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Fresh water is considered to be one of the most precious
natural resources in many countries. Given that soil mois-
ture plays a salient role in vegetation growth, the continuous
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and timely measurement of soil moisture content is criti-
cal to manage water shortages, especially in the agriculture
sector [1], [2], which is the largest water use sector in Aus-
tralia. A 10% water savings in the Australian agriculture
sector would be equivalent to a reduction of more than
30% of the combined water consumption from Australian
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SOIL EMITS A DIFFERENT
LEVEL OF THERMAL
RADIATION DEPENDING ON
ITS PHYSICAL

TEMPERATURE AND THE
RATIO OF SOIL PARTICLES,
WATER, AND AIR CONTENT
PRESENT.
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capital cities [3]. Further, soil moisture influences the pro-
cess of rainfall being partitioned into runoff and infiltra-
tion, and saturated soil could turn heavy rain into floods.
Therefore, soil moisture information is essential for ac
curate climate forecasting as well as improving flood and
drought prediction [3]-[5].

Like all materials, soil has unique physical properties. It
emits a different level of thermal radiation depending on
its physical temperature and the ratio of soil particles, wa-
ter, and air content present. These thermal radiations are,
therefore, related to the emissivity of the soil through the
dielectric constant of the soil-water-air mixture [6], [7].

Researchers have devoted a substantial amount of
time to developing microwave remote sensing systems
to monitor the moisture content present in soil [8]-[11].
Microwave frequencies, instead of optical or other bands,
are promising because they are less sensitive to solar illu-
mination, vegetation canopy, and weather conditions
[12]. Therefore, microwave sensing can be conducted at
any time of the day or night. Further, microwave sensing
is directly related to the water content of soil via the soil
dielectric constant [4].

Microwave moisture mea-
surements can be undertaken
in two different ways: pas-
sive and active sensing. The
difference between passive
and active measurements is
that passive measurements
consist of natural microwave
emissions from objects or
surfaces, which are then ob-
served by a radiometer system
through the measurement of
a “brightness temperature.”
Based on the brightness tem-
perature value, the moisture content of the soil is derived
[13], [15]. Conversely, active measurements are undertaken
by radars in which microwave pulses are sent to a target and
then received back after scattering. The backscattered energy
is then measured and used to relate the properties of the soil,
including the surface roughness, vegetation, and moisture
content [15], [16].

These two microwave sensing techniques offer very dif-
ferent resolutions. Active microwave sensing can offer a spa-
tial resolution lower than 100 m using synthetic aperture
processing, while passive sensing gives a coarse resolution
greater than 10 km from satellite altitudes. Even though the
active sensor has a higher resolution, the scattering from
Earth'’s surface is more difficult to interpret than the natu-
rally emitted signals [17]. This explains why microwave ac-
tive sensors do not provide as accurate measurement of soil
moisture as microwave radiometers [4], [17].

A few contemporary microwave radiometers that have
been successfully launched into space are the Advanced Mi-
crowave Scanning Radiometer 2 (AMSR-2), Soil Moisture and

Ocean Salinity (SMOS) radiometer, Fengyun-3B microwave
radiation imager, Aquarius radiometer, and, most recently,
Soil Moisture Active and Passive (SMAP) instrument [19].
These radiometers provide global measurements at fre-
quencies ranging from the L to E bands.

However, operating frequencies lower than the X band,
especially in the L band, are most suitable for soil moisture re-
trieval studies compared to higher-frequency bands, because
of their increased penetration depth, greater sensitivity to
the dielectric constant of wet soil, and less severe vegetation-
masking effect [15], [19].

Apart from soil moisture sensing, the L band is also
promising for other environmental sensing applications. By
utilizing the protected 27-MHz bandwidth at the L band
(1,400-1,427 MHz) [20] and its higher sensitivity of bright-
ness temperature to sea surface salinity (SSS) compared
to that of higher-frequency bands, both the SMOS and
Aquarius radiometers provided coarse resolution and long
revisit/averaging time but high-precision radiometric mea-
surements for SSS monitoring [on the order of 0.2 practical
salinity units(psu)] [20], [21]. SMAP has also been able to
provide eight-day and monthly SSS data by adapting the
Aquarius’s salinity retrieval algorithm. Among these three
sensors, Aquarius had the most accurate SSS swath product
(but lower native spatial resolution), while SMAP data were
the least affected by radio-frequency interference (RFI) [20].
Since the contrast in dielectric constants between water and
ice is larger at the L band than at other higher-frequency
bands [22], all three radiometers have been able to gener-
ate level 3 freeze/thaw information [23]-[25]. Additionally,
level 3 wind speed data are available from SMAP and SMOS
with the distinctive advantage of L-band sensitivity being
less affected by rain and severe wind [26]-[28]. In addition,
because of its unique capability to accurately measure thin
ice coverage [29], SMOS also provides level 3 sea ice thick-
ness data [30].

Apart from obtaining accurate measurements, another
critical consideration for airborne and spaceborne systems
is reducing the payload’s weight. The price to deliver a ki-
logram of payload to low-Earth orbit (LEO) varies from
approximately US$1,500 to more than US$20,000, de-
pending on the spacecraft [31]. Engineering a compact and
lightweight yet accurate radiometer system is undoubtedly
a must in the future.

The design of such a lightweight and accurate radi-
ometer system requires several aspects to be considered,
including the tradeoff between the antenna aperture size
and spatial resolution as well as the techniques used to
obtain multiangular measurements and their tradeoffs
in terms of system size and performance. To the best of
the authors’ knowledge, these aspects of a radiometer
system have not been comprehensively reviewed. Hence,
this article first discusses current satellite radiometers
and further explores methods to realize a lightweight,
compact, and cost-saving radiometer for soil moisture re-
mote sensing.
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THE SMOS AND SMAP MISSIONS

SMAP is a NASA mission developed within the Earth Sys-
tem Science Pathfinder program. Its goal is to measure and
collect soil moisture data with global coverage in a short
revisit time, helping scientists to monitor and character-
ize the relationship between soil moisture and its freeze/
thaw state as well as their effects on the global ecosystem
[32]. Similarly, SMOS was proposed to the Earth Explorer
Opportunity missions issued by the European Space Agency
(ESA) in 1998, with the aim of providing scientists with
information about soil moisture and SSS on a global scale
[33]. These data are vital for predicting environmental haz-
ards, such as droughts, floods, and bush fires, as well as
improving agricultural activities, such as crop planning, by
providing information on water availability and environ-
mental stress [17].

The SMAP instrument featured a conically scanning real-
aperture antenna with a combined polarimetric L-band radar
and radiometer and is hence known as an active/passive mis-
sion. However, the radar stopped working in July 2015 due to
the malfunctioning of its high-power amplifier [44]. In con-
trast, the SMOS mission has a 2D synthetic aperture L-band
radiometer [the Microwave Imaging Radiometer by Aperture
Synthesis (MIRAS)| operating within the protected band
(1,400-1,427 MHz) [17], [33].

A fixed-angle, real-aperture antenna, like the one used
in SMAP, requires scanning either electrically or mechani-
cally to cover awide swath, which is essential to meet the re-
visit time requirement. Alternatively, multiangular or mul-
tibeam antennas (obtained from either signal processing
techniques, such as the aperture-synthesis [33]-[35] and
digital beam-forming (DBF) techniques [36], or complex
real-aperture antenna systems [34]) allow simultaneous
observations of multiple footprints at different incidence
angles covering a wide swath [34], [35]. Hence, scanning is
not necessary in such systems. Since both horizontal (H)-
and vertical (V)-polarized waves can be observed by the
SMAP and SMOS instruments, the four Stokes parameters

can be derived. The scientific requirements of SMAP and
SMOS can be viewed in Table 1.

ANTENNAS

The antenna used for the SMAP instrument is an offset-
fed, deployable parabolic reflector antenna that has the
capability of receiving and transmitting both H- and
V-polarized electromagnetic waves [37]. The reflector boom
assembly (RBA) is mechanically rotated around the vertical
axis to change the field of view (FOV). This gives the SMAP
instrument the ability to scan a wide area while it is orbiting
Earth. Due to the resolution requirements, a relatively large
antenna must be used. Consequently, the RBA has a diam-
eter of 6 m and is shared by both the radar and radiometer.
Beam efficiency, reflector surface emissivity, and tempera-
ture are the main drivers for the antenna to achieve accurate
radiometric measurement results [37].

In contrast, the SMOS instrument known as MIRAS uti-
lizes 69 antenna elements equally spaced (0.8751) along
Y-shaped arms for its antenna system [17], [41]. This an-
tenna configuration grants MIRAS the ability to capture
brightness temperature maps from Earth over a range of
incidence angles (0-55°) across a swath of approximately
1,000 km with a spatial resolution of 35-50 km [41] (Table 2).
The aperture-synthesis approach relaxes the stringent re-
quirements on the performance of the antennas, but the
system sensitivity is reduced by a factor of approximately
1.5-2 (depending on the aperture-synthesis configuration)
as compared to those of real-aperture radiometers [42]. The
key parameters of the SMAP and SMOS antenna elements
are summarized in Table 3.

RFI MITIGATION

Since the SMAP and SMOS instruments measure the bright-
ness temperature over land areas, they are prone to heavy
interference from radio activities [43]-[45]. Even though
the radiometer is operating within the strictly protected
band (1,400-1,427 MHz) for a scientific space observatory,

PARAMETER SMAP SMOS
Accuracy Soil moisture: £0.04 m3-m~3 volumetric accuracy in the top 2-5 cm Soil moisture: £0.04 m3-m~3 volumetric
for vegetation water content of <5 kg-m~2 accuracy

Freeze/thaw state: capture the freeze/thaw state transitions in an integrated
vegetation—soil continuum with two-day precision at the spatial scale of

landscape variability (~3 km)*

Spatial resolution Hydrometeorology: ~10 km

Hydroclimatology: ~40 km

Revisit time
Global: ~three-day revisit
Boreal: ~two-day revisit

Sample diurnal cycle at consistent time of day (6 and 18 h)

Vegetation water content: 0.1 kg-m~2
55S:0.1-0.2 pss-78**

Soil moisture: <50 km
Vegetation water content: <50 km
S$SS: 100200 km

Soil moisture: <three days
Vegetation water content: <five days
S5S:10-30 days

*The 3-km-resolution freeze/thaw state product was planned to be acquired by the radar of SMAP. Due to the malfunction of this radar in July 2015, the 3-km high-resolution data cover
only a limited time frame (of 12 weeks). As an alternative, a freeze/thaw state product has been developed from the SMAP radiometer measurements with an enhanced resolution of 9

: km[39], [40].
. **pss-78 is a salinity unit according to the Practical Salinity Scale of 1978 [17].
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according to the International Telecommunication Union-
Radiocommunication (ITU-R) Sector Radio Regulation
footnote 5.340 [46], strong RFI was still observed due to
unauthorized, cheap, or malfunctioning sources on Earth
[37], [46]-[48]. The RFI power biases the radiometric mea-
surements, leading to erroneous results. While moderate to
strong RFI power (>40 K) can be detected and discarded,
causing data loss, small RFI power is more difficult to detect
and greatly impacts the accuracy of results [44], [46]. Figure 1
shows several RFI sources detected in Central Europe in
October 2010 [46].

Realizing the detrimental effects that these RFI sourc-
es have on the accuracy of the collected scientific data,

TABLE 2. THE MIRAS INSTRUMENT KEY PARAMETERS
SUMMARY, ADOPTED FROM [41] AND [52].

Operating frequency

1.413 GHz (L band)

Integration time 1.2s
Measurement modes Dual polarized or full polarized

For radiometric measurements
over land

30-50 km
3.5 K (B)* and 5.8 K (E)**

Spatial resolution
Estimated sensitivity

For radiometric measurements

over ocean
Spatial resolution 50 km after an overpass

Estimated sensitivity 2.5 K (B)* and 4.1 K (E)**

: *Bstands for boresight.
. **Estands for edge of swath.

TABLE 3. THE SMAP AND SMOS ANTENNA KEY PARAMETERS,
BASED ON [37], [43], AND [44].

SMAP ANTENNA

Antenna type

Projected aperture
Beamwidth (3 dB)

Swath width

Look and incidence angles
Peak gain

Rotation rate

Feed type

Offset-fed, deployable
parabolic reflector

6m

2.7°

1,000 km

35.5° and 40.0°, respectively
36 dBi

14.6 r/min

Waveguide feed and orthogonal
mode transducer (WR-650)

SMOS ANTENNA ELEMENT

Antenna type

Number of antenna elements

Number of antenna arms and
antenna arm length

Cross-polarization ratio
Single-element antenna gain

Single-element antenna
beamwidth (3 dB)

Swath width
*. Incidence angles

dielectric substrate
69
3 and ~4 m, respectively

>25 dB
~8 dBi
~70°

the ESA has been detecting and reporting RFI sources
to the National Spectrum Management authorities and
requesting them to investigate and switch off these un-
authorized or faulty sources [46]. In parallel, the ESA
is also working on new RFI mitigation algorithms for
future applications [46]. Since NASA was aware of this
situation during its mission design, it adopted RFI miti-
gation techniques in its measurements and ground-pro-
cessing software [37], [44].

There are two main types of RFI sources: pulsed and
narrowband [e.g., continuous-wave (CW)-like]| signals
[45]. Pulsed-signal RFI can be corrected using time-do-
main pulse thresholding if the radiometer is sampled at
a sufficiently high temporal resolution. For CW signals,
the SMAP radiometer’s bandwidth is subdivided into
16 X 1.5-MHz subbands using a digital filter [45]. This al-
lows a spectrogram of 1.5-MHz X 1-ms resolution to be
created. Then, RFI detection methods such as channel-
ized pulse detection, cross-frequency, kurtosis, and po-
larization-anomaly detection algorithms [37], [45], [49]
can be applied.

Figure 2 shows global maps of soil moisture retrieved
by the SMOS instrument and the vertical-polarized single-
channel algorithm of SMAP over a one-week period from
1 June 2015 to 7 June 2015. These two maps show the ex-
pected spatial patterns of soil moisture. However, dense
vegetation and low to moderate RFI contamination are the
main sources of different retrieval results between the two
missions [50].

RADIOMETER ELECTRONICS DESIGN
The SMAP radiometer is a superheterodyne receiver that
consists of the following components [51]:

) Radiometer front end: This consists of an RF cable-based
feed network; a frequency diplexer to separate the active
and passive bands; and electronic front end, which is in
charge of RF filtering and amplifying the input signal.

Brightness Temperature (K)

L e
0 50 100 150 200 250 300 350

FIGURE 1. An SMOS snapshot showing several RFI emissions
detected in Central Europe in October 2010. (Source: [46].)
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Internal calibration is also available using RF switches cessing. It also performs additional filtering, subband

and a common noise source. channelization, cross correlation for measuring the
D RF back end: This subnetwork is in charge of downcon- third and fourth Stokes parameters, and the detection
verting the RF signals (at 1,413 MHz) for both polariza- and integration of the first four raw moments of the
tions to an intermediate frequency (IF) of 120 MHz. signals. Subsequently, the data are packaged and sent
> Radiometer digital electronics: This subnetwork samples to ground receiving stations for calibration and fur-
the downconverted IF signal to a digital signal for pro- ther processing.

-60 - :
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0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.4 0.5 0.55 0.6 0.65
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(b)

FIGURE 2. The global patterns of soil moisture retrieved by (a) the SMAP vertical-polarized, single-channel algorithm and (b) SMOS over
a one-week period from 1 June 2015 to 7 June 2015. The white areas show regions of inaccurately retrieved data due to RFI and/or surface
conditions, such as frozen ground, mountainous terrain, and excessive vegetation. (Source: [50].)
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FIGURE 3. (a) An SMAP radiometer block diagram showing the signal paths and frequency plan. (Source: [51].) (b) A simplified LICEF block
diagram along with part of the calibration hardware. (Source: [56].) ADC: analog-to-digital converter; ATT: attenuator; I: in-phase; LICEF:
lightweight cost-effective front end; LO: local oscillator; OMT: object modeling technique; PMS: power measurement sensor; Q: quadrature;
RBE: RF back end; RDE: radiometer digital electronics; RFE: radiometer front end.

A block diagram of the SMAP instrument’s electronic
system design is shown in Figure 3(a), with the key param-
eters summarized in Table 4. SMOS comprises 66 radiom-
eters, which are known as lightweight cost-effective front ends
(LICEFs), and three noise-injection radiometers (NIRs) [52].
However, each injection radiometer includes 2 LICEF

TABLE 4. THE SMAP INSTRUMENT KEY PARAMETERS
SUMMARY, BASED ON [51].

Center frequency

Resolution (root footprint area)
Channels

Bandwidth and integration time

+  Estimated radiometric
“. resolution/sensitivity
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KEY PARAMETERS OF THE RADIOMETER
.......................... R GHz(L band)

40 km

T Th, T3,and Ty

22 MHz and 65 ms, respectively

1.1 K (over land) and 0.8 K
(over ocean)

receivers, making LICEF the basic receiver units in
MIRAS. The three NIRs are used to measure the average
antenna temperature and two noise levels of the calibra-
tion network [53]. Each LICEF generates 1-bit digital
signals, which correspond to the sign of the in-phase
and quadrature components of the received noise. These
data are then transferred to the digital correlator by opti-
cal links [53]. The block diagram of an LICEF receiver is
shown in Figure 3(b), with a detailed explanation of each
component block provided in [53].

COMMON TOPOLOGIES FOR RADIOMETERS

TOTAL POWER RADIOMETER

The total power radiometer (TPR) is probably the most
straightforward structure for a remote sensing radiom-
eter. In the analog domain, the input noise signal (after
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being properly amplified and filtered) is passed through
a diode detector circuit. Usually, diodes are operated in
either the linear region or square-law region, depending
on the input power [54]. However, in this particular case,
it is often preferred to operate the diode detector circuit in
its square-law region so that the output dc voltage will be
proportional to the input noise power. Next, the detected
signal is smoothed by an integrator, with the degree of
smoothing dependent on the duration of the integration
time. This also affects the sensitivity, in kelvin, of the radi-
ometer through [34]

Ta+ Tn

AT = ﬁ, (1)

where T, and Ty are the antenna’s temperature and equiva-
lent receiver noise temperature measured in kelvin, respec-
tively; B is the bandwidth of the input noise signal in hertz;
and t is the integration time in seconds.

The output voltage is proportional to the measured
brightness temperature, which can be expressed as fol-
lows [34]:

Vouwu=—c¢" (TA + TN) -G, (2)

where Vou is the output voltage of the receiver measured in
volts, c is a constant, and G is the system gain. The TPR ex-
hibits the advantage of having a simple configuration, but
it is susceptible to gain variation and system noise tempera-
ture, making it undesirable and even impractical in some
applications. Therefore, frequent calibrations are required
for the TPR to compensate for system fluctuations, which
results in a reduction of the amount of time available for
actual measurements.

DICKE RADIOMETER

The Dicke radiometer [55], named after R.H. Dicke, aims
to reduce the dependency of the radiometer’s output on the
system noise temperature fluctuation by rapidly switching
between observing the target brightness temperature and a
known reference temperature Tz in kelvin. The output volt-
age of the Dicke radiometer is dependent on the difference
between the antenna temperature and the known reference
temperature, expressed as [34]

Vow=rc¢" (TA - TR) -G. (3)

Even though the output is still dependent on the system
gain, its stability is greatly improved by eliminating the de-
pendency on the system noise temperature. However, this
comes at a cost: the sensitivity is twice as much (for a 50%
duty cycle) compared to the sensitivity of the TPR, accord-
ing to the following equation:
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NIR

The NIR can achieve independency of the system gain
and noise temperature by adding a feedback loop onto the
Dicke radiometer. The objective of the NIR is to maintain
a zero or near-zero voltage at the output of the Dicke ra-
diometer through an injection of a known variable noise
source. Therefore, the antenna temperature can be deter-
mined by [34]

Ta= (Tr—Th), 5)

where T; is the output brightness temperature in kelvin
of the variable noise source. From (5), it can be seen that
the accuracy of the NIR is dependent on the accuracy of
the Dicke reference temperature and variable noise output.
These can be made stable in practice. The sensitivity of the
NIR is close to that of the Dicke radiometer and can be ex-
pressed as follows [34]:

Tr+ Tn

VBT ()

There are three NIR units in MIRAS [43], which are
used for absolute calibration and as reference sources
for the measured outputs. Since the NIR has more com-
plexity compared to the Dicke radiometer and TPR, it
poses challenges for scalability, especially for multi-
channel radiometers.

AT=2-

CORRELATION RADIOMETER

The correlation radiometer is a multichannel radiometer
that measures the input noise power of each channel as
well as the correlation between them. The channels can
have different polarizations, as in a polarimetric radiom-
eter. Both the MIRAS instrument for SMOS [57] and the
SMAP instrument [44] utilize a polarimetric radiometer
to measure the soil (and ocean) brightness temperature.
Stokes parameters can be derived by cross-correlating the
H- and V-polarized measured input signals based on the
Rayleigh-Jeans approximation [58]:

]
_|nf_ o2 Ev’
T=17y |~ RenB| 2-RUEER) | @
Ta 2-Im((EvEh))

where Ty, Ty, Ts, and T are the brightness temperature in
kelvin of the horizontally and vertically polarized waves
and the third and fourth Stokes parameters, respective-
ly; A is the wavelength in meters; kg is the Boltzmann's
constant; 7 is the impedance of the propagating medium
in ohms; B is the bandwidth in hertz; E, and En are the
vertically and horizontally polarized electric fields in
volts per meter, respectively; and (.) represents the in-
finite time average. The components, which constitute a
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radiometer, are summarized in
terms of their strengths and limi-
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deviation of x.(t), and B is the effective bandwidth of the
system. R, (x) can be expressed as [59]

Re(#) =2 [ S(Neosl2a (= fo)pldf,  (9)

where S:(f) is the power spectral density of x(t)=
xc(f) cos (27fot) — xs(t) sin (27fot), x5(t) is the quadrature
analog component of the signal, and fo is the IF frequency.

In (8) and (9), it is assumed that the system frequency
response Ho(f) has a bandpass shape and is symmetric
about fo. Hence, depending on the bandpass filter topology
used in the system, the degradation factor will have differ-
ent values. In [59], several common bandpass shapes have
been used to calculate the degradation factor. It is observed
that, when the sampling rate is greater than the Nyquist
rate, the degradation factor is equal to one. However, when
the quantization effect is considered along with the finite
sampling rate, the degradation factor (assuming that the
sampling rate is not too fast, the step size of the quantizer
is small compared to the standard deviation of the process
x¢(t), and no saturation occurs) can be approximated as the
following equation [59]:

P = F§Q+%g—;BEA+ﬁg—;BEA, (10)
where Fuq is the degradation factor in (8), and a is the quan-
tizer step size. The numerical results in [59] show that, for a
normalized root mean square (RMS) value of o./L, where L
is the saturation level of the quantizer, equal to around 0.35,
and the number of the quantization level is N > 4 (>2 bits),
the degradation factor is the lowest.

Comparisons of the degradation factors calculated using
(10) and the exact results from [59] are shown in Figure 5.
As stated in [59], (10) works reliably only when the sam-
pling interval is not too small, the step size a is small with
respect to ¢, and, most importantly, no saturation occurs
in the quantizer. This is clearly shown in Figure 5(a) and
(c). As 0«/L increases from 0.2 to 1.5, the degradation factor
approaches the ideal curve of no quantization error. How-
ever, when o./L reaches 0.6 and above, the quantization
error starts to rise due to saturation. This is totally opposite
to Figure 5(a), where the curve for o./L = 0.6,1.0, and 1.5
almost overlays the ideal curve.

Additionally, the quantizer error of 6./L = 0.2 is greater
than that of 6./L = 0.4 due to the second condition men-
tioned above. Overall, the approximation seems to give the
most reliable results for ¢./L = 0.4 [Figure 5(b)], as also
stated in [59].

A performance analysis of an L-band radiometer with
DBF [the Passive Advanced Unit Radiometer (PAU-RAD)]
has been presented in [60] using the noise waves technique.
Since PAU-RAD uses a Wilkinson power divider to modify
the original TPR output to be similar to that of the Dicke
radiometer topology, where the reference noise signal of
the Dicke load is replaced with one of the Wilkinson power
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divider resistances, the sensitivity of each channel is found
to be increased by 2 * Tyn, where Ty is the physical tem-
perature of the components.

Additionally, the impacts of the number of bits and in-
put noise levels have been investigated for the PAU-RAD
system in [61]. Using simulations, the researchers found
that ADCs with a resolution of 8 bits and above as well
as an input voltage range of V,-, = 9.090sicnar produced
results with negligible errors compared to those of an ana-
log radiometer.

A digital radiometer allows complex digital signal pro-
cessing algorithms to be applied in the postprocessing stage
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FIGURE 5. A comparison of the degradation factors approximated
using (10) and the exact results from [59] for the Gaussian and
Butterworth filter response and number of quantization level equal
to 17. (@) The degradation factors approximated using (10) for “no
quantization error” and o,/L = 0.2, 0.4, 0.6, 1.0, and 1.5. (b) The
degradation factors approximated using (10) for “no quantization
error” and o,/L = 0.4. (c) The exact results obtained from [59].
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to improve measurement accuracy [44], [62], [63]. A good
example is the RFI mitigation described in “RFI Mitiga-
tion” section. Furthermore, with the development of mod-
ern ADC and digital circuits, unstable and complex analog
components (RF mixers, oscillators, and so on) can be re-
duced by using a fast ADC and subharmonic sampling tech-
nique [64], [65] to simultaneously sample and downconvert
the RF signal to a digital baseband signal for calculation.

ELECTRONIC BEAM SCANNING

In practice, there are three main techniques to perform
scanning, which is required to obtain a wide swath width:
the mechanical, aperture-synthesis, and electronic beam-
forming approaches. The mechanical approach was used in
the SMAP instrument to rotate the parabolic reflector for
scanning Earth at a fixed incident angle [32]. The aperture-
synthesis approach was utilized in the SMOS radiometer

30 50 70 90

-50 -30 —10 10
6(°)

-90 -70

(dB)

(dB)

-50 -30 -10 10 30 50 70 90
6(°)
(©)
— SLL=-10dB; §,=0° — SLL=-30dB; §,=0°
..... SLL =-10dB; §,=30°---. SLL =-30 dB; 6, =30°

-90 -70

FIGURE 6. The normalized array factor of an L-band (a) 8 x 8, (b)
32 x 32, and (c) 64 x 64 Chebyshev array, all with element spacing
of 0.54. The main beam of each synthesized array is steered to 0,
=0°and 0, =30° and the SLL is designed to be —10 and —30 dB,
respectively.

[52] and the Electronically Steered Thinned Aperture Radi-
ometer [35], [66] to reconstruct the image, including pixels
in the entire FOV, using signal processing [34], [67].

Electronic beam-forming techniques utilize the phase
information of the signals arriving at each antenna element
in the array to add the received signals constructively (ei-
ther in the analog or digital domains) in a given direction,
hence forming a beam in that direction. This technique has
been utilized in several radiometers, such as the S-194 [68],
PAU-RAD [60], and Multichannel Passive Imaging Radi-
ometer Using the DBF Technique [69].

For low-operating frequency bands, such as the L band,
to achieve low beamwidth and sidelobe levels (SLLs), the
antenna aperture needs to be larger than 15 m for a spatial
resolution of 10 km from LEO with an altitude of 800 km
[67], which is difficult to realize. Furthermore, a bigger an-
tenna means a heavier payload, which translates into more
expense during operation, especially for spaceborne and
airborne radiometry applications.

In addition, mechanically steering an antenna re-
quires mechanical moving parts and their control units,
which contributes to the weight and complexity of the
system. It is worth mentioning that SMAP has a total an-
tenna weight of 79 kg (including a single horn and RBA),
while the spin subsystem adds another 41 kg, which is
more than half of the antenna weight [70]. Therefore, the
synthetic aperture and electronic beam-forming tech-
niques are beneficial to airborne and spaceborne mis-
sions operating at low-frequency bands. However, the
synthetic aperture technique reduces the system sensitiv-
ity as a tradeoff [17], [34], [67]. Hence, a combination of
antenna arrays and electronic beam-forming techniques
that creates agile beams [36] is a strong candidate for fu-
ture radiometers.

A comparative study of different power distribution
methods for array-antenna beam forming for a soil mois-
ture radiometer has been conducted in [71]. Chebyshev
arrays of 8 X 8, 32 X 32, and 64 X 64 have been designed
and simulated in MATLAB software. The normalized ar-
ray factor with different designed SLLs and the main
beam-steering angles are provided in Figure 6. The Che-
byshev beam-shaping method is famous for its capability
in controlling both the main lobe level and SLLs [72]. The
weighting coefficients are calculated, following the proce-
dure described in [73].

For an accurate measurement of scene brightness tem-
perature, a radiometer system has stringent requirements
on antenna beam efficiency, usually better than 90% [74].
Given that an antenna measures the brightness temperature
in every direction via its main lobe and side/back lobes, a
beam efficiency of >90% means that at least 90% of the
total measured radiation is contributed by the main lobe
of the antenna. This requires a very low antenna SLL (i.e.,
down to -20 to -40 dB or even lower, depending on the
antenna type and array configuration); generally, a lower
SLL leads to higher beam efficiencies.
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However, as a tradeoff indicated in Figure 6, with the
SLL being suppressed to a lower level, the antenna main
beam will be broadened. For example, in Figure 6(a), by
assuming a negligible back lobe level, the antenna beam ef-
ficiency has been improved from 12% to 97% by suppress-
ing the SLL from -10 to -30 dB, but the 3-dB beamwidth
has been increased from 12° to 16°. The beamwidths are
also dependent on the number of elements in the array.
With a 32 X 32-element array, the unsteered (¢o = 0° and
0o = 0°) 3-dB beamwidth of the array factor is on the order
of 3°, which is comparable with the 3-dB beamwidth of the
reflector antenna used in the SMAP instrument. By using
more elements, it is possible to achieve an even narrower
beamwidth, down to 1 to 2° (dependent on the required
SLLs) for a 64 x 64-element array, as shown in Figure 6(c).

PHASED ARRAY

Phased arrays have attracted great interest since the 1950s,
and they have been used in a wide range of applications,
such as radars, satellite communication, and imaging sys-
tems [36], [75]. The heart of a phased array lies in the analog
phase shifters. The incoming signals of each antenna ele-
ment in an antenna array are phase shifted and amplified/
attenuated, and these signals are finally combined coher-
ently by an analog combiner at the output. The general con-
cept is shown in Figure 7.

The synthesized beam can be narrowed, widened, or
steered to a particular angle using this technique. Analog
phase shifters usually experience a tradeoff among phase
resolution, phase error, amplitude error, and insertion loss
(for passive phase shifters). Phase error and amplitude error
introduce error in the synthesized beamwidth and steer an-
gle. Phase resolution limits the steer angle resolution. How-
ever, this is not a problem since they can easily achieve
6 bits, even for discrete analog phase shifters, which is
equivalent to 64 phase states and a phase resolution of
5.625° [76], [77]. Insertion loss is an extremely important
factor, especially for radiometers, because this amplifies the
system noise, according to [54|

N =(L—1)ksTB, (11)

where N is the noise added by the lossy component, L is the
loss factor, kg is the Boltzmann constant, T is the physical
temperature of the component, and B is the bandwidth.
The added noise directly degrades the sensitivity of the
radiometer by raising Tn in (1), (4), and (6), which can only
be compensated for by increasing the system’s bandwidth
or integration time. Passive analog phase shifters have an
insertion loss, typically ranging from 3 up to 14 dB at high
frequencies (the L-band frequency and above) [78]-[83]. In
[83], a low-cost p-i-n diode phase shifter, developed by the
Monash Microwave, Antennas, RFID, and Sensors Labo-
ratories (MMARS), has been designed and manufactured
(Figure 8) for an L-band radiometer phased-array antenna.
The insertion loss for this phase shifter for a combined
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4 bits is 2 dB within a 25-MHz operating frequency, and the
RMS phase error is less than 1° at 1.4 GHz and less than 3°
within the operating bandwidth.

These performance parameters are excellent for devel-
oping a low-cost phased-array antenna for radiometric ap-
plications. The insertion loss in passive analog phase shift-
ers can be avoided in active analog phase shifters, such as
vector-sum phase shifters [76], [77], [84], with the expense
of having greater power consumption of typically a few tens
of milliwatts, depending on the design. Despite these draw-
backs, a phased array offers a huge advantage in the system’s
computational and total power consumption over DBF.

L-BAND, APERTURE-COUPLED PATCH

ANTENNA PHASED ARRAY

Two bits (180° and 90°) of the low-cost L-band p-i-n di-
ode phase shifter shown in Figure 8 have been integrated
into the design of a 4 X 4 L-band phased-array radiometer
antenna as illustrated in Figure 9. This multilayer anten-
na is designed in an aperture-coupled microstrip patch
structure, which allows the use of the low-cost FR-4 sub-
strate in the radiating patch, creating sufficient room for

7 7 2| _ Amplitude
/' / / \F’ Adjustments
e e s e e | s e I

1 IZ l Summation via
I Power-Dividing
[ Network

Receiver ———» Detection

FIGURE 7. A concept for a phased array.

180° Bit ~ 90° Bit 45° Bit

22.5° Bit

FIGURE 8. The L-band, low-cost p-i-n diode 4-bit phase shifter
developed by MMARS. (Source: [83].)
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*“ FR-4 Substrate (PCB 1)

— Slotted Ground (PCB 2 Top Side)
~ Taconic TLX-8 Substrate (PCB 2)

—__Antenna Feed, Phase Shifter, and
dc Bias Line (PCB 2 Bottom Side)

+—— Driving Electronics (PCB 3)

% Metallic Back Reflector

exhibits a peak directivity of 18.5 dBi
with a 3-dB beamwidth of 22°. The
SLL is better than -27 dB on the H
plane. The highest SLL on the elec-
tric field (E) plane is -25.2 dB ata 0°
steered beam and -14.2 dB at +20°
steered beams.

The simulated diagonal beam at
(-19° x, +17° y) is demonstrated in
Figure 12. The corresponding phase
assignment of each antenna element
in the phased array is shown in Table 5,
where the top left patch is assigned
0° of phase shift, and the bottom
right patch is assigned 180° of phase

FIGURE 9. The overall layout of the L-band 4 x 4 phased array. PCB: printed circuit board.

the phase shifters and control network integration in the
feedline layer.

Figure 10 shows the details of the antenna feedline layer
design. In this design, a 1-16-way power divider with non-
uniform amplitude distributions has been adopted to sup-
press the antenna SLL down to -25 dB. With the 2-bit phase
shifters integrated into the feedline of each patch antenna
and each phase shifter bit being independently controlled
by dc bias lines, this phased array is capable of generating
nine beams in 2D scanning. Those are +20° beams in the
x-direction, +15° beams in the y-direction, and diagonal
beams at angles (+19° x, £17° y).

Figure 11 depicts the simulated radiation pattern results
of the +20° beam in the x-direction, and this antenna array
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shift. Overall, this simulation shows
that this phased-array design can
achieve a beam efficiency of >80%
for all 1D steering beams and better
than 77% for all diagonal beams at 1.4 GHz. The total loss
is less than -1.85 dB for all beams at 1.4 GHz. This antenna
design has been fabricated and is now under preparation
for measurement.

DBF

Another way to achieve electronic beam forming is through
performing the phase shift and amplitude tapering in the
digital domain. Multiple antenna beams can be obtained
simultaneously in the digital domain [36], [62], which al-
lows smoother beam scanning as compared to that of a
phased array [36].

The ability to accurately control multiple and simulta-
neous antenna beams directly benefits the push-broom
scanning scheme, which is famous for its high sensitiv-
ity; more importantly, no moving parts are required
for this scheme, which can significantly reduce the sys-
tem'’s weight [85]. Additionally, the high sensitivity re-
quirement is critical in ocean observations [85] whose
parameters can also be measured by L-band radiometers
like SMOS.

The main drawbacks of this scanning scheme are
similar to those of a digital beam former and phased array
operating in a multibeam configuration. They all need
complex antenna systems and/or a large number of re-
ceivers [34], [85]. However, as technology progresses,
it will be possible to develop cheap and lightweight re-
ceivers in the future [34]. Therefore, digital multibeam
antennas in combination with a push-broom scanning
scheme should be considered for compact and light-
weight radiometers.

In DBE, the signal from each antenna element is sampled
and multiplied by a corresponding complex weight, and
these are then summed together to give the desired beam
shape. Assuming input X = [x1, %2, ....,4m], m=1,...,M,
where m is the mth antenna, a combining matrix W can be
defined according to the following equations [36]:
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where Y(8) is the output of the synthesized beam, and the
H superscript indicates the Hermitian transpose. Differ-
ent algorithms can be applied to generate a suitable set of
weights to give a desired beam shape. Additionally, multi-
beam antennas can be realized with added complexity to
only the digital processing unit [e.g., a field-programmable
gate array (FPGA)] [36], [69], [86], which is more affordable
compared to massive, lossy analog networks. Furthermore,
amplitude and phase errors as in analog phase shifters no
longer persist in digital phase shifters. However, the am-
plitudes and phases of the signals present at each channel
(before the signals are digitized) must be approximately the
same [63]; otherwise, errors will occur.

In multichannel radiometer systems [57], [62], [64],
[69], compensations can be made by calibrating the system
with a correlated noise signal. A common noise source will
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FIGURE 11. The simulation results of the radiation pattern of the
4 x 4 -band phased-array antenna with its main beam steering at
—20° 0°, and 20° in the x-direction, showing the radiation pattern
on the () E plane and (b) H plane.
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L 270° 0° 90°

simultaneously inject its noise signal into each individual
channel through a properly designed 1-to-N power divider,
where N is the number of channels.

One channel is chosen as the reference channel, and
then the signals of the other channels are sequentially cross
correlated with the reference signal [62]. The obtained re-
sults are the compensation factors, which are used to cor-
rect the imbalances among channels. The gain differences
among channels can also be corrected by using uncorrelat-
ed noise sources, which are usually temperature-controlled-
matched loads at the input of each channel [62]. A typical
example of DBF is depicted in Figure 13.

In [87], an 8-20-GHz receiver with selectable IFs for
multibeam, phased-array DBF applications has been de-
veloped, using the SiGe BiCMOS technology. With some
modifications, this module can be used to realize radi-
ometer receivers with shared-aperture multiband anten-
nas, which provides the benefits of high penetration at
low frequency and improves the imaging resolution at
high frequency.

The tradeoff for the excellent performance of DBF is the
cost and power consumption of both the ADC and FPGA.
Considering an 8 X 8-antenna array, the required number of
ADCs is 64, and the processing speed of the FPGA should be

B,

FIGURE 12. A simulated 3D radiation pattern of the 4 x 4 L-band

phased-array antenna with the main beam steered at (-19° x, +17° ).

TABLE 5. THE PHASE ALLOCATION OF EACH ANTENNA
ELEMENT TO GENERATE A (-19° X, +17° Y) BEAM.

0° 90° 180° 270°

90° 180° 270° 0°

180° 270° 0° 90°
180°
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at least 64 times faster than the sampling speed of one ADC
unit. Multiple FPGAs can be used in parallel, but they have
to be properly synchronized [88]. Again, the high cost of
the DBF technique prevents it from being widely utilized in

Digital Processor

Beam 1

Divider

cost-effective systems as well as applications that use a mas-
sive number of antenna elements. Some techniques, such
as using subarrays or hybrid beamforming techniques, have
been devised to effectively reduce the number of channels
required for a fixed number of antenna elements [36].

SUBSTRATE-INTEGRATED WAVEGUIDE
LONGITUDINAL SLOT-ARRAY ANTENNA

Another printable planar antenna structure that is also suit-
able for microwave radiometers is the substrate-integrated
waveguide (SIW) slot antenna. The waveguide slot antenna
demonstrates excellent performance in phased-array de-
signs because of its low loss at microwave frequencies, high
quality factor, and high-power-handling capability. Due to
the space limitations of the airborne radiometer systems,
the SIW, which is a planar form of the conventional wave-
guide, exhibits promising aspects.

The first SIW technology was introduced through a pat-
ent in 1994 [89], with a complete antenna array system
developed in 1998 [90]. A regular SIW structure is formed
by placing several conducting via holes to form the E-field
shield, and, thus, the structure is completely compatible
with the conventional multilayer microwave integrated cir-
cuits fabrication process, such as low-temperature cofired
ceramics or multilayer printed board circuits (PCB) [91].
A high-gain SIW 8 X 8 longitudinal slot array antenna at
the Ku band was developed by the MMARS laboratory,
as shown in Figure 14(a). The proposed antenna had a
return-loss bandwidth of 500 MHz (18.5-18.9 GHz) and
maximum gain of 21 dB, with a 3-dB beamwidth of 13.5°.
Thus, it exhibits the maximum merits of the conventional
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FIGURE 14. The SIW slotted-array configurations: (a) an 8 x 8 SIW longitudinal slot-array antenna and (b) a phased-array slotted

waveguide topology.
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waveguide structures, along with a low-cost fabrication ca-
pability and planar structure similar to the patch antennas.

The SIW slotted-array antennas can be compared with
the stick array, where the number of linear stick arrays
can be excited by a power divider through phase shifters
to form a phased-array system, as shown in Figure 14(b).
Depending on the application requirements and the selec-
tion of the number of phase shifter bits, the beamforming
can be achieved in one plane, i.e., the E plane, as shown
in Figure 15.

PATCH ANTENNA AND SIW PHASED ARRAY FOR
REPLACING HORN ANTENNAS IN AIRBORNE AND
SPACEBORNE PLATFORMS

Due to the nonconformal structure and long body length,
itis difficult to install and mount conventionally used horn
antennas into aircraft without significant modifications. In
certain cases, a bulky antenna structure could also affect
the aerodynamics of the airplane [92].

In contrast, both a microstrip patch phased array and
an SIW array can be implemented in low profile and pla-
nar forms, leading to easy deployments. For example, both
the EMIRAD and Cooperative Airborne Radiometer for
Ocean and Land Studies (CAROLS) adopted two large Pot-
ter horns, each with a total length of more than 150 cm
(including the orthomode transducer) [93]-[95]. The an-
tenna body, excluding the orthomode transducer, is shown
in Figure 16(b). These, in turn, require modifications to the
aircraft, especially precise designs of the interface between
the horn antennas and aircraft [as shown in Figure 16(c)
and (d)]; further antenna details and the interface design
are available in [95].

In contrast, the Polarimetric L-band Multibeam Radi-
ometer (PLMR) antenna has a height of only 20 cm [includ-
ing the receiver and radome, as shown in Figure 16(a)] [96],
leading to a relatively easy installation on small airplanes.
Furthermore, compared to an aperture-coupled patch an-
tenna (ACPA) phased array (as discussed in the “L-Band
Aperture-Coupled Patch Antenna Phased Array” section),
SIW arrays have the merit of implementation in a single lay-
er, while ACPA arrays require multilayer structures. How-
ever, this single-layer design has the capability of scanning

in only 1D. To realize 2D scanning similar to the patch an-
tenna arrays, multiple layers with much higher complexity
are required for an SIW (examples in [97]-[99]).

In addition to being strong candidates for replacing horn
antennas in airborne platforms, the mentioned antenna
structures also have the potential to be deployed in space-
borne platforms as an alternative approach to feed a large
reflector antenna. As discussed in [100], to achieve less
than a 1.5°, 3-dB beamwidth—hence, a less-than-20-km
footprint from LEO—using patch arrays could reduce the
weight by a factor of three and the length by a factor of six,
with a similar performance to that of a conventional horn
illuminating a 12-m reflector.

For future high-resolution L-band radiometric soil mois-
ture mapping with a spatial resolution of better than 10 km,
a system with multiple feeds and an antenna aperture of
more than 25 m may be required [101], [102]. Even though
the required reflector size may be large to achieve the de-
sired <10-km spatial resolution, deployable mesh reflectors,
such as those used in SMAP, can be employed to minimize
the prelaunch system’s size and weight. By using multiple
small patch or SIW arrays (e.g., 3 X 3 or 4 X 4 each) in a hex-
agonal configuration (to increase the swath width [102]) for
a light weight and profile, the authors envision that the me-
chanical rotating part of the reflector could be replaced by
the discussed electronic beam-steering techniques.

DISCUSSION AND CONCLUSION
This article reviewed microwave radiometers for remotely
measuring the moisture content within soils and explored
methods to realize a lightweight, compact, and cost-sav-
ing radiometer. The antenna system plays a vital role in
the radiometer system, but it is a challenging task to de-
sign in a compact and lightweight manner, with a narrow
beamwidth at low-operating-frequency bands, such as the
L band [33], [53], [67]. The aperture-synthesis technique
can be used to eliminate the dependency of a radiometer’s
spatial resolution on the antenna’s real-aperture dimen-
sion, but the system sensitivity is reduced as a conse-
quence [17], [34], [67].

The SMAP instrument uses a mechanical system to steer
the antenna main beam conically (i.e., with a fixed incident

FIGURE 15. A 3D radiation pattern of the SIW slotted-array antenna with different phase angles: (a) -120°, (b) —80°, (c) 0°, (d) 80°,

and (e) 120°.
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angle), while the SMOS radiometer (MIRAS) uses the syn-
thetic aperture technique to obtain multiangular measure-
ments. The SMAP instrument’s radiometer achieves better
sensitivity, but it has to employ a large antenna aperture
and heavy spin subsystem. Conversely, the synthetic aper-
ture technique allows MIRAS to employ an array of smaller
antennas, but its radiometer sensitivity is reduced.

Electronic beamforming techniques, which have been
investigated by several researchers [60], [62], [69], can also
be utilized to simultaneously achieve excellent antenna
beam shapes as well as dynamically create agile beams for
different viewing angles, with minimal sacrifice to the sys-
tem’s sensitivity.

Analog beamforming techniques or, specifically, phased
arrays require less hardware complexity but lack the flex-
ibility in beam scanning and SLL reconfiguration that the
DBF technique could provide. Conversely, digital beam
formers’ reliance on a large number of ADCs and high-
speed digital processing units can make them expensive in

terms of both cost and power consumption. Nevertheless,
with the use of digital radiometers and DBF techniques,
benefits such as accuracy, stability, reconfigurability, and
multibeam scanning ability can be obtained from the digi-
tal signal processing algorithms.

Along with the development of electronic circuits in
the future, when integrated circuits are of low loss at mi-
crowave frequency bands, such as the L band, and digital
circuits are cheaper, faster, and smaller, digital radiometers
using DBF techniques for fast scanning can create a signifi-
cant impact on the next generation of soil moisture remote
sensing radiometers. Additionally, by exploiting the abil-
ity to smoothly control the multibeam antennas of digital
beam formers, the push-broom scanning scheme can also
be utilized to achieve highly sensitive yet compact radiom-
eter systems.

Printable planar antenna structures, such as patch and
SIW, are viable options for low-cost, compact, and light-
weight radiometers [101], [103]. The MMARS Laboratory

FIGURE 16. (a) A PLMR planar structure. (Source: [104].) (b) A Potter horn antenna used in the CAROLS and EMIRAD radiometers. (Source:
[93].) (c) A CAROLS horn antenna installed on an aircraft. (Source: [18].) (d) EMIRAD horn antennas installed on an aircraft. (Source: [93]).
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has developed an L-band, aperture-coupled patch antenna
phased array and a Ku-band, SIW longitudinal slot-array
antenna suitable for airborne dual-band (L- and Ku-band)
radiometer systems and also for the demonstration of de-
sign concepts for a future spaceborne system.

It is also expected that more research activities will fo-
cus on low-loss, printable planar antennas/antenna arrays
with electronic beam-steering capability to miniaturize
next-generation radiometer systems. In other words, in the
future, it will be possible to realize a compact, lightweight,
economical, yet accurate radiometer system with the use of
a low-loss, printable planar antenna array in combination
with digital radiometers and electronic beamformers.
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