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Summary

Voltage-controlled oscillator (VCO) is the most basic component required for
all wireless and communication systems. In this article, a four-stage differential
ring VCO with two control voltages for wide tuning range is proposed. This
VCO uses the dual-delay loop technique for high operation frequency. Also,
a low-Vr NMOS transistor is used in series with pull down network of the
proposed VCO delay cell to achieve low frequencies. Prelayout simulation of
the proposed VCO is performed in 65-nm TSMC CMOS technology in Cadence
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software under 1.2-V supply voltage. The tuning range of the proposed VCO
varies from 1 MHz to 13.8 GHz and has been improved by 19.77% compared
to other works. The power consumption of this low power VCO is between
29.3 uW to 1.715 mW. The phase noise of the proposed circuit is —82.3 dBc/Hz
at 1 MHz offset frequency and —106.9 dBc/Hz at 10 MHz offset frequency
from 5.161 GHz center frequency, while its area is 102.457 um®. This design
demonstrates other benefits in low power consumption and area compared
with other ring oscillators.
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1 | INTRODUCTION

Recently, high-speed wireless and communication systems that have wide tuning range have attracted a lot of atten-
tion. In modern wireless and communication systems, phase-locked loop (PLL) plays a critical role." PLL systems are
composed of phase detector (PD), loop filter (LF), charge pump (CP), and voltage-controlled oscillator (VCO). The
VCO is the most vital part of the PLL because it directly provides the output signal of the PLL. The PLL is a
closed-loop feedback system that estimates the frequency and phase angle of its input signals when it is in lock.
On the other hand, oscillator is an amplifier with the positive feedback loop in which the frequency is the function
of the voltage.””

VCOs can be classified in two types: the LC-VCO and ring-VCO." Each type has different frequency tuning methods.
For example, variable output capacitor, current steering, and latch control are used for frequency variation of ring oscil-
lator while variable capacitor or variable inductor are used for frequency variation of LC-VCO. LC-VCOs are the best
option for radio applications (RFs), and they have the highest resolution and frequency, but they suffer from the limited
tuning range and the large chip area. On the other hand, ring-VCOs have many advantages such as wide tuning range,
low area, easy integration, multiphase clock generation, and providing high frequency at low power. However, ring-
VCOs suffer from poor phase noise performance and low resolution.®*?
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Ring-VCOs are divided into two categories: single-ended and differential-ended categories. In differential-ended
ring-VCO (DRO), the number of delay cells can be odd or even, while for single-ended ring-VCO (SERO), the number
of delay cells should be odd. According to the Barkhausen criterion, every cell should add 180°/N phase and N is num-
ber of delay cell in ring-VCO. DROs are more popular than SEROs because of their advantages such as possibility of
using an odd or even number of cells, better immunity to common mode noise, lower swing, and 50% duty cycle at
the output. Moreover, it is easy to achieve very high-frequency performance with both in-phase and quadrature outputs
in DROs."**!

From the past, DRO designers have been working to improve the important parameters in designing DROs, such as
phase noise, power dissipation, voltage operation, occupied area, oscillation frequency, multiphase clock generation,
supply sensitivity, and tuning range. Therefore, different DROs topologies have been proposed to improve these param-
eters. Park-kim delay cell-based DRO in Tiao and Sheu? provide wide frequency range and full range control voltage;
however, it consumes high power dissipation. Voltage and current controlled delay cell-based DRO in Eken and
Uyemura®® generates high frequency outputs and wide tuning range, while it suffers from poor phase noise and high
power consumption. The wide tuning range attained at low voltage is the main feature of delay cell with symmetric
load-based DRO presented in Parvizi et al**; however, this oscillator has the poor performance of the phase noise.
Besides of the good phase noise and wide tuning range, the DRO with the latch pair delay cell in Lu et al** reveals good
tuning linearity of the control voltage, but it results in high power dissipation and low frequency. The DRO with the
delay cell of injection locking technique in Lee et al*® is another DRO that has scalability, wide operation frequency
range, and low phase noise, but despite the advantages it has, it consumes high power. The proposed classical fully dif-
ferential delay cell-based DRO topology in Sanchez-Azqueta et al*’ can significantly save the area and reduce the power
consumption but at the expense of narrow frequency range. Shunt-Shunt feedback delay cell-based DRO in Tu et al*®
improves not only the tuning frequency range but also the output signal swing and power consumption. DRO imple-
mented with delay cell with push-pull inverters in Liu et al*® provides high frequency and introduces problems, such
as the limited frequency tuning range, poor phase noise performance, and high power consumption. A delay cell with
cross-coupled symmetric load-based DRO with wide frequency range, good linearity, and low power is proposed in Li
and Lin.*° DRO with programmable resistive network-based delay cell in Fahs et al*' has wide frequency range, but
its power consumption is high. The wide tuning range DRO implemented with delay cell in Yoo et al** offers the good
phase noise performance; however, the high power consumption and large chip area have become critical drawbacks in
this DRO. The DRO in Demartinos et al** exhibits wide frequency range, but on the other hand, it consumes more
power.

In this paper, a four-stage DRO is proposed. In this VCO, several techniques have been used to increase the fre-
quency range. It has wide tuning range, high frequency, low power, and low occupied area.

This brief is organized as follows: Section 2 describes the proposed VCO. The simulation results are given in Section
4. Finally, Section 5 concludes the paper.

2 | PROPOSED DRO-BASED VCO

In DROs, the number of stages can be odd or even. But increasing the number of stages leads to increased power con-
sumption, area, and cost. Therefore, two-, three-, or four-stage DROs are more common. Two- and four-stage DROs
have the capability of generating a quadrature output, but if oscillation frequency is important, three-stage DROs is
more appropriate than four-stage DROs. The use of two-stage DRO seems to reduce power consumption, but when
designing a two-stage DRO, in order to satisfy the Barkhausen criteria, an additional phase shift for each cell is required.
On the other hand, additional power is consumed to achieve the appropriate phase shifts.**

The proposed four-stage DRO is shown in Figure 1. In this DRO, dual-delay loop scheme for high operation fre-
quency is applied.**>” The dual-delay loop is composed of the primary delay path with higher delay and the secondary
delay path with lower delay. In Figure 1, the dotted line indicates the secondary delay path and the solid line indicates
the primary delay path. Each of four delay cells in this DRO has two differential primary input voltages of the Vin1+
and Vinl—, two differential secondary input voltages of the Vin2+ and Vin2— that come 45° earlier in phase than
Vinl+ and Vinl—, and two differentially output voltages of the Voutl+ and Voutl—. In delay cells of the proposed
DRO, Vinl+ and Vinl— are given from the Voutl+ and Voutl— of the previous delay cells, and Vin2+ and Vin2—
are connected to the Voutl+ and Voutl— of the two previous delay cells.
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FIGURE 1 The proposed four-stage
DRO-based voltage-controlled oscillator
(VCO) with solid line for primary delay
path and dotted line for secondary delay
---------------------------------------------------------------------------- , path®”
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The structure of the delay cell of VCO presented in Kim et al*® is shown in Figure 2. M1 and M2 in the differential
delay cell shown in Figure 2 are differential input NMOS transistors and their gate is connected to the primary input.
M3 and M4 are the cross-coupled PMOS transistors, M5 and M6 are the PMOS input transistors that connected to the
secondary delay path and Mcontl and Mcont2 are the PMOS control transistors that their task is to change the fre-
quency of the DRO oscillation by changing the control voltage. Each cell has two differential outputs, and this DRO
has a total of eight output phases.

By inspiring the technique available at Kim et al,”™ the delay cell shown in Figure 3 with two control voltages is
proposed. In this delay cell, M1 and M2 are differential input NMOS transistors of the primary loop, M5 and M6 are
cross-coupled load PMOS transistors for providing a positive feedback latch and to increase the swing they are con-
nected to the Vg4, and M3 and M4 are the differential input PMOSs. The performance of the PMOS is usually slower
than the NMOS. Therefore in the proposed delay cell for compensating the performance of the M3 and M4 PMOSs,
the input of these two PMOSs is connected to the secondary input. In this delay cell, to achieve a wide frequency
range, two control voltages are applied. M7, M8, and M9 are the control transistors, and the input of the M7 and
M8 PMOS transistors are connected to the control voltage of the Vctr2 and the input of the M9 NMOS transistor
is connected to the control voltage of the Vctrl. M7 and M8 control PMOS transistors are used to obtain high fre-
quencies. On the other hand, the NMOS control transistor of the M9 is low-threshold voltage NMOS and is applied
to obtain low frequencies. In addition, the Vctrl should be greater than Vr of the M9 to keep the M9 transistor ON
and as V; becomes smaller, Vctrl can also be set to smaller values. Therefore in the proposed delay cell for increas-
ing the variations range of the Vctrl and frequency of the proposed VCO, M9, the low-V1 NMOS transistor, is used in
the proposed delay cell.

When Vctr2 is set to high value, the driving current of M9 can be increased by increasing the voltage value of the
Vctrl. Therefore, the discharge speed of the load capacitor of the proposed delay cells is increased. As a result, the delay
of the delay cell is reduced and so the proposed VCO frequency is increased. In the case of the Vctrl is set to high value,
by decreasing Vctr2, M7 and M8 become more ON and the effect of the transistor M3 and M4 that are connected to the
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FIGURE 2 The delay cell of the voltage-controlled oscillator (VCO) presented in Kim et al*®
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FIGURE 3 Proposed delay cell

secondary input starts to be increased. As a result of increasing the effect of the M3 and M4, the effect of the second path
on the delay cell begins to increase. Therefore, the driving current of the pull down network of the proposed delay cells
is increased. Consequently, the load capacitor of the proposed delay cell can be charged at a faster rate. This increasing
in speed of the charging the load capacitor culminates in reducing the delay of the delay cell and subsequently increas-
ing the frequency of the proposed VCO.

The sizing of the transistors used in the proposed VCO cells is presented in Table 1.

3 | FREQUENCY ANALYSIS

In Hafez and Yang® and Sun and Kwasniewski,*® a general model for multipath ring oscillators having arbitrary cou-
pling structures is presented to calculate the oscillation frequency. In addition, Hafez and Yang® and Sun and Kwas-
niewski*® determine the oscillation frequency as a function of number of stages and delay loops. On the other hand,
in the proposed paper, an analysis is presented to examine the factors affecting the speed of the output voltage changes
of the proposed delay cell.

The proposed VCO works in two different modes: low frequency and high frequency. In the low-frequency mode,
the output waveform is square. To achieve low frequencies in the proposed VCO, the effect of M3 and M4 transistors
should be eliminated, because the secondary inputs of the proposed delay cell that increase the VCO's speed are applied
to these transistors. For this purpose, the input of Vctr2 is set to high value. In this case, the equivalent half-circuit is
shown in Figure 4A.

In a low-to-high transition of Vinl+, the delay cell exhibits three regions of operation. In the first region, |Vggsl is
Vaq and therefore M5 is ON. Since the input of the M1 has low value, Vs, is lower than Vr, (the threshold voltage
of NMOS transistors), so this transistor is off. In this region I = —Ips and therefore I is independent of the variation
of Vetrl according to Equation 1.

IDS = ,upcox% <((Vout+) - Vdd - VTp) ((Vou[—) - Vdd) - %(( Vout— )_Vdd)z) . (1)

TABLE 1 The sizing of the transistors used in the proposed VCO cells (I = 65 nm)
Transistor Name M1, M2, M3, M4, M7, M8 M5, M6 M9

Transistor width, pm 1.56 0.91 3.12
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FIGURE 4 Half-circuit of the proposed delay cell in (A) low-frequency mode (B) high-frequency mode

In the second region, |Vgsl is higher than [Vr,| (the threshold voltage of PMOS transistors) and this transistor is ON;
on the other hand, Vg, is higher than V1, and M1 is ON. So in the second region, I = Ino(Vctrl) — Ips, and according to
Equations 1 and 2, Ips is independent of the variation of Vctrl but Ipe depends on it.
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IDQ(VCtl"l) = /,{ncoxl—g ((VCU’l—VTn low) VD9 - I/ZVDQZ) . (2)
9

Therefore, I depends on Vctrl and as Vctrl increases, I is increased. On the other hand, cell delay can be reduced if
Vctrl is increased according to Equations 2, 3, and 4.

|4
IAt - CLAVom_ == CL%, (3)

Via
At = CLE. @)

In the third region, |Vgss! is lower than [Vl and M5 is off while Vg, is higher than Vi, and M1 is ON. So
I = Ipg(Vetrl) and therefore according to Equation 2, in this region as the second region, I depends on Vctrl. But in this
region, this dependency is greater. In the third region, according to Equations 2, 3, and 4, the increase of Vctrl will
result in decreasing the delay of the delay cell and increasing the frequency of the proposed VCO.

In all three regions, the VCO output frequency is independent on the Vctr2. In order to achieve the low frequencies,
Vctr2 is set to the high value and only by changing Vctrl the VCO frequency is changed. Also, according to Equation 2,
using low-Vr NMOS transistor of the M9 in proposed delay cell causes the increment of Vctrl variations range.

In the high-frequency case, the equivalent half-circuit of the proposed VCO is illustrated in Figure 4B. In this case,
the oscillation frequency of a common ring oscillator can be defined with a large signal model as

1

: 5
N<trise + tfall) ( )

fosc -

where N is the number of stages of the ring oscillator, t,;. is the rising time of the output signal, and tg, is the falling
time of the output signal. For this delay stage, f;sc and tg,; can be obtained from

d Vou triseIDQ(Vctrl) —Ips 0.9V aq CrLVaq
Iy =C = ———dt = d Vo = trise = 0.8————— 6
discharge L dt 0 CL 0.1V4q out rise IDQ(VCU'I) — IDS’ ( )

dVou tfaleD7(VCl’l"2) + Ips 0.1V 4q CLVad
Leharge = C = dt = — dVou = b = 0.8——————. 7
charge L dt 0 C; 0.9V 4q out fall ID7(VCIVZ) + Ips ( )
As a result, the contribution of rising and falling transitions are included in Equation 8:
f _ 1 _ (ID9(Vctr1) —IDS)(ID7(VCH"2) +ID5) (8)
ose 1 1 1.6NCLVdd(ID9(VClTl) +ID7(VCH’2)) '
1.6NCLV 44 +
IDg(VCtl"l) _IDS ID7(VCII"2) +IDS

To achieve high frequency of the proposed VCO, Vctrl is set to high value so that the resistance of the M9 is
kept to a minimum. As the resistance of the M9 decreases, the resistance of the discharge path of the load capacitor
(Cp) will also decrease and the discharge stream of the Cy is reduced accordingly. As a result, according to Equa-
tion 4, the delay of the proposed delay cell is decreased and the VCO frequency is increased. Equation 8 and
Figure 4 show that the output frequency depends on the control voltages. On the other hand, in higher frequency
due to the fact that Vctrl is kept constant to high value, the output frequency is changed only by changing the
Vetr2.

In Equation 8, the oscillation frequency seems to be inversely proportional to Vg4, but it is not correct. Oscillation
frequency is proportional to Ips according to Equation 8. On the other hand, Is has a quadratic relationship with
Vaa according to Equation 1. Therefore, oscillation frequency is proportional to V44 according to Equation 8.

The gate of the input PMOS M3 is connected to the secondary input of Vin2+. Therefore, the PMOS M3 receives its
input earlier than input NMOS M1 connected to the primary input, which can compensates the PMOS speed limitation.
As a result, the delay of the proposed delay cell is decreased and the VCO frequency is increased. On the other hand, by
reducing Vctr2, the M7 transistor is turned ON. In this case, the effect of the transistor M3 is increased. Since the
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secondary input increases the VCO's speed, by increasing the effect of the M3 transistor, the VCO output frequency is
increased. Conversely, by decreasing Vctr2 and subsequently reducing the effect of secondary input on the delay cell,
the frequency of the VCO is decreased.

4 | SIMULATION RESULTS

The proposed DRO-based VCO is simulated in 65-nm TSMC CMOS technology in Cadence software under 1.2-V
supply voltage. The three-dimensional graph of frequency variation in terms of Vctrl and Vctr2 changes are shown
in Figure 5. By varying the Vctrl from 0.23 V to 1.2 V when the Vctr2 is fixed at 1.2 V, the frequency of the pro-
posed VCO is changed from 1 MHz to 5.161 GHz, while VCO frequency changing is between 5.161 up to 13.8 GHz
by varying the Vctr2 from 1.2 V to 0 V when the Vctrl is fixed at 1.2 V. So the VCO can oscillate from 1 MHz to
13.8 GHz with a frequency range of 13.799 GHz (99.99%). On the other hand, as can be deduced from Figure 5,
frequency variations based on Vctr2 are small in low frequencies. In this case, Vctrl and Vctr2 can be used for
coarse and fine frequency changes, respectively. At high frequencies, the role of these two control voltages are
replaced with each other and frequency changes based on Vctrl is less, while by changing Vctr2 more changes
can be observed. In the other words, in high frequencies, Vctrl can be used for fine variations and Vctr2 for coarse
variations. In the middle frequencies, according to the values of Vctrl and Vctr2, each of them may have coarse or
fine role.

The phase noise of the proposed VCO as seen in Figure 6 reaches to —82.3 dBc/Hz at 1 MHz offset frequency and
—106.9 dBc/Hz at 10 MHz offset frequency from 5.161 GHz center frequency (Vctrl = 1.2, Vctr2 = 1.2).

The power consumption of the proposed VCO is changed between 1.715 mW down to 29.3 uW.

For better comparison with other VCOs at different center frequencies, usually, figure-of-merit (FOM) that is calcu-
lated from Equation 9 is used**:

Frequency (GHz)

oz vetr2 (V)

FIGURE 5 The frequency variation curve in terms of Vetrl and Vctr2 changes [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 6 Simulated phase noise performance of the proposed voltage-controlled oscillator (VCO) [Colour figure can be viewed at
wileyonlinelibrary.com]
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FOM:L{ }—2oloﬂ 10 log——, 9
Toy fo + Slmw ©
where L{f g} is the phase noise of the oscillator in dBc/Hz at the offset frequency (fog), fosc is the center frequency and
Py is the power dissipation in milliwatts. But this FOM equation is not very comprehensive. Therefore, in this paper,
for improving the FOM to be able to better compare the VCO parameters, two other terms including frequency range
and occupied area have been added to Equation 9. FOM is developed as Equation 10:

Transient Response

125 {TOOTT+ (C=Fast_Best)L
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FIGURE 7 The waveform of the center frequency of the proposed voltage-controlled oscillator (VCO) for the fast-best, slow-worst, and
typical mode [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 8 Layout of proposed four-stage voltage-controlled oscillator (VCO) [Colour figure can be viewed at wileyonlinelibrary.com]
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where Fjax is the maximum frequency, F,;n is the minimum frequency, and area is the occupied area in square
micrometers. The calculated FOM of the proposed VCO is —193.573 dBc/Hz.

The process, voltage, and temperature (PVT) variation analysis is done for the proposed VCO for the purpose of eval-
uating PVT sensitivity. The simulation of the PVT variation results are listed in Table 2. In this analysis, the tuning
range, center frequency, and power dissipation are simulated. As seen in Table 2, by increasing the temperature, the
tuning range, fos., and power dissipation of the proposed VCO is decreased. On the other hand, these three parameters
are increased by increasing the supply voltage. In addition, the tuning range, f,s., and power dissipation of the proposed
VCO in fast-best mode are more than typical mode and in typical mode are more than slow-worst mode. These PVT
variation results are acceptable.

The waveform of the center frequency of the proposed VCO for the fast-best at —25°C, slow-worst at 75°C, and typ-
ical mode at 27°C and under 1.2 V supply voltage is shown in Figure 7.

The layout of the proposed four-stage VCO shown in Figure 8 is estimated about 102.457 um?.

In Table 3, the performance of the proposed VCO pre-layout simulation is compared with that of other recent VCOs
in 65 nm technology. Using of transistors with a large "' / ;, ratio in VCO improves phase noise but increases the active
area and power consumption. In proposed VCO, small transistors are used to reduce the power consumption and active
area. As seen in this table, the proposed VCO has a very low power consumption and area. The tuning range of this
work has been improved by 19.77% compared with other works in table. It also presented acceptable phase noise. In
the last column of this table, the FOM of the VCOs is calculated using the improved FOM in this paper. In this table,
proposed VCO and presented VCOs in previous works"**>” have simulation results, while other VCO in table presented
measurement results.

5 | CONCLUSION

In this paper, a novel multipath delay cell for four-stage VCO with wide frequency tuning range was proposed. It has
two control voltages for changing the frequency. Low-Vr NMOS transistor is used in this delay cell to achieve a wide
tuning range. In addition, in this paper, the analytical study of the factors affecting the speed of the output voltage
changes of the proposed delay cell is presented. The proposed VCO is simulated in 65-nm TSMC CMOS technology
in Cadence software under 1.2-V supply voltage. This VCO has wide tuning range of 1 MHz to 13.8 GHz (99.99%),
acceptable phase noise of —82.3 dBc/Hz at 1 MHz offset frequency, and —106.9 dBc/Hz at 10 MHz offset frequency from
5.161 GHz center frequency, the achieved low power of 0.785 mW and low occupied area of 102.457 um?. Therefore, this
oscillator is suited for the applications with high frequency, wide frequency range, low power, and low area.
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