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In radio astronomy, the Ultra-Long Wavelengths (ULW) regime of longer than 10 m (frequencies below 30 MHz), remains the last virtually unexplored window of the celestial electromagnetic spectrum.
The strength of the science case for extending radio astronomy into the ULW window is growing.
However, the opaqueness of the Earth’s ionosphere makes ULW observations by ground-based facilities practically impossible. Furthermore, the ULW spectrum is full of anthropogenic radio frequency
interference (RFI). The only radical solution for both problems is in placing an ULW astronomy facility in space. We present a concept of a key element of a space-borne ULW array facility, an antenna
that addresses radio astronomical specifications. A tripole–type antenna and amplifier are analysed as
a solution for ULW implementation. A receiver system with a low power dissipation is discussed as
well. The active antenna is optimized to operate at the noise level defined by the celestial emission in
the frequency band 1 − 30 MHz. Field experiments with a prototype tripole antenna enabled estimates
of the system noise temperature. They indicated that the proposed concept meets the requirements of
a space-borne ULW array facility.

1 Introduction
The ultra-long wavelength (≥ 10 m) range is presently one of the new promising areas in radio astronomy. The
Ultra-Long Wavelength (ULW) band, as the last unexplored regions of the eletromagnetic (EM) spectrum, holds
an essential role to understanding of the physical processes in celestial sources. Since the first radio observation
in astronomy was performed at this band by Karl Jansky in 1932-33, radio astronomy has moved rapidly to higher
frequencies to address the quest for higher spatial resolution and better sensitivity [15]. However, the ULW band is
1

scientifically very attractive for some key science applications including the origins of the Universe forming of its
large structure, evolution of the galaxy, stars, and planetary system, as well as the source of the ultra-high energy
cosmic rays [5], [24], [27].
To date, several large Earth-based radio telescopes operating at low frequencies have been built: the Low Frequency Array (LOFAR) in Europe [36], the Long Wavelength Array (LWA) in New Mexico, USA [18], and the
Murchison Wide-Field Array (MWA) in Western Australia [35]. Due to the opaqueness of the Earth’s ionosphere,
none of these instruments works below 10 MHz. At the frequencies below 30 MHz, the radio astronomy observations are severely limited by strong anthropogenic RFIs. To explore the ULW spectrum region, a spaced-based
radio telescope placed beyond the Earth’s ionosphere is the only viable solution. A precursor ULW space-borne
instrument on-board the Radio Astronomy Explorer (RAE), launched in 1970s [22], discovered that the Moon can
act as a good shield for the strong RFI from the Earth to provide an ideal radio environment [2]. Measurements
conducted by the WIND/WAVES’s instrument also revealed that the intensity of terrestrial radio interferences will
decrease to an acceptable level [25]. Therefore, in order to have access to the ULW spectral domain with minimum
RFIs, the facility must be outside the Earth’s ionosphere, either somehow shielded from the Earth-originated RFI,
or located sufficiently far away from Earth.
In 1997, ESA has published the report ”Very Low Frequency Array on the Lunar Far Side”, which is one of
the most comprehensive studies on ULW radio observations to date [6]. Recently, many other concepts have been
presented for exploring the ULW region. These range from a single satellite element (DARE [10] and LRX [38])
to swarms of small satellites forming multi-element interferometers (FIRST [7], SURO-LC [8], OLFAR [19], [28],
DARIS [31]). Their locations cover the lunar surface, lunar orbit, the Sun-Earth L2 point, etc. Within the boundary
of a small affordable space mission, a new concept, Discovering the Sky at Longest wavelength(DSL) [9], has been
proposed in 2014. It involves one mothership spacecraft and eight nano-satellites placed into a lunar orbit, which
enable observations in the RFI-free environment above the far side of the Moon, with the data downlink arranged
in the orbital phase above the near side of Moon. DSL would conduct not only single antenna measurements but
also form a ULW radio interferometer [11].
In the low frequency domain, a sky noise-limited performance is essential for a radio astronomy antenna
system. Since the sky noise at low frequencies is dominant over the noise of the electronics connected with the
antenna, even a system with a severe impedance mismatch between antenna and electronics can be acceptable.
Accordingly, electrically-short active antennas have been widely employed in HF (3-30MHz) communications
for many years [29]. As shown in [34] this approach could be also applied to low frequency radio astronomy.
The antenna design rules and performance boundaries at low frequencies within this approach has been fully
discussed [17].
To observe the ULW radio sky emission, the RAE mission employed single long dipole antenna operating
at several fixed frequencies [22], which is very limited in resolution and sensitivity. In the ESA report [6] a 4
m active dipole antenna was suggested as a receiving element for the ULW array on the lunar far side. In other
recent studies [7], [8], [10], [19], [38], dipole antennas have also been considered for ULW astronomy. For the
ULW antenna design, discussed different antenna concepts operating from 1 to 10 MHz have been discussed in
2007 with the conclusion that a non-matched dipole is acceptable for the space-borne radio astronomy [3]. An
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active antenna prototype for the Lunar Radio eXplorer (LRX) for the operating frequency band 1 to 100 MHz has
been developed and tested [13]. However, so far, no practical implementations under scientific and technology
constraints of these approaches has been accomplished yet.
This paper presents a design of an active antenna for the ULW radio telescope in the DSL project. Its scientific
objectives which define the requirements to the antenna system are briefly described in Section 2. In Section 3, the
system noise model is analyzed to establish some limitations for the antenna design. In Section 4 the design of an
active antenna with its low noise amplifier (LNA), and the overall system architecture is presented. In Section 5
results of field tests of the developed prototype antenna are discussed. Conclusions are summarized in Section 6.

2 Antenna system requirements
At low frequencies, synchrotron emission is often the main mechanism of radiation, where plasma absorption,
dispersion and refraction plays important roles in radio wave propagation. According to the modern paradigm, the
ULW emission is generated in a broad variety of astrophysical objects ranging from galaxies and their clusters,
active galactic nuclei, stellar and planetary systems, interstellar medius. Cosmic rays of all energies also have an
ULW ”footprint”. Especially attractive is a prospect of observing a red-shifted HI 21 cm spectrum lines from the
cosmological dark ages and cosmic dawn [24].
Table 1: Science requirements; I is intensity, FS denotes full stokes [9].
Galactic Galactic Extradisdiffuse galactic
crete
emissions sources
sources
all-sky map

Solar-terr.
physics,
transient
triggered
observation
FoV

1 – 30
1 – ≥ 50

0.5 – 30
0.1 – ≥ 50

0.5 – 30
0.1 – ≥ 50

30, 1 for
calibration

1

≤ 30

≤ 30

103 , 1
for
calibration

103

0.1 – 10

0.1 – 103

4π sr
10′ @ 1 MHz, 1′ @ 10 MHz
100 mJy@ 10 MHz
and 5.6 Jy@ 1 MHz
in a yr
1 month

4π sr
1′ – 5′

4π sr
1’ – 4π sr

varying

varying

0.01 – 60s

varying

FS

FS

Dark Ages
Science
products
Freq. Range
(MHz)
main cases
cross ref.
Instant.
Bandwidth
(MHz)
Spectral
resolution
(kHz)
Spatial
FoV
resolution
Sensitivity
Temporal
Resolution
Polarization

global sky
signal
spectra

10 – 30
10 – ≥ 50

4π sr
4π sr
5 mK in 8
months
1 min – 8
months
I, FS for
calibration

I, FS

I

I, FS

Generalized
requirement
all

(1) Due to lunar sky-blocking, instantaneous F oV < 4π sr;
(2) 106 Jy is a typical sensitivity level at 15 MHz with a bandwidth of 103 kHz for a normal solar burst.
(3) I is intensity, FS denotes full Stokes.
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Discovering the Sky at the Longest Wavelengths (DSL) is a small-scaled mission presented by a joint ChinaEurope scientific team [9]. It will consist of a mother ship and eight daughter-satellites in near-identical low altitude
lunar orbits. These satellites form a quasi-linear array, quickly filling the observational aperture in each orbit.
Orbit precession ensures filling of an entire three dimensional aperture, allowing all-sky observations. Table 1
summarizes the requirements to the radio astronomy instrumentation of the DSL mission for various science tasks.
The frequency band 1 − 30 MHz is chosen as the main one for addressing the science applications in Tab. 1
beyond reach for the Earth-based instruments. For additional science tasks and cross-verification with Earth-based
and space-borne facilities such as LOFAR and WIND/WAVES, the frequency band can be extended up to 50
MHz and down to about 0.1 MHz respectively. The instantaneous bandwidth requirement varies over the range
of the science applications. For synthesis imaging, the total available bandwidth is limited to 1 MHz by the
maximum inter-satellite data rate of 2 Mega bits per second (Mbps) for communication. To carry out synthesis
imaging with high spectral resolution, the sky noise-limited performance is essential for the antenna system. The
total payload mass and power budget for DSL radio telescope are limited to 60 kilograms (kg) and 65 Watts
(W) respectively, we define the mass and power requirements for antenna system on each satellite as 2 kg and
4 W respectively. To observe the full polarization, sets of two or three colocated (quasi-)orthogonal dipoles or
monopoles are required [39].
Table 2 defines the technical requirements for the ULW onboard antenna system.
Table 2: Antenna system requirements
Frequency range
Instantaneous bandwidth
Spectral resolution
System noise level
Number of independent polarization measures
Mass
Power consumption

1 − 30 MHz
≥ 1 MHz
≥ 1 kHz
Nrec < 10%Nsky
≥2
< 2 kg
<4W

3 System Noise Analysis
The single antenna system of a low frequency radio telescope can be modeled as antenna, low noise amplifier
(LNA) and receiver (without LNA) shown in Fig. 1. To simplify the noise analysis of the antenna system, we
assume the receiver noise being negligibly low in Fig. 1 since the LNA noise is dominant over the noise of the
electronics of the receiver. The noise induced on the antenna includes the thermal noise of the antenna itself and
the noise from the sky. Due to the ohmic losses of the antenna, its efficiency η will always be less than 1. At the
reference plane between antenna and LNA input, the relation between the antenna noise temperature Tant , the sky
temperature Tsky and the ambient temperature T0 (assumed to be 290 K) is given by
Tant = ηTsky + (1 − η)T0

(1)

Assuming the sky background noise is uniform over the celestial hemisphere, it can be then approximated
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Figure 1: Noise model of an antenna with preamplifier.
as [24],

Tsky =


6 ν −2.53

K
16.3×10 ( ν )

ν > 2 MHz,

0


16.3×106( ν )−0.3 K
ν0

(2)
ν ≤ 2 MHz.

where ν0 = 2 MHz. The LNA noise temperature is defined at the reference plane to show the noise level of
the LNA itself, which is frequency dependent. Letting Sant be the available power spectral density of the antenna
noise due to Tant at the output of LNA, one finds
Sant = kTant (1 − |Γant |2 )Gamp

(3)

where Γant is the voltage reflection coefficient with the input impedance of the LNA as reference impedance,
(1 − |Γant |2 )Gamp denotes the available gain of the LNA. Substituting Tant with (1), the above equation can be
rewritten as

Sant = kηTsky (1 − |Γant |2 )Gamp + k(1 − η)T0 (1 − |Γant |2 )Gamp

(4)

The first term describes the power spectral density due to the sky noise, and the second term describes the
antenna thermal noise power density. Finally, the noise power density arising from the LNA noise being a function
of Γant at the output of LNA is
SLNA = kTLNA (1 − |Γant |2 )Gamp

(5)

where TLN A is the LNA’s noise temperature. The sky noise-limited performance of antenna system requires

SLN A + Sant,th <

1
Ssky
10

(6)

After substituting (4) and (5) in (6), the constraint of the LNA noise is given as

TLNA <

1
ηTsky − (1 − η)T0
10

(7)

For a non-matched system as described above, the LNA noise becomes very high due to the bad mismatching
between the source and the LNA, which is not comparable with the matched LNA, and hard to determine if this
noise temperature is realistic [3]. To better understand the LNA noise performance, we introduce an equivalent
′
noise temperature TLN
A of a matched system. The output noise power density of the equivalent matched LNA is

5

Figure 2: LNA noise temperature limitation for a 5-meter dipole antenna in space over frequency, T0 = 290 K.
The blue line is the sky temperature, the green one shows the required LNA noise temperature for a non-matched
system, and the red one represents the required LNA noise temperature defined in a matched system.
′
′
′
SLN
A = kTLN A Gamp . Let the output noise of the matched LNA SLN A equals to the output noise SLN A of the

non-matched LNA. Substituting SLN A with (5), we get
T′LNA = (1 − |Γant |2 )TLNA

(8)

After substituting (7) in (8), the constraint of the equivalent LNA noise in a matched system is given as
T′LNA < (1 − |Γant |2 )[

1
ηTsky − (1 − η)T0 ]
10

(9)

The impedance match between the antenna and LNA is often characterized by the voltage standing wave ratio
(VSWR), which is defined as (1 + |Γ|)/(1 − |Γ|), therefore (9) can be written as

T′LNA <

4 · VSWR
1
[ ηTsky −(1−η)T0]
(VSWR + 1)2 10

(10)

For the ideally matched case (VSWR ≈ 1), the formula (10) reduces to (7), and for the extremely badly matched
case (VSWR ≫ 1),
T′LNA <

4
VSWR

[

1
ηTsky −(1−η)T0]
10

(11)

In Fig. 2, the noise constraints of LNA are plotted under requirement of achieving the sky noise-limited performance. It can be seen that the required LNA noise is above 103 K across all the operating frequency band, which
is easy to meet. For the LNA in a matched system defined above, although in practice an antenna does not have a
constant VSWR over operating frequencies, this plot is still useful for understanding how good the LNA should be
to obtain the sky noise-limited operation. It can be seen that the required LNA noise is above 103 K below 10 MHz
and no less than 102 K between 10 MHz and 30 MHz even if the antenna is badly matched. These requirements
are not difficult to meet technically.
6

4 Antenna System Designs
Many broadband antennas have already proposed to realize a large operational frequency band at long wavelenghts [23][26]. But taking into account mechanical design complexities of such antennas, they are not suitable
for a space mission. Dipole antennas are also widely used in communication systems, same as magnetic loop
antenna [16][32]. However, magnetic loop antennas are impractical in the low frequency domain in space due
to their large dimensions to meet the noise-limited performance, and matched dipoles are unfeasible either since
they can hardly achieve the required instantaneous bandwidth [3]. Although non-matched dipoles have low overall
efficiency, they are still able to operate at the sky noise-limited operation over a broad frequency band, taking
into account the dominant sky noise at low frequency. For the DSL space radio telescope, a non-matched antenna
combined with low noise amplifier has been selected as the receiving element.
In this section, we present the antenna system designs including an antenna element, low noise amplifier and
on-board receiver.

Figure 3: Scale model of a tripole antenna (5.0 m) on a micro-satellite (30 × 30 × 30 cm).

4.1 The Antenna
At low frequency the suitability of a dipole antenna for a space borne application is primarily in its simplicity, a
dipole antenna is simple and easy to be deployed for a space mission. In principle, two cross-dipole antennas are
sufficient to obtain all the polarization properties of an incoming wave. However, adding another orthogonal dipole
will resolve well the sensitivity lack in specific directions for the cross dipoles, and will increase the detection
capability, this is a triple dipole antenna, and also called tripole antenna [14] (Fig. 3). A tripole antenna is sensitive
to a three-dimension electric field, which is quite helpful to increase the field of view of radio telescope in mapping
the radio sky. It can also protect desired signals from almost any interference signals [14], which is considered as
a big advantage given the fact that interference is a fatal threat at low frequencies. Without spatially distributed
arrays a single tripole antenna is capable of estimating the directions of arrival (DOA) of incident signals [12],
7

Figure 4: Radiation patterns of a tripole antenna in a coordinate system shown in upper-left panel for different
excitations. The three dipoles of this tripole antenna are placed symmetrically around z axis, the angles between
all three dipoles and xy plane are the same, 35.3◦. In this case, all these three dipoles are mutually orthogonal
and have the same conditions with respect to xy plane. U pper right : A1 = 1, A2 = 1, A3 = 1.θ1 = 0, θ2 =
2π/3, θ3 = −2π/3. Bottom lef t : A1 = 2, A2 = 0, A3 = 1.θ1 = π/6, θ2 = 0, θ3 = −π/3. Bottom right :
A1 = 1, A2 = 2, A3 = 1.θ1 = 0, θ2 = 2π/3, θ3 = −3π/4.Here A1 , A2 , A3 and θ1 , θ2 , θ3 indicate respectively
the amplitudes and phases of the excitations applied on the three dipoles d1, d2 and d3. The radiation patterns are
scaled in dB [13].
which enables us to localize discrete sources including transient radio sources. All these aforementioned properties
make the tripole antenna very suitable for space-based radio observations.
Due to the limitation of the mass and dimension, it is unfeasible to mount a resonant antenna to receive the
radio signals on a micro-satellite, especially at very low frequencies. The antenna should be short comparing to
the wavelength, and this implies that its impedance is capacitive. At the output of the antenna, the voltage of the
induced signal is dependent on the radio emission intensity. A combination of the antenna and pre-amplifier is
usually called an active antenna, which has been widely used in the modern low frequency radio array systems in
the ground-based facilities [23][34].
The Tripole antenna consists of three mutually orthogonal dipoles, and can be considered as a co-centered
antenna array. Similar to the beam forming concept, we can multiply the induced signal on each dipole of the
tripole antenna with a complex weight, and then combine them together to get a desired beam [20]. As shown in
Fig. 4, this property is quite useful for RFI suppression or some scientific experiments that just concern the sky
radio sources in specific directions.
To evaluate the performance of the proposed active tripole antenna, we simulate the antenna onboard a microsatellite modeled as a cube with the dimensions of 30 × 30 × 30 cm [9]. The three dipoles are modeled as copper
8

Figure 5: Impedance of a tripole antenna onboard a micro-satellite. The solid lines and dashed lines represent real
and imaginary parts, respectively.
strips with a width of 8 mm and a thickness of 0.12 mm. They are mounted in the three orthogonal directions of
the satellite cube. The dipole length ranges from 5 meters to 15 meters.
Figure 5 shows the simulated impedance of a single dipole of the proposed tripole antenna. The real impedance
ranges from about 10−1 Ω to about 103 Ω over the frequency range, and the imaginary impedance varies between
about 100 Ω and about 104 Ω. It also shows that the resonance frequency of the antenna decreases with the increasing
of its length, as expected (Note that all the antenna simulation results are produced by the software Zeland IE3D
in this work).
To achieve the frequency range from 1 to 30 MHz, it is supposed to set the resonance frequency at 15 MHz
for the antenna. However, at low frequencies the sky noise is dominant, it increases with power law towards the
low end of the frequencies. This will inevitably increase the system temperature and thus reduce the sensitivity
of the antenna. For some specified science experiments, such as dark age and transient, radio detection with
extremely high sensitivity is required, therefore, it is necessary to optimize the resonance frequency to achieve the
best antenna sensitivity. Here we choose to increase the resonance frequency, which reduces the antenna efficiency
at the low end of the frequency band. Since the sky noise dominates the receiving noise, according to formula
(1), the antenna noise temperature will clearly decrease, and thus the sensitivity will be improved. As a result,
the resonant frequency of the antenna is designed around 20MHz with a trade-off between the sensitivity and the
frequency band, which corresponds to the antenna length of 7.5 meters. The simulations of the sky noise-limited
performance in Subsec. 4.3 also proved that 7.5 meters is a feasible length for the tripole antenna.

9

Figure 6: Schematic of the low noise amplifier. The blocks FB-A1 and FB-A2 denote the feedback circuits of the
first stage. Here the Electro-Static discharge (ESD) protection circuits are designed in the front of the first stage to
efficiently decrease the voltage that can damage the E-PHEMT while keeping the input capacitance low in respect
to the antenna capacitance.

4.2 The Low Noise Amplifier
The low noise amplifier is directly connected with the terminal of the antenna. As a vital component of an active
antenna, it amplifies the induced signal on the antenna without introducing much self-noise, meanwhile, it serve
as a balun to achieve the impedance matching and the signal transfer between balance and unbalance signals.
In Fig. 5 it can be seen that the variation of the tripole antenna impedance is extremely large, which makes
it very difficult to achieve either power or noise matching between the LNA and the antenna within such broad
frequency range. A solution is in the design of a LNA with a very low input impedance (current amplifier),
or a very high input impedance (voltage amplifier). An antenna with a current amplifier has a high Q (quality
factor)resonance peak in its transfer response. For the proposed tripole antenna, the resonance peak is at around 20
MHz. The disadvantage of a high Q is that the transfer response becomes very sensitive to the antenna environment,
which results in more vigorous calibrations than that of a voltage amplifier. In addition, coupling between two
antennas close to each other depends on the input impedance of the LNA. Considering there are many other
electronic circuits on the micro-satellite, the coupling should be avoided as much as possible. Therefore, a voltage
amplifier has been designed as the LNA for the active tripole antenna.
For an antenna with a very high impedance magnitude, the equivalent current noise is dominant. To make
10

Figure 7: The prototype design of the low noise amplifiers. Left: PCB design of the LNAs. Right: Bottom view
of the prototype LNAs. Note that three anti-aliasing filters are designed and combined with the LNAs on the PCB
board. The four connectors are used for the power supply (central one) and the LNA outputs respectively.
the noise of the active circuitry as small as possible, a discrete low noise Pseudomorphic High Electron Mobility
Transistor (PHEMT) devices is selected to achieve the required low noise performance at low frequencies, since
its high current gain and absence of base current result in a low equivalent input current. Fig. 6 shows the circuit
schematic of the low noise amplifier. Basically the LNA is designed as a two stage amplifier. The input signal
is amplified by the first stage, a low noise Enhancement Mode PHEMT (E-PHEMT) amplifier ATF54143. The
feedback circuit improves the stability of the amplifier. The bias voltage of the first stage is chosen to meet the
noise requirements and keep the LNA stable. By increasing the bias voltage and drain current of ATF54143, the
LNA performance of 1 dB compression point will be improved, as well as the second and third order output intermodulation products (OIP2, OIP3), which means the LNA dynamic range will be increased. However, this will
result in an increasing power consumption. Considering there are less strong RFIs in space, we choose to sacrifice
a little dynamic range and OIP2 & OIP3 performance to reduce the power consumption. In the final design, a
trade-off has been made between OIP2 & OIP3, 1 dB compression point and the power consumption. The output
signal of the first stage is AC coupled to a current feedback amplifier (EL5162) with low power consumption. The
amplified differential signals are then combined into a single-ended output by a transformer, which is optimized to
match a 50-Ohm system.
To evaluate the performance of a low noise amplifier several parameters can be used, such as S-parameters,
stability factor, noise figure (NF), 1 dB compression point, inter-modulation, power consumption, etc. In this work
all these parameters have been simulated and measured for the designed LNA. The S-parameter is normally used
for the assessment of a two-port network, here both simulations and measurements of S-parameter for the LNA
are provided with a reference of 50 ohms. For the simulation and measurement convenience, asymmetric signals
at the LNA input are transformed into differential ones through a balun (Fig. 7).
Figure 8 shows the S-parameter simulation and measurement results of the three LNA prototypes within the
frequency range of 0.3 to 50 MHz. The input reflection coefficient, S(1,1) shows a good agreement between the
11

Figure 8: Simulated and measured S-parameters of the three prototype LNAs. S(1,1) and S(2,2) are defined respectively as the input and the output reflection coefficients of an network, they show how well the two-port networks
match with a 50-Ohm system. S(2,1) and S(1,2) are the forward and reverse transmission gains respectively.
measurements and simulations; it is close to 0 dB, which is expected for a voltage amplifier. The measurement
values of the output reflection coefficient S(2,2) are higher than the simulation results over the entire band, which
is caused by the non-ideal transformer characteristics at the LNA output. The measured gain S(2,1) is about
2.5 dB lower than the simulated value, in which 0.4 ∼ 0.5 dB can be attributed to the insertion loss of two
transformers used at the input and output ends of LNAs in the measurements. The differences between the physical
characteristics of the chips used in the measurements and the chip models in the simulation also contribute to these
discrepancies (about 2 dB). The simulated values of reverse gain S(1,2) are extremely low, and look like unrealistic,
which could be ascribed that the amplifier models can not correctly represent the reverse isolation. Additionally,
Fig. 8 also demonstrates well repeatability of the measured S-parameters between the the three prototype LNAs.

Figure 9: Simulated and measured Y-parameters of the three prototype LNAs. Y(1,1) and Y(2,2) are defined
respectively as the input and the output admittance.
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To understand well the properties of an input mismatching LNA described above, the Y-parameters have also
been simulated and measured with the S-parameters [21]. Since the forward trans-admittance Y(2,1) and backward
trans-admittance Y(1,2) exhibit high consistency with the S-parameter S(2,1) and S(1,2), only the input and output
admittance are plotted here as shown in Fig. 9. It can be seen that the input admittance Y(1,1) is very low, which
accords with the results of reflection coefficient S(1,1). This is also a typical performance for a voltage amplifier.
The differences between the measurement and simulation results can be attributed to the representative differences
between the models used in the simulations and the chips in the measurements. The “break” around 2 MHz in the
plot of Y(1,1) may be caused by the instrument itself (AC/DC input coupling, or band switching, etc.). Both the
simulation and measurement for the output admittance Y(2,2) show good matching between the amplifier and 50
ohms.

4.3 Sky Noise-Limited Performance
For a low frequency antenna system, the sky noise-limited performance is a primary requirement. To meet this
requirement, as presented in Section 3, the noise contributed by LNA must be limited to a certain level. Theoretically, we use a noise figure (NF) to describe the noise performance of a radio frequency system. It is defined as
the ratio of signal-to-noise ratio (SNR) at the input port to SNR at the output port [33].

N F = N Fmin +

4Rn |Γsrc − Γopt |2
|1 + Γopt |2 (1 − |Γsrc |2 )

(12)

where, N Fmin is the minimum noise figure that the circuit can produce when the input terminal has the
optimum reflection coefficient Γopt . Rn is the noise resistance and it controls how fast the noise increases as the
input reflection coefficient deviates from Γopt , and Γsrc is the reflection coefficient of the input terminal. The noise
temperature at the input of the LNA can be described as T = T0 (N F − 1), where T0 is 290 K.

Figure 10: Left Panel: Noise contributed by the LNA connecting with tripole antennas of different lengths. 50ohm plots are the noise of the LNA connecting with 50 ohms load. The solid lines and dashed lines denote noise
temperature and noise figure, respectively. Right Panel: The optimum reflection coefficient Γopt of the LNA over
the frequency.
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Figure 11: Left: Radiation efficiency of tripole antenna onboard the satellite. Right: Noise captured by the tripole
antennas with different lengths. The upper set of curves indicate the captured sky noise temperature ηTsky , and the
lower set of curves show the antenna thermal noise temperature (1 − η)T0 . T0 is the ambient temperature 290 k.
Figure 10 shows simulation results of the LNA noise connecting with the tripole antenna with different lengths.
The noise temperatures appear quite high and increase toward the low end of the frequency band, which is consistent with formula (12). Fig. 11 plots the sky noise sensed by the tripole antenna, as well as the thermal noise from
the antenna itself.

Figure 12: Sky noise-limited performance
The black dashed line is 10% limitation.

SLN A +Sant,th
Ssky

simulated for the tripole antennas with different lengths.

Figure 12 shows a ratio of the receiver noise power to the sky noise power. It defines the antenna length for
which the sky noise-limited operation can be achieved over the frequency range 1-30 MHz. It can be seen that
for the antenna with a length of 7.5 meters, the 10% noise limitation is achievable between 0.75 MHz and 30
MHz. As for the 5-meter antenna, the 10% noise limitation is achieved between 1.1 MHz and 30 MHz. As is clear
from Fig. 12, antenna equal or longer than 7.5 meters can achieve the sky-noise limitation performance. However,
longer antenna, although offering better noise characteristics at most of the frequency band, are heavier and larger.
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Therefore, an optimum solution is as a short antenna as possible, in our case something near 7.5 m in length. This
length is also consistent with the resonant length described in Subsec. 4.1.

4.4 Receiver System
Figure 13 shows the concept design of onboard ULW system consisting of the active antenna, a low pass filter and
digital receiver.
The radio signals captured by the active tripole antenna first pass through an anti-aliasing low-pass filter. The
low-pass filter is implemented as an Hourglass filter of 11 order with a cutoff frequency of 30 MHz and an aliasing
rejection of around 55 dB at 32.5 MHz. The signals then are sampled by 14-bit Analogue-to-Digital Converters (ADC) (e.g. AD9151) operating at 65 megasamples per second (MSPS), which provides a typical Effective
Number of Bits (ENOB) of 12 bits. While high sampling bits are required for the possible high dynamic range
input (RFI, strong transient, etc.).The aggregate data rate for the three channels is about 340 MB/s (megabytes per
second). ADCs data are fetched by high performance digital processing unit. To achieve an optimum performance
of ADC, a differential driver is required to provide a flexible interface. The First Input First Output (FIFO) type
of memories are employed here to buffer the sampled data from ADCs. FIFO memories can be implemented in
hardware by an ultra low power SRAM. Using FIFO allows a software trigger unit to be realized in the control
unit. The trigger can be utilized for transient monitoring and event selections. The control unit and digital signal
processor are implemented by a FPGA with low power consumption, which controls the instrument and performs
necessary pre-processing of the signals. The power dissipation of the whole receiver is about 2 Watts [37].
Table 3: Power dissipation of antenna system and digital receiver.
Part
LNA
Receiver
a

Quantity
3
1

Power (mW)
175a
∼ 2000

Total Power (mW)
525
∼ 2000

The power dissipation of the LNA is based on laboratory measurements.

Table 3 shows the partitions of power consumption for the antenna system. The total power dissipation is
around 2.5 Watts, and is therefore consistent with the power budget limit of 4 Watts for the whole radio astronomy

Figure 13: Block diagram of the active antenna and receiver unit.
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Figure 14: Tests with the prototype tripole antenna [13]. Left: Test setup in ASTRON chamber. Right: Setup in
LOFAR station CS011 with 2 meters above the ground.
system.

5 Field test with Prototype Antenna
To verify the performance of the designed tripole antenna, experiments with a full-size prototype antenna are
required. However, the large size of the dipole antenna (7.5 m) requires a correspondingly large anechoic test
chamber which is hardly available. Therefore we conducted tests with a scaled prototype antenna smaller in size
and tuned into the frequency range 30 to 87 MHz.
In [4][30], a 1/10th scale antenna model was devised for the rheometry measurements of STEREO/WAVES
antenna, which are performed at high frequencies to obtain the antenna performances at corresponding low frequencies. It successfully solved the antenna size and anechoic chamber problems at low frequencies. In order to
conduct the measurements of the described tripole antenna here, we followed this scaling example by testing a
prototype antenna developed originally for the LRX mission [13][38] and equipped with the LNA designed in this
work. This LRX prototype antenna had three 2.5-meter dipoles, and therefore could be considered as one-third
scale model of the tripole antenna discussed in this paper. The scaling of the antenna results in the shift of the
frequency range from 1 − 30 MHz to the higher frequency range 3 − 90 MHz. The latter range is less polluted by
RFI and has enabled us to conduct the test measurements in the field, not in an anechoic chamber.
The LRX prototype antenna consists three dipoles mounted orthogonally on a cube box made of acrylonitrilebutadiene-styrene (ABS), in which the LNAs are installed and connected with the ends of dipoles (Fig. 14). Three
cables are used to transmit the signals from LNAs to the LOFAR digital receiver, and the fourth cable is used to
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Figure 15: Simulated impedance magnitudes (solid line) and corresponding LNA noises (dashed line) for the
proposed 7.5 m tripole antenna, scaled 2.5 m tripole antenna onboard the satellite, and the prototype 2.5 m tripole
antenna on the ground. Here the impedance and LNA noise are simulated for 7.5 m antenna at low frequencies
(lower) and for 2.5 m antenna at corresponding high frequencies (upper).
supply the power to LNAs. The transmission cables of LOFAR are 75-ohm cables, however, the output of proposed
LNA is designed for a 50-ohm system, we use a π shape matching network to achieve the matching between them
in the measurements. To avoid the power saturation, three 10 dB attenuators are used for the prototype antenna.
All the measurements are recorded by the LOFAR ReCeiver Unit(RCU).
As defined in formula (12), the LNA noise is greatly influenced by the input reflection coefficient, which
directly depends on the input impedance connecting with LNA. Since the field tests are carried out on the ground,
we have to consider the LNA noise differences between the ground and space situations. Figure 15 shows the
simulated input impedance magnitudes and LNA noises of the designed 7.5 m tripole antenna onboard satellite
in space from 1 to 30 MHz, as well as the 2.5 m tripole antenna within the frequencies range of 3-90 MHz for
both space (onboard satellite) and ground cases, in which the prototype 2.5 m antenna is set up 2 meters above
the ground in the simulations. As shown in Fig. 15, the results of the 2.5-meter tripole antenna are consistent well
with each other for space and ground placements, and both of their impedance magnitudes and LNA noises at
high frequencies agree with the results of the devised 7.5 m tripole antenna at low frequencies, especially in the
frequency range from 6 to 24 MHz, which means the results of the field tests for this 2.5 m prototype antenna can
be applied for evaluating the LNA noise performance of the proposed 7.5 m tripole antenna in space.
According to the analysis in Section 3, the power density at the output of the LNA can be given with formula
(3) and (5) by
Sout = k(Tant + TLN A )(1 − |Γant |2 )Gamp
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(13)

Figure 16: Spectrum measurements for the prototype antenna in EMC chamber and LOFAR station as shown in
Fig. 14. The spectrum densities are plotted with the observation data recorded by LOFAR RCU. Note that the
noise floor difference between the 2.5 m tripole antenna and LOFAR LBA results from a 10 dB attenuator used to
avoid power saturation in our antenna.
To measure the LNA noise, a method similar to the Y factor method was adopted. The Y factor method is
generally used for noise figure measurements [1]. In the measurements the active antenna was installed in the
microwave chamber of ASTRON and also in LOFAR central station (CS011), which provide two different noise
temperatures. One is the ambient temperature in the chamber, which is almost constant over the frequency band.
In the anechoic chamber, the tripole antenna only senses the ambient temperature without radio interferences. The
other one is the sky noise temperature, which can be modeled with formula (2). When measured outside, the sky
noise dominates the input signals for the tripole antenna, a minor influence from the ground below the antenna is
expected due to the relative low temperature of the ground. Using the relative differences at the antenna output for
the two noise temperatures, the LNA noise can be solved by these two measurements.
For the two spectrum measurements of the active tripole antenna, the output noise power can be given as

PoutH = k(Tant + TLN A )(1 − |Γant |2 )Gamp B,

(14)


PoutL = k(T0 + TLN A )(1 − |Γant |2 )Gamp B.

where PoutH and PoutL indicate respectively the output power recorded by the receiver for the hot noise temperature outside and the cold noise temperature inside. B represents the bandwidth of the subband. Solving for TLN A
gives

TLN A =

PoutL · Tant − PoutH · T0
PoutH − PoutL

(15)

Substitute Tant with (1) in it, the LNA noise TLN A is given as

TLN A = ηPoutL

Tsky − T0
− T0
PoutH − PoutL

Therefore, the sky noise-limited performance can be approximated as

TLN A +(1−η)T0
.
ηTsky

(16)
Note that TLN A here is

measured at high frequencies, and is used for the calculations at corresponding low frequencies.
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Figure 17: Sky noise-limited measurements for the prototype tripole antenna. Upper: The calibrated noise power
density for the measurements in chamber and LOFAR station, the spectrum densities are plotted with the observation data recorded by LOFAR RCU. Bottom: The results of sky noise-limited performance, 10% limitation is
plotted as the dashed line.
Figure 16 shows the spectrum measurements for the tripole antenna in the EMC chamber and LOFAR station.
Although a 10-90MHz band-pass filter is used for the RFI suppression, due to the strong RFIs a clean power
spectrum of the sky are only obtained between 30 and 87 MHz in the measurement outside of the anechoic chamber. Considering the stop band response of the filter further, the LNA noise calculations can be merely done at
frequencies below 84 MHz.
Figure 17 shows the measurement result of the sky noise-limited performance between 10 and 30 MHz for
the proposed 7.5 m tripole antenna using the measurements of the 2.5 m prototype antenna operating between 30
and 90 MHz. Although the LNA noise measured with the 2.5 m prototype antenna in the field is not completely
representative of the LNA noise for the proposed 7.5 m tripole antenna in space, as analyzed above (Fig. 15), we
can still use it to evaluate the sky noise-limited performance for the proposed tripole antenna. From Fig. 17 it can be
seen that the measured results agree well with the simulation results. Below 16 MHz the measurements are a little
worse than the simulations, which can be probably ascribed to the higher measured noise than the simulated noise
of the LNA. Nonetheless, the measurements completely fulfill the antenna noise requirement across the measured
operational frequency range. It also demonstrates the performance of the designed antenna for the space ULW
radio telescope.

6 Conclusion
In this paper a design of an active antenna for a ULW astronomy space mission has been presented. It is shown
that the 7.5 m tripole antenna in combination with a low noise amplifier and digital receiver can meet the science
requirements of the DSL or a similar ULW mission. The noise simulations have proved that the active antenna is
capable of achieving the sky noise-limited performance within the frequency range 1 − 30 MHz. Field tests with
a scaled prototype of an active antenna confirmed the noise performance between 10 MHz and 30 MHz for the 7.5
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m tripole antenna. A receiver design consistent with science requirements is also discussed. The mass and power
consumption estimates meet the limitations of a demonstration DSL-like mission.
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[26] Krömer, O. et al.: New Antenna for Radio Detection of UHECR. Proceedings of the 31st International
Cosmic Ray Conference, Łódź, Poland (2009).
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