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Filling the 
Spectral Holes

T
he requirement of wireless access by novel 
telecommunications and remote-sensing 
applications, such as Internet-in-mobile 
services and ultrawideband (UWB) radar 
systems, is continuously growing in west-

ern society but also in countries with big and emerging 
economies such as China, Brazil, India, and even some 
African nations [1], [2]. As a consequence, the radio-
frequency (RF) spectrum is becoming a very valuable 
but scarce natural resource. In relation to this, it is well 
known that some portions of the RF spectrum, such 
as those assigned to military and emergency services, 
remain underutilized [3]. These spectral holes, usu-
ally referred as “white spaces,” then become excellent 

opportunities for new wireless communications and 
radar systems to operate. Nevertheless, the necessary 
dynamic access to properly exploit these free spectral 
holes can only be performed through very sophisti-
cated and reliable receiver architectures. They must 
be capable of sensing very broad spectrum ranges 
while assuring a minimum quality for the received 
signals. This article addresses modern RF receiver 
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schemes for sensing widebands in communications 
and radar scenarios. 

The problem of wideband sensing for modern 
receiver configurations, mostly driven by new wire-
less communications paradigms such as cognitive 
radio (CR) and software-defined radio (SDR), has been 
approached mainly from two different perspectives 
[4]–[6]. These complementary receiver philosophies 
attend to the way in which the intended broadband 
portion of the spectrum is captured, as follows:

 • Receiver schemes using electronically reconfigu-
rable microwave electronics to acquire such a 
large bandwidth of the spectrum by continuously 
sensing smaller portions of it [7], [8]. In these types 
of receivers, the entire spectral band of interest is 
explored in subregions instead of in an instan-
taneous fashion. Examples of key frequency-
agile RF components for these receiver schemes 
encompass tunable bandpass filters for dynamic 
signal-band selections, adaptive notch filters for 
interference mitigation, and voltage-controlled 
oscillators with fixed-frequency bandpass filters 
to implement an equivalent frequency-controlla-
ble signal-capturing process [9]–[12]. Advances 
here are then limited by the electrical perfor-
mances achievable by these frequency-adjustable 
devices; for instance, if reconfigurable bandpass 
filters are considered, main requisites for their 
design are the preservation of a high unloaded-
quality-factor value within the entire tuning 
range, which ultimately results in the maintain-
ing of the power insertion loss and selectivity 
performances throughout it. High switching 
speed is also mandatory to dynamically sense the 
whole spectrum in a nearly negligible amount of 
time, especially in other scenarios such as elec-
tronic-warfare applications in battlespace [13]. In 
the case of adaptive notch filters, the realization 
of tunable notches for interference suppression 
while maintaining a broad passband region out 
of it becomes mandatory for not significantly dis-
torting the signals of interest [14]. 

 • Innovative mixed-mode wideband receiver archi-
tectures which hybridize the analog and digital 
domains [15]. For such receiver alternatives, the 
full spectral band to be processed is acquired at 
the same time by fixed-frequency multichannel 
RF filtering devices—e.g., preselectors consisting 
of multiplexers or multiband bandpass filters—to 

be subsequently processed at the digital level [16], 
[17]. Note that the bottleneck here is the speed-
data rate of currently available analog-to-digital 
converter (ADC) technology, which makes it 
impossible to directly sample signals occupying 
UWB spectrum regions [18]–[22]. Indeed, tak-
ing into account Moore’s law, even if such device 
exists, it would consume high dc power levels, 
which would hinder its exploitation in low-power 
mobile systems [23]. This can be partially circum-
vented by means of properly conceived receiver 
solutions, mainly in terms of their filtering stages 
for signal acquisition so that UWB spectral ranges 
can be supported by today’s commercial ADCs.

On the other hand, a great research effort is being 
directed toward the development of multiband receiver 
topologies, not only for wireless communications ser-
vices but also for radar systems. In SDR applications, 
as previously outlined, their proper design in terms of 
multichannel allocation is crucial to considerably alle-
viate ADC requisites by means of sub-Nyquist direct-
sampling principles in mixed-domain receiver configu-
rations. Besides, in remote-sensing scenarios, enhanced 
capabilities can be attained through multifrequency 
radar implementations that process target echoes com-
ing from different spectral bands [24]. Among others, 
target detection [25], [26], automatic target recognition 
(ATR) algorithms [27]–[29], radar-image fusion [30], 
automotive configurations [31], subsurface sensing [32], 
or efficient clutter cancelation in life-detection scenarios 
[33] are to highlight. In addition, higher robustness to 
mono-band jamming and unintentional interference 
phenomenon from other colocated wireless systems 
may be achieved.

The aim of this overview article is to report the latest 
research findings in the development of modern receiver 
architectures for broadband spectrum sensing in wire-
less communications and radar scenarios. Emphasis is 
made on mixed-domain broadband and multichannel 
receiver solutions for telecommunications services in 
the CR/SDR context. For some of these receiver con-
figurations, their operation features for some types of 
modulation [e.g., quadrature amplitude modulation 
(QAM)] are shown. Furthermore, recent trends in the 
realization of multiband receiver schemes for remote-
sensing applications exemplified in linear-frequency-
modulated continuous-wave (LFMCW) radars are 
presented. Specifically, different minimum-hardware 
multifrequency radar structures are described, and 
functionality performances in terms of target detection 
capability for an imaging application are expounded. 

Channelized Wideband 
Mixed-Domain Receivers
Channelized mixed-domain receiver architectures have 
their origin in the concept of a hybrid filter bank (HFB) 
to process the sensed wideband RF signal [23], [34], [35]. 

Channelized mixed-domain receiver 
architectures have their origin in  
the concept of hybrid filter bank (HFB)  
to process the sensed wideband  
RF signal.
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Figure 1 shows the conceptual block diagram of this 
kind of receiver for an example of 64 channels [15]. The 
key feature of this receiver approach, so that it can cor-
rectly process the broad frequency range sensed by the 
antenna, is the exhaustive signal-spectrum channeliza-
tion into multiple frequency-narrower subbands. This 
is done here by two stages at the RF and IF levels. First, 
the signal spectrum captured by the antenna is split 
after antialiasing filtering and amplification into sev-
eral bands—eight in this case—by an RF channelizer. 
After that, once these signals components have been 
down-converted in parallel to the same IF range, they 
are further subdivided into various subbands—eight 
again in this example—by the intermediate frequency 
(IF) preselector. Thus, they can be sampled by less-
demanding ADCs for their subsequent processing in 
the digital domain. It leads to a sampling-rate reduction 
by a factor equal to the total number of channels regard-
ing a single-ADC receiver directly sampling the whole 
bandwidth. Thus, the basic task of the two-stage chan-
nelizing procedure of this receiver is to accommodate 
such a large portion of the electromagnetic spectrum to 
commercially available ADC technology. 

Several remarkable advantages are found in this 
mixed-domain wideband receiver approach when 
compared to more traditional fully analog receiver 
architectures for wireless communications systems:

 • The dynamic-range figure of merit is noticeably 
improved due to the wideband channelization 
process since low-power signals can be detected 
in the presence of high-power signals as long as 
they appear allocated at different spectral regions 
(see the lower left part of Figure 1). Consequently, 
blocking-effect robustness is also enhanced. 

 • Hardware imperfections having their origins in 
different phenomenons, such as the finite selec-
tivity of the analog filters embodied in the chan-
nelizers that gives rise to aliasing and distortion 
terms during sampling, can be corrected at the 
digital level by the synthesis digital filter banks. 
Note also that, in this receiver scheme, the digi-
tal part can be readapted or reconfigured in real 
time. This feature permits to dynamically com-
pensate other undesired effects that could arise 
making imprecise the analog circuits in relation 
to their ideal models, such as manufacturing tol-
erances, temperature drifts, or parasitic coupling.

 • The overall system dc-power consumption is 
decreased with regard to a single-ADC receiver 
implementation handling the same bandwidth. 
This is because those branches of the channel-
ized receiver that are not utilized at a specific time 
for spectrum reconstruction can be temporarily 
turned off.
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Figure 1. An example of a channelized wideband mixed-domain receiver with 64 channels [15].
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 • Parallelized multiband signal processing and 
environment adaptivity are intrinsic characteris-
tics to this kind of receiver.

The most critical elements in the devised mixed-
domain receiver arrangement are the RF and IF chan-
nelizers or preselectors carrying out the captured signal-
spectrum division into multiple subbands. Furthermore 
when broader regions of the spectrum are intended to 
be sensed, which irremediably leads to more challeng-
ing multiplexer designs involving a higher number of 
wider-bandwidth channel filters. Obviously, owing to 
practical aspects, different solutions must be adopted 
for the RF and IF channelizers, as follows:

 • Planar technologies, such as microstrip, stripline, 
or coplanar waveguide, are a preferred choice 
for the RF multiplexer design. Since this class of 
receivers is projected to be mainly exploited in 
the lower part of the microwave band, a wave-
guide-based or coaxial-cavity realization is not 
appropriate due to size/weight constraints and 
the absence of high power-handling capabil-
ity needs [36], [37]. Besides, the channel filters 
should be spectrally adjacent each to the other, 
so that no frequency regions of the captured sig-
nal are lost. Such a stringent contiguous-channel 
requisite could hardly be afforded in preselector 
devices with a large number of branches, owing 

to difficulties inherent to the interchannel isola-
tion process for wideband designs. Indeed, only  
a few alternatives suitable for such high-fre-
quency multiplexers, based on manifold arrange-
ments and multistar/ring junctions, have been 
proposed [16], [38], [39]. The development of these 
RF filter banks in miniaturized technologies to 
achieve higher circuit-size compactness, such 
as microelectromechanical systems (MEMs) or 
surface-acoustic-wave (SAW) and bulk-acoustic-
wave (BAW) resonators, is currently acquiring a 
great interest.

 • For the IF channelizer, a lumped-element imple-
mentation is the best option in terms of electrical 
performance. Nevertheless, integrated multiplex-
ing devices made up of gm -C filters could be 
also be advantageous regarding occupied area. 
Design constraints here are related with the avail-
ability of only some nominal values for commer-
cial discrete elements and their tolerances. An 
interesting structure to realize this multiplexer 
is the so-called cochlea-based configuration [40], 
[41]. It is a bioinspired circuit that mimics the 
sound-acquisition mechanism of the mamma-
lian cochlea of the human hearing system. As 
an example of a proof-of-concept manufactured 
prototype, Figure 2 shows an inverted version of 
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such a multiplexer for an eight-channel design 
covering the 50–100-MHz band circuit detail, 
photograph, and simulated and measured power 
transmission responses for its channels [16].

On the other hand, digital filter banks are also 
basic blocks in the suggested mixed-mode wideband 
receiver. As explained, they perform a double func-

tionality in the HFB: 1) aggregation of the signal sub-
bands to reconstruct the overall signal in the digital 
domain and 2) compensation of the distortion and 
aliasing terms caused by the sampling process and 
influenced by hardware nonidealities. Performances 
in their operation are related with the specific sig-
nal-reconstruction algorithm programmed in them; 
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examples include maximally decimated or oversam-
pled  HFB techniques, as well as limitations related 
to the computational cost of the field-programmable 
gate array (FPGA) implementation of the digital filter 
impulse responses [42]–[46].

To conclude, the correct operation of the mixed-
domain receiver is evaluated through two signal-
reconstruction experiments [47]. These tests have been 
conducted in the IF HFB by only considering the five 
lower channels of its IF channelizer of Figure 2, which 
span from 50 MHz up to 75 MHz, i.e., 25 MHz of over-
all signal bandwidth to be handled. The setup of the 
experimental procedure for the signal-reconstruction 
tests, along with the obtained results for a wideband 
and a narrow-band signal, are shown in Figure 3. The 
evaluation consisted in the comparison of the IF part of 
the channelized mixed-domain receiver architecture 
and its equivalent single-ADC receiver directly sam-
pling the same signal bandwidth. Specifically, two sig-
nals are compared in each test: the reconstructed signal 
and the original one as acquired by the classic receiver. 
In these experiments, the sampling rate in each ADC 
is 10 megasamples per second (Msps), i.e., five times 
lower than the minimum one imposed by the Nyquist 
theorem and used by the direct-sampling receiver. To 
generate the real-time signals, an SMU200A vector sig-
nal generator from Rohde & Schwarz was utilized. A 
maximally decimated structure for the IF HFB with 
inversion digital filters optimized through the Papou-
lis–Gerhberg algorithm was synthesized. There were 
200-coefficient impulse responses that were assumed 
for the digital filters. More details about these experi-
ments and the obtained results are as follows: 

 • The wideband example uses a 16-QAM signal with 
a rate of 20 megasymbols per second (Msymb/s) 
and a carrier frequency of 62.5 MHz. The recon-
structed and original signals attained after using 
the five digital filters in the channelized approach 
( , , , ,F F F F0 1 2 3  and F4 ), which are compared in both 

frequency and time domain, show a fairly close 
agreement. In the time domain, the computed 
deviation mean error in normalized-to-the-max-
imum absolute terms is 0.05.

 • The narrow-band example consists of a 16-QAM 
signal with a symbol rate of 1 Msymb/s and a 
carrier frequency of 68 MHz. In this case, only 
those digital filters of the channelized solution 
near or inside the band of interest ( , ,F F2 3  and  
F4 ) are employed in the reconstruction process. 
The attained reconstruction results in frequency 
and time domain for the narrow-band signal lead 
to a reconstruction error even lower than in the 
previous wideband example, of about 0.025 in 
normalized terms.

Sub-Nyquist Direct-Sampling  
Multichannel Receivers 
Conventional CR/SDR receiver approaches reported 
in the technical literature exhibit different limitations, 
as follows:

 • Superheterodyne architectures, which commonly 
suffer from great size, need for careful designs to 
avoid problems related to image bands and spuri-
ous signals resulting from the use of mixers in sig-
nal down-conversion stages [48]. This drawback 
can be extrapolated to the channelized wideband 
mixed-domain receiver structure expounded in 
the previous section (see Figure 1).

 • In zero-IF receiver configurations, in-phase/quadra-
ture imbalances and dc offsets could be very critical 
[49]–[51].

 • Low-IF receiver arrangements have the same draw-
backs of the latter and the image-frequency disad-
vantage of superheterodyne receivers [49]–[51]. 

One interesting alternative to overcome the aforemen-
tioned shortcomings is the direct-sampling architecture, 
which employs an ADC just after filtering the input RF 
spectrum captured by the antenna [52]–[55]. However, 
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as it was pointed out, commercially available ADC tech-
nology does not allow to process excessively large RF 
acquisition bandwidths due to restrictions on feasible 
maximum speed-data rates. This is the bottleneck of this 
receiver concept when applied to broadband sensing. 

Fortunately, the multiband functionality and chan-
nel simultaneity may be met in this direct-sampling 
receiver principle by incorporating on it a high-fre-
quency multipassband filter and a simpler ADC sam-
pling at a sub-Nyquist rate. This is depicted in Figure 4. 
The idea behind this approach is that a sparse spectrum 
does not need to be sampled at the Nyquist rate to be 
properly acquired (i.e., without aliasing). Indeed, like 
in the mono-band case and according to the bandpass 
sampling theorem, sampling frequencies below that 
imposed by the Nyquist criterion may be used here [56]. 
By doing so, less stringent demands are obtained when 
operating at the minimum sub-Nyquist sampling rate 
since only some spectral channels are intended to be 
acquired. If this minimum sub-Nyquist frequency is to 
be adopted, some restrictions on the channels positions 
need to be imposed. The mathematical rules for their 
proper allocation can be derived not only for evenly 
spaced equal-bandwidth channels, but also for more 
general scenarios consisting of multiple bands with 
arbitrary center frequencies and bandwidths. The com-
plete analytical deduction of these design guidelines 
can be found in [57] and [58].

It should be remarked that, if the design rules 
detailed in [57] and [58] for the multichannel spectral allo-
cation are not followed, 
then irremediable alias-
ing problems can arise 
during the sampling pro-
cess. This is illustrated 
in Figure 5 for a specific 
quad-band acquisition 
scenario [57]. In particu-
lar, Figure 5(a) shows the 
spectrum of a normal-
ized-to-f0 subsampled 
quad-band signal at a 
rate equal to the mini-
mum sub-Nyquist sam-
pling frequency .f ,mins  
As can be seen, no over-
lapping between chan-
nels arises in this case—
the channel disorder and 
the possible spectrum 
inversion are not critical 
issues, since they can be 
corrected by the digital 
postprocessing part. In 
contrast, aliasing can 
appear for sampling fre-
quencies higher than 
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the minimum sub-Nyquist sampling frequency. This  
is demonstrated in Figure 5(b) for a sampling frequency 
equal to 1.1 times the latter, where the resulting channel 
spectral superposition is also indicated.

From a hardware perspective, the core of the sub-
Nyquist direct-sampling multichannel receiver of Fig-
ure 4 is the multipassband filter. More still after consid-
ering that such filtering device could hardly be realized 
through traditional coupled-resonator circuits, especially 
if a high number of channels covering a UWB spectral 
range is required. Indeed, practical implementations of 
coupled-resonator multiband bandpass filters have been 
limited to filtering actions with no more than four pass-
bands [59]–[61]. 

This problem can be circumvented through mul-
tiband bandpass filters based on signal-interference 
techniques [62], [63]. In these circuits, which exploit 
feedforward signal-interaction principles in transver-
sal multipath topologies to shape the transfer function, 
high-selectivity filtering profiles with any number of 

passbands can be produced throughout UWB spectral 
ranges. As an example, Figure 6 shows two microstrip 
prototypes of signal-interference multipassband pla-
nar filters for sub-Nyquist direct-sampling multichan-
nel receivers—photographs, simulated and measured 
power transmission responses, and ideal channel masks 
[57], [58]. The analytical foundations and the design 
methodology of this type of filters are described in [62] 
and [63]. More information regarding these circuits and 
their receiver application is provided below.

  •  The prototype of Figure 6(a) corresponds to a quad-
passband filter for a direct-sampling evenly spaced 
equal-bandwidth four-channel receiver [57]. The 
center frequencies for its channels, listed from the 
lower to the upper one, were selected to be 1.2, 1.73, 
2.27, and 2.8 GHz. Their bandwidths were fixed 
equal to 267 MHz. It can be checked that a sub-
Nyquist sampling frequency of 2.134 GHz, which 
is a much lower value than the 5.867 GHz imposed 
by the Nyquist theorem, can be used in this case to 
directly sample these bands without aliasing.

 • The prototype of Figure 6(b) consists of a dual-
passband filter for a direct-sampling two-channel 
receiver with strong spectral asymmetry between 
bands [58]. The lower and upper channels were 
chosen to be centered at 1.53 and 3 GHz, respec-
tively, with bandwidths of 133 and 400 MHz. In 
such a case, a minimum sub-Nyquist sampling 
frequency of 1.067 GHz can be utilized to directly 
sample these bands without aliasing. Note that, as 
in the quad-passband filter example, it is a much 
lower value than the 6.4 GHz resulting from the 
Nyquist criterion.

Multiband Radar Receivers
It is well known that radars have a plurality of important 
applications, such as detection, localization, tracking, and 
even imaging [24], [64]. Recently, multifrequency radars 
have arisen. By processing the target echoes coming from 
different bands, multiband radars can extend and enhance 
their functionalities, thus outperforming standard mono-
band radar sensors [25]–[33]. This is a major justification 
for the research into innovative receiver architectures for 
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emerging multifrequency radars, 
especially for continuous-wave 
(CW) systems. Nevertheless, note 
that the design of these multi-
band radars are also motivated by  
specific requirements, such as 
those related to target classifica-
tion, detection, counter-measure-
ment issues, and so forth. 

A CW radar transmits a sig-
nal all the time, unlike tradi-
tional pulsed radars [24], [64]. 
This implies that the sensitive 
receiver of a CW radar must 
simultaneously operate with the 
transmitter. To improve the iso-
lation between the transmitter 
and receiver modules, the con-
ventional pulsed-radar configu-
ration with an isolator, such as 
the one shown in Figure 7(a), is 
usually avoided for CW radars. 
In contrast to it, CW radars com-
monly employ two high-direc-
tivity antennas to increase the 
transmitter-receiver isolation as 
illustrated in Figure 7(b).

Among CW radars, those 
using an LFMCW waveform are 
of great relevance. In addition to 
obtain a high-range resolution, 
this waveform has advantageous 
characteristics in terms of low 
probability of interception [65]. 
Furthermore, architectures for 
LFMCW radars can include an 
analog deramping stage, which 
deeply relaxes the speed-data 
rate requisite for its receiver ADC 
[66]. This scheme, shown in Fig-
ure 8 and also known as “dechirping,” simply consists 
of mixing a replica of the transmitted signal with the 
received one. At the RF mixer output, the so-called beat 
signal is obtained. This low-frequency signal has a band-
width much lower than the transmitted one, thus being 
much easier to be acquired. Interestingly, this ADC 
relaxation transforms this type of radars into quasi com-
mercial-off-the-shelf (COTS) prototypes. Some examples 
to be highlighted are the Brigham Young University 
microsynthetic aperture radar (μSAR) systems [67], the 
millimeter-wave high-range-resolution Technical Uni-
versity of Madrid demonstrator [68], or the miniaturized 
synthetic aperture radar (MISAR) developed to fly on 
small unmanned aerial vehicles [69].

By combining the deramping concept and the multi-
band paradigm, two high-level deramping-based solu-
tions for multiband LFMCW radars can be envisaged. 
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They are shown in Figure 9. Regarding the scheme of 
Figure 9(a), it is noticeable that a replica of the wave-
form transmitted in each band is employed for deramp-
ing purposes in each receiver path. It becomes easy to 
understand that the access to this replica can be assured 
by filtering the transmitted signal or by extracting some 
energy from each band. In relation to Figure 9(b), it 
should be emphasized that the radar structure is very 
compact since it only uses one single low-end ADC. The 
scheme of Figure 9(b) is a minimum-hardware solu-
tion, but has some limitations. Nevertheless, as proven 
below, they can be circumvented through a proper mul-
tiband radar design.

An imaging application is now considered to evalu-
ate the proposed multiband radar receivers. Inverse syn-
thetic aperture radar (ISAR) is an interesting technique 
for which the deramping-based multiband LFMCW 
radar architectures of Figure 9 can be exploited. ISAR 
is a coherent radar procedure which enables the gen-
eration of images of noncooperative targets, i.e., targets 
whose motion is unknown [70]. A high-range resolu-
tion can be achieved by transmitting a large bandwidth, 
whereas a fine cross-range resolution depends on a 
large variation of target aspect angle during the dwell 
time. ISAR images are range-Doppler projections of 
the target and the obtained view depends on the rela-
tive motion between target and radar [71], [72]. This 
unknown motion gives rise to undesired defocusing 
effects, which can be mitigated by means of transla-
tional and rotational motion compensation approaches 
also valid to the multiband case [73], [74].

For the preferred minimum-hardware deramping-
based radar architecture of Figure 9(b), although only 
one single beat signal is available, an ISAR image can 
be formed for each band. The procedure is exhaus-
tively detailed in [75] and [76]. To show how it works, 
let it consider the simulation of a maritime target, 
whose spatial distribution of scatterers is given in Fig-
ure 10. The target is assumed to be illuminated by a 
dual-band LFMCW radar, whereas it is pitching and 
moving along the radar line-of-sight. Note that this 
motion eventually produces a side-view ISAR image.

Figure 11 represents the obtained ISAR images for 
the lower and upper bands. Note that, in addition to 
the desired image, several ghost images appear. For-
tunately, through the proper selection of the radar 
parameters, these images appear at other ranges  
and do not mean any interference for the wanted tar-
get. Thus, they are not problematic. Note also that no 
ghost images appear with the more complex architec-
ture of Figure 9(a).

Summary and Conclusion
This overview article has presented recent contributions 
in the field of advanced wideband receiver configura-
tions for telecommunications and remote-sensing appli-
cations. Two different approaches of mixed-domain 
receivers for wireless communications systems in the 
CR/SDR scenario have been described. The first receiver 
structure exploits the exhaustive channelization of the 
full sensed spectrum under the HFB philosophy. This 
is carried at two levels through RF and IF multiplexers, 
so that the captured signal can be accommodated to be 
processed by low-cost ADCs through its division into 
multiple subbands. Performance evaluation has been 
carried out by means of two reconstruction experi-
ments for QAM signals. The second receiver architec-
ture operates in a properly designed frequency-sparse 
region of the spectrum in terms of center frequencies 
and bandwidths for their channels. Thus, the sensed 
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Several remarkable advantages are 
found in this mixed-domain wideband 
receiver approach when compared 
to more traditional fully analog 
receiver architectures for wireless 
communications systems.
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signal bands can be directly sampled at sub-Nyquist 
rates after being selected with signal-interference mul-
tiband bandpass filters as key components of this sort 
of receiver. For radar sensors, innovative multiband 
receiver arrangements for LFMCW systems have been 
suggested. Special attention has been paid to minimum-
hardware multifrequency radar schemes. Furthermore, 
their operative performances have been compared in 
terms of target detection capability for a maritime imag-
ing application.
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