored within a circular memory buffer. The pair of circular memory buffers are then simultaneously accessed, one digital stream from each buffer directed for processing by the cross-correlator. 
Still another pair of digital streams, also respectively derived from the same circular buffers, serve as input to a digital vector adder. For the classes of modulated and encoded signals that are ordinarily employed in practice, the cross-correlator output will contain a sharply defined spectral peak. The more complicated the signal as modulated and emitted by the original signal source, the more sharply defined the peak will be. The location of the peak within the cross-correlator output spectrum dictates the time-delay or signal lag between the pair of signals. The information obtained from a search of the cross-correlator spectral output for this peak determines precisely where in the respective circular buffers the digital data streams used for the vector adder are derived. With this proper time offset obtained and applied between the signals, the signals are digitally combined in the vector adder to form a single digital signal output stream. The combined digital stream is converted back into the analog domain using a digital-to-analog converter. 
The algorithm described belongs to a class of signal processing often referred to as “pre-detection”. The advantages of this approach are numerous. The only analog signal pre-processing required at the antenna is down-conversion from the original source carrier frequency to an intermediate frequency (IF) to facilitate handling and minimize signal loss. The spatially-separated antennas are not required to be identical, nor are the antenna signals as presented at the input to the HDRSC required to be of the same power magnitude. With this approach, performance is dictated by the properties of the cross-correlator with the primary error driven by phase differentials in the time-domain and dispersion in the frequency-domain (e.g., Doppler). As with most correlation-type algorithms, the HDRSC can construct the cross-correlation peak even if the source signal is buried in the noise. Whether the signal is subsequently detected by further processing in a conventional RF receiver is determined by how much gain is derived from the signal combiner and the characteristics of the receiver for the given modulation and encoder scheme. Our hardware implementation of the HDRSC was first realized to demonstrate the viability of our concept.
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Figure 3.  Generic layout of overall High Data Rate Signal Combiner (HDRSC).
3. HDRSC Test Philosophy
The Spacecraft Pass Simulator (SPS), shown in Figure 4, was used to simulate the signals required for testing the High Data Rate Signal Combiner (HDRSC).  The SPS replicates a complete spacecraft pass as it would appear to two fixed antennas from acquisition (AOS) through loss of signal (LOS).
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Figure 4.  End-to-End Test for the High Data Rate Signal Combiner
Using a Zodiac High Data Rate (HDR) test modulator as input, the Spacecraft Pass Stimulator (SPS) outputs two correlated signals each with independent (uncorrelated) noise at either the 1200MHz or 2400MHz IF. The test modulator has the capability to output at data rates up to 2Gbps. The SPS directly outputs these two signals to the High Data Rate Signal Combiner (HDRSC) on the two separate IF paths.  The coherently combined result as derived within the HDRSC may then be presented at IF to a High Data Rate (HDR) receiver where the signal is subsequently demodulated and decoded using conventional means.

4. HDRSC Test Results
The demonstration as constructed to establish viability of the design concept relied upon the Spacecraft Pass Simulator (SPS) in conjunction with the Zodiac HDR Bolt+ in precisely the same test configuration as described immediately above. This test setup was augmented in order to fully demonstrate the speed at which time-domain coherent results are available at the output of HDRSC as result of any dynamic changes in the HDRSC dual channel input at either or both channel inputs.

Starting with a Roman Space Telescope replica signal (600Mbps, OQPSK, LDPC 7/8, CCSDS randomized), the basic demonstration consisted of dropping the signal bit-energy to noise ratio (Eb/No) on both channels until the Bolt+ was completely unable to maintain carrier lock on either channel. Almost immediately (approximately 150ms) after connecting both channels to their respective inputs on the HDRSC, the Bolt+ achieved both bit and symbol lock. We were able to duplicate this scenario regardless of the temporal lag between the two signals up to the maximum prototype design differential (+/- 16 µs). This equates to the maximum lag expected between a pair of ground stations spaced 5km apart. The demonstration incorporated signal pairs at high Eb/No as well in order to illustrate the range of signal dynamic range handling without HDRSC output impairment. In stark contrast to the high Eb/No test, one channel at a time was abruptly removed from the HDRSC input and the HDRSC output automatically reverted to the other channel without interruption. The output of the HDRSC, of course, was without the coherent gain that could be derived from both channels on input. The test description above met the requirements for the Roman Space Telescope mission.  Other test sets performed validated that the HDRSC can handle signal modulation data rates up to 1.2 Gsps given a maximum antenna separation of 5 kilometers (km).  
5. Analysis of Roman Space Telescope Downlink with Antenna Arraying 
The plots on Figure 5 represents 24 hr of earth visibility from the proposed Halo orbit.  The colored coverage areas were obtained by running 1 year worth of coverage data.  This includes the annual tilt of the Earth’s orbit in conjunction with the Halo orbit for Roman Space Telescope about L2- the earth/sun libration point.  It is important to note that both a northern & southern latitude ground stations are required to provide significant complementary geometric coverage.
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Figure 5.  Roman Space Telescope Coverage with the assumption of arraying ground station at White Sand (WSC) and South Africa (SA).
Using arraying enables the downlink data rate to be increased to 600 Mbs for Roman Space Telescope.  The current daily volume requirement is 11.5 Tbs/day.   Implementing arraying at WSC only would increase the daily volume collection to ~ 29 Tbs/day (assumes 300 Mbs at SA).  Implementing arraying at WSC & SA would increase the daily volume collection to ~ 38.8 Tbs/day.  This allows increased science recovery with additional instrumentation or shorter contact times at WSC/SA allowing these terminals to provide support to other missions.
Table 1. Roman Space Telescope 18-m Ka-band Downlink Margin Summary (eight scenarios)
	Link ID 
	Description
	Information Rate
	Margin 
(Notes 1 & 2)

	1A
	Ka-band Downlink via 18-m WS1

At 10( Elevation Angle and 95% Rain Availability
	293.1 Mbps
	1.0 dB

	1B
	Ka-band Downlink via 18-m WS1

At 20( Elevation Angle and 95% Rain Availability
	451.9 Mbps
	1.0 dB

	2A
	Ka-band Downlink via Upgraded 18-m Antennas at White Sands (with a New 50° K LNA)

At 10( Elevation Angle and 95% Rain Availability
	422.7 Mbps
	1.0 dB

	2B 
	Ka-band Downlink via Upgraded 18-m Antennas at White Sands (with a New 50° K LNA)
At 20( Elevation Angle and 95% Rain Availability
	801.7 Mbps
	1.0 dB

	3A
	Ka-band Downlink via Arraying Two 18-m Antennas at White Sands

At 10( Elevation Angle and 95% Rain Availability
	584.8 Mbps
	1.0 dB

	3B
	Ka-band Downlink via Arraying Two 18-m Antennas at White Sands
At 20( Elevation Angle and 95% Rain Availability
	801.6 Mbps
	1.0 dB

	4A
	Ka-band Downlink via Arraying Two Upgraded 18-m Antennas at White Sands (with a New 50° K LNA)

At 10( Elevation Angle and 95% Rain Availability
	751.6 Mbps
	1.0 dB

	4B
	Ka-band Downlink via Arraying Two Upgraded 18-m Antennas at White Sands (with a New 50° K LNA)
At 20( Elevation Angle and 95% Rain Availability
	1.41 Gbps
	1.0 dB

	Notes:

1. Modulation = OQPSK,   Coding = Rate 7/8 LDPC,  Roman Space Telescope EIRP = 66.4 dBW

2. The Ka-band downlink margin was calculated at BER of 10-8 at the output of the rate 7/8 LDPC decoder.

3. Margin is relative to required BER for each scenario and does NOT include any required performance margin.


As summarized in Table 1 (3A and 3B), arraying two 18-m antennas at White Sands without upgrades with 50° K low noise amplifier (LNA), can achieve 584.8 Mbps at 10° elevation and 801.6 Mbps at 20° elevation.  Considering antenna upgrades with 50° K LNA and arraying, taking the worst case scenario at 10° elevation  (Table 1, link ID 4A), we can achieve  of 751.6 Mbps.  Table 2 shows the link analysis that considers 50° K LNA and arraying, corresponding to link ID 4A above.
Table 2.  Roman Space Telescope Link Calculation with Arraying
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SINGLE DATA SOURCE WITH ALTERNATE SYMSOLS

PARAMETER

01. USER SPACECRAFT TRANSMITTER POWER - dBW 22
02. USER SPACECRAET PASSIVE LOSS - dB 2.
03. USER SPACECRAFT ANTENNA GAIN - dBi a7
04. USER SPACECRAFT POINTING LOSS - dB 1
05. USER SPACECRAFT EIRP - dBWi 66.
06. POLARIZATION LOSS - 4B 0.
07. FREE SPACE 10SS - dB 25
08. ATMOSPHERIC LOSS - dB o
05. RAIN ATTENUATION - 4B 1
10. SCINTILLATION/MULTIPATH LOSS - dB o.
11. CLOUD ATTENUATION - dB o
12. TOTAL PROPAGATION EFFECTS - dB 2.
13. CLEAR SKY G/T - dB/DEGREES-K a9
13a.ARRAYING GAIN - dB 3
14. SYSTEM NOISE INCREASE DUE TO ATMOSPHERICS - dB 1.
15. GROUND STATION G/T - dB/DEGREES-K 50.
16. BOLTZMANN'S CONSTANT - dBW/ (Hz*K) -228.
17. RECEIVED CARRIER TO NOISE DENSITY - dB-Hz 7.
18. MODULATION 10SS - dB

19. TOT INFORMATION RATE - (751.6 Mbps) - dB-bps 8
20. DIFFERENTIAL ENCODING/DECODING 1OSS - dB

21. USER CONSTRAINT LOSS - dB

22. RECEIVED Eb/No - dB

23. IMPLEMENTATION 10SS - dB

24. REQUIRED Eb/No AT RATE 7/8 LDRC DECODER - dB

25. REQUIRED PERFORMANCE MARGIN - dB

26. MARGIN - 4B

NOTE A: PARAMETER FROM USER INPUT - SUBJECT TO CHANGE
NOTE B: FROM CLASS ANALYSIS IF COMPUTED

NOTE

PARAMETER NOT CONSIDERED IN THIS ANALYSIS

REMARKS

o4 NOTE A; 160.00 WATTS

50 NOTE A

85 NOTE A; 1.2-m HGA

00 NOTE A

39 1-243-4

10 NOTE A

02 NOTE B; ALT: 1600000.0 KM
EL: 10.00 DEG

98 NOTE B

75 NOTE B; ITU MODEL; EXC: 5.00%
ITU RRATE .01%: 35.50 MM/HR
RHGT: 4.74 KM

27 NOTE B; ITU MODEL; EXC: 5.00%
GS DIAM: 18.00 M, EFF: 56.00%

00 NOTE B

75 TV MODEL

20 @10 “EL

00

96

20 13+13a-14

60

36 5-6-7-12415-16

00 NOTE A

76 NOTE A

00 NOTE A

00 NOTE C

60 17-18-19-20-21

50 NOTE A

10 NOTE A; BER = 1.00E-08

00 NOTE A

00 22-23-24-25



 



6. Conclusion and Future Work 
With the current hardware configuration, the HDRSC can handle signal modulation data rates up to 1.2 Gsps given a maximum antenna separation of 5 km.   With hardware modification to use 12-bit ADC (10.25 GSPS) and 16-bit DAC (12.6 GSPS), the unit could be modified to handle data rates up to 2.5 Gsps in conjunction with an antenna separation on the order of 10km. The unit is fully automatic, both digital modulation mode agnostic and spread spectrum agnostic. The HDRSC only requires an operator to point the antenna at the signal source.

Lab demonstration of the High Data Rate Signal Combiner (HDRSC) successfully showed the robustness of the system.   The HDRSC system automatically detects the delay between the antenna channels and coherently adds the signals to achieve almost a 3dB gain over a single antenna (two channels).   Future work includes the fabrication of the operational system, ground station integration design, and installation and testing at antenna sites, and performance testing including live operational tests.
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