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Abstract: This paper presents a feasibility study for a very high data rate receiver operating in the
K/Ka-band suitable to future Moon exploration missions. The receiver speci�cations are outlined
starting from the mission scenario and from a careful system analysis. The designed architecture uses
a low noise front-end to down-convert the incoming K/Ka-band signal into a 3.7 GHz intermediate
frequency (IF). For maximum �exibility, a software de�ned radio (SDR) is adopted for the I/Q
demodulation and for the analog to digital conversion (ADC). The decoding operations and the data
interface are carried out by a processor based on �eld programmable gate array (FPGA) circuits.
To experimentally verify the above concepts, a preliminary front-end breadboard is implemented,
operating between 27.5 and 30 GHz. The breadboard, which uses components off the shelf (COTS)
and evaluation boards (EVBs), is characterized by a 46 dB gain, a 3.4 dB noise �gure and a �37 dBm
input-referred 1 dB compression point. Finally, a 40 Msym/s quadrature phase shift keying (QPSK)
signal is demodulated by means of a commercially available SDR, demonstrating the above concept.
The importance of these results is that they have been obtained exploiting a class of miniaturized and
low cost microwave integrated circuits currently available on the market, opening the way to a dense
communication infrastructure on cislunar space.
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1. Introduction

The current trend in space exploration is the planning of more missions to study Earth’s nearest
celestial bodies. To enable human expansion across the solar system, an outpost for crewed missions
to the Moon, that also supports scienti�c discovery, and a concept of human controlled robotic lunar
exploration are key passages: Moreso, they are prerequisite instances to allow a permanent presence of
manned missions outside the planet Earth. Hence, cislunar space is becoming the target for a variety
of projects, such as the Lunar Orbital Platform-Gateway (LOP-G) and Lunar Relay Satellites (LRS).
This explains why there is a signi�cant effort for the development of new technologies that will allow
the establishment of Moon bases or stations; in this framework an appropriate telecommunications
infrastructure is demanded as well. Such infrastructure should have the capability of carrying
out the simultaneous multi band communications between the Earth, the Moon, including visiting
(rovers) and descent/ascent (landers, terminals) vehicles, and other elements in cislunar orbit (LOP-G,
LRS). Since this kind of mission employs many information intensive (i.e., high resolution, high
coverage, high duty cycle) sensors demanding high speed link capabilities, data volume requirements
are expected to increase [1]. Moreover, when considering human exploration, a high data rate is
compulsory [2,3].

In this context the high portion of the microwave frequency band emerges from the others, mainly
for three reasons: First, largest bandwidths can be exploited; second, the expected received energy
is higher for the same link conditions and ground stations; and third, high performance integrated
circuits (IC) operating at these frequencies are available form the cellular and base station market.
Concerning the �rst motivation, it is evident that the 1500 MHz bandwidth allocated in the 26 GHz
K-band is four times larger than the 375 MHz bandwidth allocated in the 8025�8400 MHz X-band.
Assuming the same spectral ef�ciency in information bit/s per Hz (which is the case for a given coding,
modulation and �ltering scheme) the availability of an expanded spectrum results in a linear increase
in the data rate and, potentially, in the data volume that can be transmitted. In other words, the K-band
should allow users to transmit about four times more data than the X-band. Even the International
Telecommunication Union (ITU) and the Space Frequency Coordination Group (SFCG) recommend
the K-band for high data rate communications in the lunar region [4].

With respect to the second motivation, it is worth observing that, all else being equal (antenna
aperture), the performance increase in the link budget is proportional to the square of the ratio of the
new frequency to the former one. This increase occurs because the narrower beam concentrates more
energy on the receiver. However, other factors create challenges when high frequencies are used.

K-bands are the portions of the electromagnetic spectrum, in the microwave range of radio
frequencies (RF), ranging between 18 and 26.5 GHz (K-band) and between 27 and 40 GHz (Ka-band).
Being necessary to support human exploration, uplink frequency allocation between 22.55�23.15 GHz
(K-band) and between 27.5�30 GHz (Ka-band) are of special interest as their use in cislunar applications
is novel, which means that there is a need to implement space receiver technology in this band for
space research (SR) applications.

A main challenge affecting the use of these high frequency bands is the high Doppler frequency
shift, that is directly proportional to the relative transmitter-receiver velocity, and inversely to the
wavelength. This issue is not considered critical, but does need to be taken into account.

In this paper, a comprehensive analysis is carried out to highlight the need for a receiver on
K-bands that supports high speed links in cislunar exploration scenarios. The main features of the
receiver are: (i) to enable communication from Earth to lunar orbit (E-LO), from Earth to lunar
surface (E-LS) and from a lunar orbit to lunar surface (LO-LS), even in low signal-to-noise ratio (SNR)



Electronics 2019, 8, 349 3 of 23

conditions; (ii) to acquire, demodulate and decode, with a low-density parity-check (LDPC) approach,
uplink signals in the 22.55�23.15 GHz or in the 27.5�30 GHz bands, covering different data rates up
to 100 Mbps; (iii) to implement the modulation schemes required by the Consultative Committee for
Space Data Systems (CCSDS) and to the European Cooperation for Space Standardization (ECSS),
both in the classical way (based on ground-aided acquisition approach) and in autonomous mode
(non-ground-aided). Another important requirement is to keep the power consumption below 12 W in
such a way as to be compatible with the solar panels available on the market [5,6].

The original contribution of the present paper is twofold. First of all we propose a Ka-band
receiver suitable for deep space mission that is based on off-the-shelf components developed for
commercial telecommunication systems. This is a quite novel approach that, once demonstrated,
could dramatically reduce mission costs and open the way to the massive adoption of cubesats even
in the Moon exploration context [7]. The Mars Cube One (MarCO) satellites, for example, are two
notable precursors of such a vision [8]. Another original contribution of this work is related to the
methodology used to model the phase-noise impairments. In low-cost radios the local oscillator
signal is generated by an integrated frequency synthesizer, the phase-noise of which is typically
worse than that obtained with expensive dielectric resonator oscillators (DRO). As a consequence
the phase-noise impairments need to be carefully considered in the link budget. The state of the
art for simultaneous orbit and link budget computations is Systems Tool Kit (STK), a multi-physics
software from Analytical Graphics, Inc. [9]. This software, however, is unable to simulate the oscillator
phase-noise. To solve such problem it is shown that, in the small phase errors approximation, the
phase noise can be modeled as an equivalent thermal noise. This approach leads to the de�nition of an
effective noise �gure (accounting for both the thermal and the phase-noise): A simple formula that can
be easily implemented in the STK to allow a preliminary study of the phase-noise impairments.

2. Basic Link Budget

Before presenting a detailed analysis, some basic considerations are introduced here in order
to estimate the receiver signal levels. Figure 1 shows a simpli�ed link geometry where the receiver
is on the Moon (M) surface, exactly at the zenith of a ground station on the Earth (E). In this �gure
GTX

a and GRX
a are the gains of the ground station and of the satellite antennas respectively, PTX is the

transmitted power and R is the average Earth-to-Moon distance.

Figure 1. Link geometry. To estimate the maximum signal level the receiver is assumed on the Moon
(M) surface, perfectly at the ground station Zenith on Earth (E). Link parameters: R = 384.4� 103 km,
transmitted power PTX = 100 W, transmitting antenna gain GTX

a = 65 dBi (10 m dish antenna with a
60% ef�ciency), receiving antenna gain GRX

a � 40 dBi.

The received power PRX can be determined applying the Friis’ formula to such a link geometry:

PRX = GTX
a GRX

a

�
l

4 p R

�2
PTX (1)

where l is the carrier wavelength. In this relationship, the atmospheric attenuation is not considered
because the scope of the basic analysis is the determination of the maximum received signal
level. Table 1 reports an evaluation of the path losses in both the K and Ka frequency bands for
R = 384.4� 103 km. Note that going from the K to the Ka band leads to a 2 dB increase of the path loss
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(i.e., from about 231 to about 233 dB), but that such an increase is exactly counteracted by a greater
gain of the �xed-diameter receiving antenna.

Although re�ectarrays [10], recon�gurable phased arrays [11] or �at-plate antenna solutions
with ef�ciency as high as 85% [12] could be employed, a 50 cm dish antenna is considered here for
simplicity. Such a size is compatible with the deployable parabolic re�ectors recently developed by
several authors [7,8] for cubesat applications. The antenna gain Ga and the half power beam width Qh
can be estimated, for a given diameter D and ef�ciency ha, with the following relationships:

Ga = ha

�
p D
l

�2
(2)

Qh =
2 lp
p D

(3)

A receiving antenna with DRX = 50 cm has gain of about 39 dBi in K-band and reaches 41 dBi in
the Ka-band, as reported in Table 1.

Table 1. Earth-Moon Free-Space Losses in the K/Ka-Bands and Receiver Antenna Gains.

Band f0 (GHz) l (cm) R (km) Path Loss (dB) DRX (cm) hRX
a (%) GRX

a (dBi) QRX
h

K 22.85 1.31 384.4� 103 231.3 50 60 39.4 1.7 �

Ka 28.65 1.05 384.4� 103 233.3 50 60 41.3 1.4 �

As a �rst assumption, the antenna diameter at the ground station is DTX = 10 m (transmitting
antenna, uplink). Considering an antenna ef�ciency hTX

a = 60 %, a 65 dBi gain and a 5.1 arcmin
half-power beam width are obtained, the latter value being about 1/6 of the the angular diameter of
the Moon seen from the Earth. A reasonable value for the transmitted power is PTX = 100 W, that
corresponds to +50 dBm. As a consequence the effective isotropic radiated power (EIRP) at the ground
station is:

EIRPTX = GTX
a PTX � 65.4 + 50 = 115.4 dBm (4)

where this quantity is evaluated at 22.85 GHz, i.e., in the K-band. Other EIRP values are quoted in
Table 2 for different antenna diameters and different frequencies.

Table 2. Transmitter EIRP and Received Power in the K/Ka-Bands versus DTX .

Band f0 l PTX DTX hTX
a GTX

a QTX
h EIRPTX Path Loss GRX

a PRX
(GHz) (cm) (W) (m) (%) (dBi) (arcmin) (dBm) (dB) (dBi) (dBm)

K 22.85 1.31 100 10 60 65.4 5.1 115.4 231.3 39.4 �76.5
3 60 54.9 16.9 104.9 �87.0

Ka 28.65 1.05 100 10 60 67.3 4.1 117.3 233.3 41.3 �74.7
3 60 56.8 13.6 106.8 �85.2

The same table also quotes the power levels received on the Moon. These levels are the absolute
maximum and should be significantly above the receiver noise floor in order to guarantee for non zenithal
links and atmospheric attenuation. As an example, a rain rate of 10 mm/h at 23 GHz results in a specific
atmospheric loss of 2 dB/km. Integrating over a typical rain path of 5 km, an atmospheric attenuation of
10 dB is estimated, according to International Telecommunication Union, ITU-R P.838-2 [13].
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Noise Floor and Noise Margins

The noise �oor Ni represents the equivalent noise power referred at the receiver input. It is
a function of the system noise temperature Tsys and of the minimum intermediate frequency (IF)
bandwidth BIF (i.e., of the signal bandwidth) according to:

Ni = kB Tsys BIF (5)

where kB = 1.38 � 10�23 J/K is the Boltzmann constant. The system noise temperature, in turn,
is related to the antenna noise temperature Ta and to the receiver noise �gure FRX by:

Tsys = Ta + (FRX � 1) T0 (6)

T0 = 290 K being the standard IEEE temperature for noise. It has already been pointed out that,
with a 50 cm parabolic dish as the receiver antenna, a half power beam width of 1.7 � is obtained
(see Table 1). This value is smaller than the 1.9 � angular diameter of the Earth seen by the Moon
(The angular diameter of the Earth seen by the Moon is de,m � 1.9 �, that of the Moon seen by the Earth,
instead, is dm,e � 0.5 �). As a consequence the main beam of the receiver antenna is completely �lled
by the Earth and the corresponding antenna noise temperature is close to the brightness temperature
of the Earth surface. A conservative estimation thus gives Ta � T0 = 290 K.

Performing the computations in (6) for a receiver noise �gure FRX = 3 dB, a system noise
temperature Tsys = 580 K is obtained. For a maximum IF bandwidth of 50 MHz (i.e., at the maximum
data rate), a receiver noise �oor Ni = �94 dBm is estimated. Reducing the IF bandwidth (and thus
the data rate) to 5 MHz and 500 kHz, the noise �oor decreases to �104 and �114 dBm respectively.
The latter estimations, however, hold only when the phase noise of the local oscillators (LO) contained
in the receiver is negligible (see Section 4.2).

Concluding this basic analysis one can observe that, in the K-band, the nominal +115.4 dBm EIRP
at the ground station, is able to establish a �76.5 dBm power at the receiver input, and that this value
is about 17.5 dB above the noise �oor for a 50 MHz signal bandwidth. As already stated, however,
such a margin represents a best case situation; lower values have to be expected in the presence of non
zenithal links and atmospheric attenuation.

3. Mission Scenario

Future Moon explorations will be characterized by quite complex mission scenarios, as many
different vehicles and spacecrafts will be involved [2]. Preliminary plans from the major space agencies
foresee the usage of a LOP-G in cislunar orbit, the adoption of a small- to medium-size constellation of
space vehicles or LRS around the Moon, and lunar surface elements (LSEs) such as rovers, landers and
so on. All these vehicles should be able to communicate with each other and with the ground stations
on the Earth. Finally, for the LRS, cubesats could be adopted, which calls for further constraints due to
the well-known limitations of these platforms with respect to size, mass and power consumption.

After the basic considerations of the previous section, a more in-depth mission scenario is
considered here. All the simulations were performed with STK, [9]. In creating the scenario, only
the case of a direct communication between Earth and Moon was considered (i.e., no repeaters and
no transponders), since this is the most critical situation (greater link distance, presence of the Earth
atmosphere). Three ground stations were assumed on the Earth (with the transmitters), namely:

� ESRIN (Lat. 41.83 � N, Lon. 12.68 � E),
� New Norcia (Lat. 31.04 � S, Lon. 116.19 � E),
� Guiana Space Center (Lat. 5.23 � N, Lon. 52.77 � W),

The receiver, instead, was on a base located near the South pole of the Moon (Lat. 66.41 � S,
Lon. 9.82 � W). The disposition of these ground stations guarantees a full coverage of the Moon.
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The receiver, on the other hand, has been positioned on the face of the Moon visible from the Earth.
For realistic simulations, the Earth atmosphere model was included. The analysis considered also the
motion of the celestial bodies and their in�uence on the communication.

Each ground station is equipped with a 10 m parabolic antenna and, according to Table 2, transmits
a power of 100 W in the K-band at 22.85 GHz. A data stream of 100 Mbit/s modulates the carrier with
a quadrature phase shift keying (QPSK) constellation, so that the resulting signal bandwidth is of
about 50 MHz. To improve the environment simulation, some models were included in the scenario,
like: (i) the ITU-R P.618, to model the total propagation losses; (ii) the ITU-R P.676-9, to model the
atmospheric absorption due to gases [14].

Regarding the receiver, likewise the transmitters, a parabolic antenna with the same ef�ciency is
assumed but, in this case, with a 50 cm diameter (see Table 1). The receiver noise �gure is FRX = 3 dB
and the corresponding system noise temperature is modeled according to (6). Finally, STK computes the
antenna noise temperature using Sun, atmospheric and cosmic background noise models. Depending
on the modulation scheme used in the transmission, the demodulator can be selected automatically by
the software and is useful for bit error rate (BER) estimations.

The computations were performed on a time interval of one month, from the �rst of January 2025
to the �rst of February of the same year. As it is understandable, depending on the ground station
position and calculation time, the results may vary signi�cantly. Thus, two case studies are considered
onwards. The �rst one is when only two ground stations are visible from the Moon, namely: ESRIN
and New Norcia. In the second case, instead, all three ground stations are in visibility to the Moon
base. Figure 2 reports Moon-centered and Earth-centered visuals in two different days: 1 January 2025
(�rst case of study) and 17 January 2025 (second case of study).

(a) 1st January 2025

(b) 17th January 2025

Figure 2. Distances and angles. Moon centered and Earth centered visuals in two different days;
(a) 1 January 2025 and (b) 17 January 2025. In the �rst case, two ground stations (ESRIN and New
Norcia) are visible from the Moon; in the second case, the visibility is extended to three ground stations
(ESRIN, New Norcia and Guiana Space Center). The simulations have been carried out with STK.

The main results are quoted in Table 3 for the two different situations. Here C/N is the
carrier-to-noise ratio and Eb/N0 is the energy per bit to noise power spectral density ratio ( Eb

N0
= C

N
B
fb
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where B is the signal bandwidth and fb is the data rate). In all the cases STK assumes that the receiver
antenna is pointed to each of the visible ground stations. As a consequence the best achievable link
characteristics can be studied in the different situations. Note that the antenna noise temperature
changes as a function of the pointing directions; this because the fraction of the main antenna beam
covered by the Earth also changes. Another interesting fact is that, in the second case, the Guiana
Space Center station, although visible from the Moon, is affected by very high atmospheric losses. This
is because the signal path is nearly tangent to the Earth surface, experimenting a longer atmospheric
propagation and terrain scattering.

Table 3. Results of the Mission Scenario Simulations carried out with Systems Tool Kit (STK).

Time Ground Path Loss Atm. Loss Doppler Ta C/N Eb/N0
(UTC) Stations (dB) (dB) (kHz) (K) (dB) (dB)

ESRIN 231.2 1.2 +17.65 57.7 18.5 15.5
1 January 2025; 10:00 New Norcia 231.1 1.7 �21.43 75.1 17.9 14.9

Guiana S.C. out of visibility

ESRIN 231.4 0.4 +7.65 21.8 19.6 16.6
17 January 2025; 00:00 New Norcia 231.5 11.4 �31.36 223.5 6.3 3.3

Guiana S.C. 231.5 81.7 +29.77 242.7 �64.2 �67.2

10 m dish antenna with 100 W TX power at 22.85 GHz; QPSK modulation with 50 MHz signal bandwidth.

In conclusion, the detailed simulation of the mission scenario shows the possibility of a
stable communication using a minimum of three transmitters on Earth. For a more continuous
communication, however, it is recommended to increase the ground stations number to contrast the
effects due to the motion of celestial bodies and atmosphere. The communication links between Earth
assets and lunar assets, such as the LOP-G and the LRS, could be analyzed with the same methodology.

4. Receiver Architecture

The block diagram of the K/Ka-band receiver (RX) is illustrated in Figure 3. The receiver exploits
a dual conversion superheterodyne architecture [15,16]. The novelty of the proposed design is related
to the adoption, for space applications, of commercial components originally developed for the military
and for the automotive markets, i.e., for sectors where miniaturization and low cost are traditionally
associated to high reliability levels. The receiver front-end operates a �rst down-conversion to an
IF of 3.7 GHz. It consists of a two stages low noise ampli�er (LNA), an image rejection �lter (F2),
a sub-harmonically pumped (�2) mixer (M1), an IF �lter (F3) and a �rst stage of IF ampli�cation
(A1). The half frequency LO is generated by a microwave phased locked loop (PLL) synthesizer, this
ensures a low near-carrier phase noise as well as frequency stability and agile channel selection. In the
system, a pair of notch �lters (F5, F4) are used to get rid of the spurious synthesizer signals and of the
mixer feed through. For the K-band the LO frequency varies from 9.425 to 9.725 GHz; for the Ka-band,
instead, the LO is in the range between 11.900 to 13.150 GHz.

At the front-end input a ferrite isolator and a preselection bandpass �lter (F1) ensure a good
input matching and an out-of-band interference limitation (including that originated by the downlink
transmitter) respectively. Since, in this position, the insertion losses are critical, rectangular waveguide
components will be adopted (WR34 for the K-band and WR28 for the Ka-band). For the same reason
the image reject �lter (F2) is placed after two LNA stages. In this way it is possible to: (i) minimize
the RX noise; (ii) reduce the impact of the image �lter attenuation on the overall noise �gure. The
second point is very important, since low cost �lter implementations can be adopted. Among several
possibilities, the substrate integrated waveguide (SIW) technology was selected as the candidate for
preliminary experiments. This is a planar approach that leads to self shielding, compact structures: in
such a way the image �lter can be directly integrated in the front-end printed circuit board (PCB), with
advantages in terms of compactness and reliability.
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Figure 3. Block diagram. Simpli�ed block diagram of the K/Ka band very-high data rate receiver. In the �gure the Low-Noise Ampli�er stages are indicated with
LNA; F1 is the pre-selection �lter; F2 is the image-rejection �lter; M1 is the �rst mixer; VCO is the Voltage Controlled Oscillator that is stabilized by a Phase Locked
Loop (PLL). The Reference signal is provided by a Temperature Compensated Crystal Oscillator (TCXO). Radio Frequency (RF) signal, Local Oscillator (LO) signal
and Intermediate frequency (IF) signal identify the down-conversion mixer operation.
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The second frequency conversion occurs within the software de�ned radio (SDR) connected after
the front-end. Such a device, which is available as a system-on-chip (SoC), includes the quadrature
demodulators and provides the I/Q samples to a digital modem, which, in turn, implements all
the decoding and error correction functions of the selected protocol stack (DVB-S2). The modem is
implemented as a custom solution via a state-of-the-art �eld programmable gate array (FPGA). Finally,
it is worth noting that the SDR derives a receiver signal strength indicator (RSSI) signal that is acquired
by the receiver central processing unit (CPU) and that is used to implement an automatic gain control
(AGC) loop by adjusting the IF ampli�er gain.

4.1. Linearity and Signal Levels

A preliminary system analysis can be obtained from the characteristics of the front-end building
blocks, as they are reported in the corresponding data sheets. These characteristics are summarized in
Table 4 and can be used to evaluate gain, noise and linearity of the receiver. The �rst row of the table
quotes the short stage name used to identify each block in Figure 3.

The overall gain of the RX chain is estimated, under the hypothesis of conjugate impedance
matching among the stages, as the product (sum in dB) of the individual gains. The gain of both image
and IF �lters have been assumed to be �3 and �4 dB respectively. These values are compatible with
the planar technologies (substrate integrated waveguides and microstrip) that will be adopted for
the realization of these �lters [17]. The overall gain of the RX front-end is about 46 dB. In Table 4,
no variable gain ampli�er (VGA) stages are considered here (there is an AGC also within the SDR). As
an option, the �rst IF stage could be replaced by a VGA, or followed by a controlled attenuator.

Table 4. Speci�cation Breakdown of the Receiver Building Blocks.

Par. Unit I F1 LNA 1 LNA 2 F2 M1 F3 A1 F4 SDRIsol. Pre. BPF LNA Chain Img. BPF Mixer IF BPF IF Amp.

G (dB) �0.4 �0.6 25 25 �3 �12 �4 17 �1 0�65
F (dB) 0.4 0.6 2.0 2.0 3.0 12.0 4.0 3.0 1 3.8

P1dB (dBm) � � �11 �11 � 3 � 1 � n.a.
I IP3 (dBm) � � 0 0 � 12 � 12 � �17

Tech. RWG RWG MMIC MMIC SIW MMIC MSTR MMIC IC

Note that, in Table, RWG stands for Rectangular WaveGuide; SIW stands for Substrate Integrated Waveguide;
MSTR stands for MicroSTRip; IC stands for Integrated Circuit (silicon based) and MMIC stands for Microwave
Monolithic Integrated Circuit (typically GaAs based).

The noise �gure of the receiver, FRX , is determined with the Friis’ formula assuming a conjugate
matching among the stages. The down-conversion chain is composed by F2, M1, F3, A1 and F4. Its
noise �gure is approximately equal to 22 dB, i.e., the sum in dB of the noise �gures of F2, M1, F3 and
A1 (this because F2, M1 and F3 are all passive devices). Using this value as an intermediate step, a total
�gure FRX = 3.01 dB is estimated. By omitting F1, the noise �gure can be as low as 2.4 dB and reduces
to 2 dB if also the ferrite isolator is removed; this comes at the expense of a lower immunity of the
receiver to out-of-band interferences and of a worse input matching.

The 1 dB compression point of the proposed receiver is limited by that of the mixer. Dividing the
1 dB compression point of M1 (+3 dBm at the input) by the gain of F1, LNA1, LNA2 and F2 (equal
to 46 dB) one �nds P1dB = �43 dBm, which is the input-referred compression point of the receiver.
Similarly, also the third-order intercept point is limited by the mixer. As a �rst approximation, dividing
the I IP3 of M1 (+12 dBm) by the gain of F1, LNA1, LNA2 and F2 (46 dB), one obtains I IP3 � �34 dBm.
More accurate calculations, accounting for the intermodulation distortions of LNA1 and LNA2, gives
an I IP3 � �34.4 dBm.

The receiver Spurious Free Dynamic Range (SFDR) is given by:

SFDR =
2
3

(I IP3 + Ni) (7)
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where all the quantities are expressed in dB and dBm. For a 50 MHz IF bandwidth (i.e., for the
previously evaluated noise �oor Ni) one gets SFDR � �39.7 dB. This means that, until the in-band
interference level is below �54.3 dBm (at the input), the third order intermodulation will remain below
the noise �oor, having no measurable effects.

Figure 4 reports a comprehensive view of the levels involved in both the uplink and in the receiver
front-end. In particular the left axis represents the EIRP of ground transmitters on Earth whereas,
the right axis, is the power level at the receiver input, on the Moon. The two vertical axes are scaled
by �191 dB, a quantity equal to the receiver antenna gain (about +40 dBi) summed with the path
loss for zenith and clear sky conditions (about �231 dB) in the K-band. The nomogram represents
also the receiver noise �oor and the linearity limits related to the 1 dB compression point and to the
third-order intermodulation (i.e., to the SFDR). The nominal +115 dBm EIRP of the ground station
sets the received power to about �76 dBm, 18 dB above the noise �oor. As already discussed, however,
such a margin is optimistic and serves to guarantee for non zenithal links and atmospheric attenuation.

Figure 4. Signal levels. Comparison between transmitted effective isotropic radiated power (EIRP) of
the ground station and received power levels at 22.85 GHz. For a link distance of 384.4� 103 km the
path loss is �231 dB, corresponding to Zenith and clear sky conditions. The RX axis also reports the
noise �oor (for 50 MHz IF bandwidth), the 1 dB compression point and the SFDR limit.

4.2. Phase Noise Impairments

One of the main impairments in low-cost receivers is due to the phase-noise of the adopted
PLL synthesizers. Although an accurate modeling of the phase noise is commonly available in
modern electronic computer aided design (CAD) tools, it is not present in STK [9], the multi-physics
software used for both the orbits and the link budget computations. In order to deal with this
problem, a co-simulation between a CAD tool like Advanced Design System (ADS) and STK can be
performed [18]. This paper uses a novel approach that, although approximated, is very light, easily
integrable within STK and accurate at the same time.

As shown in ([19], p. 447), the Error Vector Magnitude (EVM) of modulated signals in the presence
of phase-noise can be evaluated according to:

EVMrms ’
r

1
SNR

+ F2
rms (8)

where SNR is the signal to noise ratio due to the additive (thermal) noise. This relation, which is an
approximation for small phase errors F, has a very important consequence: in receivers, the EVM
degradation due to phase-noise is similar to that produced by an equivalent increase of the SNR.
As a result, an effective signal to noise ratio SNRe f f can be introduced as a cumulative parameter
accounting for both the thermal noise and the oscillator phase-noise:
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1
SNRe f f

=
1

SNR
+ F2

rms (9)

Equation (9) means that, in receivers, the phase-noise sets the upper SNR limit: indeed one has
SNRe f f � 1/F2

rms. From the above theory it is apparent that the phase error F2
rms has to be determined.

This can be done quite simply as shown in ([20], p. 8) by integrating the phase-noise spectrum Sf( f ):

F2
rms = n2

Z fmax

fmin
Sf( f ) d f (10)

where n is the multiplication factor of a frequency multiplier (if present), and the integration frequency
range is limited by fmin and fmax. The importance of (9) is that it establishes an equivalence between
the phase error and the SNR. In particular, it shows that it is possible to determine an equivalent level
of input additive noise which causes the same rms angular error of the given phase-noise in the I/Q
scatter plot. On this basis it is possible to de�ne an effective receiver noise �gure that accounts for the
local oscillator phase-noise too. At the receiver output the signal to noise ratio obeys to (9):

1
SNRe f f

’
No
So

+ F2
rms (11)

being So and No the output signal and noise power respectively. Equivalently we can assume an ideal
receiver (with no thermal noise and no phase-noise) and refer all the quantities to the input:

1
SNRe f f

’
Ni + Si F2

rms
Si

(12)

where Si and Ni are the input signal and noise power levels. The numerator of such an expression can
be seen as an effective input noise power Ne f f

i accounting for the phase-noise:

Ne f f
i ’ Ni + Si F2

rms (13)

Now, expressing Ne f f
i in terms of an effective noise �gure Fe f f

RX and Ni in terms of the conventional
noise �gure FRX one gets:

kB Fe f f
RX T0 BIF = kB FRX T0 BIF + Si F2

rms (14)

Finally, assuming Si = PRX (true for constant envelope signals like QPSK), the above relationship
can be used to derive the effective noise �gure Fe f f

RX in terms of the other system parameters:

Fe f f
RX = FRX +

PRX
kB T0 BIF

F2
rms (15)

This equation states a very interesting fact: In order to account for the local oscillator phase-noise,
the receiver noise �gure is increased by a quantity proportional to the squared phase error multiplied
by the input power referred to the noise power in the receiver bandwidth. As a result, there are two
asymptotic cases: Low quality signals and high quality signals. In the �rst case the effective signal to
noise ratio is limited by the receiver noise �gure whereas, in the second case, it is limited by the local
oscillator phase-noise. From (15) follows that the effective SNR in (9) can be evaluated, considering the
antenna noise temperature Ta, as for the conventional noise �gure:

SNRe f f ’
PRX

kB

h
Ta +

�
Fe f f

RX � 1
�

T0

i
BIF

(16)
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To apply the above theory we consider, as �rst local oscillator, the ADF5356 microwave frequency
synthesizer (Note that only the phase noise of the �rst local oscillator is considered. This because the
second conversion happens inside the SDR, whose local oscillator has a much better phase noise than
the ADF5356). Its phase-noise is shown in Figure 5 for a 13.6 GHz carrier (output B of the device)
with a loop �lter having a 2 kHz bandwidth. The reference frequency to the phase-frequency detector
(PFD) is 61.44 MHz. The black line with diamonds represents the measurements reported in the device
data-sheet ([21], p. 13). According to ([20], p. 41), the closed-loop synthesizer phase-noise can be
modeled as:

Sf( f ) =

8
>>><

>>>:

b if f < fL

b
( f / fL)3 if fL � f < fC

b
( fC/ fL)3 ( f / fC)2 if f � fC

(17)

with the following model parameters: b = 1.25� 10�7 s, fL = 6 kHz and fC = 100 kHz. The �tting
between measurements and model is also illustrated in Figure 5 (purple line).
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Figure 5. ADF5356 phase-noise: data-sheet vs model. The output frequency is 13.6 GHz (output B), the
reference frequency to the phase-frequency detector (PFD) is 61.44 MHz and the loop �lter has a 2 kHz
bandwidth. The model parameters are: b = 1.25� 10�7 s, fL = 6 kHz and fC = 100 kHz.

The phase-noise model reported in (17) can now be exploited to compute the integral in (10) and,
thus, the phase error. Assuming fmin � fL and fmax � fc one gets:

F2
rms =

n2 b fL
2

"�
fL

fmin

�2
+
�

fL
fC

�2
� 2

f 2
L

fC fmax

#

(18)

On the other hand, for fmin < fL and fmax � fc one obtains:

F2
rms = n2 b ( fL � fmin) +

n2 b fL
2

"

1 +
�

fL
fC

�2
� 2

f 2
L

fC fmax

#

(19)

To deal with a numerical case, a QPSK signal is considered with 16200-bits DVB-S2 short frames,
i.e., with Ms = 8100 symbols per frame (the QPSK implies 2 bits per symbol). The minimum
frequency is assumed equal to the frame frequency: fmin = fs/Ms, where fs is the symbol rate. For the
computations it is assumed n = 2 since, in the developed receiver, a sub-harmonic mixer (with an
internal frequency doubler) is adopted. The phase errors are evaluated, for three symbol rates, using
the above expressions and the results are quoted in Table 5. From this table is apparent that a 3.8� rms
phase error is obtained for a 500 ksym/s signal, whereas the same error reduces to 2.2� at 50 Msym/s.
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Table 5. Phase Errors versus the Symbol Rate.

Symbol Rate (Msym/s) fmin (Hz) fmax (MHz) F2
rms (rad2) Frms (degrees)

0.5 62 0.5 4.47� 10�3 3.8
5 617 5 4.20� 10�3 3.7
50 6173 50 1.42� 10�3 2.2

The �nal step is the estimation of the effective noise �gure Fe f f
RX and the comparison between

C/N and SNRe f f . These computations are illustrated in Table 6 for a received power of �76.5 dBm
(i.e., the maximum level for a zenith link) and of �91 dBm (i.e., 3 dB above the receiver noise �oor for
BIF = 50 MHz). An antenna noise temperature Ta � T0 = 290 K is assumed. From the analysis of the
table emerges that the ADF5356 frequency synthesizer is adequate for this kind of radio receiver and
that its phase-noise is a limiting factor only for high quality signals, i.e., for low data rate (narrow IF
bandwidths) and high received power levels.

Table 6. Effective Noise Figure Fe f f
Rx , C/N and SNRe f f versus the Symbol Rate.

Symbol Rate F2
rms PRX kB T0 BIF FRX Fe f f

RX C/N SNRe f f
(Msym/s) (rad2) (dBm) (dBm) (dB) (dB) (dB) (dB)

0.5 4.47� 10�3 �117 17.2 37.5 23.3
5 4.20� 10�3 �76.5 �107 3 8.3 27.5 22.2

50 1.42� 10�3 �97 4.5 17.5 16.0

0.5 4.47� 10�3 �117 4.6 23.0 21.4
5 4.20� 10�3 �91.0 �107 3 3.2 13.0 12.8

50 1.42� 10�3 �97 3.0 3.0 3.0

4.3. New Receiver Features

From a digital point of view, the receiver will be equipped with new features, namely:
Autonomous Doppler shift compensation, autonomous determination of the uplink signal
characteristics and autonomous handover between base stations.

A �rst estimation of the Doppler shift is reported in Table 3. From the analysis of these data it
is clear that any new functionality of the lunar receiver should consider the presence of a Doppler
shift and of the associated Doppler compensation methods. Recently investigated techniques in the
�eld of Doppler correction adopt a combination of search-range techniques and fast Fourier transform
(FFT) [22,23]. These techniques, based on open-loop architectures and maximum likelihood estimation,
can increase the acquisition probability and reduce the carrier frequency estimation error. A possible
solution makes use of Doppler estimation and compensation techniques originally developed for
high-mobility digital video broadcasting terrestrial receivers based on multi-carrier techniques [24].
These techniques can be adapted to a single-carrier satellite scenario by inserting a specially designed
preamble that facilitates the estimation of the Doppler shift. Special preambles have been exploited, for
instance, also in the DVB-S2 standard [25]. This Doppler compensation technique allows the receiver
to acquire the signal lock even in the presence of extreme values of frequency shifts.

The lunar receiver should be able to detect the presence of a �rst signal, for instance of an E-LS
link, and of a second signal, for instance due to an LO-LS link. In some cases, one of the two signals
could be an unwanted interference to be suppressed. Therefore, it is important that the lunar receiver is
able to distinguish two signals transmitted at the same time and to determine the characteristics (such
as, for instance, central frequency, SNR, Doppler shift, symbol rate, modulation, code rate) of both
signals. The determination of the presence or absence of a signal is a spectrum sensing problem that is
also the �rst task of a cognitive radio network. In this case the proposed solution can be obtained by a
combination among energy detection strategy (used to evaluate the power of the two signals), FFT
and correlation techniques (to determine modulation and rate parameters).
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Finally, in order to maintain an E-LS communication link, handover is required. In this way, the
lunar receiver can be served by the best-located Earth transmitting station. In satellite networks, several
categories of handover do exist. In the present lunar scenario, the lunar receiver does not transmit
the received signal quality to the Earth stations. Therefore, the lunar receiver can neither initiate nor
control the handover. Consequently, the lunar receiver should be able to autonomously detect when
the Earth stations perform the handover [26]. Here the key idea is to allow the lunar receiver to detect
two or more signals, and to successively select or combine the signals themselves. Two solutions are
possible. In both solutions, the Earth stations initiate the handover by allowing, during the handover,
the simultaneous transmission of the same signal from two different Earth stations. In the �rst solution,
called a hard handover, the lunar receiver detects the two signals separately and then selects the
most powerful one based on a link quality criterion. In the second solution, called soft handover,
the lunar receiver jointly detects the two received signals, combining them after Doppler estimation
and correction. Such a solution may require a specially designed preamble (like the one of DVB-S2)
or a cyclic pre�x and additional processing at the lunar receiver to constructively combine the two
signals without link loss.

4.4. Radiation Dose and Countermeasures

Concerning ionizing radiation, cislunar environment is quite challenging, therefore, with respect
to radiation tolerance, the following methodology will be adopted:

� The receiver PCB will be shielded by an Aluminum case of adequate thickness;
� Thanks to the miniaturization, allowed by extensive usage of ICs, a circuit redundancy can be

effectively applied to the whole receiver or to a part of it (the K/Ka-band front-end, for example);
� High reliability components (automotive grade, military grade, radiation hardened and space

grade) can be provided by the chip makers, if strictly needed by the considered application.

The lunar radiation environment, indeed, is characterized by its position, which is located beyond
the Earth’s protective atmosphere and magnetosphere. The overall computation of the absorbed total
ionizing dose should consider the dominant contribution due to the crossing of Van Allen Belts during
the path from Earth towards Moon. Beyond Van Allen Belts, in transit and on the lunar surface, the
main sources of ionizing radiation are galactic cosmic rays (GCR) and solar particle events (SPE). Since
the latter source is widely variable according to solar behavior, Moon surface radiation cannot be
determined once and for all.

Approximately, given that radiation tolerance for components off the shelf (COTS) starts from
5 krad upwards, an adequate aluminum shielding is in the range of few millimeters for a lifespan
of several months. To this purpose one could also exploits the experience gained in the past about
radiation shielding in manned missions, since this is the only strategy that can be used to protect
human beings from ionizing radiation effects.

5. Results

In order to verify the proposed concept, a receiver breadboard was realized exploiting COTS
and evaluation boards (EVBs) as illustrated in Figure 6. The receiver prototype is based on two
subsystems: i) the Ka-band front-end assembly, ii) the SDR and FPGA-based modem assembly.
The Silicon Infusion Zaltys DVB-S2 modulator and demodulator IP cores realize the digital baseband
section of the high performance DVB-S2 compliant modem. The cores are implemented directly in
hardware and require minimal software interaction. The modem receive engine delivers excellent
demodulation performance and includes LDPC, Bose-Chaudhuri-Hocquenghem (BHC) codes for
soft decision and forward error correction (FEC) decoding to fully recover the transmitted Baseband
Frames (BBFRAMES). Futhermore, the DVB-S2 standard includes a frame header that can be used to
estimate carrier offset due to a Doppler shift. The Zaltys DVB-S2 Demodulator supports automatic
handling of carrier offsets during acquisition of up to �10% of the symbol rate.
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Two frequency bands are considered in the present study, namely the K-band from 22.55 to
23.15 GHz and the Ka-band from 27.5 to 30 GHz. The front-end breadboard operates in the Ka-band
with the purpose to determine the system performance in the most critical case, i.e., at high frequencies.
The �rst IF signal (3.7 GHz) is obtained by means of a sub-harmonically pumped mixer, although
fundamental mixers could, in principle, be used [27]. Indeed a sub-harmonically (�2) mixer requires
an half-frequency LO in the range between 11.90 to 13.15 GHz and, such a signal, is easily generated
by a PLL synthesizer.

The front-end prototype uses a commercial image reject �lter implemented in rectangular
waveguide, featuring a 28.65 GHz center frequency with a 300 MHz bandwidth. Such an approach,
however, cannot be adopted neither in the engineering model, nor in the �ight model since it is too
bulky and expensive. The technology selected for the �nal application is based on SIW approach. With
this method, a waveguide-like �lter can be realized in the very same receiver PCB; the cavities being
de�ned by the top and bottom metal layers and, laterally, by a series of carefully designed via-holes.
With respect to microstrip or coplanar-waveguide (CPW) �lters, the SIW technology allows for high
Q-factor cavities and do not require any additional shielding, i.e., it leads to self shielding circuits.

(a) Ka-band front-end (b) SDR and modem

Figure 6. Prototypes. (a) Ka-band front-end breadboard operating from 27.5 to 30 GHz, (b) SDR and
custom FPGA de�ne both-based modem board. The 3.7 GHz IF signal is obtained by a sub-harmonically
pumped mixer. The half-frequency LO is in the range between 11.90 to 13.15 GHz and it is generated
by a PLL synthesizer.

An image reject SIW �lter is implemented in a low cost RO4350 material (thickness h = 0.25 mm,
relative permittivity eR = 3.48, loss factor tan d = 0.004) as a proof-of-concept. The �lter is designed
according to the methodology proposed in [28] and is centered at 29.1 GHz. Figure 7a shows the
fabricated circuit prototype: it uses four iris-coupled cavities and it is fed by two 50 W grounded
CPW transmission lines. The PCB is 28 mm long and two coaxial-to-CPW launchers are used for
measurement purposes. The measured frequency response of the �lter is illustrated in Figure 7b:
The �lter insertion loss is of about 3.6 dB, including the feeding lines and the two launchers, whereas
the return loss is around �20 dB at center frequency. The half-power bandwidth is equal to 2.5 GHz.
In order to verify the repeatability of the fabrication process, three different circuits from the same
lot have been tested: The frequency responses are very close (i.e., jS(2, 1)j within �0.2 dB in the pass
band), as testi�ed by Figure 7b. It is worth to note here that, in order to speed-up the SIW �lter design,
an automatic layout generation similar to that reported in [29] could be adopted, along with full-wave
electromagnetixc solvers [30,31].

The measurement of the receiver front-end noise �oor is reported in Figure 8a. In this case the RF
input is terminated on a matched load at ambient temperature. The spectral noise density at the 3.7 GHz
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IF output is about �128.9 dBm/Hz (see marker) and is clearly shaped by the 300 MHz bandwidth of
the image reject �lter (i.e., the rectangular waveguide �lter mounted on the breadboard prototype). The
IF spectrum of Figure 8b, instead, corresponds to a �60 dBm, 28.65 GHz CW signal at the input. The
delivered IF power is �19.6 dBm (see marker), thus resulting in a transducer power gain of 40.4 dB. As
a consequence, the input spectral noise density can be estimated as: �128.9� 40.4 = �169.3 dBm/Hz
which, for a 50 MHz signal bandwidth, gives a receiver noise �oor of about �96 dBm, in agreement
with the previous system analysis.

(a) fabricated circuit

(b) experiment

Figure 7. Image �lter. 29.1 GHz image reject �lter implemented in substrate integrated waveguide (SIW)
technology: (a) layout; (b) experiment. The �lter is realized on RO4350 material with h = 0.25 mm,
eR = 3.48 and tan d = 0.004. The measured insertion loss is of about 3.6 dB including the feeding lines
and the two coaxial-to-coplanar waveguide (CPW) end launchers. The return loss is around �20 dB at
center frequency. The three measured prototypes show very close frequency responses, testifying the
reproducibility of the fabrication process.

A more accurate characterization of the receiver noise performance requires the measurement of
its noise �gure. This was done exploiting the Y-factor method, as described in [32,33]. The N9918A
Field-Fox from Keysight (in spectrum analyzer mode) was used to measure the delivered noise power
at the 3.7 GHz IF output. In order to reduce the systematic errors due to the spectrum analyzer
noise �gure, a 15 dB preampli�er was adopted, setting to FSA � 22 dB the overall noise �gure of
the measurement system. This value was used in the correction of the measured data according
to ([32], p. 14). The measurements were carried out with the Y-factor method using a 40 GHz, FSW
series, Rodhe & Schwarz spectrum analyzer (equipped with internal prampli�er and noise �gure
option). The 346C-K01 noise source from Agilent was adopted for the calibration: Its excess noise ratio
is ENR = 11.73 dB at 28 GHz, whereas the input re�ection coef�cient is less than �16 dB in the on
condition. The measurements are reported in Figure 8c,d for the available power gain and the noise
�gure versus frequency respectively. The receiver front-end overall noise �gure is 3.4 dB whereas the
corresponding gain is 40 dB. These values include the coaxial-to-CPW end launcher and the feeding
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line insertion losses. With a separate set of measurements (carried out with a vector network analyzer),
these have been evaluated at about 1.5 dB. As a result, de-embedding these losses from the receiver
noise �gure, a �nal value of about FRX � 3.4� 1.5 = 1.9 dB is obtained. It is worth noting here that
the 2 dB ripple in the gain response is due to the mismatch between the two LNA stages and the
transmission line length between them.

(a) IF with no input (b) IF with 28.65 GHz input

(c) gain (d) noise �gure

Figure 8. Gain and noise. Measured receiver breadboard performance in different conditions. (a) IF
signal when the receiver input is terminated on a 50 W resistor at 295 K; (b) IF signal with a 28.65 GHz
input signal having a �60 dBm available power; (c) gain versus frequency; (d) noise �gure versus
frequency. The receiver front-end overall gain is of about 46 dB and the corresponding noise �gure
is 3.4 dB. These values include the coaxial-to-CPW end launcher and the feeding line (insertion loss
of about 1.5 dB). The gain and noise �gure measurements have been carried out with the Y-factor
method, exploiting the 346C-K01 noise source from Keysight (ENR = 11.73 dB at 28 GHz). The receiver
breadboard uses a rectangular waveguide image reject �lter with 300 MHz bandwidth.

The large signal gain of the receiver is depicted in Figure 9 as a function of the available input
power at 28.65 GHz. For an input power of �100 dBm the gain is 46 dB, in agreement with that
illustrated in Figure 8d. The input-referred 1 dB compression point is P1dB = �37 dBm, which is
suitable for the target moon receiver.

As a �nal test, the constellation in the I/Q plane at the output of the receiver breadboard (Ka-band
front-end, SDR and demodulator) is measured for a QPSK signal at 40 Msym/s (see Figure 10). The
modulated signal is centered at 28.6495 GHz, has a roll-off factor of 0.25 and a bandwidth of 50 MHz.
The IF bandwidth of the SDR is set to 56 MHz, 77.5 dB above 1 Hz, the maximum allowed value; this
also corresponds to the highest noise-�oor level (worst case). The constellation is recorded for input
signal power levels in the range from �50 to �80 dBm. Since the breadboard noise �gure is 3.9 dB, the
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�80 dBm case corresponds to a SNR of about 12 dB. This justi�es the spreading observed in the I/Q
plane. When the input power is increased such a spreading is reduced but not completely eliminated.
Such a behavior is due to the phase noise of the local oscillators used in the down-converters, mainly
that in the Ka-band front-end. In all cases of Figure 10 the receiver was in lock condition.

Figure 9. Linearity. Measured large signal receiver gain versus the available input power at 28.65 GHz.
The input-referred 1 dB compression point is P1dB = �37 dBm. This value includes the 1.5 dB insertion
loss due to the coaxial-to-CPW end launcher and input feeding line.

(a) �60 dBm (b) �70 dBm

(c) �80 dBm

Figure 10. Quadrature phase shift keying (QPSK) test. Measured constellation in the I/Q plane
for the whole receiver (Ka-band front-end, SDR and demodulator) at different input power levels.
(a) PRX = �60 dBm; (b) PRX = �70 dBm; (c) PRX = �80 dBm. A QPSK signal at 40 Msym/s, roll-off
factor 0.25, is provided at the input. The receiver bandwidth is set to 56 MHz. Considering the
breadboard noise �gure, a 12 dB SNR is achieved in the �80 dBm case.
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To test the receiver robustness, an interferer at 28.6505 GHz (i.e., at 1 MHz offset from the main
signal center frequency) is injected at the receiver input. The interferer is a pure carrier and has
the same �60 dBm power as the signal (the signal to interferer power ratio is S/I = 0 dB). The
resulting power spectrum and I/Q constellation are represented in Figure 11. As a consequence of the
interference, a rotation of the received data around the expected (�

p
2,�
p

2) points in the I/Q plane
is observed. The receiver was in lock condition even in this case.

(a) spectrum

(b) constellation

Figure 11. In-band interference. Measured spectrum (a) and constellation in the I/Q plane (b) at the
output of the receiver breadboard (Ka-band front-end, SDR and demodulator) for a QPSK signal at
40 Msym/s. The modulated signal has an available power of �60 dBm and is centered at 28.6495 GHz.
An interferer is added at the receiver input. The interferer is a �60 dBm carrier at 28.6505 GHz (i.e., at
1-MHz offset). This justi�es the rotation of the received data around the expected (�

p
2,�
p

2) points
in the I/Q plane.

6. Discussion

An analysis of the state of the art is proposed in Table 7. The developed receiver compares well
with two famous designs, the �rst from Alenia Sapce [34] and the second from Harris [35]. The power
consumption of the Ka-band front-end, including the PLL synthesizer, is of about 2.48 W (breadboard
measurements). The SDR (second conversion, demodulation, analog to digital conversion (ADC) and
high-speed digital interfaces) consumes about 2 W with 56 MHz of IF bandwidth. The FPGA board
with modem (digital signal processing, detector) and the CPU (at 20% of full capacity) consumes
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another 3 W. The power supply unit (with DC-DC converter and regulators) dissipates about 0.5 W. As
a result the total power consumption is of about 8 W, if all is switched on (no power saving strategies).
Such a requirement is compatible with the capability of presently available electrical power subsystems
(EPS) and, speci�cally, with the energy generation capabilities of deployable solar panels for cubesat
platforms. Recent papers, indeed, show that this kind of panels can supply between 20 and 50 W,
when correctly oriented to the Sun [36�38].

Table 7. State-of-the-Art for K/Ka-Band Receivers for Space Applications.

Ref. Mission f0 FE Gain FRX P1dB Data Rate DC Power Mass
Scenario (GHz) (dB) (dB) (dBm) (Mb/s) (W) (kg)

[34] GEO satellites 27.50�31.00 55 2.3 �42 n.a. 5 (+) 0.2 (+)

[35]
International
Space Station 22.52�23.12 n.a. 2.3 n.a. 12.5 n.a. 19.2 (*)

this
work

Moon &
cislunar space

22.55�23.15
27.50�30.00

46 1.9 (�) �37 100 8 0.6 (�)

(+) only Ka-band receiver front-end; (*) includes a 40 W transmitter unit; (�) noise �gure equal to 3.4 dB with
end-launcher and input CPW line; (�) estimated value.

Concerning size and mass, it has been estimated that the proposed front-end can easily be
integrated in a single PCB having a size of 9� 9 cm2. Three other similar boards are needed for the
(i) software-de�ned radio, (ii) for the modem and CPU and (iii) for the power supply unit. Estimating
a thickness of 1 cm for each board, a total volume of 9� 9� 4 = 324 cm3 is obtained. This implies an
overall mass of about 0.6 kg if an average speci�c mass of 1.95 g/cm3 is assumed for all the electronics.

The achieved miniaturization level is already compatible with cubesat platforms and will be
further improved exploiting the single-chip solution that the microelectronic industry is developing
for the ground-based 5G telecommunication and imaging systems [39�42]. This mean that cubesats
could be exploited in future Moon exploration missions, as happened ìn the fall 2018 with the Mars
Cube One (MarCO) satellites.

7. Conclusions

In the next years, the cislunar space will be the target for a variety of projects, such as the
Lunar Orbital Platform-Gateway and the Lunar Relay Satellites. This calls for new technologies to
be developed and, among them, for the set-up of a suitable telecommunications infrastructure. Such
infrastructure should have the capability of carrying out the simultaneous multi-band communications
between Earth, the Moon, including visiting (rovers) and descent/ascent (landers, terminals) vehicles,
and other elements in cislunar orbit. Since this kind of missions employs many information-intensive
(high resolution, high coverage, high duty cycle) sensors, high speed data links will be required.

The above scenario is investigated in the present paper and, speci�cally, the feasibility study of
a high data rate receiver operating in the K/Ka band is carried out. Starting from a careful mission
and system analysis, the main speci�cations of such a receiver are outlined. Particularly relevant are
some new features that need to be considered in this applications, such as: Autonomous Doppler
shift compensation, autonomous determination of the uplink signal characteristics and autonomous
handover between base stations.

The foreseen receiver uses a low noise down-converter from K/Ka-band to a �rst IF at 3.7 GHz,
a software de�ned radio for the second frequency conversion and the I/Q demodulation (including
ADCs) and a FPGA-based decoder and data interface. A preliminary front-end breadboard operating
between 27.5 and 30 GHz has been implemented. The breadboard is based on COTS and commercial
EVBs and features a 46 dB gain, a 3.4 dB noise �gure and a �37 dBm input-referred 1 dB compression
point. A �nal demodulation test, carried on a QPSK signal at 40 Msym/s, show the feasibility of the
proposed receiver, even on the basis of the low cost, off the shelf integrated circuits.
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While the receiver design may seem a conventional one, it is worth mentioning once again that
the aim of this work is to assess and validate the receiver concept according to those aspects that are
critical for the success of a space mission. Indeed it can be considered as remarkable the fact that
a receiver design (which can be assumed common practice for consumer applications) is proven to
withstand all the challenges of the space environment, as stated in the discussion. This demonstrates
that new approaches can be as reliable as traditional ones, and also more cost effective.
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