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ABSTRACT This paper proposes a Ka-band receiver front-end for future CubeSats Low-Earth Orbit
(LEO) to Geostationary (GEO) inter-satellite links. The receiver is able to support very high data rates (up
to 100 Mbit/s) in Quadrature Phase-Shift Keying (QPSK) when in the line of sight of a GEO satellite that
is equipped with a steerable 70-cm antenna and transmitting a 25-W signal. The originality of the proposed
approach is twofold. First we will demonstrate the receiver feasibility based on a class of miniaturized and
low-cost microwave integrated circuits, currently available on the market. In particular, our receiver is based
on a novel combination of integrated Low-Noise Amplifiers (LNA) with an image rejection filter, the latter
exploiting the Substrate Integrated Waveguide (SIW) technology. An optimization of the via placement
proved to be able to reduce the need for shielding apparatuses, thus simplifying the mechanics and reducing
mass, volume and hardware costs. Secondly, we will propose a noise injection circuit capable of measuring
and calibrating the receiver gain, also during in-orbit operation. Self testing capabilities are particularly
relevant for CubeSats because the usage of commercial components poses serious reliability issues.

INDEX TERMS Ka-band, microwave receivers, noise injection, noise calibration, CubeSats, LEO to GEO
links, microwave/mm-wave electronics.

I. INTRODUCTION

IN these years satellite launches have been increased,
due to easier access to space and to the development

of cheaper hardware. Small satellites on Low-Earth Orbit
(LEO) play a central role in Earth observation. The improved
resolution of their instruments generates high data volumes
[1], [2], which can be available in near real time. For this rea-
son, the space community is planning to exploit the existing
infrastructure to facilitate the communication between Earth
and small LEO satellites. The Fixed Satellite Service (FSS)
networks on Geostationary relay satellites, also known as
Geosynchronous Equatorial Orbit (GEO) satellites, offer an
attractive perspective for providing the required connectivity.

Data relay in satellite communications is a well-known
concept, which has been studied or implemented in differ-
ent systems, such as the NASA third generation Tracking

and Data Relay Satellite System (TDRSS-K), launched in
January 2013, and the Japan Aerospace Exploration Agency
(JAXA) experimental Data Relay Page Satellite (DRTS),
launched in 2002. These systems provide high-rate data relay
capabilities mainly between geostationary satellites and the
Ground Stations (GS).

The communication link between LEO and Earth is a very
well studied subject. Although it can operate with limited
link budgets, it requires efficient communication protocols, to
overcome the high Doppler effect. Moreover, due to the low
orbit, LEO communications suffer from restricted visibility
time from the ground station. If a GEO satellite is used as a
relay station between the LEO and the ground station, then it
is theoretically possible to increase the contact time to more
than half of the LEO orbit. As a consequence, Inter-Satellite
Links (ISL) between LEO and GEO are currently under study
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to provide high-data rates and wide coverage, particularly for
the emerging CubeSat market [3].

This work presents a receiver in the Ka-band that supports
high-speed links between LEO and GEO satellites [4], [5].
The proposed low noise front-end performs a down conver-
sion of the incoming 29 GHz signal into a 3.7 GHz Intermedi-
ate Frequency (IF). The originality of the proposed approach
lies in the adoption of a Substrate Integrated Waveguide
(SIW) image rejection filter in conjunction with integrated
Low-Noise Amplifier (LNA) stages. An optimization of the
via layout reduces the need for shielding apparatuses, thus
simplifying the mechanics and reducing mass, volume and
hardware costs. In last years, many studies related to fil-
ters [6], mixers [7]-[9], oscillators [10], [11], low-noise [12]-
[15] and power amplifiers [16]-[20] in SIW technology were
published. The application of this technology to front-ends,
however, is scarcely documented. Active front-ends were
discussed in [21]-[23], whereas passive structures are treated
in [24], [25], [26]. In all these papers, however, parame-
ters like gain, stability factor and noise figure were never
reported, leaving the field of active front-ends still widely
unexplored.

The active front-end reported in the present paper uses a
SIW filter between the two LNA stages. This configuration
has been selected since it constitutes the best compromise
among noise figure, image rejection and input compression
point. Furthermore, the ground via external to the SIW filters
have been carefully placed with the purpose to minimize
the parasitic output-to-input coupling, and thus to achieve
the unconditional stability (no LNA self-oscillations). As a
result, the LNA reaches a gain of 38 dB without mechanical
shields.

As a further original development, the receiver includes
a gain calibration circuit based on noise injection at the re-
ceiver input. This self-test capability is particularly important
in low-cost electronics, such as that exploited in CubeSats.
To achieve maximum flexibility, a Software Defined Radio
(SDR) is planned for the I/Q demodulation and for the Ana-
log to Digital Conversion (ADC). The decoding operations
and the data interface will be carried out by a processor based
on Field Programmable Gate Array (FPGA) circuits [27].

To experimentally verify the above concepts, a preliminary
front-end breadboard is implemented, operating between
27.5 and 30 GHz. The breadboard, that uses Components
Off The Shelf (COTS) and custom developed Printed Circuit
Boards (PCB), is characterized by an overall 80 dB gain, a
2.8 dB noise figure and a −37 dBm input-referred 1 dB com-
pression point. 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 for CubeSat LEO to GEO inter-satellite links.
This infrastructure could be used for commercial applications
and for future exploration missions [28], [29].

In summary the original elements of the present paper are:
• development of a novel Ka-band receiver front-end

based on the SIW technology with the purpose to avoid
shielding elements, simplify the mechanics and reduc-
ing mass, volume and hardware costs, patent [30];

• modeling of the spurious coupling mechanisms due to
parasitic waveguides and via spacing in the PCB and
study of their impact on the LNA stability;

• analysis of the in-orbit receiver gain self test sub-
system: for the first time an avalanche noise diode
circuit model is combined with the 2-ports scattering
matrix of an attenuator to simulate the whole sub-system
performance (not just that of the noise diode alone).

II. MISSION SCENARIO
One of the main advantages of the GEO to LEO inter-satellite
links is that the radio path is not affected by the atmospheric
attenuation that can be as high as 20 dB in heavy rain
conditions for services in the Ka-band. As a consequence,
very stable and reliable communications can be achieved
irrespective of the ground weather.

FIGURE 1. Mission scenario used to estimate the maximum received power
in downlink (from GEO to LEO). Link parameters: range R = 34986 km
(minimum LEO to GEO distance); height of the LEO orbit H = 800 km; GEO
transmitted power Ptx = 25 W; GEO antenna gain GGEO

a = 44.3 dBi (70 cm
steerable dish antenna with a 60% efficiency); LEO antenna gain
GLEO

a = 39.4 dBi (40 cm steerable dish antenna with a 60% efficiency).

To guarantee the link, however, both the antennas should
be steerable. Although the discussion of this important point
is outside the scope of the present paper we can observe that:
i) the GEO satellite sees the Earth within a cone of about
±10◦, so the steering angle needed by the GEO antenna to
communicate with the LEO satellite are limited [31]; ii) the
LEO satellite needs to change the antenna orientation with
a velocity of about 4◦ per minute, being the average orbital
period of 90 minutes. Therefore, the antenna requirements
are not particularly severe. Mechanically or electronically
steerable antennas can be used to this purpose, the most
relevant being motorized dish reflectors, active reflectarrays
and phased arrays.
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Fig. 1 shows a simplified link geometry where the receiver
is on the CubeSat in low-earth orbit, exactly at the zenith
of a geostationary satellite (GEO). In this figure GGEOa

and GLEOa are the gains of the GEO and LEO satellite
antennas respectively, Ptx is the power transmitted by the
GEO satellite, and R = 34986 km is the minimum LEO to
GEO distance. The received power, Prx, is determined using
the Friis’ formula, assuming a 25 W transmitter onboard
the GEO and accounting for 1 dB insertion loss due to the
output harmonic suppression filter and to the circulator [31].
The computations have been done at 28.75 GHz, i.e. at the
center of the operating frequency band that spans from 27.5
to 30 GHz, see Tab. 1. A dish antenna of 70-cm diameter
is considered for the GEO satellite. The LEO CubeSat is
equipped with a deployable dish antenna, similar to that de-
scribed in [29]. Two different diameters have been assumed,
namely 40- and 20-cm. This is to study a trade-off between
mass/size and received signal strength. The half power beam
width of the LEO antenna, θLEOH , is equal to about 2◦ and
4◦ for the 40- and a 20-cm diameter respectively. In all the
cases (GEO, LEO of different diameters) the dish antenna
efficiency is assumed to be 60%.

TABLE 1. Ka-band GEO to LEO Link Budget for 25 W Transmitted Power

f0 GGEO
a EIRP path loss Drx GLEO

a Prx

(GHz) (dBi) (dBm) (dB) (cm) (dBi) (dBm)

28.75 44.3 87.3 212.5 40 39.4 -85.8
28.75 44.3 87.3 212.5 20 33.4 -91.7

The best case receiver noise floor can be estimated assuming
a 4 dB receiver noise figure, a 50 MHz signal bandwidth
and an antenna noise temperature close to 110 K. Indeed the
receiver antenna points toward the cold space (3 K cosmic
microwave background) and the antenna noise temperature
is dominated by the antenna efficiency and its physical
temperature (estimated at 273 K). The input spectral noise
density corresponding to 110 K is -174 dBm/Hz and, as a
consequence, the receiver noise floor is -97 dBm. With the
received power reported in Tab. 1, we get a carrier-to-noise
ratio (C/N) of 11.2 and 5.3 dB respectively for the 40- and 20-
cm diameters. According to the Shannon-Hartley theorem,
the theoretical channel capacity is equal to about 190 and 100
Mbit/s for the two diameters.

III. RECEIVER ARCHITECTURE
The receiver (see top panel of Fig. 2) is based on two subsys-
tems: i) the Ka-band front-end; ii) the Software Defined Ra-
dio (SDR) and Field-Programmed Gate Array (FPGA) mo-
dem assembly. The Ka-band front-end operates a first down
conversion to an Intermediate Frequency (IF) of 3.7 GHz. It
consists of a two-stage Low Noise Amplifier (the A1 and A2
LNAs in the figure), an image rejection filter (F1), a Sub-
Harmonically pumped (×2) Mixer (SHM), an IF filter (F2)
and a first stage of IF amplification (A3). The half frequency
LO is generated by a microwave Phased Locked Loop (PLL)

synthesizer, to ensure a low near-carrier phase noise as well
as frequency stability and agile channel selection. In the Ka-
band, the Local Oscillator (LO) frequency varies from 11.90
to 13.15 GHz. The input isolator (optional) is used to provide
a good antenna matching over the operating frequency range.
A typical 1-dB insertion loss was already considered in the
system analysis by setting the overall noise figure to 4 dB.
A 6-GHz SDR and an FPGA-based demodulator (not dis-
cussed here) realize the digital baseband section of the high
performance DVB-S2 compliant modem. In the following the
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FIGURE 2. Receiver architecture with noise injection circuitry (a) and
equivalent circuit for the Excess Noise Ratio (ENR) computation (b). In the
receiver, A1 and A2 are the Ka-band LNAs, F1 is the image rejection filter,
SHM is the Sub-Harmonic Mixer, F2 is the 3.7 GHz IF filter, A3 is the IF
amplifier and SDR is the 6-GHz Software Defined Radio. The NC406 noise
diode parameters are reported in [32], whereas the HMC655 attenuator (6 dB
up to 50 GHz) from Analog Devices is used to set the ENR value of the
designed noise source.

main issues related to the receiver design are as follows. First
of all the gain calibration circuitry is accurately analyzed.
Secondly, some aspects of the LNA design (A1, F1, A2 in
Fig. 2) will be discussed. In particular the attention is focused
on the parasitic output-to-input coupling and to the overall
circuit stability. This will be ensured by a proper placing of
ground vias in the region outside the SIW image rejection
filter.

IV. GAIN CALIBRATION CIRCUITRY DESIGN
An original feature of the receiver front-end is the possibility
to be tested and, eventually, calibrated also during in-orbit
operation. To this purpose a noise injection circuit is adopted,
as shown in Fig. 2 (top panel). Such a circuit is composed
by an avalanche noise diode, a bias-tee, an attenuator and
a directional coupler. The noise source is controlled by
the receiver Central Process Unit (CPU). When the diode
is biased into avalanche (high temperature state), a known
amount of noise power is injected into the receiver and the
corresponding output power, Non, is measured. The latter
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measurement can be implemented in several ways, i.e. by
exploiting a zero-bias Schottky diode detector at IF output
or by using the Received Signal Strength Indication (RSSI)
signal provided by the SDR. Similarly, an output power
Noff is obtained when the noise source is switched off (low
temperature state). According to the Y-factor method, the
overall receiver gain Grx is given by:

Grx =
Non −Noff

kB C ENRT0B
(1)

where kB is the Boltzmann constant, C is the coupling factor
of the directional coupler, ENR is the Excess Noise Ratio
of the avalanche noise source, T0 = 290 K is the IEEE
standard temperature and B is the bandwidth of the receiver
stages before the power detector. The main advantage of the
described procedure is that the gain is determined employing
the avalanche noise source only. The described measurement
should be carried-out when no signal is received from the
GEO satellite.

To measure the receiver noise figure in a laboratory en-
vironment, the noise injection must be performed with the
receiver terminated on a matched load having a known
(physical) temperature. During in-orbit operation, instead,
the receiver antenna can be pointed toward a celestial body
like the Moon, for example, which behaves as a black-body
with a brightness temperature between 260 and 280 K in the
Ka-band, [33].

To avoid the receiver saturation during the noise injection
phase, the calibration circuit is designed assuming a noise
temperature increase Ti = C ENRT0 of the same order of
magnitude of the antenna noise temperature. Since in [34] it
is shown that the NC406 avalanche diode has a 29 dB ENR
at 30 GHz (24 mA bias), Ti ≈ 2T0 implies a 6 dB attenuator
and a C = −20 dB directional coupler. In order to simu-
late the ENR behavior versus the frequency, the approach
proposed in [35] is applied. The equivalent circuit shown in
Fig. 2 is used for the computation, where the attenuator is
cascaded to the small-signal model of the avalanche diode,
and the ENR is derived from the noise power dissipated
on R0. The graph of Fig. 3 is obtained modeling the 6 dB
HMC655 attenuator by means of its measured scattering
matrix, this being available from the Analog Devices web
site.
From this study it emerges that the ENR in the considered
Ka-band decreases from 23.4 dB (at 27.5 GHz) to 22.2 dB
(at 30 GHz). To the best of the authors’ knowledge, this is
the first time that a complete noise source, composed by a
diode and an attenuator, is simulated with a CAD software.
The same approach could be extended to consider other
effects such as the bias-tee, the wire-bonding inductance (for
die devices) or package parasitics [36] and the directional
coupler frequency response. Although not considered in the
present study, we noticed that a flat 24.8 dB ENR can be
obtained in the K-band at 22.85 GHz with the same approach.
This is another band of potential interest for LEO to GEO
inter-satellite links.
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FIGURE 3. Simulated ENR versus frequency. The noise source is composed
by the NC406 diode (produced by NoiseCom) connected in cascade with the
HMC655 6 dB attenuator (from Analog Devices). The output noise power is
computed on R0 = 50 Ω.

As a final remark we noticed that, for missions of short
duration (a few years) like those of Cubesats, the ENR
variation due to the noise source aging can be neglected.

V. LNA DESIGN
The LNA board is designed having in mind two main goals,
namely: i) to achieve a certain degree of interferences robust-
ness without compromising the noise figure (a transmitter
for the LEO to GEO uplink could be located between 17.8
and 20.2 GHz) and ii) to guarantee an unconditionally-stable
operation of the LNA, even without shields and cavities, to
reduce mass and costs of the final board.

Functional to these goals is the adoption of the SIW
technology for the image rejection filter implementation (see
Sec. VI), an approach that leads to intrinsically self-shielded
components. The filter is placed between the two gain stages
in order to improve the interference robustness, as the signal
that leaks-out of the transmitter is strongly rejected by the
filter before entering the second stage. Furthermore, since the
filter follows a first gain stage, its losses have a negligible
effect on the overall noise figure.

Secondly, the interstage filter arrangement allows us to put
space between the two gain blocks, significantly reducing the
parasitic coupling between the output port of the second stage
and the input port of the first one. Placing a sufficient distance
between the two stages, however, is not sufficient by itself
to avoid parasitic oscillations. Other techniques have been
adopted, namely: i) low-radiation transmission lines to feed
the LNA; ii) ground vias outside the SIW filter to reduce the
parasitic coupling due to waveguide modes between top and
bottom ground planes; iii) the extension of the top ground
plane reduced to a minimum (compatible with the layout
constraints). In the following subsections we will discuss the
effectiveness of these approaches using simplified models.

A. PARASITIC C-SHAPED WAVEGUIDES
As stated before, the LNA exploits low-radiation transmis-
sion lines like grounded Co-Planar Waveguides (CPW) and
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SIW rectangular waveguides. All these lines require a bottom
and a top ground plane. Although it is common practice to
extend the top ground plane to all the PCB, this approach
can cause problems if an adequate number of ground vias is
not used. Top and bottom metal planes, indeed, form guiding
structures that are able to couple the signal leaking out of
the amplifier output back to the input. A parasitic feedback
loop is thus formed as in Fig. 4(a), while an approximate
model of such a guiding structure is represented by the c-
shaped waveguide shown in Fig. 4(b). The cross-section is
similar to half of a dielectric-filled rectangular waveguide
with one of the two vertical walls constituted by the ground
via row, while the other is an open (i.e. radiating) boundary.
At this point it is possible to note that, for small substrate
thickness h, the open boundary can be approximated with
a magnetic wall. Although crude, such an approach reduces
the complexity of the problem, and allows us to obtain simple
expression of the cutoff frequency fc as a function of the top
metal extension w:

fc ≈
c0

4w
√
εR

(2)

where c0 is the light velocity in a vacuum and εR is the
relative permittivity of the dielectric substrate.

Fig. 4(c) shows the behavior of fc when w varies in the
range from 1 to 7 mm. A dielectric with εR = 3.66 is consid-
ered. The theory (black curve) agrees within ±3% with the
CST electromagnetic simulations (points), so eqn. (2) can be
used to reliably evaluate fc. Further details on the c-shaped
waveguide propagation are reported in the Appendix A.

From the analysis of these results it emerges that, in
practice, cutoff frequencies well within the K/Ka-band can
be obtained with small values of w (in the order of 2 mm
or so), thus parasitic c-waveguides should be carefully taken
into account during the layout design.

B. GROUND VIA SPACING
The amount of feedback through the c-shaped waveguide
in Fig. 4(a) is related to the signal that leaks-out of the via
rows delimiting the transmission line, i.e. either a grounded
CPW or a SIW in our case. Such a signal is usually faint,
but it can turn into a problem if the amplifier gain is high.
The radiation leakage due to the side vias of a SIW section
was studied in [37], [38]. Without loss of generality, also the
present analysis focuses on the SIW technology. Following
[37], the attenuation constant αR due to the SIW radiation is
related to the geometry by:

αR ≈
1

20 log10 e

1
a

(
d
a

)2.84 ( s
d − 1

)6.28

4.85

√(
2 a
λ

)2 − 1
(3)

where a is the waveguide width, d is the via diameter, s
is the via spacing and λ = c0/(

√
εR f) is the wavelength

in the dielectric medium at the operating frequency f . The
factor 1/(20 log10 e) is used to convert the attenuation factor
expressed in dB/m, [37], into the attenuation constant given

w

OUTINP

waveguide

c−shaped

integrated circuit
LNA

feedback loop
parasitic

(a) top view

Rε

w

h

waveguide
c−shaped

ground
vias

open
boundary

(b) cross-section

 5

 10

 15

 20

 25

 30

 1  2  3  4  5  6  7

c
u
to

ff
 f
re

q
u
e
n
c
y
 (

G
H

z
)

width (mm)

simulation

theory    

(c) cutoff frequency

FIGURE 4. Unwanted feedback loop that can arise between output and input
of an integrated LNA. This loop is established, via the PCB, through a parasitic
c-shaped waveguide as in (a). The structure cross-section is shown in (b), w
being the waveguide width, h the substrate height and εR the relative
permittivity. Although such a structure has an open boundary (and it is lossy
due to radiation), it can propagate a signal back to the input destabilizing the
amplifier. The cutoff frequency is represented in (c) for a substrate with
h = 0.25 mm and εR = 3.66. Here a simple theoretical model (see text) is
compared with electromagnetic simulations (agreement within ±3%).

in 1/m. Now, considering a waveguide section of length l, the
transmission coefficient T can be written as:

T = exp(−αR l) (4)

and the fraction of power pr that leaks out of the via is:

pr = 1− T 2 ≈ 2αR l (5)

Note that the last approximation is valid for small values of
αR, which is applicable to the studied case. Combining (5)
with (3) it is possible to estimate the leak-out power fraction
as a function of the via spacing. For example, considering
the waveguide adopted in the image rejection filters (see next
section), we have the following parameters: a = 4 mm, d =
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0.3 mm, l = 1 cm, εR = 3.66 and f = 29 GHz. Under these
conditions, the behavior shown in Fig. 5 is obtained.
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FIGURE 5. Leak-out power fraction in dB as a function of s/d for
f = 29 GHz. SIW parameters: a = 4 mm, d = 0.3 mm, εR = 3.66. The
power fraction pr is estimated for a 1-cm waveguide section.

As it can be seen, for a typical s/d = 2 the power leakage
is close to -40 dB/cm, which is not negligible for high gain
amplifiers like that used in the described front-end. To further
reduce the leakage, double rows of closely spaced ground
vias are adopted.

C. PCB MODELING AND LNA CO-SIMULATION
The parasitic output-to-input feedback discussed previously
is due to the signal traveling within the PCB. Another im-
portant coupling mechanism, however, is due to radiation.
In both cases the separation distance d that exists between
the two LNA stages is an important parameter. Increasing
the distance can reduce the parasitic coupling, and this is
fundamental to achieve the unconditional stability without
shields. Placing the image rejection filter between the two
amplifiers we can increase d without wasting space, see
Fig. 6(a). An important consequence of this choice is that
the amplifier stability is also positively affected by the filter
losses.

To model all the above effects 6 PCB ports have been iden-
tified, as depicted in Fig. 6(b). Ports 1 and 2 are external and
represent the input/output interfaces of the circuit. The re-
maining four ports (namely port 3, 4, 5 and 6) are the internal
terminals where the integrated circuits are connected. Then,
the 6-ports scattering matrix of the PCB is evaluated with
a 3D CST electromagnetic simulator. Such a matrix is then
combined with the measured scattering parameters of the two
LNA integrated circuits, which are generally provided by the
vendors. The resulting (equivalent) network representation is
illustrated in Fig. 6(c) and combines together numerical PCB
model and integrated circuit measurements.

The amplifier frequency response is evaluated exploit-
ing the above network representation. To illustrate the co-
simulation procedure, a 4-cavities SIW filter is considered
(see Sec. VI for further details about this filter). The first
stage is constituted by the HMC1044, while the second stage
is the HMC566; both the integrated circuits are from Analog
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FIGURE 6. Modeling of the two-stages LNA with interstage SIW filter (a). In a
first step the two LNA integrated circuits are removed and 6 ports are identified
(b). Then the 6-ports scattering matrix of the PCB is evaluated with an
electromagnetic simulator. Such a matrix is finally combined with the LNA
measurements (scattering parameters provided by the vendor) in such a way
as to get an equivalent network (c). This representation allows for the
two-stages LNA frequency response evaluation, including the PCB behavior.
Note that the latter accounts for both the SIW filter frequency response and all
the parasitic coupling effects (both radiated and conducted by the PCB itself).

Devices. The obtained small-signal gain is shown in Fig. 7:
the filter frequency response is clearly visible and a peak
gain equal to 42.4 dB is reached at 28.3 GHz. The amplifier
stability is discussed starting from the scattering parameters.
The µ stability factor is evaluated as:

µ =
1− |S11|2

|S22 −∆S∗11|+ |S12 S21|
(6)

where Sij with i, j = 1, 2 are the scattering parameters of the
circuit and ∆ = S11 S22 − S12 S21 is the scattering matrix
determinant. The µ factor is plotted again in Fig. 7 and, as
it can be seen, it is always greater than one, testifying the
unconditional stability of the designed circuit.

VI. RESULTS
Two proof-of-concept image rejection filters have been man-
ufactured in SIW technology using a low-cost RO4350B
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FIGURE 7. Co-simulation of a two-stages LNA with interstage 4-cavities SIW
image rejection filter. |S21|, or small-signal transducer power gain referred to
50 Ω, and µ stability factor. First stage: HMC1044; second stage: HMC566;
both the integrated circuits are from Analog Devices. The peak gain is 42.4 dB
at 28.3 GHz and the circuit is unconditionally stable.

substrate. The filters are designed according to [6] and are
centered at 29.15 GHz. The design procedure is quite stan-
dard and will not repeated here; we simply note that, in order
to speed-up such a procedure, an automatic layout generation
similar to that reported in [39] could be adopted, along with
full-wave electromagnetic solvers [40].

Fig. 8 represents the first filter and the corresponding
scattering parameters (measurements). Such a filter (overall
length 28 mm) exploits 4 iris-coupled cavities and it is fed
by two 50 Ω grounded CPW transmission lines. The inser-
tion loss is 3.6 dB, including the feeding lines and the two
launchers, whereas the return loss is around 20 dB at center
frequency. A 60 dB rejection is obtained between 23 and
26 GHz.

To improve the low-frequency rejection, a 6-cavities SIW
filter has also been designed, implemented and experimen-
tally characterized. This second filter (overall length 36 mm)
is illustrated in Fig. 9. The measured insertion loss is 5.6 dB,
including the feeding lines and the two coaxial adapters, and
a return loss better than 20 dB at center frequency is obtained.
A 70 dB rejection is obtained between 23 and 26 GHz. These
two experiments show that the SIW technology is mature
and reliable for Ka-band space applications, even with the
adoption of a low-cost dielectric substrate like the Rogers
RO4350B. Furthermore, several prototypes of both the 4- and
6-cavities filters have been fabricated (exploiting an external
service) and measured. The obtained frequency responses are
very close to each other, demonstrating that the tolerances of
a commercial PCB fabrication process are adequate for the
target application.

In order to validate the approach developed in Sec. V,
an LNA board is implemented, as shown in Fig. 10. As
already stated, the LNA uses the HMC1040 device as the first
stage and the HMC566 device as the second stage. The two
different integrated circuits have been selected considering
their frequency responses, so as to obtain a maximally flat
gain in the pass band. A compensation is obtained since the
HMC1040 gain decreases by about 2 dB between 27.5 and
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FIGURE 8. 4-cavities image rejection filter implemented in SIW technology:
layout (top) and experiments (bottom). The filter is realized on RO4350B with
h = 0.25 mm, εR = 3.66 and tan δ = 0.004. The measured insertion loss at
29.15 GHz is 3.6 dB, including the feeding lines and the two coaxial-to-CPW
end launchers. The return loss is around 20 dB at center frequency. A 60 dB
rejection is obtained between 23 and 26 GHz.
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FIGURE 9. 6-cavities image rejection filter implemented in SIW technology:
layout (top) and experiments (bottom). The filter is realized on RO4350B with
h = 0.25 mm, εR = 3.66 and tan δ = 0.004. The measured insertion loss at
29.15 GHz is 5.6 dB, including the feeding lines and the two coaxial-to-CPW
end launchers. The return loss is better than 20 dB at center frequency. A
70 dB rejection is obtained between 23 and 26 GHz.

30 GHz, whereas that of the HMC566 increases by almost the
same quantity. Furthermore, at the considered frequencies,
the HMC1040 has a gain of about 25 dB while the HMC566
gain is 20 dB. As a consequence the overall gain can be close
to 40 dB when the 6-cavities filter is adopted.

The prototype LNA board is implemented with the same
substrate used for the filters (Rogers RO4350B) while two
2.92-mm coaxial-to-CPW adapters (type ELF40-001 from
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Signal Microwave) are used to provide the external connec-
tions. The first stage draws a 70 mA current at 2.5 V; the
second-stage current consumption, instead, is 82 mA at 3 V.
The overall power required by the LNA is around 0.42 W.

FIGURE 10. Implemented two-stages LNA board with 6-cavities interstage
SIW filter. Laboratory prototype (top) and engineered version (bottom). The
first stage (to the left) is the HMC1040 while the HMC566 is used as the
second stage (right). The LNA board is implemented on RO4350B with
h = 0.25 mm, εR = 3.66 and tan δ = 0.004. The first stage current is 70 mA
at 2.5 V, while the second stage consumption is 82 mA at 3 V. The overall
power consumption is around 0.42 W. The PCB size (connectors not included)
is 42 mm in length and 24 mm in height.

The LNA characterization is carried out in two steps. First,
the scattering parameters are measured as a function of the
frequency with a Vector Network Analyzer (VNA), model
Agilent Technologies N5230A up to 40 GHz, equipped with
an electronic calibration kit. Then the noise figure is deter-
mined with the Y-factor method [41], using a Rode&Schwarz
Spectrum Analyzer, model FSVA3044 up to 44 GHz (with in-
ternal preamplifier) and a 346C-K01 solid-state noise source
from Keysight Technologies. Such an experimental set-up is
shown in Fig. 11. Finally, to cross-check the two methods, the
available power gain obtained with the Y-factor is compared
to the |S21| measured by the VNA.

The experimental results obtained with the above approach
are illustrated in Fig. 12 and in Fig. 13. From these measure-
ments emerges that the peak gain is 38.5 dB at 29.15 GHz
with an input reflection coefficient around -9 dB in the
whole operation bandwidth. The image rejection is better
than 80 dBc between 20 and 23 GHz. The LNA reaches
a 2.8 ± 0.6 dB noise figure at 29.15 GHz; such a value
includes the insertion losses due to the 2.92-mm adapters.
Note that the noise figure uncertainty is assumed equal to
the sum between the instrument uncertainty in Y-factor mode
(±0.1 dB) and to the estimated mismatch loss (±0.5 dB). The
comparison between |S21| and the available power gain Ga
measured with the Y-factor is excellent (see Fig. 12).

FIGURE 11. Experimental setup used for the determination of the LNA
noise-figure and available power gain with the Y-factor method. a
Rode&Schwarz Spectrum Analyzer (FSVA3044 up to 44 GHz with internal
preamplifier) and a 346C-K01 solid-state noise source form Keysight
technologies have been used to this purpose.
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FIGURE 12. Measured scattering parameters of the LNA board. The peak
gain is equal to 38.5 dB at 29.15 GHz, the input reflection coefficient
magnitude is around -9 dB in the operation bandwidth, whereas the rejection is
better than 80 dBc between 20 and 23 GHz. As a cross check, the available
power gain Ga measured with the Y-factor method (see below), is plotted
above the |S21| curve, showing an excellent agreement.

Fig. 14 represents µ stability factor versus the frequency
obtained applying (6) to the measured scattering matrix of the
amplifier. The stability factor is always greater than 1, thus
ensuring the unconditional stability of the developed LNA.

The down-converter board was realized according to the
block diagram of Fig. 2. Such a board operates in the Ka-
band between 27.5 and 30 GHz. The 3.7 GHz IF signal is
obtained using a sub-harmonically pumped mixer. The LO
is in the 11.90 to 13.15 GHz range and is generated by
a single-chip PLL synthesizer. An analog Automatic Gain
Control (AGC) loop is provided in the down-converter (not
shown in Fig. 2). It is consitituted by a RFSA2113 Voltage
Controlled Attenuator (VCA) placed between the third and
the fourth IF stage and by an ADL5902 true rms responding
power detector. The AGC loop can be closed or opened with
a jumper and, in a future down-converter version, it could
also be actuated via a microcontroller. The down-converter is
shown in Fig. 15 and fits within a one-unit (1U) CubeSat. The
overall current consumption is 560 mA at 5 V, thus resulting
in a power of 2.8 W.
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measured with the Y-factor method. The peak gain is 39 dB at 29.15 GHz,
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FIGURE 14. Stability factor µ of the LNA extracted from the measured
scattering parameters. The developed amplifier is unconditionally stable since
µ > 1 in the whole frequency band.

The down-converter gain was measured in Continuous
Wave (CW) mode: a 28.91 GHz input is provided to the
board with RF Vector Signal Generator (Rode&Schwarz
SMW200A) and, correspondingly, the 3.7 GHz IF output is
measured with a Spectrum Analyzer (Rode&Schwarz FSW
up to 43 GHz). At the same time, the detector output voltage
is also recorded in order to identify the AGC threshold. These
measurements are reported in Fig. 16, showing an available
power gain of 48 dB and an AGC input threshold equal
to -65 dBm. In these conditions the output IF power kept
constant at -13 dBm.

Finally, the overall front-end (LNA and down-converter),
is characterized by measuring the output IF spectrum (with
10 kHz resolution bandwidth), as reported in Fig. 17(a).
In particular, a 28.91 GHz CW is applied to the front-end
input. The available power is set to -115 dBm (-110 dBm
SMW200A output, cable loss equal to 5 dB) and, in these
conditions, the delivered IF power at 3.7 GHz is -35 dBm
(see marker). As a result, the overall transducer power gain is

FIGURE 15. Ka-band front-end breadboard. This is constituted by the
connection between the LNA and the down-converter boards.The
down-converter also includes the PLL synthesizer (local oscillator) and the 3.7
GHz IF chain.
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FIGURE 16. down-converter gain with closed AGC loop and detector control
voltage versus the input available power. Test conditions: RF frequency
28.91 GHz; IF frequency 3.71 GHz. The overall gain is around 48 dB and the
input AGC threshold equal to -65 dBm. The AGC is designed to keep the
output IF power level below -13 dBm.

around 80 ± 1.2 dB, where ±1.2 dB is the level uncertainty
of the SMW200A signal generator. Note that this value is
6 dB lower than the one obtained considering the gains of
LNA and down-converter separately (i.e. 38 + 48 = 86 dB).
Such a discrepancy is due to the amplified wideband noise in
the AGC loop. The detected noise power, indeed, produces a
voltage that is fed back to the VCA, actuates the attenuator
and, as a consequence, reduces the gain.

The front-end output-referred spectral noise density is
equal to -94.3 dBm/Hz. Such a value is obtained using the
Spectrum Analyzer noise marker with 0 dB attenuation and
100 averaged measurements. In this experiment the front-end
input is terminated on a 50 Ω SMA load (-17 dB return loss
in the Ka-band) at ambient temperature, while the PLL is set
to receive a 28.91 GHz signal.
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Such a spectral noise density, however, should be corrected
accounting for 0.8 dB output cable loss and its most likely
value is -93.5 dBm/Hz. The uncertainty of such a value is
estimated in ±0.8 dB; 0.4 dB due to the FSW43 Spectrum
Analyzer accuracy and 0.4 dB associated to the input mis-
match uncertainty [41, p. 22]. The corrected spectral noise
density is this −93.5± 0.8 dBm/Hz.

The input-referred spectral noise density can be estimated
equal to −173.5 ± 2 dBm/Hz, a value obtained subtracting
the front-end gain to the above output noise density, see
Fig. 17(b). Such a value is compatible, within the experimen-
tal uncertainty, with a 2.8 ± 0.6 dB noise figure, indeed we
have −174 + 2.8 ± 0.6 = −171.2 ± 0.6 dBm/Hz (red point
indicated to as “model” in the figure).
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FIGURE 17. Test of the whole Ka-band front-end, i.e. LNA and
down-converter boards connected together. Output power spectrum versus
the IF frequency offset with respect to 3.7 GHz, (a). Test conditions: RF
frequency 28.91 GHz, available input power -115 dBm (this value is
compensated accounting for cable losses), output IF level equal to -35 dBm.
The overall front-end gain with AGC loop is around 80 dB. In the same
conditions also the input referred spectral noise density is measured, (b). To
this purpose the front-end input is terminated on a 50 Ω load at ambient
temperature. The most likely value at the IF center frequency is:
−173.5± 2 dBm/Hz (confidence limits also shown in the graph). This value is
compatible, within the experimental uncertainty, with the measured 2.8 dB
noise figure (red point and related error bars).

Finally, a comparison with the state-of-the-art for K/Ka
band receiver front-ends is illustrated in Tab. 2. All the
considered receivers are conceived for space applications.

The proposed front-end compares well with two relevant
designs, the first from Harris [42] (that, however, operates
in the K-band, i.e. at a lower frequency) and the second from
Alenia Sapce [43].

TABLE 2. Ka-Band Receivers for Space Applications State-of-the-Art

Ref. Mission f0 Gain FRX DC Mass
Scenario (GHz) (dB) (dB) (W) (kg)

[42] International
Space Station 22.5-23.1 n.a. 2.3 n.a. 19.2 (*)

[43] GEO
satellites 27.5-31.0 55 2.3 5.0 0.2

this
work

LEO to GEO
CubeSats ISL 27.5-30.0 80 2.8 3.2 0.4

(*) includes a 40 W transmitter unit

The developed receiver shows the highest gain, whereas
the noise figure is in line with that of the other published
designs. To this purpose, however, we have to note that the
reported 2.8 dB value includes the insertion loss of the 2.92-
mm adapter; the latter being estimated around 0.5 dB. The
front-end power consumption is equal to 3.2 W (sum of the
0.42 W LNA power with the 2.8 W down-converter power)
and is 56% lower than that reported in [43]. Mass and size are
suitable for CubeSats applications: the down-converter board
has an aspect ratio compatible with a one-unit module, while
the LNA board can be mounted atop the down-converter.

VII. CONCLUSIONS
In the next years the space community is planning to exploit
the existing FSS network based on GEO satellites to facilitate
the communication between Earth and small LEO satellites.
As a consequence Inter-Satellite Links (ISL) between LEO
and GEO are currently under study to provide high-data rates
and high coverage, particularly for the emerging CubeSats
market.

The feasibility of a Ka-band, high data rate receiver for
CubeSats ISL applications was investigated in the present
contribution, and different strategies have been proposed to
overcome implementation issues. Firstly, it was shown that
COTS integrated circuits and SIW technology can be used to
reduce the electronic hardware cost as well as the need for
shielding apparatuses. An optimization of the via placement
is used to further reduce the power leakage from the output
to the input of the LNA, thus simplifying the mechanics and
reducing mass, volume and hardware costs. Furthermore a
gain calibration circuitry based on noise injection was suc-
cessfully investigated. This circuitry can provide a self testing
capability, an option relevant for space applications where
the usage of commercial components poses serious reliability
issues. Finally, to validate the above concepts, a preliminary
front-end breadboard operating between 27.5 and 30 GHz
was implemented. The breadboard exploits custom PCBs
and features a 80 dB gain, a 2.8 dB noise figure and an
image rejection greater than 70 dBc. These results set a new
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state-of-the-art for Ka-band active front-ends based on SIW
technology.
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APPENDIX A SIMULATION OF THE C-SHAPED
WAVEGUIDE
The c-shaped waveguide is modeled with an electromagnetic
simulator (i.e. CST) as in Fig. 18(a). In this case the open
boundary is truly radiating, and the magnetic wall approx-
imation is not used. As in the presented study, a dielectric
material with h = 0.25 mm, εR = 3.66 is considered, but
the dielectric losses (i.e. tan δ) are neglected. The structure
is 20 mm long and, for the evaluation of the scattering pa-
rameters, it is excited/terminated with a 50 Ω source/resistor.
These “lumped-element” ports are located at the open-edge
of the structure to excite the fundamental mode. The com-
puted transmission coefficient are reported in Fig. 18(b) for
two w values, namely 2 and 4 mm. The cutoff frequency with
w = 2 mm is in agreement with the 19.6 GHz value evaluated
by eqn. (2) whereas, with w = 4 mm, such a value is reduced
by a factor 2.
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FIGURE 18. Numerical simulation of the c-shaped waveguide: surface
currents (top panel) and transmission coefficients (bottom panel). The
structure, which is 20 mm long, uses a dielectric material with h = 0.25 mm
and εR = 3.66 (dielectric loss neglected). The transmission coefficients are
computed for w equal to 4 and 2 mm and are normalized to 50 Ω. The two
gray boxes represent the cutoff frequencies evaluated with the proposed
equation ±3%.

It is interesting to note that, although radiating (see the
surface currents in the top figure panel), the transmission co-
efficients of the c-shaped waveguide is quite high (it reaches
the -5 dB level in the peaks), testifying the propagation
characteristics of the structure.
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