Journal of Southeast University (English Edition)

Vol. 24, No. 4, pp. 433 —436

Dec. 2008 ISSN 1003—7985

Wideband CMOS LC VCO design and phase noise analysis

Guo Xuefeng

Wang Zhigong

Li Zhiqun Tang Lu

(Institute of RF- & OE-ICs, Southeast University, Nanjing 210096, China)

Abstract: A wideband LC cross-coupled voltage controlled
oscillator( VCO) is designed and realized with standard 0. 18 pm
complementary metal-oxide-semiconductor ( CMOS) technology.
Band switching capacitors are adopted to extend the frequency
tuning range, and the phase noise is optimized in the design
procedure. The functional relationships between the phase noise
and the transistors’ width-length ratios are deduced by a linear
time variant (LTV) model. The theoretical optimized parameter
value ranges are determined. To simplify the calculation, the
working region is split into several sub-ranges according to
transistor working conditions. Thus, a lot of integrations are
avoided, and the phase noise function upon the design variables
can be expressed as simple proportion formats. Test results show
that the DC current is 8. 8 mA under a voltage supply of 1. 8 V;
the frequency range is 1.17 to 1.90 GHz, and the phase noise
reaches — 83 dBc/Hz at a 10 kHz offset from the carrier. The
chip size is 1. 2 mm x 0. 9 mm.
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oltage controlled oscillators( VCOs) are common func-
Vtional blocks in modern RF communication systems'" .
The VCO performance in terms of phase noise and tuning
range determines the basic performance characteristics of a
transceiver. The current trend toward multi-band multi-
standard transceivers and broadband systems has generated
interest in VCOs that simultaneously achieve a very wide
tuning range and a low phase noise'”’ .

LC VCOs have been successfully used in narrowband
wireless transceivers. There is a growing interest in exten-
ding their tuning range. Recently, several wideband CMOS
LC VCOs using a variety of techniques have been demon-
strated””’ . The high intrinsic C, /C,,, in version- or accu-
mulation-type MOS varactors supports a very wide tuning
range and their Q is sufficiently high that a good phase noise
performance can be maintained'" .

In this paper, a wideband cross-coupled LC VCO is de-
signed and realized with TSMC 0. 18 wm CMOS technolo-
gy. With band switching capacitors, the overall tuning fre-
quency range is divided into 16 bands, which covers the
range of 1. 17 to 1. 9 GHz. A linear time variant( LTV) mod-
el is used to quantitatively analyze voltage biased oscilla-
tors. In order to minimize the phase noise, MOSFET sizes
are optimized.

The VCO can be used in the digital video broadcast
(DVB)system" . It acts as a local frequency source, which
transforms the radio frequency(RF) signal to the intermedi-
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ate frequency(IF) signal.
1 Circuit Design

The schematics of the wideband LC VCO is shown in Fig. 1.
The oscillation core includes both PMOS and NMOS cross-
coupled amplifiers. The advantage is current reuse, which
means the same current can provide more negative resist-
ance. The tank consists of a symmetrical inductor and two
varactors. Four band switching metal-insulator-metal ( MIM)
capacitor branches are paralleled with the tank, connected
with nodes P and N. They are used to adjust the output fre-
quency coarsely. The output buffers are source followers.
Two resonant circuits, with a resonant frequency of 2w,,
consist of L,, C, and L,, C,. They can depress the deteriora-
tion of the tank quality factor, which is caused by the cross-

coupled amplifiers. It is called a noise filtering technique' .
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Fig.1 Wideband VCO schematic. (a) Oscillation circuit;
(b) Band switching circuit

2 Band Switching Array

Band switching techniques expand an intrinsically narrow
tuning range without incurring excessive tuning sensitivi-
ty"”!. In recent years, it has been used extensively. Fig. 2
shows a generic binary-weighted band switching LC tank of
size n. It is a half circuit of the resonator in Fig. 1 with n =
4. The minimum and maximum oscillation frequencies can
be calculated by
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where C is the capacitor value of C_, C, is the parasitic ca-
pacitance in the drain of the switching MOSFET, C,, is the

parasitic capacitance with cross-coupled transistors M, to
M,, and C, is the varactor capacitance.
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Fig.2 Band switching capacitor array

Since the band switching capacitors are increased as bina-
ry-weights, the switching MOSFET sizes are different. Cor-
rectly scaling the transistors can make the band switching ca-
pacitors work properly. Capacitor series with too small tran-
sistors cannot be switched in the tank. And with too large
transistors, parasitic capacitance will still remain in the tank
even with the switch tuned off. Sweeping the transistor size,
the capacitance switched in the tank can be plotted as in
Fig.3.
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Fig.3 Capacitance with switch on and off. (a) Switch on;
(b) Switch off

The results shown in Fig. 3 are obtained by sweeping the
transistor’s width-length ratio, and setting the MIM capaci-
tance to 0. 95 pF. W is the transistor width, and L, is the
transistor effective length. It can be clearly seen from Fig. 3
that, with this capacitance, a suitable transistor size is be-
tween 60 and 80. Increasing capacitance, the corner in Fig. 3

(a) will move rightwards. This indicates the increase in the
transistor size. Contrarily, decreasing capacitance will move
the corner leftwards. The transistor size should be reduced.
Finally, for capacitors in every band switching branch, a
suitable transistor size can be determined by simulation.

3 Phase Noise Analysis
3.1 Oscillation amplitude

For a voltage biased oscillator, the bias current varies with
transistor size. When W/L,, increases, bias current increa-
ses. With a smaller W/L g, the circuit works in a current
limited region. In this region, the oscillation amplitude A is
in direct proportion to the total bias current 7,

iIBRp (3)
o

A=
where R, is the equivalent parallel resistance of the tank. The
relationship between I, and bias voltage V is

w

Iy =21, =K( Vg - VTH)2 :Mcox?( Vs = VTH)2 (4)
eff

where I, is the drain current. From Egs. (3) and (4), it can

be seen that the oscillation amplitude A is in direct propor-

tion to W/ L,
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When W/L,, is large enough, the circuit works in a volt-
age limited region, and the oscillation amplitude approaches
Vop/2 and no longer increases with W/L .. V., is the sup-
ply voltage.

3.2 Transistor size

Properly selected width-length ratio and correct working
conditions will reduce phase noise contributed by channel
current noise, which is a main contributor to phase noise'”’ .
The formula used by the LTV model to calculate phase noise
contributed by channel current noise is'"”’
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where I" _ is the rms ( root-mean-square) value of the ISF
(impulse sensitive function) in one period. The ISF describes

the noise conversion factor to phase noise. iy, is the channel
current noise mean square value in unit bandwidth. It can be

decomposed into a stationary noise i, and a deterministic
periodic function a(¢) describing the noise amplitude mod-
ulation'"” . C is the tank node capacitance; A is the tank am-
plitude. I", ., With the expression of I", .« = I, a(),is
the root-mean-square value of the effective ISF.

The fraction in parentheses of Eq. (6)is the noise-carrier
power ratio

Pnoisc — 1 Ffmsitzis — 1 Fims.cffirzx() (7)
Pcarrier 2 Cz A(I)z A2 2 C2 sz Az

The first product is independent of W/L . In the follow-
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ing analysis, Eq. (7)is considered as a function of W/L;.
The purpose of optimization is to find a W/L_; which corre-
sponds to the minimum noise-carrier power ratio.

In a current limited region, the tank output signal is as-

sumed as
V, =Acos(¢) Vy = — Acosd (8)
The transconductance of M, and M, are
8w =K, (Vg +Acosdp — Vo) =K, A(cosd +
Ves = V.
% =K,A(cos¢ — cosP) 9)
8m =K, A( — cos¢ — cosd) (10)
where (Vi3 — Vo) /A = — cos@. This equals
Ves = V.
@zw—arccos(%) %Sdﬁsw (11)

Because g,, =0, cos¢p = cos must be satisfied, we,
thus, have - @<¢p<@. Calling @ half the conduction an-
gle, it represents that transistors conduct only a fraction of a
time period. When overdriven voltage becomes zero, Eq.
(11)becomes ¢ = D.

The channel current noise power density and its ISF

9
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. Em
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where
2, = 4kTyKA
a(d) = y/cos¢ — cosd

Substituting Eq. (5) into Eq. (14), we have

(14)

2 4kTykA = — TKIY  p2 g p2

(VGS _VTH)ZRP (15)

Substituting Eq. (15) into Eq. (7), we obtain the noise-
carrier power ratio

Pttt (16)
And
P =] Futeraerde =
if:sinz(go) ( gmlg-r:zgmz)zaZ(go) de =
éf:sinz(go)(W)z(cow —cos®)de (17)

With computer calculation, the integration of Eq. (17) can
be obtained:
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(18)

Substituting Eqgs. (5), (11) and corresponding technology
parameters into Eq. (18), it can be proved that the noise-car-
rier power ratio is a function of W/L ;. Their relationship is
plotted in Fig. 4.
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Fig.4 Phase noise optimization

The curve is noise-carrier power ratio. The Y axis is nor-
malized to its minimum value. The scattered circles are sim-
ulated phase noise. The results of calculation and simulation
are similar. With W/ L, of NMOS around 90, the circuit has
the lowest phase noise. Because the mobility ratio of elec-
trons and holes is 4 : 1, W/L_ of PMOS should be four
times that of NMOS.

In a voltage limited region, the amplitude A increases very
slowly, and the half conduction angle ¢ does not change.
From Eq. (18), I, . is constant. The channel current noise

rms

can be obtained from Eq. (14)

a=4kTyKAocLﬂ (19)

eff
So in a voltage limited region, the noise-carrier power ra-
tio is in direct proportion to W/ L.
From the analysis above, the minimum noise-carrier pow-
er ratio is in a current limited region. And the corresponding
W/L,; is the optimized MOSFET parameter.

4 Measurement

The circuit is realized with TSMC’s 0. 18-um 1P6M
CMOS technology. Fig. 5 shows the die microphotograph.
The size is 1. 2 mm x0. 9 mm.

Fig.5 Die microphotograph of the VCO
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The VCO chip is measured using on-wafer probes togeth-
er with a spectrum analyzer. Under a voltage supply of 1. 8
V, the DC current is 8. 8 mA. The frequency-voltage charac-
teristics are shown in Fig. 6. Sixteen bands cover 1. 17 to
1. 90 GHz.
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Fig.6 Frequency vs. tuning voltage

The measured phase noise of the output signal is shown in
Fig. 7. The output power of one single-ended signal across a
50 Q load is —8 dBm, and the phase noise is —83 dBc/Hz
at a 10 kHz offset from the carrier.
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Fig.7 Phase noise

5 Conclusion

The tuning frequency range and the phase noise are
VCOs’ key parameters. This paper presents the design of a
wideband CMOS LC VCO with a 47% tuning range. The
design of a band-switching capacitors array is discussed in

]
o7

I
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detail. Phase noise analysis for voltage-biased cross-coupled
LC oscillators is based on the LTV model. By means of
mathematical deduction, the relationships among the phase
noise and transistor parameters, the phase noise and the in-
ductance are given, and the optimized transistor parameters
are obtained quantitatively.
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