micromachines

Article

An Inductorless Gain-Controllable Wideband LNA
Based on CCClIlIs

Qiuzhen Wan *7, Jiong Liu and Simiao Chen

check for
updates

Citation: Wan, Q.; Liu, J.; Chen, S. An
Inductorless Gain-Controllable
Wideband LNA Based on CCClIs.
Micromachines 2022, 13, 1832.
https://doi.org/10.3390/
mil13111832

Academic Editor: Zhiming Chen

Received: 28 September 2022
Accepted: 22 October 2022
Published: 26 October 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

College of Information Science and Engineering, Hunan Normal University, Changsha 410081, China
* Correspondence: wangiuzhen@hunnu.edu.cn

Abstract: In this paper, an inductorless and gain-controllable 0.5~2.5 GHz wideband low noise am-
plifier (LNA) based on second generation current controlled current conveyors (CCClIs) is presented.
The proposed wideband LNA utilizes CCClIs as building blocks to implement the amplifier stage
and impedance matching stage. By varying the DC biasing current of the CCCII, the voltage gain of
the proposed LNA is controllable in the range of 1~18 dB. In the frequency range of 0.5~2.5 GHz, the
post-layout simulation results show that the proposed LNA has a typical voltage gain 521 of 12.6 dB
with a gain ripple of £1.5 dB, an input and output return loss (S11 and S22) of, respectively, —21.4 dB
to —16.6 dB and —18.6 dB to —10.6 dB, and a high reverse isolation S12 of —65.2 dB to —39.5 dB. A
noise figure of 4.05~4.35 dB is obtained across the whole band, and the input third-order intercept
point (IIP3) is —2.5 dBm at 1.5 GHz. Using a 0.18 um RF CMOS technology, the LNA occupies an
active chip area of only 0.096 mm? with a power consumption of 12.0 mW.

Keywords: low noise amplifier (LNA); wideband; inductorless; gain-controllable; current conveyor;
impedance matching circuit

1. Introduction

In the last few years, in the software-defined and multi-standard wireless communica-
tion systems, a radio frequency (RF) transceiver must be able to support several applications
simultaneously, such as 3G/4G/5G mobile communication network, wireless local area
network (WLAN), wireless sensor network (WSN), ZigBee (IEEE 802.15.4), and many
others [1-4]. Therefore, the research of the wideband RF transceiver front-end is significant
and requires the research of RF circuits, whose impedances are matched over wide bands
and whose frequency characteristics are stable over several GHz.

As the first active block after the antenna, the wideband LNA constitutes one of
the essential elements in a wideband RF front-end [5,6]. The most important parameters
of wideband LNA are voltage gain, noise figure (NF), bandwidth, linearity, impedance
matching, power consumption, and chip area. The goals in wideband LNA design include
providing moderate to high gain with good linearity, minimizing its noise figure to enhance
the sensitivity of a receiver, and establishing wideband input/output impedance matching
to reduce the return loss. The additional constraints of low power consumption and small
chip area are imposed in portable systems.

In the published literature, various wideband LNA circuit techniques in submicron
technologies have been proposed, such as a filter matching network amplifier, distributed
amplifier, feed-forward noise canceling amplifier, and resistive shunt feedback amplifier.
The filter matching network amplifier can consume a small amount of power and achieve
wideband input impedance matching. However, the utilization of the filter at the input
needs a great deal of inductor components [7-9]. The distributed amplifier is usually
used to improve voltage gain at high frequency and therefore can extend the bandwidth,
which has the inherent advantages of temperature-insensitive wideband input/output
impedance matching and wideband voltage gain, but it dissipates a large chip area owing
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to the cascade of several stages [10,11]. The feed-forward noise canceling amplifier has
been proposed to break the trade-off between input impedance matching and noise figure.
However, its bandwidth is limited without the use of the inductor components [12,13].
The resistive shunt feedback amplifier can improve gain flatness and provide wideband
input impedance matching, but it is difficult to satisfy noise figure and voltage gain
requirements simultaneously [14,15].

As can be seen from the above techniques, in the design of wideband LNAs, the
inductor components are extensively used to design impedance matching circuits, resonator
networks and to widen the —3 dB bandwidth. However, the on-chip inductor components
are large in size and cannot be converted easily from one technology to the next. The
on-chip inductor components can result in a significant increase in the chip area and
therefore the implementation cost. On the other hand, the feasibility of a wideband LNA
to multi-mode and multi-standard is not only dependent on its bandwidth, it should also
be able to support variable signal gain according to necessity. For example, when the
linearity requirement is more important, a moderate gain is required because the linearity
is usually inversely proportional to the gain. When the receiver’s NF is required for good
performance, the LNA needs to provide high gain to decrease noise contributions of the
latter stages. The wideband LNA should be gain-controllable so that it can moderate gain
amplification of the strong signals and high gain amplification of the weak signals.

In this paper, a new design for the inductorless gain-controllable wideband LNA using
second generation current controlled current conveyors (CCClIs) has been presented and
simulated in a 0.18 pm RF CMOS technology. For the realization of this LNA, three different
CCClIs, as the main building blocks, which are symbolized CCCII 1 to CCCII 3, can provide
voltage signal amplification and wideband output impedance matching. Compared to
other wideband LNA designs, this kind of LNA can exhibit a smaller chip area, a wider
gain-controllable range, and a good high frequency performance.

This paper is organized as follows. In Section 2, the operation principle and some
RF applications of current conveyor are discussed, then, the design schematic of a new
LNA based on CCClIs is analyzed. In Section 3, the post-layout simulation results of the
proposed wideband LNA are introduced, meanwhile, we present comparisons with the
recent works to show the advantages of the new LNA. Finally, a conclusion on this LNA is
given in Section 4.

2. Operational Principle and Circuit Implementation
2.1. Current Conveyor Principle of Operation

The current conveyors (CCs) can be used with the other active/passive components
in a specific circuit configuration to implement many analogue signal functions [16,17].
Usually, CCs simplify analogue circuit design to implement functions, such as impedance
converters, filters, gyrators, inductances, oscillators, and operational amplifiers, etc. In the
last few years, CCs have also received much attention for their use as RF basic building
blocks [18,19]. The advantages of using CCs in RF circuit design are that they do not require
inductor components to make the impedance matching circuit and that the voltage gain
can be made controllable by only varying a DC biasing current.

In this paper, the use of second-generation current conveyor (CCII) to implement the
wideband RF LNA has been proposed. The CClIl is an active device comprised of the three
ports, denoted port X, port Y, and port Z. Far from being ideal in their operation, the three
ports of the CCII are beset by many parasitic elements, represented by the impedances Zx
(Rx in series with L), Zy (Ry in series with Cy), and Zz (Rz in series with Cz) at ports X,
Y, and Z, respectively. Here, the Zy and Z; are impedances with very high values. While
a(s) and B(s) represent the unity current (from port X to port Z) and voltage (from port
Y to port X) transfer functions, ideally a(s) and B(s) are equal to 1. As shown in Figure 1,
the value of these impedances, in particular Zx (with a very small value), can be changed
by varying the DC biasing current I, of the conveyor, giving rise to the concept of second
generation current controlled current conveyor (CCCII).
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Figure 1. Equivalent circuit of CCCIL

The governing equation of the CCCII can be given in matrix form as:

IY ZYl(Io) 0 0 VY
Vx| = | B(s) Zx(l,) 0 |-]|Ix 1)
Iz 0 a(s Zﬁni Vy

The CCCII acts as a current follower (between port X and port Z), a voltage follower
(between port Y and port X), and a transconductor (between port Z and port Y). The
possibility of controlling Zx (mainly consists of the parasitic resistance Rx) using the DC
biasing current I, has made it to extend the applications of CCClIs to the domain of
controlled electronic functions.

2.2. The CCCII-Based LNA Principle of Operation

The CCCII is an increasingly popular building block for RF functions [20-22]. The
CCCII can be used to design a gain-controllable LNA, the gain of which can be controlled
by the DC biasing current I,,. For the realization of this LNA, three different CCClIs, as the
main building blocks, which are symbolized as CCCII 1 to CCCII 3, can provide voltage
signal amplification and wideband output impedance matching when connected, as shown
in Figure 2. The current conveyor CCCII 1 converts the input voltage signal into a current
signal, the connection of the two current conveyors, CCCII 1 and CCCII 2, amplify this
current signal, and the current conveyor CCCII 2 converts the amplified current signal into
the output voltage signal. Besides, the current conveyor CCCII 3 is the Z-match block on
the output of the LNA, which adjusts the output impedance of the LNA to an ideal value.
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Figure 2. The operational principle of CCCII-based LNA.
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The input voltage signal Vin(t) is provided at port Y; of the current conveyor CCCII 1.
Port Z; of current conveyor CCCII 1 and port X; of the current conveyor CCCII 2 are
connected to each other, and the output voltage signal V. ,(t) is tapped at this common
connection. Assuming Zxj and Zx, to be purely resistive in nature (as Lx; and Ly, are the
negligible parasitic inductances), with Rx; and Rxp, Vin(t) is first converted by Ry; into
Ix1(t), which is given by
Vin (t)

Rx1

Ix1(t) is copied to port Z; as Iz (t) (as to the current conveyor CCCII 1 between its
port X1 and port Z; is a current follower). Because of the connection of the two current
conveyors CCCII 1 and CCCII 2, this current signal I7; comes into port X, of the current
conveyor CCCII 2. Therefore, the current signal Ix; = I7; = Ixp can be converted to a voltage
signal owing to the parasitic resistance Rx, of CCCII 2. The resulting output voltage signal
Viut(t) is given by

Ixi(t) = — )

Vi) = ~Ryz - Tia (8) = R22 -3, (1) ©)
X1
In a typical CCCII operation, the parasitic resistance Ry at port X is inversely pro-
portional to the DC biasing current I, of the current conveyor, which is the fundamental
property of the CCCII [20]. Then, the voltage gain (G) of the designed LNA is given by

Voi(t)  Rxo  In
G = outr/ _ X2 _ Tol 4
Vin(t)  Rx1 Iz @)

where Ryj and Ry, represent the parasitic resistances at port X of the corresponding current
conveyor and I, and I, are their respective DC biasing currents. Under a certain DC
biasing current I, range condition, the inverse relationship of voltage gain G to DC biasing
current I, enables higher voltage gain at lower DC biasing current and, thus, at lower
power consumption.

2.3. The CCCII-Based LNA Circuit Design

One of the base demands in the wideband RF LNA design is to have 50 Ohm input
impedance matching [5]. According to the schematic as shown in Figure 2, the input signal
is fed at port Y7 of CCCII 1, at which intrinsic impedance Zy; (Ry; in series with Cy) at
port Y7 is of some tens or hundreds of kOhm. However, port X; of CCCII 1 has impedance
Rx; lower than some hundreds of Ohm. On the other hand, the impedance Rx; can be
reduced to 50 Ohm for higher values of the DC biasing current I,;. Hence, the input signal
is changed from port Y; to port X;. The following optimization of the circuit architecture
leads to the schematic of the proposed CCClI-based LNA as presented in Figure 3.
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Figure 3. The schematic of the proposed CCCII-based LNA.

As can be seen from Figure 3, the proposed LNA utilizes two simplified class A
CCClIs [23] as building blocks to implement the amplifier stage. The current conveyor
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CCCII 1 consists of an input common gate gain stage M1 and the other current mirror
transistors Mj~Ms, and the current conveyor CCCII 2 consists of a source follower stage
Mar—-Mas and the other current mirror transistors Mg~Mjg. The output of the input
transistor M is connected to the input of the source follower Ma,. Note that the core
of the proposed LNA comprises only three NMOS transistors (Maj;~Ma3) in its signal
path, thereby allowing for a higher bandwidth to be obtained and improving the noise
performance. The current sources I; and I, are used to bias the main NMOS transistors
Ma1 and Mar—Mas, as explained later, to adjust the voltage gain and to match the input
impedance without the inductor components.

Based on a first order analysis in the wideband operation mode of Figure 3, a voltage
gain can be given by

— Volut(s) _ 8m1
G) =V s) ~ g+ Crs ®)

where Cr is the total parasitic capacitance at the output node of port Z; with the input
node of port X, and port Y3, while g1 and g are the transconductances of M1 and
My, respectively. This transfer function obtains a single dominant pole frequency, which
approximately determines the amplifier bandwidth by

_ 8m2
f-3ap = 27Cs (6)

And the DC voltage gain approximately by

8m1
G=°>"— 7
2 (7)

At the low frequency band, the input impedance can be approximately described by

1
Zin o ®)

Equations (6) and (7) show that a compromise on gn; and g2, hence on the transistor
sizes, as well as the DC biasing currents I,; and Iy, of Ma; and May, respectively, is
necessary to optimize voltage gain and bandwidth. As can be seen, I,; through g
affects the gain but has a little effect on the bandwidth, whereas I, controls both gain
and bandwidth through gn». Therefore, varying I, gm» can be varied and the gain
bandwidth product can be suitably adjusted. Increasing I,; boosts the gain up again, but
should be optimized to keep the power consumption sufficiently low. Under a certain DC
biasing current I, range condition, the inverse relationship of voltage gain G to DC biasing
current I,» enables higher gain at lower DC biasing current and, therefore, at lower power
consumption. Meanwhile, without the need of an LC matching network, Equation (8)
indicates Z;, can be matched to the source impedance (50 Ohm) through I,;. From Figure 3,
the proposed wideband LNA is an inductorless circuit, its chip area is smaller than the
most other LNAs.

In Figure 3, the number of components in the signal chain is low: only three NMOS
transistors Ma1~Mas. The main noise sources of the proposed LNA are contributed by the
input NMOS transistor M. When neglecting the parasitic capacitances and the noise of
Io1 and I, the noise figure of the LNA is approximately given by

NF =1+ (1 + 812 4 8md) )
8m1 m1

The excess noise factor v is a constant that depends on the transistor size, and g5
represents the transconductance of Ms. As shown from Equation (9), the noise figure

decreases when g1 is increased. It can be achieved by increasing the transistor size of M1
or the DC biasing current I ;.
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2.4. The Output Impedance Matching Design

In Figure 2, the Z-match block on the output is the impedance conversion circuit, which
uses a translinear CCCII in the voltage follower mode to adjust the output impedance of
the LNA to an ideal value. This design makes the output impedance of the LNA fully
independent of its gain. In Figure 3, the core of translinear CCCII is composed of NMOS
transistors (Mcp and Mc4) and PMOS transistors (Mc; and Mcs) as a translinear loop. At the
same time, the transistors Mcg and Mcy, respectively, Mcs and Mc3, implement the other
feedback loops to adjust the output impedance at port X3 of the conveyor CCCII 3. The DC
biasing current I, is copied to the required branches using current mirror transistors M;
and M1;-Mj,. The signal to be adapted, VL, is fed at port Y3 of the current conveyor CCCII
3 (V. = Vys), which can be considered an open circuit since its intrinsic resistance, Rys, is
very high. The output is tapped at port X3 of the current conveyor CCCII 3 (Vout = Vx3).
The voltage transfer function f(s) (ideally equal to 1) of the voltage follower mode is

_ VXB(S) _ Vout(s)
Vya(s)  Vou(s)

The output impedance, at port X3 of the conveyor CCCII 3, consists of resistance Rx3
in series with a negligible parasitic inductance Lxs. By changing the DC biasing current I
of the conveyor, different resistance Rx3 values can be obtained.

As can be seen in Figure 3, the CCClI-based output impedance matching circuit in this
section has several advantages. Firstly, according to the Friis equation [24], the proposed
impedance matching circuit is located at the output of the LNA, so its insertion has a little
effect on the overall noise figure. Secondly, the gain-controllable characteristic of the LNA
is not impacted by the insertion of the matching circuit, therefore there is no attenuation
of the amplifying signal. Thirdly, the additional transistors in the signal path led to an
increased immunity to reverse signal propagation. As a result, the insertion of the matching
circuit led to the output impedance being perfectly matched to the ideal value (50 Ohm).

Compared to the traditional passive component solutions, the output impedance
matching circuit of the proposed CCClI-based LNA is vastly superior by being: the small
chip area without the inductor components, the flexible matching circuit to adjust any
impedance to the ideal value, and a novel example of wideband output matching for the
RF LNA applications.

B(s)

~1 (10)

3. Simulation Results and Discussion

The proposed wideband LNA has been realized using a GlobalFoundries” 0.18 um
single-poly six-metal CMOS technology and simulated using Cadence SpectreRF simulator.
The GlobalFoundries” Design Rule (YI-093-DR001_Rev1V_1.8V-3.3V) and GlobalFoundries’
Spice Model spec (yi093dr001_1v_00_20090731a) are used. During the design process,
a very important step is the realization of the layout. To maximize RF performance, the
layout was made by following classical design rules commonly used for analogue RF circuit
synthesis (e.g., transistor matching, symmetric design, etc.). In order to validate the design
approach, optimization of biasing currents and width of transistors with extensive DC
analysis are simulated. The layout of the proposed wideband LNA is presented in Figure 4,
which takes an active chip area, including testing pads of 0.42 mm x 0.23 mm. The absence
of inductor components results in a very small chip area (0.096 mm?).

Figure 5 presents the simulated input return loss (511) with I5; = 1.25 mA, I = 50 pA,
and Vpc = £1.5 V. At a frequency of 1.0 GHz, S11 has a value of —21.4 dB and it remains
below —16.6 dB for frequencies from 0.5 GHz to 2.5 GHz. As a critical parameter of the
LNA, the S11 provides a good wideband input matching performance without the LC
matching network. Figure 5 also presents the simulated output return loss (522), which
uses the translinear CCCII 3 in voltage follower mode as the output impedance matching
circuit. The simulated S22 is from —10.6 dB to —18.6 dB over the entire frequency band of
0.5~2.5 GHz, indicating a reasonably acceptable output matching condition.
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Figure 4. The layout diagram of the proposed wideband LNA.
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Figure 5. Simulated S11 and S22 of the wideband LNA.

In the proposed LNA, gain control over a wide range is achieved by varying the DC
biasing current, I, of the CCCII 2. Figure 6 shows that the voltage gain of the proposed
LNA can be controllable between 18 dB and 1 dB when I, varies between 30 pA and
400 pA, at the same time, the LNA consumes between 3.8 mA and 5 mA for the entire
range of I;5. The inversely proportional relationship between the voltage gain and the DC
biasing current indicates that better gain is achieved at the lower power consumption.

As described by Equations (6) and (7), the voltage gain increased and bandwidth de-
creased when I, decreased. In order to control the LNA performance over the 0.5~2.5 GHz
bandwidth of interest, the currents I,; and I, are fixed at 1.25 mA and 50 pA for this
design. Under these conditions, the typical voltage gain (S21) and reverse isolation (S12)
performances are present in Figure 7. The simulated 521 shows a typical voltage gain of
12.6 dB with a gain ripple of £1.5 dB from 0.5 GHz to 2.5 GHz. According to Figure 7, the
simulated S12 is from —65.2 dB to —39.5 dB in the required band, which indicates that
the designed LNA can achieve a good stability characteristic. The better S12 can decrease
the subsequent local oscillation (LO) leakage, arising from the substrate coupling and the
capacitive paths.
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Figure 6. Simulated gain controllable range for various I, with I;; = 1.25 mA and Vpc = £1.5V.
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Figure 7. Simulated S21 and S12 of the wideband LNA.

As shown in Figure 8, the proposed wideband LNA is simulated for different temper-
atures and corner processes. The wideband LNA designed here has an excellent thermal
stability: in the temperature range of —25 °C to 75 °C, the gain S21 drops about by +1 dB.
As the temperature increases, the gain S21 of the wideband LNA gradually decreases.

Owing to noise concerns, Figure 9 shows the simulated NF of the wideband LNA with
Io1 =1.25 mA and I,y = 50 pA. It has a relatively flat and low NF performance across the
entire 2 GHz bandwidth. From Figure 9, an excellent NF of 4.05~4.35 dB in the frequency
range of 0.5~2.5 GHz is achieved. The maximum NF is 4.35 dB at 0.5 GHz and the minimum
NF is 4.05 dB at 1.5 GHz, with an average NF of 4.2 dB.

To observe the nonlinear behavior, the two-tone signals at 1.50 GHz and 1.51 GHz
with equal power levels are applied to the wideband LNA. The two-tone signals with
10 MHz spacing are used to simulate the fundamental and third-order inter-modulation
(IM3) output power, versus input power, characteristics. As shown in Figure 10, an input
third-order intercept point (IIP3) of —2.5 dBm and an input 1 dB compression point of
—12.5 dBm are achieved. These results show that the designed LNA can achieve good
linearity even with the low NFE.
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Figure 8. Simulated S21 of the wideband LNA with temperature variations.
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Figure 9. Simulated noise figure of the wideband LNA.

For I = 50 pA, and at a dual supply voltage of £1.5 V, the CCClII-based LNA
consumes a current of 4 mA which results in a total power consumption of 12 mW. Finally,
Table 1 is a summary of the proposed CMOS 0.5~2.5 GHz wideband LNA and reports
recent CMOS state-of-the-art wideband LNA designs. Compared to other wideband LNA
designs, the post-layout simulation results show that the proposed LNA can achieve a
good wideband input/output impedance matching by using the CCCllIs, and further
benefits include its inductorless design with smaller chip area and the capability of gain-
controllability by varying a DC biasing current (I5y).
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Figure 10. Simulated IIP3 and P1dB of the wideband LNA.

Table 1. Performance summary of the proposed LNA and comparison with other designs.

Specification [6]1S [718 [s1M [13]18 [141M This Work $
Technology 65 nm CMOS 018 um CMOS  0.13 um CMOS  0.18 um CMOS ~ 0.18 um CMOS ~ 0.18 um CMOS
Frequency (GHz) 0.5~5 2.3~4.8 3.1~4.8 2~3.3 3.7~11.9 0.5~2.5
Input return loss S11 (dB) <-10 <-10 <84 <-10 <-85 <-16.6
Output return loss S22 (dB) <-10 - <—14 - <-10 <-10.6
Voltage gain maximum (dB) 13 24 13 16.8 8.1 14.1
Reverse isolation S12 (dB) - - <—40 - <—30.3 <—39.5
NF (dB) 4~4.5 2.8-3.7 3.5~4.5 5.55~6 3.02~3.86 4.05~4.35
IIP3 (dBm) -10 -3.2 —6.1 0.5 -1.3 -2.5
Power dissipation (mW) 5.0% 13.1 34 255# 7.3 12.0
Die size (mm?) 0.173 0.34 0.40 0.283 0.34 0.096

# Without the output buffer dissipation. S The post-layout simulation result. M The measurement result.

4. Conclusions

In this paper, a new wideband LNA which utilizes current conveyors as building
blocks has been presented. Thanks to the use of three different CCClIs for conveying the
signal, the proposed wideband LNA has the following notable advantages over recent
works: the total absence of inductor components, and thus, the LNA has an active chip
area of only 0.096 mm?; wideband input/output impedance matching and stable frequency
responses in the required 0.5~2.5 GHz band; easily gain-controllable over a wide range
(from 1 dB to 18 dB). The above excellent performances have shown that the proposed
CCClI-based wideband LNA is suited to the software-defined and multi-standard wireless
communication systems.



Micromachines 2022, 13, 1832 11 of 12

Author Contributions: Conceptualization, Q.W.; methodology, Q.W.; software, J.L. and S.C.; valida-
tion, Q.W.,, J.L. and S.C.; formal analysis, ].L.; investigation, S.C.; resources, Q.W.; writing—original
draft preparation, Q.W.; writing—review and editing, Q.W.; visualization, ].L. and S.C.; supervision,
Q.W,; project administration, Q.W.; funding acquisition, Q.W. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China (Grant
No. 61901169) and the Natural Science Foundation of Hunan Province, China (Grant No. 2019]J40190).

Data Availability Statement: The data that support the findings of this study are available within
the article.

Acknowledgments: The authors would like to thank the anonymous reviewers and editor for their
valuable comments which helped in improving this manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hussain, I.; Wu, K. Concurrent Dual-Band Heterodyne Interferometric Receiver for Multistandard and Multifunction Wireless
Systems. IEEE Trans. Microw. Theory Tech. 2021, 69, 4995-5007. [CrossRef]

2. Kanchetla, VK ; Kharalkar, A.; Jain, S.; Khyalia, S.K,; Joy, J.; Jose, S.; Zele, R. A Compact, Reconfigurable CMOS RF Receiver for
NavIC/GPS/Galileo/BeiDou. IEEE Trans. Microw. Theory Tech. 2022, 70, 3361-3373. [CrossRef]

3. Wan,Q.Z,;Yan, Z.D,; Li, F; Liu, J.; Chen, S.M. Multistable dynamics in a Hopfield neural network under electromagnetic radiation
and dual bias currents. Nonlinear Dyn. 2022, 109, 2085-2101. [CrossRef]

4. Wan, Q.Z; Yan, Z.D.; Li, F; Chen, S.M.; Liu, J]. Complex dynamics in a Hopfield neural network under electromagnetic induction
and electromagnetic radiation. Chaos 2022, 32, 073107. [CrossRef] [PubMed]

5. Parvizi, M.; Allidina, K.; El-Gamal, M.N. An ultra-low-power wideband inductorless CMOS LNA with tunable active shunt-
feedback. IEEE Trans. Microw. Theory Tech. 2016, 64, 1843-1853. [CrossRef]

6. Mauludin, M.E; Lee, D.-H.; Kim, J. A Wideband Low-Power Balun-LNA with Feedback and Current Reuse Technique. Electronics
2022, 11, 1372. [CrossRef]

7. Akbar, F; Atarodi, M.; Saeedi, S. Design method for a reconfigurable CMOS LNA with input tuning and active balun. AEU—Int.
J. Electron. Commun. 2015, 69, 424-431. [CrossRef]

8.  Khurram, M.; Hasan, SM.R. A 3-5 GHz current-reuse gm-boosted CG LNA for ultrawideband in 130 nm CMOS. IEEE Trans.
Very Large Scale Integr. (VLSI) Syst. 2012, 20, 400—-409. [CrossRef]

9. Cen, M.C,; Song, S.X. A high gain, low-power low-noise amplifier for ultra-wideband wireless systems. Circuits Syst. Signal
Process. 2014, 33, 3251-3262. [CrossRef]

10. Ghadiri, A.; Moez, K. Gain-enhanced distributed amplifier using negative capacitance. IEEE Trans. Circuits Syst. I Regul. Pap.
2010, 57, 2834-2843. [CrossRef]

11. Huang, J.-C; Chen, P,; Kao, P-C.; Wang, H. A novel distributed amplifier with high gain, low noise and high output power in
0.18-um CMOS technology. IEEE Trans. Microw. Theory Tech. 2013, 61, 1533-1542.

12.  Saberkari, A.; Shirmohammadli, V.; Yagoub, M.C.E. A 3-6 GHz Current Reused Noise Canceling Low Noise Amplifier for WLAN
and WPAN Applications. Wirel. Pers. Commun. 2016, 86, 1359-1376. [CrossRef]

13. Atakan, A.; Deniz, T.; Okan, Z.B.; Gunhan, D. A 2.55-mW on-chip passive balun-LNA in 180-nm CMOS. Analog Integr. Circuits
Signal Process. 2022, 111, 223-234.

14. Chang, J.E; Lin, Y.S. Complementary Current-Reused 3.7-11.9 GHz LNA Using Body-Floating and Self-Bias Technique for Sub-6
GHz 5G Communications. Circuits Syst. Signal Process. 2022, 41, 5968-5989. [CrossRef]

15.  Jin, TH,; Han, H.G.; Kim, T.W. A 0.7-dB NF, +8.2-dBm IIP3 CMOS low noise amplifier using frequency selective feedback. Int. J.
Circuit Theory Appl. 2016, 44, 21-37. [CrossRef]

16. Koushick, M.; Sandhya, P.; Rabindranath, N. Electronically Tunable Dual-Input Integrator: Synthetic Immittance Function
Realizability. IETE ]. Res. 2017, 63, 713-718.

17. Rana, C.; Prasad, D.; Afzal, N. High-performance programmable grounded resistor and its applications. Automatika 2018, 59,
71-77. [CrossRef]

18. Godara, B.; Fabre, A. A highly compact active wideband balun with impedance transformation in SiGe BiCMOS. IEEE Trans.
Microw. Theory Tech. 2008, 56, 22-30. [CrossRef]

19. Arslan, E.; Morgtil, A. Self-Biasing Current Conveyor for High Frequency Applications. J. Circuits Syst. Comput. 2012, 21, 1250039.
[CrossRef]

20. Abbas, Z.; Olivieri, M.; Yakupov, M.; Ripp, A. Design centering/yield optimization of power aware band pass filter based on
CMOS current controlled current conveyor (CCCII+). Microelectron. |. 2013, 44, 321-331. [CrossRef]

21. Seguin, F; Godara, B.; Alicalapa, F; Fabre, A. A gain-controllable wide-band low-noise amplifier in low-cost 0.8 um Si BICMOS

Technology. IEEE Trans. Microw. Theory Tech. 2004, 52, 154-160. [CrossRef]


http://doi.org/10.1109/TMTT.2021.3099403
http://doi.org/10.1109/TMTT.2022.3159712
http://doi.org/10.1007/s11071-022-07544-x
http://doi.org/10.1063/5.0095384
http://www.ncbi.nlm.nih.gov/pubmed/35907721
http://doi.org/10.1109/TMTT.2016.2562003
http://doi.org/10.3390/electronics11091372
http://doi.org/10.1016/j.aeue.2014.10.019
http://doi.org/10.1109/TVLSI.2011.2106229
http://doi.org/10.1007/s00034-014-9801-x
http://doi.org/10.1109/TCSI.2010.2055610
http://doi.org/10.1007/s11277-015-2993-y
http://doi.org/10.1007/s00034-022-02077-5
http://doi.org/10.1002/cta.2059
http://doi.org/10.1080/00051144.2018.1498206
http://doi.org/10.1109/TMTT.2007.911932
http://doi.org/10.1142/S0218126612500399
http://doi.org/10.1016/j.mejo.2012.11.004
http://doi.org/10.1109/TMTT.2003.821265

Micromachines 2022, 13, 1832 12 of 12

22. Jin, J.; Zhou, K.; Zhao, L. Designing RF Ring Oscillator Using Current-Mode Technology. IEEE Access 2017, 5, 5306-5312.
[CrossRef]

23.  Seguin, F; Fabre, A. 2 GHz controlled current conveyor in standard 0.8 um BiCMOS technology. Electron. Lett. 2001, 37, 329-330.
[CrossRef]

24. Abidi, A.A.; Leete, ].C. De-embedding the noise figure of differential amplifiers. IEEE |. Solid-State Circuits 1999, 34, 882-885.
[CrossRef]


http://doi.org/10.1109/ACCESS.2017.2692771
http://doi.org/10.1049/el:20010239
http://doi.org/10.1109/4.766823

	Introduction 
	Operational Principle and Circuit Implementation 
	Current Conveyor Principle of Operation 
	The CCCII-Based LNA Principle of Operation 
	The CCCII-Based LNA Circuit Design 
	The Output Impedance Matching Design 

	Simulation Results and Discussion 
	Conclusions 
	References

