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ABSTRACT Joint Communication and radio Sensing (JC&S) has gained significant attention over the past
few years. The advantages of this technology include reduced cost, size and power consumption.With further
advancements in JC&S systems, it can potentially be used in next-generation cellular networks, internet-of-
things and upcoming applications such as Industry 4.0, where a single system is capable of performing a
wide variety of functions or tasks. The inclusion of this technology will result in improved performance
and safety of the systems. Even though communication and radio sensing make use of a similar Radio
Frequency (RF) front-end, the specifications for both these technologies mainly differ in terms of bandwidth
and linearity. In this survey, a detailed study of the specifications of radar and communication systems was
conducted. For the RF front-end to operate efficiently in both radar and communication modes, there must be
reconfigurability in terms of frequency, bandwidth, gain and linearity. In this survey, we investigated different
frequency, bandwidth, gain and linearity reconfigurable low noise amplifier (LNA) and down-conversion
mixer architectures. The merits and demerits of each architecture are discussed and a summary of the
performance of the reconfigurable LNAs and down-conversion mixers in the literature is presented. Finally,
possible topologies for JC&S are deduced based on their performance.

INDEX TERMS Frequency reconfiguration, joint communication and sensing, multi-mode LNA, multi-
mode down conversion mixers, reconfigurable RF front-end, variable gain, CMOS.

I. INTRODUCTION
Joint Communication and radio Sensing (JC&S) has attracted
significant attention in recent years and is expected to be one
of the key features of future 6G wireless networks [1], [2].
JC&S allows the efficient use of the limited spectrum and
also, offers the possibility of sharing hardware resources. The
advantages can be seen in the cost, size, power consumption,
performance and safety of the system. Reconfigurability and
tuning of hardware will play an important role in meeting
the diversity of needs and enabling the reuse of hardware
whenever possible, thus fully utilizing its benefits. With
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programmable circuitry, JC&S can be better supported in
future networks and applications, without adding overheads.

To date, communication and sensing technologies have
been mostly studied and developed separately. Wireless
communication technologies allow the transmission of
data and information between the sender and receiver
through wireless channels while, radio sensing (e.g. Radar)
refers to the detection of objects/targets, their location,
movements, speed, shape and environment. Current state-
of-the-art communication technologies employ half-duplex
communication techniques whereas, the full-duplex mode
is mostly used for mono-static radars and, the half-duplex
mode in pulsed radar. However, both communication and
radar rely on the same physical phenomenon of sending and
receiving electromagnetic waves. Hence, potentially the same
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spectrum, hardware and signal waveforms can be used for
both the purposes. As shown in Fig. 1, the same signal is
transmitted to convey information from A to B and it will
also be reflected by the objects in the vicinity. These reflected
signals can be processed at A to estimate the position and
velocity of the objects, while sending communication data to
B which can be not just limited to the object information.

FIGURE 1. Application of JC&S.

However, combining these two technologies requires
finding a shared solution in terms of the hardware, waveforms
transmission, reception and modulation techniques. A survey
of modulation schemes that support JC&S is given in [3].
There are several approaches for combining radar and com-
munication systems. An existing radar system can be used to
add communication functionalities to it [4], [5]. Alternatively,
radar functionalities can be added to a communication system
or a co-designed system can be developed [6]. The different
transmit-receive techniques possible in JC&S, considering
the current state of the art are: 1) half-duplex communication
with half-duplex radar 2)half-duplex communication with
full-duplex radar, and 3)full-duplex communication with full
duplex radar. A half duplex communication with half duplex
radar for JC&S system model was proposed in [7] using
zero-padded Orthogonal Frequency Division Multiplexing
(ZP-OFDM). This method used the guard interval between
symbols for radar detection and environment sensing while,
the rest of the symbol was used for communication. The
second technique involving half-duplex communication and
full-duplex radar was mentioned in [4], where a joint
Frequency Modulated Chirp Waveform (FMCW) for both
communication and radar was proposed. The communication
link was operated in Time Division Duplex (TDD) mode.
Chirp pulse position modulation was used in [5] where
communication information was encoded using time shifts
in the transmitted signals. This enables a system architecture
in which it is possible to obtain sensing data while having
spectral access between users to perform other functions,
including communications. These modes require the receiver
to work in both radar mode and communication mode, which
have different specifications when it comes to the Radio
Frequency (RF) front-end.

A number of front-end JC&S architecture implementations
are already listed in literature. Most of such architectures
concentrate on the modulation of the waveforms and use

the same front-end in both modes. An FMCW waveform
with data modulated into it with Frequency Shift Keying
(FSK) was proposed in [8]. Reference [9] proposed a system
where wireless communication and sensing functions are
fully integrated and sequentially arranged in time domain
using a time-agile modulation scheme. In radar mode, the
signal splits into two halves using a Substrate Integrated
Waveguide (SIW) whereas in the communication mode, the
Local Oscillator(LO) is unmodulated. Reference [10] uses a
Direct Digital Synthesizer (DDS) to generate a modulated
waveform which separates the radar and communication
modes in time domain. Switched architectures were proposed
in [11] and [12], where the input to the mixer decides the
mode of operation. A reconfigurable architecture could be a
key element in realizing hardware reuse. Such a transceiver
architecture was proposed in [13] with reconfigurabilty
embedded in LNA, Power Amplifier (PA), up and down
converters and analog baseband blocks. Such a system also
needs a dual-mode analog-to-digital converter (ADC), recon-
figurable digital processing unit and a switched architecture.
A combined radar and communication receiver still needs
a unified framework with concrete list of applications and
Key Performance Indicators (KPIs). One of the main benefit
of a joint receiver front-end is the possibility of hardware
reuse. Even though the different specifications in radar and
communication make it difficult to use the same design
for both modes, separate hardware for the two modes as
in [14] will require a larger area and higher costs. Shared
hardware will facilitate the integration of this technology
into applications which demand smaller form factors and
hence, future applications will benefit more from a co-design
approach [15].

The L-band (1GHz-2GHz), S-band (2GHz-4GHz),
C-band (4GHz-8GHz) and the millimeter wave (mmWave)
band (30GHz-300GHz) have already seen coexisting radar
and communication systems. The mmWave band is expected
to become busier owing to the increasing interest of the
wireless community with regard to the mmWave wave
communications [16]. The co-design opportunities are more
at mmWave frequencies and hence, a key enabler for a
combined front-end. As new applications and use-cases
evolve, there is an increasing need to include sensing
capabilities in the communication ecosystem which further
propels the demand to use mmWave bands in targetted 6G
networks [13].

As the need for higher data rates increased, last decades
saw communication systems moving to Complementary
Metal Oxide Semiconductors (CMOS) and Fully Depleted
Silicon-On-Insulator (FDSOI) processes. Radar chipsets
however owing to higher output power requirements and
simpler baseband processing, still use Gallium Arsenide
(GaAs) or Silicon Germanium (SiGe) Heterojumction Bipo-
lar Transistor (HBT) processes along with CMOS processes.
Potentially, advanced CMOS, FDSOI (45nm and lower) and
SiGe BiCMOS nodes can be used for the realization of low
cost JC&S receiver front-ends [13]. With 6G, the carrier
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frequency is expected to go to sub-THz range and the fT
and fmax of the transistors will play an important role in
the selection of the technology. The lower nodes provide
very high fT and fmax. The 45nm and 28/22nm nodes have
the highest fT and fmax in the range of 350GHz-400GHz
[17]. The reported fT and fmax in 22nm FDSOI technology
referenced to the top metal layer is 240GHz and 230GHz
respectively [18]. SiGe BiCMOS technology provides the
possibility to extend fT and fmax for higher sub-THz carrier
frequencies in the range of 700GHz and beyond. It is also
reported that Partially Depleted (PD) SOI, FDSOI and SiGe
technologies show better performance than bulk CMOS at
D-band [17].
Some of the KPIs of an RF front-end include bandwidth,

gain, noise figure (NF) and linearity of the system. These
requirements differ in communication and radar, as well as
in the full-duplex and half-duplex modes. A summary of the
requirements for each modes is presented in Table 1.

All modes of operation require a high gain to mitigate
path losses which also accounts for a larger range in the case
of radar. It is also important to make use of the full-scale
range of the ADC and the signal must be amplified to avoid
losing any bits in ADC quantization. Usually, radar requires
a larger absolute bandwidth compared to communication
applications for better range resolution and context-aware use
of frequency bands. Noise can affect the overall sensitivity
of a system. A lower NF requirement is more stringent in
the case of communication than for radar. A lower NF can
contribute to a higher detection range of the radar, while
reducing the bit error rate (BER) in wireless communications.
The linearity requirements for radar are significantly higher
than those for communication. In the case of close object
detection, the incoming signal can saturate the LNA, leading
to non-linearities and hence, radar applications require a
higher IP1dB requirement. In the full-duplex mode, self-
interference from the transmit antenna can saturate the LNA,
hence, a higher linearity receiver is required in both the
radar and communication modes. A combined JC&S receiver
front-end would also demand high resolution ADCs.

To provide a quantitative example, we consider the 5G NR
n257 band which is centered at 28GHz for communication
and radar. The 3GPP specification for 5G NR user equipment
in power class 4 limits themaximum transmitter output power
to 23 dBm and the maximum Effective Isotropic Radiated

Power (EIRP) to 43 dBm [19]. For simplicity, we assume
that the self-interference in full-duplex communication and
radar is negligible owing to self-interference cancellation
techniques in the antenna, RF, baseband and digital domains.
The sensitivity of the receiver (Psens) at room temperature is
given by:

Psens = −174 dBm/Hz + NF + 10log10(BW) + SNRmin

(1)

A receiver with a minimum Signal to Noise Ratio (SNRmin)
of 5 dB and Bandwidth (BW) of 100MHz has a Psens of
−84 dBm, which is the minimum signal level that a receiver
can detect with acceptable quality. The Free Space Path Loss
(FSPL) is given by:

FSPL = 20log10(d) + 20log10(f) + 20log10(
4π
c
)

− GTx − GRx (2)

where d is the distance between antennas, f is the frequency, c
is the speed of light, GTx is the gain of the transmitter antenna
and GRx, the gain of the receiver antenna.

Considering the maximum EIRP, the path loss sustained
by a communication signal at a carrier frequency of 28GHz
for a distance of 1 km and 0.5 km for receiver antenna gain of
20 dB are 101.4 dB and 95.4 dB respectively. This causes the
power received at the input of the LNA to be −52.4 dBm for
a distance of 500m. In the case of a radar receiver, it must be
able to detect close targets depending on the application. The
attenuation that occurs owing to path loss in a radar receiver,
that needs to detect an object at 1m distance is 47.4 dB,
considering a fully reflective object completely in the path
of the radar beam. Therefore, for the same assumptions as
the communication receiver, the output power received at the
LNA is −4.4 dBm, which is significantly different from the
communication scenario. The power received at the LNA
increases as the distance decreases and that will demand very
high linearity in case of applications like gesture recognition.
In addition, radar signals typically involve short durations
and high power signals transmitted at regular intervals. This
can also increase the linearity requirements. This causes a
substantial difference in the linearity requirements of the
communication and radar receivers.

Frequency tunability in conventional communication
receivers facilitates multi-band and multi-standard receivers.

TABLE 1. Requirements of radar and communication front-ends in full-duplex and half-duplex modes.
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A wide-band system is subjected to large interferers and out-
of-band blockers, which reduces the sensitivity of the overall
system. Multi-band systems operating in multiple narrow
bands ensure noise and interference reduction, resulting in
increased sensitivity and selectivity of the receiver. Frequency
tunability facilitates band selectivity and isolation. Addi-
tionally, dynamic frequency tuning can reduce the impact
of interference and improve the overall performance of the
system. The transmitter can periodically measure the power
level and interference levels, when not actively transmitting,
in order to understand the spectrum usage and thereby change
the transmit frequency to a different carrier frequency if
needed. This requires frequency tuning at the receiver side.
The bandwidth of short-range automotive radars ranges from
1GHz-5GHz whereas that of communication applications
varies between a few hundred megahertz. Thus, for a JC&S
system, frequency tuning would mean tunability in both
frequency and bandwidth.

The question to be addressed here is whether to design
a receiver that provides high gain, high linearity, low
NF and high absolute bandwidth for JC&S applications,
while considering power consumption. This point has been
addressed in [20] with an example of an LNA. Fig. 2
shows the performance variations of a reconfigurable LNA.
To answer the question above, to attain the best performance
in all the parameters, one would have to design an LNA
with a higher power consumption. The next component in
the front-end receiver chain is the down-conversion mixer.
The third-order intercept point (IIP3) and the IP1dB of the
mixer are usually the limiting factors that determine the
overall linearity of the receiver. Since the LNA provides
sufficient gain, the linearity of the mixer affects the overall
linearity and sensitivity of the receiver more than the LNA
linearity. Hence, we studied the state-of-the-art highly linear
and reconfigurable mixer architectures. The reconfigurability
is addressed in frequency, gain and linearity.

FIGURE 2. Performance matrix of a reconfigurable LNA [20].

The remainder of this paper is organized as follows.
Section II compares the state-of-the-art radar and communi-
cation receivers and outlines the difference in specifications

for both technologies. Sections III and IV explain the various
frequency reconfigurable and variable gain LNA architec-
tures respectively. Their advantages and disadvantages are
also discussed along with a comparison of the previously
published reconfigurable LNAs. Section V explains the
possible topologies for a JC&S recconfigurable mixer.
Finally, section VI concludes the study.

II. STATE-OF-THE-ART RADAR AND COMMUNICATION
RECEIVERS
It is important examine the actual implementations of radar
and communication receivers and deduce the differences in
specifications and performances. Here, we look at a few
state-of-the-art receivers that are specifically designed for
radar and communication applications. Table 2 compares the
performance of the radar and communication receivers in
similar frequency bands. Implementations in the E band were
considered for comparison.

The main difference between radar and communication
receivers can be observed in the linearity and noise figure
requirements. As discussed in the previous section, radar
demands higher linearity whereas communication receivers
require a lower NF and a comparably higher gain. Even
though the table shows a larger bandwidth for communication
applications, in reality, the bandwidth requirement is less
when compared to that of radar in most applications and does
not require multi Gbps (Giga bits per second) data rates.

Multi-functional RF systems and front-ends are the focal
points for facilitating spectral convergence and hardware
sharing [5]. For a half-duplex JC&S receiver, this wouldmean
that the receiver can operate in the low gain-high linearity
radar mode and high gain-low linearity communication
mode. However, for a full-duplex JC&S receiver, the receiver
must provide high linearity and gain simultaneously. This
requirement can be relaxed and converted to a multi-mode

TABLE 2. Comparison of radar and communication receiver specification.
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front-end if radar sensing happens in short intervals and most
(e.g. 95%) of the time is dedicated to communication and
hence, preserving an almost full-duplex operation.

III. FREQUENCY RECONFIGURABLE LNAs
Frequency-reconfigurable LNAs enable multi-band, multi-
mode operation of JC&S while ensuring the selectivity
and sensitivity of the receiver. Bandwidth tuning ensures
multi-mode operations where a larger bandwidth is needed
in the radar mode than in the communication mode. The
frequency of operation also affects the choice of matching
elements which will affect the topology used for frequency
reconfigurability. Also, one main challenge of designing a
frequency reconfigurable LNA is to attain the same results
in terms of gain, linearity, NF and power while switching the
frequency bands.

Various frequency-tunable LNA architectures have been
proposed in the literature. In this survey, we look at
cost-effective and area-effective architectures. Reconfigura-
bility can be achieved by designing many LNAs, placing
them as an array and switching between different frequencies
using a multiplexer switch as in [31]. Three parallel paths
were provided for each band and each path was switched
on using a digital control in [32]. However, this would
require larger area and power depending on the number of
bands that the design has to cover. Therefore, in this survey,
we examine designs with tunability inherent in the design,
which facilitates reduction in the overall area and cost.

Tunability in frequency can be achieved by tuning the
input or output matching networks as shown in Fig. 3.
Fig. 4 and Fig. 5 shows the different possibilities listed in
literature for input tunability and output tunability in the
matching network of frequency tunable LNAs, respectively.
Input tunability can be achieved by tuning the gate inductor,
Lg as shown in Fig. 4.(a) and output tuning can be attained by
tuning the output matching network as shown in Fig. 5.(a).
Typically, one or more techniques are applied to design
tunable LNAs. Also, the techniques depend a lot on the
frequency of operation. As the frequency of operation shifts
to higher mmWave bands, designs with transmission line
matching will become more prominent. Table 3 summarizes
the advantages and disadvantages of techniques used in
frequency-reconfigurable LNAs. The methods are described
in the following subsections. Table 4 summarizes the perfor-
mance of frequency-tunable LNAs reported in the literature.

FIGURE 3. General concept of frequency tunable LNAs.

A. SWITCHED MULTI-TAP TRANSFORMER
The switched multi-tap transformer as shown in Fig. 4.(b)
is typically used in the input matching network of a
common-source (CS) LNA. The operating frequency of a

CS LNA can be controlled by changing the value of the
series gate inductor, Lg or the source degeneration inductor
Ls or the Cgs of the transistor in Fig. 4.(a). Changing Lg or
Cgs changes the imaginary part of the input impedance, and
hence, multi-mode LNA input matching usually makes use of
changing/switching Lg. The use of a transformer saves area
and can be used as a tunable inductor. As reported in [33]
and [34], the series gate inductor of the CS configuration is
replaced by a multi-tap transformer to realize a multi-mode
LNA. The transformer has a primary, L1 and a secondary, L2
inductor. L2 is divided into two sections, Ls1 and Ls2 which
have different coupling coefficients, ka and kb respectively
as shown in Fig. 4.(b). Each section of the secondary can
be open, shorted or terminated with a capacitor resulting in
different operating frequencies and hence, matching. This
method also has the flexibility to work for narrow band
and wide band matching. The segments in the secondary
inductor have to be switched on/off using switches and the
parasitics associated with the switches can cause a shift in
the matching frequency and can also cause additional losses.
The on-resistance and the off-capacitance of the switches can
limit the gain of the circuit as we move to the mmWave fre-
quencies. In addition to multi-tap transformers, an n-winding
transformer can also be used for frequency tuning. A
3-winding transformer load was used in [35]. The 3-winding
transformer as load provides 3 parallel paths providing the
flexibility to be used in a wide-band, high frequency band
and low frequency band mode. The input matching network
provides wide-band matching. Because of the 3 parallel
signal paths and output matching networks, the area and
power consumption of this design are comparatively higher.

B. SWITCHED MULTI-TAP INDUCTOR
Similar to the switched multi-tap transformer topology, the
multi-tap inductor, as depicted in Fig. 4.(c), comes with
switching elements, which can cause frequency deviations
due to parasitic elements [52], [55]. Each switching frequency
must be matched in the output matching network as well.
This method supports only coarse tuning of the frequency,
facilitating easy reconfigurations. Other techniques have to
be implemented in the case of fine tuning. A switched
inductor using substrate shield inductor was used for input
matching in [54]. The inductance was varied by changing the
coupling to the ground shield. Switched multi-tap inductors
can also be used in the output frequency tuning network,
as in [53], where a complimentary switched capacitor array
is used to switch the inductors.

C. TUNABLE FLOATING INDUCTOR
This architecture as shown in Fig. 4.(e) achieves tunability
by scaling the gate inductance by adding an amplifier in
the feedback-loop of the input matching network [37]. The
inductor value changes depending on the amplifier gain. This
method provides continuous input tuning but can cause a
frequency shift at the input and can also result in increased
power consumption.
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FIGURE 4. Input tunable LNA topologies.

FIGURE 5. Output tunable LNA topologies.
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TABLE 3. Advantages and disadvantages of frequency reconfigurable LNA techniques proposed in literature.
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TABLE 4. Performance comparison with previously published frequency tunable LNAs.
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D. SWITCHED CAPACITOR PARALLEL TO CGS
This architecture as shown in Fig. 4.(f) realizes band
tunability by switching an extra capacitor parallel to Cgs [38].
This configuration attains reconfigurability while requiring
less area. The gain of the LNA can degrade due to the extra
capacitance and the parasitics associated with the switch can
affect the frequency of operation.

E. LC/RLC RESONANCE TANK
LC or RLC tank matching is usually a part of the output
matching network and there can be different combinations
of this circuit, as shown in Fig. 5.(b,i,h). One can use
switched multi-tap inductors, switched capacitors, varactors
or combinations of these [20], [40], [52]. Switched multi-tap
inductors and switched capacitors provide coarse tuning
which makes it possible to switch the frequency band,
whereas, varactors can be used for fine tuning the frequency.
Additionally, with an RLC load with variable resistance, the
bandwidth of the circuit can be tuned while maintaining a
constant center frequency [40]. For the switched multi-tap
transformer, onemust consider the losses and frequency shifts
that can arise with the switches for this output matching
topology. A magnetically tuned variable inductor along
with switched capacitors were used in [39] for frequency
tunability. The input wideband tuning was achieved using
a transformer. The variable inductor was realized using
inductors with metal shield ground where the inductance is
varied by controlling the intensity of the induced current to
the ground which depends on the coupling strength between
the main coil and the ground shield.

F. VARACTOR
Varactors as shown in Fig. 5.(c) enable continuous tuning
of the frequency [41], [42] and can be used with both
input and output matching networks. They can also be used
in conjunction with other frequency matching techniques
such as LC resonance tanks, to facilitate fine tuning of
the matching frequency, while occupying very less area.
However, additional parasitics in the circuit can affect the
overall tuning range of the varactor. In addition, the quality
factor of the varactor has a clear effect on the gain of the LNA
and one must take this into consideration during the design.

G. VARIABLE ARTIFICIAL TRANSMISSION LINES
Artificial transmission lines are implemented as slow-wave
coplanar waveguides with a switched shunt capacitor to the
ground as shown in Fig. 6. For large tunable ranges and fine

FIGURE 6. Variable transmission line unit cell cross section.

tuning, multiple stages of the matching network are used
which results in a large number of control bits requiring a
digital control interface. By switching CL, the unit length
capacitance of the segment can be varied, which further
results in the variation of the characteristic impedance. The
switches must be carefully designed and in [43], triple-
well nMOS devices were preferred over Heterojunction
Bipolar Transistors (HBTs) because of the lower current
consumption per unit cell. For each configuration of the
operating frequency range, the output matching also needs
to be adjusted. In [43], artificial transmission lines were
used in conjunction with switched capacitors at the input
and output matching circuits as in Fig. 4.(d) and Fig. 5.(c)
respectively.

H. CASCODE BANK
This topology uses a switched cascode structure as in [52].
It also has the option of switching the transistor width in
the individual cascode branches for gain variations. Since,
there are multiple load branches, it would mean that there are
multiple load inductors, whichwould increase the overall area
of the circuit. In addition, this topology requires additional
tunable elements such as switched capacitors/varactors as
shown in Fig. 5.(g) and buffer stages which have to be
carefully designed considering the paracitics.

I. TUNABLE STUB
This method uses a tunable stub to switch between frequen-
cies. The stub is made tunable using a switch, which changes
the stub’s length when turned on and off, as in Fig. 5.(e). The
switch can be realized using an HBT switch [44], [45] or an
RF Microelectromechanical Systems (MEMS) switch [46],
[47]. The switches have on and off losses and must be
designed for minimum losses. Reference [44] reported an
on-loss as low as 1dB at 60GHz and off-loss of 0.7 dB
at 28GHz. MEMS switches have advantages over other
switches because of their low static power consumption but
their switching speed is relatively low when compared to
other active devices [56].

J. SUSPENDED SUBSTRATE COUPLED LINES (SSCL)
This topology realizes a switch-less architecture that uses of
an inter-stage and output-stage SSCL for frequency tuning
as shown in Fig. 5.(f). This requires a broadband input
stage and the signal is then divided into two parallel single
band stages by the inter-stage SSCL [48], [49], [50]. The
split signals are amplified by the high-band and low-band
stages and the output stage SSCL combines the amplified
single-band signals at the output. The coupled line also
provided the required matching. This architecture consumes
large area and the coupled lines introduce insertion losses
which can affect the overall performance of the LNA.
A single-pole-double-throw (SPDT) switch was used in [50]
to switch between bands at the output. Reference [51]
uses a broadband common-source stage and two parallel
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common-gate stages one of which supports the high fre-
quency mode and the other, low frequency mode. The signal
is combined using a coupled-line-based diplexer at the output
stage.

IV. GAIN TUNABLE LNAs
JC&S receivers are expected to work in a high gain-low
linearity mode and a low gain-high linearity mode enabling
the communication and radar mode respectively. Variable
gain amplifiers are a widely discussed topic and in this survey,
we look at designs that emphasize on a low noise design.
The variable-gain amplifier designs that use an attenuator
at the succeeding stage are not considered in this study as
they often tend to increase the power consumption of the
overall system. Instead, we focussed on designs with built-in
gain tunable architectures. In addition, variable-gain LNAs
can replace the variable-gain amplifiers in the RF chain
resulting in an overall power reduction. Table 5 summarizes
the advantages and disadvantages of the variable-gain LNAs
reported in the literature. Table 6 presents a the performance
summary of the LNAs discussed in this section and
compares the gain and linearity ranges achieved by each
technique.

A. TUNABLE TRANSISTOR WIDTH
Many gain-tunable architectures in the literature rely on
switched-transistor methodologies, through which the effec-
tive width and thus, the transconductance of the transistor
can be modified. Fig. 7 shows the schematic of an LNA with
size-switchable input transistor. This makes it possible to tune
the gain in discrete steps and operate in low-gain and high-
gain modes. This can also be used in conjunction with other
gain-variable topologies, as in [57] which additionally makes
use of current tuning and back gate switching. In [20] and
[52], the switched transistor widths are at different ratios and
is switched ON through digital control. This topology also
allows the tuning of linearity and achieves maximum linearity
at the lowest gain state. The disadvantages of this architecture
lie in the switches used. The switching delays and insertion
losses associated with the switches must be considered which
can also change the matching of the circuit.

FIGURE 7. Schematic of an LNA with input size tunable transistor.

B. VARIABLE BIASING
A straight forward approach to gain tuning is to vary the
bias of the transistors as shown in Fig. 8. This method as
in [58], [59], [60], and [61] attains a very good range in
gain and linearity tuning but can cause the transistors to
leave the optimum operating region depending on the bias
voltage. Transistors in the triode region will affect the NF and
isolation. Variable biasing can be applied as in [59]where bias
tuning is performed for multiple input transistors and it can
be applied independently to each transistor to achieve greater
tunability.

FIGURE 8. Schematic of an LNA with bias control.

C. CASCODE CURRENT STEERING
In this architecture, the added current steering transistor M3
in Fig. 9 when turned on, route a part of the drain current
of M2 from the supply to the steering transistors rather than
through the load thereby achieving tunability in gain [62],
[63], [64], [65], [66], [67], [68]. This method has very small
effect on the overall matching of the circuit under all gain
modes and the DC current remains almost a constant. It also
consumes a smaller area while providing more power gain
at higher frequencies. The topology can be either single
current steering or a switched one, allowing more tunability.
This method can be used either to digitally switch between
gains or to use it for continuous gain variation by changing
the steering voltage between the highest and lowest usable
values. This circuit introduces a phase variation and would
require a phase-compensation network. Additionally, the NF
of the LNA can be affected in the low-gain configuration.

FIGURE 9. Schematic of a cascode LNA with current steering.
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TABLE 5. Advantages and disadvantages of gain tunable LNA techniques proposed in literature.

Even though the IP1dB of the LNA increases with reduction
in the gain, OP1dB degrades with reduction in gain.

D. BACKGATE CONTROL
The threshold voltage of a MOSFET is a function of the bulk-
source voltage. This implies that changing the body bias of
the transistor can be used to achieve a dynamic threshold
voltage. This can be used to change the transconductance of
the transistor and hence, the gain as shown in Fig. 10. The
backgate control is more effective with FDSOI technologies
than with conventional CMOS processes. Backgate control
also allows best power performance as reported in [72]
where it can be used for very low power operations while
not compromising on the overall performance of the LNA.
Forward body biasing was used in [73] to relax the supply
voltage requirements while ensuring the operation of the
transistors in the saturation region.

FIGURE 10. Schematic of a LNA with backgate control.

E. TUNABLE COUPLING COEFFICIENT BASED
TRANSFORMERS
This architecture makes use of tunable-coupling coefficient
based transformers as shown in Fig. 11. The tunable coupling
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TABLE 6. Performance comparison with previously published variable gain LNAs.
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coefficient in Xvg changes the matching of the second
stage, thus enabling a continuous gain variation of the LNA.
This method alleviates the problems of the high power
consumption and increase in NF variation that can occur
with other tunable approaches. It also attains continuous
gain tunability, and the frequency shift during tuning is
negligible. Reference [76] uses a switched substrate-shield
layout technique to achieve a tunable low-loss coupling
coefficient.

FIGURE 11. Schematic of a tunable LNA with tunable coupling coefficient
based transformers.

F. TUNABLE RESISTIVE LOADS
This gain-variable architecture makes use of resistive loads
that are either tunable or switchable as shown in Fig. 12.
Tunable resistive loads use active CMOS resistors whereas,
the switchable topology uses parallel resistive loads that can
be controlled digitally [80], [81]. One must consider the
associated switch losses and the higher NF. They are also
susceptible to PVT variations.

FIGURE 12. Schematic of a LNA with tunable resistive load.

G. TUNABLE NEGATIVE FEEDBACK CAPACITOR
This technique is similar to the cascode current steering
technique, except for the capacitor between the current
steering transistor and the cascode configuration as shown in
Fig. 13 which is equivalent to a negative-feedback variable
capacitor [78]. The gain of the cascode transistor can be
adjusted by changing the gate voltage of the M3 using Vcntrl.
Since the current doesn’t flow into CB, there is no bias current
variation with gain variations. The OP1dB is preserved with
gain variation in this configuration.

FIGURE 13. Schematic of a cascode LNA with tunable negative feedback
capacitor.

H. RESISTIVE FEEDBACK
A resistor is used in a negative feedback configuration,
as in [81], which helps control the gain in a continuous
manner as depicted in Fig. 14. The additional resistor may
increase the overall NF of the circuit. In addition, the circuit
is susceptible to PVT variations.

FIGURE 14. Schematic of a LNA with resistive feedback.

V. MULTI-MODE MIXERS
The previous two sections described the possible topologies
for frequency and gain reconfigurable LNAs. However,
for a reconfigurable front-end, the tunability of down
conversion mixer may prove to be vital for optimum
performance. Frequency tunability in a mixer can be achieved
by varying the RF and LO matching networks. The matching
requirements at the LO port are generally relaxed, because
the LO signal is typically very strong. The input-tuning
methodologies presented in Section III can be used for
tuning the frequency matching of the mixer. In addition to
those techniques, an LC ladder is a possible architecture
for frequency tuning in mixers. While the LNA primarily
influences the NF of the receiver, the down-conversion
mixer assumes a critical role in determining the linearity
of the receiver. In the case of JC&S receivers, the linearity
of the receiver plays a crucial factor, particularly in radar
mode and, more specifically, during close target detection.
Ensuring high linearity is important in such scenarios, while
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FIGURE 15. General concept of a tunable Gilbert cell mixer.

the gain of the mixer is only secondary. On the contrary,
in communication mode, gain is of utmost importance while
linearity becomes a less prominent concern. Hence the mixer
also needs to function in a multi-mode scenario ensuring the
operation in communication and radar modes.

Current mixer-tunable architectures focus mainly on gain
and linearity tunability. The mixer also employs similar
variability architectures as those used by the LNA, such as,
DC bias tuning, transistor width tuning, body bias tuning
and current tunability. Tunability can be implemented in the
mixer core or can be attained by a variable gain amplifier
stage [83] or an attenuator, which results in increased power
consumption. Active and passive variable-gain mixers or a
combination of both [84] and [85] have been discussed in the
literature. Passive mixers with controllable transconductance
and transimpedance stages can be used for variable gains as
in [86].

Gilbert cell mixer architecture is one of themost commonly
used architecture in the active mixer category. It can also be
such that an Operational Transconductance Amplifier (OTA)
was used in conjunction with a Gilbert-type switching core
and an Intermediate frequency (IF) / baseband load [87], [88].
For simplicity, we examined gain tunable topologies in an
active Gilbert cell mixer circuit.

Fig. 15 shows the possible tunable approaches in a Gilbert
cell mixer. The tunable methods are highlighted in red.
The approximate conversion gain of the Gilbert cell mixer
is given by (3) [89].

CG =
2
π
gm.RL (3)

where gm is the transconductance of the RF transistors
and RL is the load resistance. Hence, gain reconfigurability
can be achieved by either tuning the load resistor RL in
Fig. 15 or by scaling the current consumption, which changes
the gm of the RF transistors. One method to change the
current is to change the bias of the RF transistors M5 and
M6 in Fig. 15 using RFVbiasCntrl. Another method is to
change the RF transistor widths (M5 andM6) using switches.
This may come with additional design changes in the LO
transistors too. The current through the RF transistors can
also be changed through current bleeding branches (R3, R4,
R5 and R6). For tunability, each branch can be digitally
controlled using switches or the resistors can be implemented
asMOS resistors whose values changewith their gate voltage.
The gain variability can also be achieved by scaling the
supply voltage and the body bias of the transistors. However,
scaling the supply voltage can affect the overall circuit
bias. FDSOI technologies provide more flexibility with body
biasing and can be used to change the transconductance of the
transistors, leading to a tunability in the conversion gain. The
performance comparison of the tunable multi-mode mixers is
summarised in Table 7.

VI. SUMMARY AND CONCLUSION
In this study, a comprehensive survey of various LNA and
down-conversion mixer architectures that can facilitate JC&S
applications was carried out. It is clear from the analysis
that communication and radar modes demand different
bandwidths, gains and linearity requirements. An extensive
and comparative study of techniques that provide tunability in
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TABLE 7. Performance comparison with previously published tunable mixers.

frequency, bandwidth, gain and linearity and its performance
with respect to the KPIs was performed. A short summary of
the analysis is provided below:

• Transitioning to sub-THz range frequencies necessitates
careful consideration of technology selection, as it
significantly influences system performance. This will
push the need to move to lower CMOS and FDSOI
technology nodes. Additionally, SiGe BiCMOS technol-
ogy is a viable option, offering capabilities required for
systems operating at sub-THz range frequencies

• The mode of frequency tuning will greatly depend on
the frequency of operation. As we move to higher
frequencies, designers will have to rely on techniques
that uses transmission lines.

• The most frequently used technique for frequency
tuning is switchable architecture. However, the main
disadvantage of this technique lies in the non-linearities
associated with switches. The switches come with
insertion losses and the associated parasitics can change
the resonant frequency. The reconfigurability is high
in this topology and there is often a need for a digital
interface.

• Varactors offer a simple solution with respect to area
and continuous frequency reconfigurability. However,
the low Q-factor of the varactor can affect the overall
gain of the circuit. Additionally, the parasitics in the
circuit can compromise the entire tuning range.

• Variable artificial transmission lines and tunable stubs
provide reconfigurability while occupying less area. The
tunability is high in the case of artificial transmission
lines whereas, it is limited for tunable stubs.

• Bandwidth tunability can be achieved using switched
multi-tap transformers at the input or with tunable

resistors in the output matching network. The use of
resistors may result in PVT variation.

• Gain variability can be achieved by simple techniques
such as variable biasing and backgate biasing. However,
with variable biasing, there is a chance of transistors
going out of saturation and thereby increasing the noise
of the LNA. In addition, this can affect the matching at
different gain values. Backgate tuning is more relevant
with FDSOI technologies and can be employed for
very low-power operations without compromising the
performance of the LNA.

• Gain variability with switched transistors come with
the inherent non-linearities associated with the switches.
The architectures which use resistors for gain tuning are
prone to PVT variations.

• The current steering architecture provides very good
tuning with respect to gain and linearity. The NF and
matching variations are low compared to those of the
other topologies. However, the power remains almost
a constant in all modes since the DC current remains
the same in all gain modes. This must be kept in mind
if one intends to achieve power saving in the low gain
mode. Even though the IP1dB of the LNA increases
with a lower gain, the OP1dB of the LNA tends to
degrade in the low gain mode. This can be fixed using
the tunable negative feedback capacitor technique which
is very similar to the cascode current steering itself.

• Multi-mode mixers can use input frequency-tunable
architectures and gain-tunable topologies such as vari-
able biasing, changing RF transistor width, backgate
biasing and load resistor tuning. In addition, tuning
can be performed with current-injection resistors in the
Gilber cell mixer topology.
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This topical survey provides a simplified tool and plat-
form to compare the possible multi-mode LNA and mixer
architectures for the development of a multi-mode RF
receiver front-end towards a realizable JC&S system in terms
of RF hardware.
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