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Abstract: The robust voltage-controlled oscillator is presented singithe constant current reference and the ring oscilfatathe
embedded system application. The constant current refegamerates the constant current for the succeeding miliats to produce

a stable 4MHz oscillation frequency. The proposed VCO dinmas fabricated in a 0.3pm CMOS technology and worked with a
supply voltage of 3.3 V. The chip area of the VCO was 10 x 130um. According to measured results, the oscillation frequetidy

of the proposed VCO was 986 ppitft/ over a temperature range of <Z5to 100 C. The phase noise of -62.29 dBc/Hz was obtained at
1 MHz offset from the carrier. Moreover, total current comgtion of the entire VCO was 234.72A. Therefore, the proposed VCO
is suitable for integration into the embedded system.
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1 Introduction used to generate a voltage reference or a current reference
that can be derived from voltage references by applying

Ohm’s law for voltage to current conversio][[3]. In

In rlrjloglgrr:j port?ble gnd coc?stumer etzle;:tcrjorglc tdewce_s, t.h eneral, the voltage reference of the bandgap circuit is
embedded system 1S used o control data ransSmissiofjanerated by on-chip resistors, bipolar junction transist

. (BJTs), and an operational amplifier. However, BJTs and

between multimedia, memory, and 1/0. As shown in
Fig. 1(a), an external crystal oscillator provides the an operational amplifier cause large silicon area penalty.
[4][5], a temperature-compensated technique is

embedded system with a clock signal for data acquisitio

[\1/]égh|§ tstutc;y mtegr%tgd da volttaget—contc;olled oscillator rovided to generate a stable reference current of the
( ) into the embedded system to reduce componen andgap circuit. Cascade NMOS transistors are used in
[4][5] instead of on-chip resistors. Therefore, the area

count and cost, as shown in Fid(b). However, the
challenge in implementing on-chip clock source is to overhead and supply voltage cannot be reduced. The
roportional to absolute temperature (PTAT) like

achieve high frequency stability and accuracy over
chnique was used to generate a reference current under

environmental alterations, such as process, voltage, an
temperature (PVT) variations. Fi@ shows traditional a low supply voltaged]. Moreover, the on-chip resistor
was replaced by an NMOS transistor working in the

voltage-controlled oscillator. It is composed of a current
reference and a ring oscnlatqr. In the current reference[riode region. Therefore, it can work with a power supply
part, the reference current | is generated by an analo%ltage aslowas 1.2V '

However, this current reference is proportional t6%T

voltage signal, ¥ . Subsequently, the oscillation
frequency Fosc) of the VCO varies with the reference and is strongly dependent on the supply voltage. This
aper proposes a robust voltage-controlled oscillator for

current .
The current reference is an essential basic block of severgy . o\ \badded system. The proposed voltage-controlled
analog circuits, such as the bias sources for OSCi"atorSoscillator has two maiﬁ advantages, as follows: (1) the
am|3|]|f|et_rs, antdh phase-lotckecfi loops (PLL)t' I;or thﬁ.senew constant current reference is provided for the
appiications, the current references must have Igr‘bscillator; and (2) the chip area is effectively reduced by

Immunity - against supply voltage 'anc.J .temperatureusing only CMOS transistors. The remainder of this paper
variations. Therefore, the bandgap circuit is commonly
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Fig. 1: (a) Embedded system with external crystal (b) the constant currerifer to the succeeding ring oscillator.
Embedded system without external crystal The output oscillation frequency:({ut) of thg proposed
VCO is generated according tas. The design concept

of constant current reference is shown in F3¢). The
circuit generates positive and negative temperature
dependent currents and combines two currents to produce
a reference currentl; with a zero temperature
coefficient. The detailed circuit structures and operating
principles of two parts are discussed in the following
paragraphs.

2.1 Constant Current Reference circuit

As shown in Fig. 4, the circuit generates positive
, . . temperature dependent current (PTDC) and negative
Fig. 2: The traditional voltage-controlled oscillator temperature dependent current (NTDC) and combines
two currents to generate a reference curidgnt with a
zero temperature coefficient.

is organized as follows: Section 2 introduces the circuit
structure and operation principle of the proposed VCO;
the simulation and experimental results are shown in
Section 3; and finally, conclusions are offered in Section
4,

2.1.1 Positive Temperature Dependent Current (PTDC)
Circuit

The positive temperature dependent current circuit is
shown in Fig. 5. According to [], the positive
temperature coefficient curredg; is generated by a
constant-Gm biasing circuit. The formula &f; can be

) ) briefly represented as:
Fig. 3(a) shows the design concept of the proposed VCO.

2 Circuit Description and Analysis

It is composed of the constant current reference and the 1

i i lcr 0 ——5 1)
ring oscillator. The constant current reference generates Un * R2
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Fig. 6: The negative temperature dependent current circuit
architecture
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Fig. 5: The positive temperature dependent current circuit™'9- 7: The Bias 1 circuit architecture of negative
architecture temperature dependent current circuit

where u, and R are NMOS mobility and bias resistor, 2.1.3 The Bias 1 circuit architecture

respectively. Because theu, is proportional to ) ) o ) ]
temperatureT—22), the current referende; has positive ~ Fig. 7 shows the Bias 1 circuit architecture. The crucial

temperature coefficient characteristic. Moreover, thisdesign concept of the Bias 1 circuit is to design NMOS
current can be set by adjusting resigtor transistorMs to operate in the triode region. To enable

transistorMs operation in the triode region, the PMOS
transistorM, was added between PMOS transisht
and NMOS transistoMs to provide the gate voltage of
the transistorMs. Therefore, the positive temperature
dependent curremt can be written as:

2.1.2 Negative Temperature Dependent Current (NTDC)
Circuit

As shown in Fig.6, the NTDC circuit is composed of

W
three bias current circuits with various types of 1 = HnCox({)s(Ves —VrH)Vos

current-to-temperature slope ratio. The output current w VTH

slope ratios of Bias 1 and Bias 2 a® and S, :“nCOXWDS(f)5(VDD_T)

respectively. Although both have positive temperature

coefficient characteristics, the slope ratios ®f are = a1(—)s(Vbo — B1) (2)

smaller thanS,. Consequently, the currehgs, which is L

equal to subtraction of two input currents, has a negativevhereVes =y x Vpp, 01 = UnCoxWbs, 1 =Vrn /Y, andy
temperature coefficient characteristic. According to theis the linearity relatively of the voltages¥§s andVpp. By
currentlgs, the negative temperature coefficient currentadjustinga; (W/L)s ratio of the transistois, the current-
Ic2 is also generated by the Bias 3 circuit. to-temperature slop®; of the current; is not excessively
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Fig. 9: The Bias 3 circuit architecture of negative

. . N , _ temperature dependent current circuit
Fig. 8 The Bias 2 circuit architecture of negative

temperature dependent current circuit

sharp. Therefore, the currelph of the transistoMg is a
duplicated current off;.

2.1.4 The Bias 2 circuit architecture

The Bias 2 circuit architecture of negative temperature
dependent current circuit is shown in FR).To generate
positive temperature dependent currént the PMOS

transistorMo was designed to work in the triode region. Fig. 10: The circuit architecture of the constant current
Therefore, the curreni can be written as: reference

W 1
Iy = [Jncox(t)l[(VGS_VTH)VDS_ EVE%S]

= a1 (Voo — Bo)
Ves =

where \bb,

az

UnCoxVps,

®3)

and

B2 = Vru + 1/2(Vps). By adjustingaz(W/L)1 ratio of

Drummy

} ! Imvverimr Calls

=

Widd

.

=

the transistoMy, the current-to-temperature slofg of
the current; can be designed more sharply. The positive
temperature dependent currégyt of the transistoM; is a
duplicated current off;.

-
1=

2.1.5 The Bias 3 circuit architecture Fig. 11: The ring oscillator of the proposed VCO

As shown in Fig.9, the positive temperature dependent
currentlc, of the transistoiM; is a duplicated current of

lga. Thelcz current value can be selected from an aspechumber of inverters, which is feedback to the input to
ratio of (W/L)1/(W/L)o. According to PTDC circuitand cause oscillation. The output frequency of oscillation
NTDC circuit, the circuit architecture of the constant depends on the delay of each inverter, which is
current reference is shown in Fid0. The reference determined by the parasitical capacitance of each
CUrrentlref of the constant current reference is generate%uccessive inverter, maximal peak-to-peak V0|tage’ and

by combining currentc; of the PTDC andicz of the  the bias current. The output frequency of oscillation can
NTDC. Therefore, reference currelds is insensitive to  pe represented as:
temperature and supply voltage variations.

1

Vpp * Cpara

(4)

Fout ~

2.2 Ring Oscillator _
whereVpp, Cpara @and | are maximal peak-to-peak voltage,

Fig. 11 shows the ring oscillator of the proposed VCO. parasitical capacitance, and bias current, respectively.
The ring oscillator is composed of a chain of an odd According to @), the oscillation frequency is proportional
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Fig. 15: Variation of the constant curreits, I andlc
with temperature drifts

to bias current. Therefore, a constant oscillation
frequency can be achieved by providing a constant bias
current. Moreover, dummy inverter cells were added to

265

reduce output mismatch of each inverter. : ]

$255 § d
2.3 The Proposed \Voltage-Controlled Oscillator g2 \ﬁ/

Z245 4
The circuit architecture of the proposed VCO is shown in 244
Fig. 12 The constant oscillation frequendy,: was 2.35 : : . : ’
achieved by combining the constant current reference and 23 0B 30 ™10
the ring oscillator. The proposed VCO circuit does not Temperature (C)

cause any silicon area penalty.

Fig. 16: Variation of the constant currenlies with
_ ) _ temperature drifts
3 Simulation and Experimental Results

The Hspice simulation results are based on the device

parameters of a TSMC 0.35m 3.3 V CMOS process. As  shows the simulation result of oscillation frequency of the
shown in Fig.13, the currentc; of the PTDC circuitis  proposed VCO with temperature drifts. Consequently, the
positive and proportional to absolute temperature.oscillation frequency of the proposed VCO was
Simulation results of the currert, with temperature insensitive to temperature with a variation of 400 pp@n/
drifts is shown in Fig14. Consequently, the currelky, of over a temperature range of <5 to 100C. The
the PTDC circuit is negative and proportional to absoluteproposed VCO circuit was fabricated in a TSMC 0/3%
temperature. As shown in Fid5, the reference current CMOS process. The die photo of the proposed VCO chip
Iref Was produced by combining currda of the PTDC  is shown in Fig.18. The area of the CCO circuit is 150
andlc, of the NTDC. According to the simulation result, pum x 130 um. Fig. 19 shows the measured waveform of
the currentles experienced a drift of 3%. Therefore, the proposed VCO. The oscillation frequencyrgfi was
reference currentes of the constant current reference is approximately 4 MHz. The variation of the output
almost insensitive to temperature drift. Figgand Fig.17  frequency with temperature drifts is shown in FRD.
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Table 1: Performance comparisons with previous works

Parameters [8] [9] [10] [11] [12] This work
Processm) 0.25 0.35 0.25 0.28 0.5 0.35
Frequency (Hz) 800M 80k ™ 2.4G 12.8M 4aM
Supply Voltage (V) 25 1 2.5 2.5 3 3.3
Consume currentu(hA) 7580 1.14 600 7680 133 234.72
Temperature°C) -20~100 | 0~80 | -40~125 | -40~120 | -40~125 | -25~100
Temperature coefficient (ppA) 360000 | 842 90.9 73 3030 986
Phase noise @ 1MHz offset (dBC/Hz) N/A N/A N/A -96 N/A -62.29
Area (mn¥) N/A 0.24 1.6 0.0121 | 0.1848 0.02
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Fig. 17: Oscillation frequency of the proposed VCO with
temperature drifts

Fig. 19: The measured waveform of the proposed VCO,

Fout =4MHZ

Pis] Beielelery
e ———@ a6
= W 43
! - ’4 T[ 437

( |

4.2 3
41 3

@@

L
= 2l Lt

Freguency (MElz)

39 3
38 3
37

=15 1] 25 30 73 100

7 l—‘ Temperature (°C)

Fig. 20: Measured frequency of the proposed VCO with
Fig. 18: The die photo of the proposed VCO chip temperature drifts

Consequently, the oscillation frequency variation of the VCO provides stable oscillation frequency and occupies
proposed VCO was approximately 986 pp@/over a  small area. Therefore, the proposed VCO is suitable for
temperature range of -2%& to 100°C. Because a number integration into the embedded system.

of MOS transistors worked in the triode region, the

frequency variation was slightly large. However, the

slight frequency variation was tolerated by using low 4 Conclusions

operation frequency digital circuits. Fi®@l shows the

measured output frequency spectrum at 4 MHz.This paper proposes a robust VCO for the embedded
Consequently, the phase noise of -62.29 dBc/Hz wasystem. The proposed VCO was composed of the
obtained at 1 MHz offset from the carrier. Table 1 showsconstant current reference and the ring oscillator. The
the measurement and comparison results with previousonstant current reference generated the constant current
works. According to measurement results, the proposedor the succeeding ring oscillator to produce a stable 4
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