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Abstract: The inductor was primarily developed on a low-voltage CMOS tunable active inductor
(CTAI) for radar applications. Technically, the factors to be considered for VCO design are power
consumption, low silicon area, high frequency with reasonable phase noise, an immense quality
(Q) factor, and a large frequency tuning range (FTR). We used CMOS tunable active inductor (TAI)
topology relying on cascode methodology for 24 GHz frequency operation. The newly configured TAI
adopts the additive capacitor (C,;) with the cascode approach, and in the subthreshold region, one of
the transistors functions as the TAIL The study, simulations, and measurements were performed using
65nm CMOS technology. The assembled circuit yields a spectrum from 21.79 to 29.92 GHz output
frequency that enables sustainable platforms for K-band and Ka-band operations. The proposed
design of TAI demonstrates a maximum Q-factor of 6825, and desirable phase noise variations of
—112.43 and —133.27 dBc/Hz at 1 and 10 MHz offset frequencies for the VCO, respectively. Further,
it includes enhanced power consumption that varies from 12.61 to 23.12 mW and a noise figure (NF)
of 3.28 dB for a 24 GHz radar application under a low supply voltage of 0.9 V.

Keywords: low supply voltage; low phase noise; CMOS tunable active inductor (CTAI); voltage-
controlled oscillator (VCO)

1. Introduction

The progressively emerging prevalence and evolution of wireless communications
and multi-standard radio frequency (RF) industries have brought together a number of
networks with several hundred megahertz to gigahertz frequency channels, and this
has significantly endorsed the compact transceivers in CMOS technologies in order to
support power efficiency with the highest sharing of devices [1]. A unified transceiver
chip continues to offer multimode, multi-band compatibility, which is indeed one of the
salient features in designing the circuit for modern wireless communication systems. One
of the vital building blocks in frequency translation is a fully optimized VCO used as a
voltage-driven component in a phase-locked loop (PLL). The most challenging aspects
for the implementation of a fully integrated VCO are chip dimensions, cost-effectiveness,
low phase noise, wide frequency tuning range (FTR), high frequency, and low power
consumption. In the high frequency transceiver, the PLL is the key design element and
plays an important role in the overall receiver performance [2]. There has been a significant
rise in ongoing research of millimeter wave PLLs that use less power and have more
convenient architecture, thereby bringing the amount of insignificant content down to
conventional standards [3,4]. Several kinds of PLLs are not appropriate for usage in the
nodes that include a WSN. Several other designs that have lower phase noise and higher
reliability standards, in addition to lowering the amount of power that is used, have
been offered as solutions to this issue [5,6]. To utilize much of the wide frequency range,

Sensors 2022, 22, 4701. https://doi.org/10.3390/522134701

https:/ /www.mdpi.com/journal /sensors


https://doi.org/10.3390/s22134701
https://doi.org/10.3390/s22134701
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sensors
https://www.mdpi.com
https://orcid.org/0000-0003-1086-3822
https://orcid.org/0000-0002-7447-7253
https://orcid.org/0000-0002-4646-763X
https://orcid.org/0000-0003-4263-9083
https://doi.org/10.3390/s22134701
https://www.mdpi.com/journal/sensors
https://www.mdpi.com/article/10.3390/s22134701?type=check_update&version=1

Sensors 2022, 22,4701

20f18

numerous studies have been performed to develop a VCO for the 24-30 GHz frequency
band to improve the tuning range of the LC tank by compromising the quality factor.
Despite the fact that a large frequency tuning range may be realized, the designs experience
a significant increase in chip area and complications with their control mechanisms.

Due to their technological advantage in phase noise, LC-VCOs are commonly used to
execute circuits, including spiral or passive inductors, and have been suggested in different
approaches for tuning range improvement, but they suffer from complexity regarding
chip area and low Q-factor. Whenever the PLL system is functioning at its frequency, it
is essential to offer a better Q factor for the devices that make up the circuit. If the power
consumption of WSN nodes can be lowered, their lifespans can be extended, the size of the
batteries can be reduced, and the networks can become more compact [7,8]. Furthermore,
if the system’s quality factor is inadequate, peak detection may be hampered, leading to
results with significant uncertainty [9]. Passive inductors include specific attributes that
drastically decrease the spectral efficiency, eliminate reliability, and maximize paradigm
expenditures. To alleviate the issues, TAI has been introduced to enhance the tunable
Q-factor, widen the FTRs of VCOs, and improve chip size by supplying low voltage in
a 24 GHz transceiver design for radar applications. In this article, a novel cascade TAI
topology is designed by evaluating the LC-CC oscillators to exhibit their performance
characteristics. This study provides researchers with the freedom to refine TAI attributes
and then to upgrade VCO functionalities when the fully-functional RF circuits are con-
figured for the fully active RF circuits. In our effort, we describe a complete analysis for
a TAI-VCO to perceive the realization in terms of chip dimension, phase noise, tuning
range, Q-factor, resonance frequency (wp), inductance, and power consumption by using
low supply voltage. This study covers a frequency spectrum from 21.79 to 29.92 GHz, so
as a result, both K-band and Ka-band are included. The K-band (IEEE) and Ka-band are
defined as between the ranges of 18-27 GHz and 26.5-40 GHz, respectively.

1.1. Automotive Radar Spectra

The radar transceiver for 24 GHz is mentioned in Figure 1. It shows the transmitter
and receiver parts of the radar front-end, which consist of a phase detector (PD), low-pass
filter (LPF), VCO, power amplifier (PA), divider chain (N), receiver CMOS integrated
circuit (IC), and reference frequency as an input to the device. Transmitter and receiver
CMOS IC, in combination with the CPU (DSP engine) and supply modulator, complete
the system configuration, as shown in Figure 1. A substantial power factor and a low
noise figure, as aforementioned, are essential for accurate range measuring. A power
amplifier is integrated inside the transmitter to provide the necessary significant power [10].
Since discharge from the huge output swing of the power amplifier block might have a
negative impact on the low noise amplifier, we designed the receiver and transmitter chips
to be deployed independently. The supply modulator is responsible for providing V;; and
bias. Figure 2 illustrates the application for automotive radar applications in the system
architecture for the 24 GHz frequency spectrum. For use in vehicular automotive radar
systems, a number of frequency bands have been designated. Figure 2 displays automotive
radar functionalities and spectrum distributions that function in the 22-29 GHz band. SRRS
is one of the applications shown in this figure. For ease, we shall refer to the aforementioned
bands going forward as the 59.24 GHz/K-band. According to information provided by
the FCC in the year 2002, SRRS devices may operate legally within a frequency spectrum
spanning 22 to 29 GHz. The use of 24 GHz SRRS makes it possible to have features such as
the identification of blind spots, aid with changing lanes and parking, and avoidance of
collisions. Between 24.0 to 24.25 GHz is known as the the industrial, scientific, and medical
63 (ISM) band. This band is part of the 24 GHz spectrum. The Federal Communications
Commission (FCC) announced in 2002 that SRRS was 64 legal throughout the frequency
spectrum of 22 to 29 GHz [11].
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Figure 1. System-level architecture for 24 GHz radar communication.
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1.2. Literature Review

The VCO is by far the most significant and essential component in signal conversion on
and off transceiver networks. Even during the fabrication of VCOs, FTR, phase noise (PN),
and millimeter wave (mmw) frequency development are the parameters that primarily
concern process modification, having parasitic effects [12]. Researchers have explored
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several approaches in mmw technology to strengthen the VCO'’s oscillation frequency and
FTR, alongside considerably reducing phase noise levels [13,14].

The operational frequency of the VCO is governed by the device;s cutoff frequency.
Meanwhile, the focus of such efforts is channeled towards the dimensional feature of
the module to achieve a greater cutoff frequency. As the operating frequencies of the
oscillator are restricted by the cutoff frequency of the device (transistors), most such work
is directed at scaling down the device’s geometric profile in order to get a higher cutoff
frequency [15-20].

Owing to the higher phase noise performance, LC-tank VCOs with spiral inductors
and varactors are extensively adopted in radio frequency circuit implementations [21].
Theoretically, the VCO tuning range is determined by the maximum to minimum capaci-
tance ratio of the varactor [22,23]. The tuning range of an LC-tank VCO is approximately
restricted for a classical capacitance ratio in a typical CMOS process, rendering it unsuitable
for wideband applications. Switched capacitors and switched inductors have been intended
to enhance the tuning range of the LC-tank VCO [24]. Despite the fact that a large frequency
tuning range can still be attained, the circuits undergo a significant rise in the chip space
and the complication of the control mechanism used to employ devices. The technique
of frequency tuning employing active inductors has indeed been constructed in order to
mitigate the constraints placed on the tuning range [25].

The remainder of this work is outlined as follows. Section 2 includes the description of
the CMOS tunable active inductor circuit design and explanations, whereas Section 3
defines the circuit design of the proposed TAI-VCO and characteristics of this novel
mechanism. Sections 4 clearly cover the simulation and measurement results, and post-
simulation outcomes, respectively; the latter includes the system set-up and its layout in
detail. Section 5 concludes with an informative summary.

1.3. Motivations

The increase in inductance that occurs from the configuration of a TAI-VCO is one of
the primary factors to be taken into account, along with the quality factor. Despite this,
LC-VCOs have limited tunable limits and very high silicon area consumption, both of
which are results of spiral or passive inductors. A solution to this problem is available in the
form of an active inductor, which may be used in place of a passive inductor. In addition,
the active inductor is superior to the spiral inductor in terms of performance metrics, such
as quality factor, silicon area usage, and tunabity. The feedback architecture of the gyrator-c
topology is utilized by the active inductor as its primary method of operation. It is possible
to get increases in phase noise performance and quality factor by incorporating a resistor
into the feedback channel. This will result in an effective contribution to the enhancement
of quality factor. There are descriptions of the traditional design trade-offs that are used in
VCO design in Figure 3. In particular, since low power consumption is a primary issue,
a low bias current is often one of the factors that is taken into account. However, there
is a concern that this technique would enhance the parasitic effects, which will result in
a worsening of the VCO phase noise. One on either hand, if you plan on having a low
level of phase noise, you should think about having a better output voltage swing. There
are a numerous approaches which can be used in order to accomplish this strategic goal.
The designer can decide on a high bias current, which would lead to an increase in the
amount of power that has to be used.
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Figure 3. The VCO design trade-offs.

2. Advanced CMOS Tunable Active Inductor

The persistence of parasite series resistance is often one of the greatest limitations when
developing an active inductor. To mitigate parasitic series resistance, there are several methods,
which include reducing output impedance and boosting the transconductance of the transcon-
ductor, by integrating the negative resistance or by using the simple cascode, or a regulated or
multi-regulated cascade, in such a way as to lower the series resistance. Figure 4 illustrates the
schematic view of the proposed tunable Al circuit, which embeds ten transistors (M1-M10),
three capacitors (C1-C3) in which C1 and C3 act as additive capacitors, and two resistors (R1
and R2). The loop comprises transistors M5 and M6 that form feedback mechanisms built on
gyrator theory, which implies that even in a very limited area relative to the spiral inductor,
often 10s of nH of inductance are produced in several-gigahertz areas in this integrated circuit
design. In the framework of this novel circuit architecture, the cascade structure of NMOS,
the differential configuration of NMOS, and the usage of PMOS make the circuit less vulnerable
to the noise level of the entire circuit and enhance the inductive bandwidth by ensuring the
high-quality factor.
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Figure 4. Proposed circuit design for an advanced tunable active inductor.
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The NMOS mobility in CMOS technology is about four to five times higher than the
mobility of PMOS. Consequently, the PMOS transistors aim to limit non-linearity and
noise in the circuit, and with the N channel transistors, the high frequency performance



Sensors 2022, 22,4701

6 of 18

of the active inductor is feasible, which significantly improves the operating frequency.
The transistor My is assembled beneath transistor Ms in the circuit diagram, as shown in
Figure 4. The supplemental gain stage has been assigned by the transistor M in order
to improve the cascode’s impact even further. The transistors M1, My, and M3 are the
source supply terminals. The bias voltages V},; and Vj; are linked to the source terminals
of transistors M; and M, respectively. The voltage V; is responsible for monitoring the
equivalent inductance of the active inductor and is coupled to the transistor Mg, which
is stacked on top of the transistor Mg. Ry and C; are linked to the transistor Mjp, which
is connected to the ground as a substitute for the tail current source; My is being used
to maintain the resistivity. As an outcome, the resistor R has been incorporated in this
research, in conjunction with M7 and My, in addition to improving the inductance and
Q-factor of this active inductor significantly. The R; resistor improves the impedance by
generating extra inductive resistance that is driven towards the transistor M.

The equivalent RLC circuit design is shown in Figure 5. Its effect is measured by the
parameters input impedance Z;,;, equivalent parasitic conductance Gg,, equivalent parasitic
capacitance Cg,, equivalent parasitic resistance Rg,, and equivalent inductance L.

V4

in

o o]
LEq REq
0 ——AA—
Ceq
|1
"

Geq
— AMN——

Figure 5. Equivalent circuit diagram of the proposed TAL

Table 1 provides the detailed information for a comparison study of the passive
and active inductors. The performance parameters are described for spiral inductors
and for simulated active inductors in this table. Figure 6 depicts the representation of
a small-signal analysis of the cascode tunable active inductor model stated in Figure 4.
The function of the VCO for a wide tuning range is dependent on the tunable active
inductor’s configuration. Furthermore, the behavior of the TAl is characterized by a small-
signal analysis. The analysis outlines the optimized equivalent small-signal circuit of the
active inductor M1-M10. For the analysis of TAI, gate-drain capacitance Cyy being lesser
than gate-source capacitance Cgs, taken as an assumption for the evaluation of system
variables, is described by the following equations.

Z;, can be written as

1
Zin = f (1)

The input admittance Y;, can be expressed as

8Mme * gmy
chsl(l +S(@) _i_SZ(@) * (Cgs6))

8Mms 8Ms 8Me
(gm7 +5Cqs7)(8M9 + gaso +5C1) gmy
(gd59+SC1)(1+SCgS7R1) +chs7 1+S(Cg55) +Sz((cgsS) % (Cgs6))

8Ms 8Ms 8Me

Yin = sCqs7 +5Cg59 + gus7 +

@
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Gr. — + gmyz Cy x gmy + Cgs7(gm9 + gds9) Cgs9 *&d1 — w2C1Cg59CgS7R1 3)
Fo = ST wz(gﬁjé*;ﬁ?) C1+ Cgo7(1 4 gasoR1) C1 + Coo7(1+ gasoR1)
5%8Mg
Cy * Cgs7(1 + gds7R1)
Cry = Cos1 + 4
Bl e+ Cgs7(1+ gasoR1) @
Ry — 8ds7 . c‘)zcl Cgs9cgs7R1 ®)
1 (gmy x gmy)(gms x gme)  gm7(gm9 + gaso)
Le — Cgsl 1_ wz(cgs6cg55) + G+ Cgs9(1 + 8ds9 * Rl) (6)
BT gmyegmy T gms o+ gmg g7 (g9 + 8aso)
wy — V87 * (819 + 8uso) ”
C1 Cgs9cgs7R1
wolpy  GmyGmy \/8M7C1Ces0 Ry * (M9 + gaso)
Qluwo) = 1 = 7 .V ®)

REq 8ds7 Cgs7

where, gmy * gmy = Gmy and gms * gme = Gmy as it is reported in (8).

For 2gmy + gm3 > g457, the gate voltage is used to modulate the drain conductance
Qa4s7, which is an efficient approach for fine-tuning the inductance. Numerous essential
properties of a constructed active inductor can be used to provide a decent representation
of the device’s efficiency. Such properties are dependent solely on the layout strategies
adopted, and as a result, on the implicit electrical characteristics of active inductors, as
stated in the above equations.

Table 1. Comparison study of the passive and active inductors.

Active Inductor (Simulated:

Performances Passive Inductor (Spiral) Active Device)
Q-factor Low quality factor High quality factor
Tunability Narrow Wide
Die-Area Needs broad space Needs limited space
Power Consumption Zero Significant

Linearity Good Linearity Rough Linearity
Noise Pleasant Poor:p}z;)grrpﬁlans;noise
EMI Compelling EMI insensitive

Floor-Planning Unacceptable Not required

2.1. The Frequency Spectrum

The design of the inductor can also be modeled as a lossy gyrator-C. Then, it can be
implied that it will exhibit inductive activity across a relatively restricted frequency band.
For an inductor of such a class, it is critical to ensure that it will operate inductively over
the required cellular radio frequency spectrum.

2.2. Tunability of the Inductor

For developing the frequency selective configurations, the tuning range is an impera-
tive part of the active inductor. g,,,;1 and g2 are the values of transconductance that can be
utilized to calibrate the inductor’s value.
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Figure 6. Small-signal analysis of the novel tunable Al

2.3. The Q-Factor

Researchers must minimize significant losses in various applications, and notably in
transmission systems. Inductors have a greater Q-factor which results in a decrease in
losses. The quality factor values for the inductors of the passive CMOS are low, to clarify
what we discussed in the introductory part. The objective of this design when constructing
the active inductor is to gain a quality factor of above one thousand.

2.4. The Consumption

In contrast to passive inductors, active inductors help with the power consumption.
Consumption by a typical gyrator-C inductor is determined by the L value of the device.
A compact inductor is obtained by having large g,,1 and g2, whilst a large inductor is
achieved by having low transconductances. Even though the consumption of gyrator-C
is indeed not crucial, the use of small inductors still indicates a higher level of consump-
tion than would otherwise be expected. With the addition of inbuilt linearization or Q
enhancement circuits, consumption will become an essential characteristic of the active
inductors configuration. This is discussed with the measurement results in further detail in
the following section.

2.5. The Noise

By far, noise is the most significant disadvantage of CMOS active inductors in com-
parison with passive inductors. Mostly, during noise analysis, they display stronger Gsp,
gml, and Cgs2, and g2 is more on the noise level. As for the constant g,,», the influence of
noise will be considerably larger for small inductors than for bigger ones. Whenever active
inductors are being used in receiver functional units, often including LN As, the distortion
may be a key design attribute to take into consideration. In order to aim our analysis
towards transmission systems, we outlined the noise benchmarks —112.43 at 1 MHz and
—133.27 dBc/Hz at 10 MHz away from the carrier in GSM band, where the RFIC output
power is near 12 dBm.



Sensors 2022, 22,4701

90f18

3. Proposed TAI-VCO Circuit Design

A theoretical representation of the advanced VCO is shown in Figure 7, wherein the
negative conductance is employed in the LC tank to recompense for the LC tank loss,
and the LC tank is comprised of two TAI circuits along with two varactors, Cy, and Cyy,o,
for the frequency control. This figure depicts a graphical illustration of the stated VCO
with a low voltage and high Q-factor. Al facilitates the VCO’s performance in terms of both
power consumption and phase noise. Though an active inductor’s equivalent inductance
can be calibrated across a wide array of frequencies, it can be used as an implication
to acquire coarse frequency tuning or selection of a band. Furthermore, in the LC tank,
the varactor for fine-tuning is used, retaining relatively low sensitivity of tuning to ensure
uniformity in frequencies. In addition, to boost the properties of the VCO, the TAI is
deployed. The equivalent inductance of the Al is regulated by V;. The constraints of
the tuning range of the VCO can be eliminated by assessing the maximum to minimum
inductance range used as a varactor for regulating the effective capacitance by V; in
accumulation mode.

Vad

I ¢ Can

Vag a Q
R3 R4
IBias M3 M4

M9 |} :'__[mo

¥

Figure 7. Schematic diagram of the proposed CTAI-VCO.

As a potential outcome, wideband service is carried out with continuous frequency
tuning. MOS devices better can be configured for the appropriate tuning sensitivity, despite
demeaning the VCO optimum tuning range, even though it is for fine-tuning only. M1-M2
PMOS cross-coupled transistors have connected R1 and R2. Concerning loss compensation,
the M3-M4 NMOS cross-coupled pair deliver negative conductance. A current-reuse bias
approach is presented to attenuate the consumption of power by assembling the cross-
coupled pair with the cascode Al model. A higher amount of V. enables the equivalent
inductance of the Al to rise, resulting in a reduction in the output frequency of the VCO,
or vice versa. Transistors M7 and M8 are embedded to provide negative transconductance
that reduces for all the losses of the LC tank. The M3 and M4 transistors are distorted by
current mirrors M9 and M10, which at least for the signal, maintain the interface node
isolated from the ground and permit a certain differential application. Two buffers, Poi;1
(+ve node) and Poy2 (—ve node), are employed to drive the 50 ohms load, connected with
C3 and Cy, respectively, by neglecting the inductances L1 and L.
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Figure 8 is a design flow representation of the Al-based VCO technique. Acknowledg-
ing the TAI-VCO network model depicted in Figure 8, the first step in the design concept
is the development of the Al, which is outlined in Figure 4. This is executed because the
drain current in each transistor is the primary factor that contributes to the phase noise.
The subsequent steps in the modeling process involve enhancing both the relevant Q and
the tank tuning range to provide the excellent outcomes. As a result, the primary objective
of the integrated design approach is to reduce the amount of phase noise and the amount
of power that the system consumes.

(Osc. Frequency, Power consumption,

User input
VCO design Specifications
supply voltage, Area__._)

Initial
Parameters

:l
= Low
Design of  |ppase noise

Transistors
Tank Circuit Design l Osc. Frequency
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|
|
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|
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|
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(Concluded)
(Feasible Solutions)

Figure 8. Designed VCO design flowchart.

Table 2 presents the design component values of the proposed VCO buffer, as drawn
in Figure 7. Buffer 1 and 2, as shown in the above layout, contain equivalent values for the
respective components executed in the circuit configuration and shown in this table.

Table 2. The circuit component values of the proposed VCO-bulffer.

Components Values
My 23/65 nm
Mg 16.85/65 nm
Cs 170.27 fF
Cy 96 fF
R¢ 1152 Q

4. Measurement Results and Discussion

The VCO is composed of cross-coupled amplifier, buffers, and a resonance circuit. Cy,1
and Cyy,,, are variable capacitors controlled by controlled voltage V; and two cross-coupled
circuit designs are implemented by the transistors M; and M, connected with the V4, and the
transistors M3 and My connected to the current mirror circuit. A cross-coupled amplifier is used
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to offset the equivalent resistance of the resonant circuit shown in Figure 4. g, = gm1 = gm2,
as M1 and M2 are transistors with the same parameters. The cross-coupled amplifier could
generate a negative resistance: R,y = g_—j When the equivalent resistance of resonant circuit is

Ry, for oscillation occurrence, the negative resistance must cancel the loss of the tank: ;—j <Ry,
and hence guRp > 2. gm of the cross-coupled amplifier will decay with the increase in
frequency due to the variable capacitors and parasitic capacitors. Therefore, the g, R, must
be larger in the various Si technology corners to ensure the startup of the oscillator. However,
the parasitic capacitors connected to the tank must be considered when the VCO works at a
higher frequency, as the parasitic capacitance of transistor may be comparable to or even larger
than the varying capacitance.

Figure 9 is an illustration of the variations in the Q factor for TAI resulting from
changes in the bias voltages V},; and Vj,,, while keeping V;;; as 0.9 V in the circuit layout.
A highest attainable quality factor of 6825 was calculated at a frequency of 24 GHz, while
maintaining the bias voltages at V1 = 1 V and V}, = 0.9 V. The quality factor of the
designed VCO is modulated by the inductance and resistance value of the circuit, which
is gained by operating the advanced tunable active inductor. A higher quality factor can
be achieved as explained in Figure 10 in a wide frequency tuning range, from 21.79 to
29.92 GHz. However, the Q-factor of value 546 is obtained at the 24 GHz frequency band
of the proposed VCO, which is the key required parameter of this report for automotive
radar applications.

7000
N
— V=1V, V=0
6000 | =—s Vyy =07V, V= 0.8V
s Vg 2 06V Vi = 0.725V
1] o= V,, =04V, V, =05V
5000 -
S 4
S 4000
[T
o |
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Figure 9. Quality factor of the designed TAI with varying bias voltage.
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Figure 10. Quality factor of the designed VCO.
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Experimental Results and Analysis

Furthermore, the declines in the conductance and parasitic resistance of the TAI as
results of the C,; lead to a significant enhancement in the AI-VCO phase noise. Since C,; is
accepted, there is a trade-off between the phase noise and the tuning range. A figure of
merit value (FOMrt), which along with the tuning range is used to determine the gradual
efficiency of the VCO, is defined as [18];

FoMp = PN(Af) — 2010g10(]z;f) +10log10 (P, mW) )

VCO attains an FoM of —153.48 dBc/Hz by considering the tuning voltage as reported

in Figure 11. The resultant inductance values for this operating range are 6.9-16.2 nH,

although the series resistance is maintained below 0.59 () throughout. Despite the fact that

the additional capacitor C,; has minor negative effects on the tuning range frequency and

frequency of oscillation, it has a beneficial impact on phase noise. By considering the biased

voltages V}1 and Vj; at variable voltage parameters, along with the controlled voltage V.,
the frequency tuning graphs were drawn in Figure 12.
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Figure of merit (dBc/Hz)
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Figure 11. Figure of merit of the designed VCO.
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Figure 12. Frequency tuning graph with V. for different V},; and V}, parameters.
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Figure 13 displays the output power spectrum at the central frequency of 24.01 GHz:
12 dBm of maximum output power is delivered by the VCO. The measured phase noise per-
formance of the proposed TAI-VCO at 1 MHz offset frequency is —112.43 or —133.27 dBc/Hz
at 10 MHz, as shown in Figure 14. Figure 15 shows the graphical representations of the
controlled voltage V; and the tuning voltage V;, which span from 0.4 to 0.9 V and 0.4 to
1.4V, respectively, over the fine frequency tuning range of the VCO. Noise of 3.28 dB was
calculated for the required 24 GHz frequency spectrum applications while using 0.9 V as
the operating voltage, as described in Figure 16. The FoM is a clear and intrinsic process
of assessing various topologies of VCO. The phase noise responses to the frequency of
oscillation and power consumption were normalized.

20 - -
Y————[12dBm
0
]
[==]
S ;
%, IS SN SO I .i ..........................
P A
E‘ “,(v Y
8 0 vy \m

CF: 24.01GHz Span:100MHz

Frequency (GHz)

Figure 13. Measured output power spectrum of the VCO.
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Figure 14. Measured phase noise of the VCO.
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Frequency (GHz)

Figure 15. Graphical representation of the wide frequency tuning range of the VCO.
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Figure 16. Noise figure for various tuning voltages.

The power consumption of the VCO ranges from 12.61 to 23.12 mW depending on the
specified frequency tuning range. Advanced Design System (ADS) was adopted for the
analytical simulation results and the complete circuit measurements, which were performed
by using EM tools and cadence. The final layout of the novel VCO circuit design, which
was made by using 65 nm CMOS technology, was implemented as displayed in Figure 17,
and the chip area of the VCO was 0.142 x 0.031 mm?. The experimental set-up of the entire
research was as shown in Figure 18. Table 3 illustrates the performance summary of the
state-of-art compared to the wide-FTR VCO. Related analysis was carried out at the RF
front-end, which clearly demonstrated complete system outcomes from time to time in
compliance with the receiver requirements.
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Figure 18. Experimental set-up of the proposed research.

Table 3. Performance summary of the state-of-art and the wide-FTR VCO.

FoM CMOS
o 2
Ref. Topology FTR [%] PN [dBc/Hz] Area [mm~] [dBc/Hz] Power [mW] FTR [GHz] Process
—101~-118
[1] Al 143 @1 MHz 0.045 - 6~28 0.5~3.0 180 nm
—-104 @ TX:19x 1.4
[10] CML - 1 MHz, RX: 1.8 x 0.9 - 495 23.8~24.5 130 nm
—78~—90 @
[13] Al 120 1 MHz 0.09 - 13.8 0.5~2.0 180 nm
—80~—-93 @
[21] Al - 1 MHz 80 x 120 pm 2 - 16.27 0.1~2.5 180 nm
Body bias _1384@
[22] PMOS 20.4 1 MHZ 0.666 —201.2 13.1 4.5~5.5 180 nm

Varactor
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Table 3. Cont.

Ref. Topology FTR[%]  PNIdBoHzl  Arealmm?] (b ~ Power[mW] FTRIGHz] SMos
[23] Al - ;ﬁﬁlz@ 171 x 174 pm 2 —166 22~13 1.13~3.24 180 nm
-104.32 @ 137
1 MHz :
[26] Integer PLL - _170me 0.776 x 0.726  (GHz/degree 3.52 24~25.8 65 nm
10 MHZ rms X mW)
[27] - 78 _é 11%NM_F11§8 0.02 —188~—197 - 10.5~24 32 nm
[28] - 23 Ill\f)[;f 0.7 - 88 23.8~26.4 130 nm
[29] Quadrature - —110.5~-104.2 - - 14.4 2.5 180 nm
@1MHz
BAC -109.7 @
[30] Architecture 53 L Mz 0.12 —1879~—1813  3.9~5 11.3 65 nm
Triple- _1119@
[31] coupled 17 10 M'H 260 x 250 pm 2 —184 6.2 50.1~59.8 65 nm
Transformer z
[32] SsI 403 17011\1/191{@; 200 x 250 - 43 21~31.6 65 nm
Active 711 ﬁﬁs @
This work Inductor 86 133 27Z @  0142x0.031 —153.48 23.12 21.79~29.92 65 nm
(AD) .
10 MHz

5. Conclusions and Future Works

A novel design of an active inductor-based VCO with variable output oscillation frequency
has been introduced in this research article, which produces an oscillation frequency that
varies from 22 to 29 GHz. It uses K-band and Ka-band frequency spectra and can be
tuned to any desired frequency response. The simulation of the configuration was aimed
at developing a tuning scope of 89%, and it has a DC power dissipation range of 12.61
to 23.12 mW. Some of the most important characteristics of this design concept are its
high differential output power, good phase noise performance, high figure of merit, and
small silicon area usage. The proposed design demonstrated a maximum Q-factor of Al
6825. The desirable phase noise variations of the proposed VCO are —112.43 and —133.27
dBc/Hz at 1 and 10 MHz offset frequencies for 24 GHz applications with a noise figure
(NF) of 3.28 dB under a 0.9 V power supply.
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