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ABSTRACT In this paper, a varactorless frequency-tuning method for Clapp voltage-controlled oscil-
lator (VCO) design is proposed aiming at increasing frequency-tuning range (FTR) in comparison with
the conventional varactor-based counterpart. The proposed structure uses a tunable non-Foster (negative)
capacitor (TNC) to sweep oscillation frequency instead of a varactor. The analytical demonstration points
that total tuning dynamic (TTD) qualitatively representing FTR is traditionally limited to varactor’s tuning
dynamic (TD); while the TNC-based VCO can exhibit very-high TTD, at least over TNC’s TD capacity,
if the maximum negative capacitance is appropriately designed, which can tolerate the TD requirement
on the tuning component for wideband operation. Circuit realization of TNC is based on a grounded
negative impedance inverter (NII) with cross-coupled transistors whose gate voltage controls capacitance.
A simulation script using a real discrete transistor model with the realized TNC shows that FTR can be
covered with TTD of 2.46 units while the TD of the non-Foster tuning component is only 1.32 units,
validating the advantageous operation as well as practical realization possibility of the proposed VCO.
In addition, phase noise performance is remained below −100 dBc/Hz for every tuning voltages at 1 MHz
offset frequency, while figure of merit comprising FTR effect (FOMT) can be achieved in range of 140-180,
which is similar to the existing state-of-the-art VCOs.

INDEX TERMS JFET, colpitt and clapp VCOs, negative impedance inverter, non-foster capacitor, negative
resistance.

I. INTRODUCTION
The LC oscillators are the essential radio frequency (RF)
front-end and back-end building blocks in modern com-
munication systems. They are widely generated from
voltage-controlled oscillators (VCOs) injected in phase lock
loops (PLLs) to up-convert or down-convert signals. There
are several different LC VCO topologies, but Copitts and
Clapp topologies have attracted more attention in both
research and deployment [1]–[4].

The commonly used tuning method in LC-VCOs is based
on varying the LC-tank capacitance. With the growth of
wireless broadband and multiband communication systems,
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a high frequency-tuning range (FTR) of VCOs are required
to cover the required frequency bands. Moreover, wide-
band VCOs are also demanded to compensate for pro-
cess and temperature variations producing a stable-frequency
oscillation in PLL applications [5]. However, the FTR of
the conventional LC Clapp VCOs with the varactor-based
tuning technique is always limited due to the capacitance
ratio Cmax/Cmin, referred as ‘‘tuning dynamic (TD)’’, of the
varactor.

One of the most effective methods that can be applied
to the Clapp VCOs to achieve wide FTR is to use a
switched-capacitor array bank or a varactor-combined binary
switched capacitor array structure [6], [7]. However, one of
the serious and practical issues in these structures is the
large variations in the tuning sensitivities since the structure
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becomes large. In addition, the parasitics from each capac-
itor and switches cause ineffective performance at higher
frequencies [8]. Some of varactorless tuning techniques are
also carried out to enhance FTR such as using a tunable
negative inductor [5], a transconductance-tuned resonant
tank [9], or voltage-controlled inductors [10]. Nevertheless,
these VCOs always require high-TD tuning components
for their wideband operation leading to a severe require-
ment on the tuning-range capacity of those controlling
elements.

Non-Foster elements are typically known as negative
capacitors, or negative inductors which exhibit negative-slope
reactance with frequency [11]. Due to their non-natural
response, these components are investigated and applied
to broadening the operating bandwidth of antennas
[12]–[15]; power amplifiers [16], [17]; or VCOs [5]. In [18],
a fixed negative capacitor is used to enhance the varactor’s
TD. In general, these non-Foster elements are beneficial
and can address the fundamental limitations of common
passive networks. There are several network topologies
that can realize a non-Foster element. However, active
circuits such as negative impedance converters (NICs),
negative impedance inverters (NIIs), and amplifier-based
negative group delay (NGD) networks are most popular
methods investigated theoretically and practically in the
literatures [18]–[21].

In this paper, a novel varactorless technique for tuning
frequency is deployed for the Clapp VCO network. This
VCO structure employs a tunable negative capacitor (TNC)
to achieve higher FTR as compared to the original Clapp LC
VCOwhose FTR mainly relies on the varactor’s tuning capa-
bility. The FTR performance is known quantitatively as ‘‘total
tuning dynamic (TTD)’’. By setting properly the maximum
capacitance of the TNC, wideband operation can be achieved
without the necessity of high tuning-range controlling com-
ponent. The proposed VCO can yield much higher TTD than
that in the conventional one and can overcome the existing
FTR limitation of the varactor-based method, even if the
TNC’s tuning capability is inferior to the varactor. For circuit
implementation, the TNC is realized by a negative impedance
inverter (NII) which the gate voltages of cross-coupled dual
transistors control the negative capacitance. The simulation
results of the overall VCO network with the realized TNC
based on discrete components have proven the advantage of
the proposed method with TTD over TD of the TNC. The
practical VCO applications is feasible with acceptable phase
noise performance.

The rest of the paper is organized as follows: section II
presents proposed technique with analytical demonstrations
and validations based on an ideal TNC. Then, the circuit real-
ization of the TNC and the overall VCO implementation are
discussed in section III. Section IV shows simulation results
that prove the advantages of the proposed VCO network.
Discussions and conclusion are finally made in section V and
section VI, respectively.

FIGURE 1. (a) Proposed Clapp VCO structure with a tunable negative
capacitor (Cneg is substituted by a varactor in the conventional
Clapp VCO [1]). (b) small-signal AC equivalent model.

II. LC-TANK VCO DESIGN WITH VARACTORLESS
FREQUENCY-TUNING TECHNIQUE
A. USING A TNC TO INCREASE FTR
The proposed Clapp VCO structure is shown in Fig 1(a)
which employs varactorless frequency-tuning method. In this
network, active device Q, typically junction field-effect tran-
sistor (JFET), is configured in the common-drain mode with
DC biasing network consisting of a shunt RF choke (RFC1)
at the gate and components ZB (a series connection of a
resistor and a RF choke RFC2). A voltage-controlled negative
capacitor is utilized to sweep oscillation frequency instead
of the conventional varactor. Fig 1(b) shows equivalent VCO
model in the non-parasitics small-signal analysis [1] with
impedance Zin exhibiting a series connection of a negative
resistor Rneg and a positive equivalent capacitor Ce which are
given as follows:

Rneg =
−gm

ω2C1C2
, (1)

Ce =
C1C2

C1 + C2
, (2)

where gm denotes small-signal transconductance at the bias-
ing point of the transistor, |Rneg| decreases with the increase
of oscillation frequency, and Ce is independent of gm.
To make VCO oscillate, the resistance value Rneg must satisfy
the start-up condition, i.e., |Rneg| > RL , in order to compen-
sate completely for the inductor loss RL . Then, the transcon-
ductance gm will be reduced in large-signal regime leading to
|Rneg| = RL , and the steady-state oscillation is sustained with
frequency

fosc =
1

2π

√
L
(

CnegCe
Cneg + Ce

) . (3)

In the commonwideband LC VCOs, the frequency range is
covered by the ratio fmax/fmin which is proportional to the root
of the total capacitance ratio Ct,max/Ct,min in the LC tank:

Dt =
Ct,max
Ct,min

=

(
fmax
fmin

)2

, (4)
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where Dt is referred as the TTD of the VCO network.
In order to showcase effectiveness of the proposed structure
in increasing the VCO FTR, the conventional Clapp VCO
using a positive-capacitance varactor with the TD of D =
Cvar,max/Cvar,min for tuning is taken into account for com-
parison. Then, the series association of Ce and Cvar results in
the total capacitance as follows:

Ct =
CeCvar

Ce + Cvar
. (5)

With the varactor tuning range from Cvar,min to Cvar,max ,
the TD of Ct or the TTD of the VCO is then written as

Dt =
Ct,max
Ct,min

=
Ce + Cvar,min
Ce + Cvar,max

×
Cvar,max
Cvar,min

= k × D, (6)

where k = (Ce + Cvar,min)/(Ce + Cvar,max). It is clear that
because 0 < Cvar,min < Cvar,max , k is always less than 1 and
then Dt < D. The FTR performance is apparently restrained
to the varactor tuning. Therefore, in order to obtain a wide
operating VCO bandwidth, the only method is to deploy a
varactor with high-TD capability. On the other hand, a nega-
tive capacitor can yield the total capacitance Ct as follows

Ct =
CeCneg

Ce + Cneg
. (7)

From (7), we must take |Cneg| > Ce in order to obtain the
positive net capacitance. Assuming that the negative capacitor
can sweep its capacitance amongstCneg,min andCneg,max with
TD D′ = Cneg,min/Cneg,max , the TD of Ct is then calcu-
lated by

Dt =
Ct,max
Ct,min

=
Ce + Cneg,min
Ce + Cneg,max

×
Cneg,max
Cneg,min

=
1+ k ′/D′

1+ k ′
, (8)

where k ′ = Ce/Cneg,max , D′ > 1 and −1 < k ′ < 0.
According to (8), Dt depends on both k ′ and D′. When k ′

goes to −1 or |Cneg,max | is close to Ce, Dt can reaches very
high value for any values of D′. Therefore, this can reduce
the tuning-range requirement for the tuning component by
focusing on assigning its maximum capacitance.

For the sake of comparison convenience, with the same
TD, i.e., D = D′, our proposed VCO can provide high TTD,
at least over the tuning component’s TD, if |Cneg| > Ce and
|Cneg,max | is close enough to Ce, while the tuning range of the
varactor-based VCO is always limited to the tuning capability
of the varactor.

B. VALIDATION WITH IDEAL TNC
To validate the above analysis, a simulation VCO schematic
is generated using Advanced Design Software (ADS) with
a realistic discrete transistor NE33284A whose I-V charac-
teristic is described in Fig. 2. The oscillation frequency is
expectedly within a range of 500−1300 MHz. The transistor

FIGURE 2. I-V characteristic of NE33284A.

FIGURE 3. Start-up negative resistance for with and without load effect.

operates at the biasing pointm of 21mA and 6V for drain cur-
rent IDS and voltage VDS , respectively, leading to the biasing
resistance RB = 12� and the supply voltage VDD = 6.2V .
The capacitance values of the capacitors C1,C2 are equally
3.2pF , and the parasitic resistance RL is assumed 0.1�which
is common in the high-Q off-chip inductors. It is noted that
the output VCO signal can be terminated by a buffer amplifier
to avoid loading effect. Nevertheless, in our work, a 50� load
is used to terminate the output signal due to its simplicity and
power non-consuming property, while the start-up condition
(|Rneg| > RL) is still satisfied.

Using S-parameter simulation, the start-up (small-signal)
parameters in cases of with and without 50� termination,
i.e., Rneg and Ce, are extracted over the frequency range of
500 − 1300 MHz and shown in Fig. 3. With load effect,
the negative resistance is lower than that in case of without
load effect. However, both of scenarios satisfy the start-up
condition, i.e.,Rneg > RL = 0.1�, which can trigger an oscil-
lation. Unlike the non-parasitics extraction in (2), the start-up
equivalent capacitance Ce varies slightly from 1.28pF to
1.57pF which can be seen in Fig. 4. Note that these parame-
ters are in small-signal regime. Since the output VCO signal
gradually becomes saturated with higher power, the effect of
the transistor parasitics and package can lead to change in
Ce and then resonant frequency. Therefore, it is important to
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FIGURE 4. Equivalent capacitance Ce over different signal-power levels.

FIGURE 5. Oscillation frequency range for several scenarios of the tuning
component: (a) ideal varactor. (b-d) ideal TNC.

consider Ce at the saturated-signal power to select appropri-
ately the maximum TNC capacitance. In Fig. 4, Ce increases
with the increase of signal power. For example, the maximum
value of Ce goes from 1.57pF at the start-up level to 1.68pF
at the 10-dBm signal level. Then, in order for our proposed
VCO network to operate properly in the bandwidth with the
≤ 10-dBm power, the maximum TNC capacitance must be
set so that |Cneg,max | > 1.68pF . The resonant inductance
L also needs to be adjusted correctly to drop oscillation
frequency in that bandwidth.

Fig. 5 shows FTR performance for several different tun-
ing cases, i.e., an ideal TNC for the proposed structure and
an ideal positive-capacitance varactor for the conventional
Clapp structure. Those ideal tuning components are assumed
to exhibit flat capacitance over an infinite bandwidth.

It can be seen that for a varactor with D = 2, the VCO
only yields an oscillation bandwidth of 120 MHz, exhibiting
Dt = 1.33 units which is less than the varactor TD. In con-
trast, using a TNC with the same TD, i.e., D′ = D = 2,

and its maximum negative capacitance is set at −1.7pF ,
satisfying |Cneg| > Ce within the considerable bandwidth,
the TTD of 4.86 units is much higher than the TD of the
tuning component, corresponding a bandwidth of 690 MHz.
In addition, even with the lower TD of the TNC, compared to
the varactor, our proposed network can still provide a higher
TDD as shown in Fig. 5c. Fig. 5d shows a TNC case with
D′ = 2 and lower maximum capacitance Cneg,max =
−1.8pF . It confirms that higher difference between |Cneg,max |
and Ce leads to lower VCO TDD as well as narrower oscilla-
tion bandwidth.

In general, the TNC-based tuning method can benefit VCO
FTR performance which depends not only on the TNC’s TD,
but its maximum capacitance.

III. VCO IMPLEMENTATION WITH NON-IDEAL TNC
The advantageous operation of the proposed tuning method
based on a TNC has been validated but the TNC does not
naturally exist as varactors, inductors, capacitors, or transis-
tors. Therefore, in this section, the realization of the TNC as
well as the proposed VCO is carried out that can exhibit the
expected operation.

A. TNC REALIZATION
Apparently, with a variable non-Foster capacitor, the VCO’s
bandwidth can be expanded remarkably by selecting the
maximum negative capacitance close to the equivalent capac-
itance Ce. The practical design of this component is chal-
lenging and requires a particular network topology because of
its natural inexistence. Some of the promising candidates for
generating a high-Q non-Foster capacitor are based on neg-
ative impedance converters (NICs) [19], negative impedance
inverters (NIIs) [18], or amplifier-combined negative group
delay (GND) networks [16], [21]. However, not all can pro-
vide negative capacitance varying with respect to the con-
trolling DC voltage in a linear manner that can be applicable
to our VCO structure. Moreover, unlike an ideal non-Foster
capacitor which can exhibit the negative capacitance in an
infinite bandwidth, the generators of the non-Foster capaci-
tors only operate correctly within a limited bandwidth due to
the operating frequency limitation of their constituting ele-
ments. Therefore, the device selection is important to design
a non-Foster circuit that can cover the required frequency
range.

In this paper, the proposed VCO structure requires a TNC
connected in shunt. Referring to NII in [18], a shunt negative
capacitor can be realized with cross-coupled transistors as
shown in Fig. 6a. Taking small-signal analysis and assuming
the operating frequency is much smaller than the characteris-
tic frequency given by [18]:

fc =
g2mRds
2πCgs

, (9)

where Rds and Cgs are the transistor parasitics; the impedance
Zn is equivalently composed of three series negative elements
as shown in Fig. 6b. The negative resistance Rn can be used
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FIGURE 6. (a) NII structure for realizing a tunable negative capacitor.
(b) small-signal equivalent model.

to increase start-up VCO gain or be negated by a positive
resistor Rc to limit signal power, which will be discussed in
next section. The component Lc, in contrast, must be inserted
to compensate for Ln.
It can be seen that the negative capacitance depends on the

JFET transconductance gm which can be calculated from the
Shockley’s equation as follows:

gm =
−2IDSS
VP

(
1−

VGS
VP

)
, (10)

where VP denotes the pinch-off voltage, and IDSS is the maxi-
mum drain current and occurs as VGS = 0V and VDS = |VP|.
By changing gm, it is possible to obtain a range of the negative
capacitance. This can be done by sweeping the transistor gate
voltage VGS according (10). However, the linear variation of
Cn is difficult to be achieved because the parasitic elements
also depend on the transistor transconductance gm while the
fixed element Lc only negate exactly the parasitic Ln at one
value of gm. As gm varies, inductance difference between
Lc and Ln will contribute to reactance due to Cn, devastat-
ing the linear variation of Cn. Also, the package elements
of the discrete devices can partially influence the TNC’s
linearity.

In this work, the active devices with model NE33284A
are selected to design a TNC with following datasheet-based
parasitics: Rds ≈ 200�, Cgs ≈ 0.22pF and gm,min ≈
20mS, leading fc,min ≈ 64 GHz which much higher than the
expected operating frequency within 500-1300 MHz. There-
fore, it is possible to utilize this transistor model for TNC real-
ization. The simulation responses of the TNC in small-signal
regime are shown in Fig. 7 with Lload = 1.3pF , and Lc =
1.6nH . Two active transistors are biased at VDS = 8V . It can
be seen that theNII network can provide negative-capacitance
response corresponding to the negative-slope positive reac-
tance with frequency over the bandwidth. For each value of
VGS from−0.6V to 0V , the negative capacitance increases in
an acceptable linearmanner with themaximumvalue of about
−1.3pF , which can be used to tune the oscillation frequency
in the proposed VCO architecture.

FIGURE 7. Responses of the realized TNC in small-signal regime:
(a) reactance. (b) capacitance.

B. STABILITY EVALUATION OF TNC
One of main challenges in NIC or NII networks with
cross-couped transistors is the instability problem that spuri-
ous oscillations occur without input signal causing additional
power consumption and undesired behavior [20], [22]. These
additional oscillations cannot be detected by small-signal
simulation ADS tools which consider circuit responses in a
short period. One of the popular stability-testingmethods is to
examine the reflection coefficient (S11) contour of the overall
circuit by using ‘‘OscTest’’ tool which is available in ADS.
The number of clockwise encirclements of the point 1 + 0j
denotes the number of oscillations in the circuit. Fig. 8 shows
the S11 contour of the TNC which is, for example, connected
to a 50� termination and biased at VGS = −0.3V . It is
clear that there are two instability encirclements crossing the
x axis at 2.284GHz and 10.16GHzwhich denote the spurious
oscillation frequencies as well as the instability of the TNC.
Due to this problem, it is impossible to verify a separate TNC
circuit, commonly connected to the 50� port of the network
analyzers.

Nevertheless, the instability problem can be overcome by
connecting an appropriate load network to it for ‘‘open-circuit
stable’’ and ‘‘short-circuit stable’’ non-Foster network types
or inserting notch filters into feedback branches [13], [14].
Another possible way is to isolate the output signal with
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FIGURE 8. Instability behavior of the TNC biased at VGS = −0.3V and
connected with a 50� termination.

a buffer amplifier, then remove additional oscillations by
band-pass filters. In this research, the non-Foster element
is embedded to the VCO network, not a 50� termination.
Therefore, it is better to carry out a stability-checking process
in the TNC-combined network. The overall VCO circuit is
stable if there is only an oscillation frequency and its harmon-
ics in the spectrum.

C. OVERALL VCO IMPLEMENTATION
In this subsection, an overall VCO network with a non-ideal
TNC is implemented and verified.With the same components
of the VCO core assigned in section IIB, our proposed cir-
cuit requires to design a large-signal broadband TNC that
the magnitude of its maximum capacitance is greater than
1.68pF due to the estimated signal power of about 10 dBm,
while remaining high-enough quality (Q) factor to ensure the
start-up condition. In essence, each tuning voltage or nega-
tive capacitance results in a resonant frequency. Therefore,
exhibiting the required negative capacitance at its resonant
frequency is sufficient for the TNC design.

TABLE 1. Optimal component parameters of the overall VCO network.

It is possible to utilize the TNC design in Section III,
substituting the ideal tuning component in the proposed VCO
structure in Fig. 1a. However, this TNC is only investigated in
small-signal regime that will turns to large-signal regime with
smaller transconductance as the VCO signal becomes satu-
rated. As a result, the large-signal TNC behavior is different
from that shown in Fig. 7, and its small-signal linearity can
no longer exist. Fortunately, the tuning linearity of the TNC
can be remained by suppressing signal to a small-enough
level. Therefore, a component-tuning scheme is useful in
the overall network to obtain the desired performance.The
overall VCO network is shown in Fig. 9 and Table 1 lists
its final optimal values of components after tuning process.

FIGURE 9. Overall VCO structure with non-ideal TNC and biasing
networks.

The compensation resistor Rc = 22� is necessarily utilized
so as to reduce negative resistance or start-up VCO gain,
restraining signal power to ensure the linear variation of the
non-Foster capacitance as close as that considered in the
small-signal analysis. The common inductors are supposed
to exhibit very-small parasitic resistance 0.1� due to their
off-chip property.

IV. SIMULATION RESULTS
Using ‘‘OscTest’’ element in ADS to check the oscillation
capability as well as the stability of the overall circuit, Fig. 10
shows S11 contours at several cases of VGS . It can be seen
that the x axis value of 1.0 is circled clockwisely by the
S11 contour as the frequency increases, denoting that the
circuit oscillates. The point on the trace where it crosses
the x axis can predict quasi-exactly oscillation frequency.
Moreover, there is no more clock-wise encirclement of the
1 + j0 point indicating that the VCO circuit is stable with
only a right-hand plane (RHP) pole produced due to the feed-
back. Therefore, no additional effort is necessarily required
to stabilize the VCO circuit while the current drawn by DC
sources is minimized leading to minimal power consumption.
Then, the tuning capacitance of the negative capacitor at an
oscillation frequency f is extracted in large-signal regime as
follows

CT [f ] =
−1

2πZT [f ]
, (11)

VOLUME 9, 2021 99567



D.-A. Nguyen, C. Seo: Novel Varactorless Tuning Technique for Clapp VCO Design

FIGURE 10. Oscillation and stability tests of the overall VCO structure at
several values of the controlling voltage VGS .

FIGURE 11. Extracted performance of the overall VCO network: total
tuning dynamic Dt and tuning dynamic of the non-Foster tuning
component D′ .

where

ZT [f ] = Imag
(
VT [f ]
IT [f ]

)
. (12)

Note that the oscillation frequency f corresponds with the
tuning voltage VGS . By using ‘‘OscPort and ADS Harmonic
Balance Simulation’’ tools, the FTR and the extracted tuning
negative capacitance versus the controlling voltage VGS are
shown in Fig. 11. The frequency ranges from 614 to 961MHz
yielding a TTD of Dt = 2.46 units. With each tuning
voltage value, the tuning negative capacitance CT extracted
varies from −1.92pF to −1.45pF , corresponding a TD of
D′ = 1.32′ units which is less than the TTD, confirming
the advantageous operation of the Clapp VCO with the pro-
posed tuningmethod. Themaximum capacitance of−1.45pF
which is slightly higher than the required one of < −1.68pF

FIGURE 12. Output signal power over different tuning voltages.

FIGURE 13. Simulation phase noise performance.

is because the saturated power at VGS = 0V is only 6 dBm
shown in Fig. 12with the corresponding oscillation frequency
of < 1 GHz. Then, the equivalent Ce is about 1.42 pF which
can be determined in Fig. 4.

In addition, the VCO output power varies by only about
3.5 dBm between 6 and 9.5 dBm. The power difference
mainly stems from the real-part discrepancy of the impedance
induced by the TNC over the overall bandwidth. Fig. 13
shows VCO phase noise performance at each oscillation fre-
quency. It can be seen that phase noise is saturated at offset
frequency of 2 kHz with below −95 dBc/Hz for every value
of tuning voltage. At 1 MHz offset frequency, the phase noise
performance is slightly improved with <−100 dBc/Hz.

V. DISCUSSIONS
A. EXTEND TO PARALLEL ASSOCIATION
The proposed tuning method can be extended to a parallel
connection between the TNC and the equivalent capacitorCe.
Then, the TTD is rewritten as follows:

Dt =
Ce + Cneg,max
Ce + Cneg,min

. (13)

It is clear that if |Cneg| < Ce and Cneg,min is close to Ce, Dt
can similarly reach to very high value. However, this parallel
association is difficult to deploy in the Clapp structure due
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TABLE 2. Performance comparison among state-of-the-art VCOs.

to non-isolated Ce and more suitable in the differential LC
VCOs [5].

B. DISCRETE AND INTEGRATED CIRCUIT
IMPLEMENTATION
The VCO with the proposed tuning method has been realized
using common discrete components and its advantageous
operation has been proven by the simulation results. In the
integrated circuit design, it is difficult to design inductors with
high Q factor which is much lower than that of the off-chip
inductors and main contributor to phase-noise performance
degradation. However, these losses can be compensated by
additional negative resistance from the TNC cell through
reducing the compensation resistor Rc. Moreover, with good
matching among components and without package effects,
the linearity of tuning component can be improved.

C. PERFORMANCE EVALUATION
Our purpose of this paper is to apply a novel tuning method
to the LC VCOs, specifically a JFET-based Clapp structure
and verify its operation superior to the varactor-based one in
terms of TTD relative to tuning component’s TD in the dis-
crete circuit implementation. Although the FTR is improved,
but the proposed VCO is also required to exhibit tolerable
phase noise as well as power consumption across differ-
ent oscillation frequencies. The commonly used figure of
merit (FOM) to evaluate the overall VCO performance is
defined as follows:

FOM = −L(1f )+ 20log
fosc
1f
− 10log

PDC
1mW

, (14)

where 1f and fosc are the offset frequency and oscillation
frequency in hert, respectively. L(1f ) is the phase noise in
dBc/Hz at1f andPDC is the power consumption inmW from
both the VCO core and TNC cell. In order to account for the
FTR (in percent), another parameter (FOMT) is introduced
as [23].

FOMT = FOM + 20log
FTR
10

. (15)

Two parameters FOM and FOMT are used to only point
that the proposed VCO can provide an acceptable overall
performance in comparison with the existing works. Fig. 14
shows the FOM and FOMT performances over oscillation
frequencies. The addition of a TNC increases the total power
consumption, then leading to reduction in FOM and FOMT.
At lower frequencies regarding to the higher gate voltages,

FIGURE 14. FOM and FOMT performance and power consumption of the
VCO over oscillation frequency band.

the drain current increases and it is understandable with sig-
nificant drop in FOM and FOMT at these frequencies. Com-
pared to other state-of-the-art VCOs summarized in Table 2,
the proposed VCO can exhibit similar phase noise with
acceptable FOMT performance.

D. HIGHER FTR PERFORMANCE
Although the VCO FTR is significantly improved by design-
ing the maximum capacitance magnitude of the TNC close to
the equivalent capacitance Ce, the FTR performance is also
depended on the tuning capacity of the tuning component
according to (8). Therefore, it is possible to increase more
FTR with higher gm range of the active devices in the TNC
cell. It can be seen from Table 2 that the tuning voltage of
our proposed VCO is only from −0.6V to 0V which is much
narrower than in other VCOs due to the VGS -range limitation
of the device NE33284A.

E. USING VARACTOR AND FIXED NEGATIVE CAPACITOR
The principle of the proposed tuning method can be switched
to a series or parallel association of a varactor and a fixed
negative capacitor. For example, if the total capacitance is
a series connection of Ce, Cvar , and Cneg, then Dt can be
calculated as

Dt =
Cevar,max
Cevar,min

×
Cevar,min + Cneg
Cevar,max + Cneg

, (16)

where Cevar = CeCvar/(Ce + Cvar ). It can be seen
that if satisfying the positive total capacitance condi-
tion, i.e., Cevar<|Cneg|, then the small difference between
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Cevar,max and |Cneg| can lead to high value of Dt . However,
the additional varactor can make the overall circuit more
complicated and less effective at high frequency.

VI. CONCLUSION
A novel technique for tuning without varactors using a TNC
has been deployed in the JFET-basedClappVCOdesign. This
method is flexible in which the maximum TNC capacitance
can be adjusted to obtain high TTD performance over the
TD of the tuning element, compared to the conventional
Clapp VCOwhose TTD is always limited to the varactor tun-
ing capacity. This advantageous operation is successfully ver-
ified in the discrete-circuit implementation with the non-ideal
TNC realized based on a shunt NII structure. In general,
this proposed tuning method has potential to deploy in any
LC VCO configurations and can provide a wider operating
bandwidth by using the TNC-in active devices with higher
tuning capability.
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