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Abstract: The wideband CMOS voltage-controlled oscillator
(VCO) with low phase noise and low power consumption is
presented for a DRM/DAB ( digital radio mondiale and digital
audio broadcasting) frequency synthesizer. In order to obtain a
wide band and a large tuning range, a parallel switched
capacitor bank is added in the LC tank. The proposed VCO is
implemented in SMIC 0. 18-yum RF CMOS technology and the
chip area is 750 pm x560 pm, including the test buffer circuit
and the pads. Measured results show that the tuning range is
44.6%; i.e., the frequency turning range is from 2. 27 to 3. 57
GHz. The measured phase noise is — 122. 22 dBc/Hz at a 1 MHz
offset from the carrier. The maximum power consumption of the
core part is 6. 16 mW at a 1. 8 V power supply.

Key words: CMOS voltage-controlled oscillator; switched
capacitor bank; MOS varactors; wideband; low phase noise;
DRM/DAB frequency synthesizer

‘ x J ith the development of wireless communication tech-

nology, multi-standard portable terminals become a
research focus. The receiver should be compatible with vari-
ous wireless communication standards covering the frequen-
cy range from several hundred kHz to several GHz. Thus,
the RF front-end should be compatible with various wireless
communication standards and bands.

The digital radio mondiale (DRM)'" and the digital audio
broadcasting ( DAB)" have been introduced as digital
standards for radio broadcasting covering different frequency
bands. The DRM covers the frequency range from 148 kHz
to 27 MHz, and DRM " added in the latest version is up to
108 MHz. The DAB covers two different bands, band [l
(174 to 240 MHz) and band L (1. 452 to 1. 492 GHz). The
DRM/DAB-based RF front-end should be compatible with
DRM and DAB and cover all of their frequency bands.
Thus, a broadband frequency synthesizer structure with a
single VCO, a single loop filter, and a double conversion
low-IF DRM/DAB radio tuner architecture are selected'” .
For such an application, the wideband voltage-controlled os-
cillators (VCO) in the frequency synthesizer should be of low
phase noise and low power consumption throughout the entire
frequency tuning range, while consuming a small chip area.

The band of a voltage-controlled oscillator ( VCO) deter-
mines the frequency locking range of a frequency synthesiz-
er. For the large frequency locking range of a frequency syn-
thesizer, the band of the VCO should be as wide as possi-
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ble. A CMOS VCO is commonly implemented using a va-
ractor-tuned LC resonator. The ratio of the maximum to
minimum capacitance of a typical varactor in CMOS tech-
nology is around 4 to 6, which in turn limits the frequency
tuning range to a ratio of approximately 2 to 2. 5. Due to
the limited tuning range of the varactors, a single LC re-
sonator cannot produce enough frequency tuning range. To
extend the frequency locking range, the LC-tank VCO can
employ a parallel switched capacitor bank. Moreover, as is
common with all the designs which include switch arrays,
the parasitic capacitance of the switch limits the frequency
tuning range. Once again, the switched parasitic capacitance
and loss can degrade the tuning range and phase noise, re-
spectively.

In this paper, a wideband VCO with low phase noise and
low power consumption is designed for the DRM/DAB fre-
quency synthesizer. Optimization of bandwidth while main-
taining low phase noise and low power consumption is dis-
cussed.

1 Circuit Design

Fig. 1 shows the schematic of the proposed oscillator. It
uses a double cross-coupled transconductance structure with-
out a tail current source, which is usually preferred in low
power and low phase noise applications. It consists of 4
parts, including a double cross-coupled transconductance
circuit, an LC tank, two LC filter networks ', and two
isolation circuits for output nodes. The loss of the LC tank

is canceled by the double cross-coupled transconductance
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Fig.1 Schematic of the proposed VCO
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circuit through generating a negative resistance. The LC
tank consists of a spiral inductor, two MOS varactors, and a
parallel switched capacitor bank. The band width of the pro-
posed VCO is controlled by the LC tank. The parallel
switched capacitor bank is used to change the control codes,
and it is a 4-bit coarse tuning element. The two MOS varac-
tors are used to change the control voltages, and they are
fine-tuning elements.

The oscillation process of the proposed VCO in Fig. 1 is
described as follows. Initially, both the static output voltage
and the static current flowing in two sides are set by the size
of the MOSFETs. The nominal output (V,, V_) bias point
is 0.9 V and the circuit draws a static supply current of
about 3. 8 mA, which is enough for an oscillation. Then,
when the circuit begins to oscillate, it operates in the volt-
age-limited region along the entire tuning range. The supply
current peaks coincide with the positive and negative peaks
of the output voltage and thus vary around 2w,. The average
supply current is about 4. 4 mA.

2 Analysis of Band Width

The bandwidth of the proposed VCO is determined by the
LC tank. The equivalent circuit of the proposed LC tank is
shown in Fig. 2. Its oscillation frequency is given by

where C, and C,,, are the capacitances of the varactor and
the switched capacitor bank, respectively; C, ., is the para-
sitic capacitance.
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Fig.2 Equivalent circuit of the proposed LC tank

From Eq. (1), it can be seen that the frequency range of
the proposed VCO is controlled by the capacitance of the
parallel switched bank and the varactors. The schematic of
the parallel switched capacitor bank is shown in Fig.3. The
C,.. 1s given by

D,C

Cbzmk = 2

+D,C+2D,C +4D,C (2)

where D,, D,, D,, and D, are the control words of the
switched capacitor bank with values of 1 or 0.

foe = 1 (1) The structure of the MOS varactor is an n-type MOS.
2w JL(C/2 + Cypy + Cpara)
V+
¢ <Lc¢ =c ¢ ¢ Lc ¢ Lc Lc ¢ L¢ Lc =c ¢ ZLc
TC TC TC TC TC TC TC TC TC TC TC TC TC TC TC
D, D, D, D, V_
= — =
Fig.3 Schematic of the parallel switched capacitor bank
The structure is very similar to an n-type MOSFET, except Sosemax = fosemin
that both the channel and source/drain regions are doped R, =2 Frms + Fomn
with the same dopant, which is n-.type in this case. The va- C._/2+7.5C+C. - JC./2+C..
ractors have three modes of operation: accumulation, deple- F P (6)

tion, and inversion. The capacitance of the device depends
on the value of V,. The C, curves of the proposed varactor
are shown in Fig.4. Thus, the gain of the proposed VCO is
given by

aC,
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According to Eq. (1), the maximum and minimum oscil-
lation frequencies can be written as

1
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The tuning range of the proposed oscillation is given as

cC, /2+7.5C+C

vmax

para + \/(:vmin/2 + Cpara

According to Egs. (4) and (6), the highest oscillation
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Fig.4 C, curves of the proposed varactor
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frequency is mainly determined by the inductor and the
MOS varactors in the LC tank. The tuning range is deter-
mined by the capacitance ratios of the MOS varactors and
the parallel switched capacitor bank. Thus, the optimization
of bandwidth is focused on the inductor, the MOS varac-
tors, and the switched capacitor bank. According to the de-
mands of DRM/DAB frequency synthesizers and SMIC
0. 18-pum RF CMOS technology, the turn number and the
radius of the inductor are 3 and 80 wm, respectively; the
width and length of the MIM capacitor are 13 and 12 pm,
respectively; the number of gate fingers of the MOS varac-
tors is 10.

3 Optimization of Phase Noise

According to the Abidi model™, 1/f? phase noise can be
written as

SFKTR( w, \
L(Aw) = 7
(40) ==, (ZQM) (7)
_1.4Rly 4
F_l+ﬂvo+9ngy (8)

where vy is the noise factor.

According to Egs. (7) and (8), the structure of the pro-
posed LC-VCO, a double cross-coupled transconductance
structure without a tail current source has better performance
compared with traditional structures. On the other hand,
substrate noise and power noise are important sources of
phase noise. In order to restrain substrate noise and power
noise, one LC filter network is inserted between a PMOS
cross-coupled transconductance circuit and power; the other
LC filter network is inserted between an NMOS cross-cou-
pled transconductance circuit and ground” . Thus, the reso-
nant frequency of the two LC filter networks can be written as

=2, (9

where f, is the average of the LC-VCO oscillation frequen-
cies.

Based on the above analyses and the simulation results,
the turn number and the radius of the inductor are 3 and 30
pm, respectively; the width and length of the MIM capaci-
tor both are 15 pm. Fig. 5 shows the simulation results
when the control voltage is 1.4 V and the control code is
“0001”.
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Fig.5 Simulation results of the proposed VCO phase noise

4 Measured Results

The wideband low-phase-noise VCO is implemented in

SMIC’s 0. 18-pum RF CMOS technology. Fig. 6 shows the
microphotograph of the realized chip. The chip area is 750
pm x 560 pm, including the test buffer circuit and the pads.

Fig.6 Microphotograph of the proposed VCO

The f-V curve of the proposed VCO is measured as a
function of the control codes of the parallel switched capaci-
tor bank. The results are shown in Fig.7. Compared with
Fig.4, K., of the proposed VCO is less than the change
rate of the MOS varactor because of the influence of the LC
tank. It decreases with the control codes changing from
“0000” to “1111”. This is consistent with Eq. (3).
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Fig.7 Measured f-V curves of the proposed VCO

The phase noise is measured by using an Agilent E4440A
spectrum analyzer. To measure the phase noise, the control
voltage is 1.4 V and the control code is “0001”. The oscil-
lation frequency is 3. 385 GHz. The phase noise of the out-
put is measured to be 120. 22 dBc/Hz at 1 MHz offset from
the carrier as shown in Fig. 8. Compared with Fig. 5, the
measured phase noise is better than the simulated one. The
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Fig.8 Measured phase noise of the proposed VCO
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reason is that the Agilent E4440A spectrum analyzer has a
filter in its input port.

Measured results show that its tuning range is 44. 6% ;
i.e., the frequency turning range is from 2.27 to 3.57
GHz. The core power consumption is 6. 16 mW ata 1.8 V

power supply. Comparing the proposed VCO with those in
other recent papers shown in Tab. 1,

2
1
FoM'', FoM = 101 @) 1]
[¢) o) Oog[(Aw ]

it has the largest

L{Aw}P

Tab.1 Comparison with published results

Reference techri)lif)gs /um freqoj;liz}l/t;(ngz Tuning range/ % (l:;:cse. I;(I);S_el/) Power/mW FoM/dBc
Ref. [6] 0.13 6.0 5.1 -115.2@1 MHz 12.5 179.8
Ref. [7] 0.18 1.7 63.1 -128.0@1.25 MHz 14.0 179.2
Ref. [8] 0.18 1.8 66.7 -130.0@1. 45 MHz 41.4 175.7
Ref. [9] 0.18 5.2 18.0 -113.7@1 MHz 9.7 180.0
This work 0.18 3.385 44. 6 -120.22@1 MHz 6.6 182. 6

5 Conclusion

Optimization of a wideband LC VCO with low phase
noise and low power consumption is presented. The meas-
ured results show that the proposed VCO is of wide band,
low phase noise and low power consumption. Its perform-
ance meets the requirements of DRM/DAB frequency syn-
thesizers.

References

[1] European Broadcasting Union. ETSI ES 201 980-2005 Digit-
al radio mondiale (DRM); system specification[ S]. Switz-
erland: Joint Technical Committee (JTC) Broadcast of the
European Broadcasting Union (EBU), 2005.

[2] European Broadcasting Union. ETSI EN 300 401-2006 Digit-
al audio broadcasting (DAB) to mobile, portable and fixed
receivers [ S]. Switzerland: Joint Technical Committee
(JTC) Broadcast of the European Broadcasting Union
(EBU), 2006.

[3] Zhou lJianzheng. Key-technologies research of DRM/DAB
receiver RF front-end IC design [ D]. Nanjing: School of In-
formation Science and Engineering of Southeast University,

2009. (in Chinese)

[4] Safarian Z, Hashemi H. Wideband multi-mode CMOS VCO
design using coupled inductors [ J]. IEEE Transactions on
Circuits and Systems, 2009, 56(8): 1830 —1843.

[5] Rael J J, Abidi A A. Physical processes of phase noise in
differential LC oscillators[ C]//IEEE Custom Integrated Cir-
cuits Conference. Orlando, FL, USA, 2000: 569 —572.

[6] Jia L, Choi Y B, Yeoh W G. A 5.8-GHz VCO with preci-
sion gain control [ C]//IEEE RFIC Symp Dig. Honolulu,
USA, 2007:701 —704.

[7] Sung E'Y, Lee K S, Baek D H, et al. A wideband 0. 18-

pm CMOS 3 fractional-N frequency synthesizer with a sin-

gle VCO for DVB-T[ C]//IEEE Asian Solid-State Circuits

Conf Dig. Hsinchu, China, 2005: 193 —196.

Shin J W, KimJ S, Kim S S, et al. A wideband fractional-

N frequency synthesizer with linearized coarse-tuned VCO

for UHF/VHF mobile broadcasting tuners[ C]//EEE Asian

Solid-State Circuits Conf Dig. Jeju, South Korea, 2007: 440

—443,

[9] Moon Young-Jin, Roh Yong-Seong, Jeong Chan-Young, et
al. A 4.39-5.26 GHz LC-tank CMOS voltage-controlled os-
cillator with small VCO-gain variation[J]. IEEE Microwave
and Wireless Components Letters, 2009, 19(8): 524 —526.

[8

—_—

— i i F DRM/DAB 5% %5 & 2500 52 % B A8 (1 75
LC EH541R 55

FEHT L& EZAE

(" R K FHHNL kv R B IEAF AT, da 7 210096)
(P A2 ERFETAZLTRFE, T4 010021)

WE: A8 7 —# 2 A T DRM/DAB 5 £ 42 4% 6 50 W Ik A4k B K h #6469 CMOS E423k 35 %, 4 T RAFE T
VIR A Fr KA E A LC R Z R — AT R 0w 7). BTkt e B4k % E 8 A P S ER
0.18 wm RF CMOS T Z#4T TR K %I, eL5M XK 3h b % Ao dT &, # A5 4 @ A28 750 wm x 560 pm. )%, 25
REW,Z R BRI TEE A 44.6% B IMETLE A 2.27 ~3.57 GHz. L A4k & £/ % 1 MHz &
% —122.22 dBc/Hz. £ 1.8V ¢4 % B o BT, XA S #yh4E % 6. 16 mW.

K5I CMOS R4k % B T X A K7 ;MOS 7T & w55 5% 4 ; 4k 4845k 5 ; DRM/DAB #1 %42 4%

HE 5 3ES  TNT52



