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A 4 8GHz CMOS Fully Integrated L C Balanced Oscillator with
Symmetrical Noise Filter Technique and Large Tuning Range
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Abdtract : This paper presents a fully integrated 4 8 GHz VCO with an invention —symmetrical noise filter tech-
nigue. This VCO ,with relatively low phase noise and large tuning range of 716M Hz ,is fabricated with the 0. 251 m
SMIC CMOS process. The oscillator consumes 6mA from 2 5V supply. Another conventional VCO is a s designed
and smulated without symmetrical noise filter on the same process,which also consumes 6mA current and is with
the same tuning. Smulation result describes that thefirst VCO' phase noise is 6dBc/ Hz better than the latter’ s at
the same off set frequency from 4 8 GHz. Measured phase noise at 1M Hz away from the carrier in this4 8 GHz VCO
with symmetrical noisefilter is - 123 66dBc/ Hz. This design is suitable for the usage in a phase-locked loop and
other consumer eectronics. It is amenable for future technologies and allows easy porting to different CMOS manu-

facturing process.
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1 Introduction

Advancesin radio frequency (RF) communica
tion systems have brought on a large increase in
the demand for communication devices such as mo-
bile/ cellular telephones,radios ,portable digital tel-
ecommunications, WLAN phones, and data de
vices"'. To trandorm RF signa to intermediate
frequency (IF) ,a loca oscillator (LO) is needed.
IF output desres that precise down-converson
does not interfere with the adjacent channels. S it
requires that LO has low phase noise. Integrated
voltage controlled oscillators are commonly used in
RF system and used to up- and down-convert sg-
nals.

Due to the ever-increasng demand for band-
width ,very stringent requirements are placed on
the spectral purity and tuning range of local oscilla
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tors. Recently ,there has been some work on impro-
ving phase noise and tuning range!” in VCO. It re-
sultsin alarge number of implementations. Despite
these endeavors, desgn and optimization of inte-
grated L C VCO still pose many challenges to cir-
cuit designersaslarge tuning range and low voltage
are required. It is especially important when gigar
hertz tuning range i s needed ,as any parasitic capac-
itor will decrease the resonating frequency and the
tuning range.

In this paper ,a 4 8GHz VCO based on new
symmetrical noisefilter technology is described. To
realize low phase noise,a high quality on-chip in-
ductor is custonmrmade by ADS MOM ,and sym-
metrical noise filter technique can further reduce
the noise coming from tail current source and pow-
er line,especially the 1/ f noise. Switch capacitor
array can realize large tuning range of the VCO fre-
quency. The principle of this VCO and the process
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of phase noise are described in detail. This chip is
fabricated in norma 0. 23 m onepoly five-metal
RF CMOS technology. The measured results show
that the phase noise is - 123 66dBc/ Hz at 1M Hz
when the VCO frequency is 4 728GHz, and the
tuning range is more than 700M Hz.

2 Phase noise

Rael et al.'® concluded three physical mechar
nisms are respongble for flicker noise up-conver-
son into phase noise ,which include flicker noisein
bias current’ s up-converson effect and flicker
noise in differential pair’ s modulation effect. Hega
Zi et al.'™ analysed how current-source noise cre-
ates phase noise in the oscillator. The switching
nMOS differential pair ,which is acting as a single-
balanced mixer for noise in the current source,
commutates and up-converts low frequency noise
into two correlated amplitude modulation (AM)
sdebands around the fundamental. AM leads to
phase modulation (PM) and phase noise in VCO
because of the norrlinearity of varactor. Noise a
round the second harmonic down-convertsinto the
frequency close to the oscillation frequency and al-
0 produces phase noise. In Ref. [3],the phase
noise of V CO can be expressed as

LAw} = 10Ig[8‘E\lf(2)lR x[ﬁgj Z] (1)
where

_ 4 Rit '
F=1+ MV, + é‘y Omtil R (2)

where It isthe bias current y is the channel noise
coefficient of the MOSFET ,and gm isthe transcon-
ductance of the current source MOSFET ,Ris the
equal impedance of the LC tank,Vo is the ampli-
tude of the oscillator.

A proper desgned noise filter reduces the
noise factor (F) of the differential L C oscillator to
itsfundamental minimum of 1 +y/2.Once the con-
stant of proportionality Fis minimum ,given a re-
sonator Q and current limited operation ,for mini-
mum phase noise the oscillator amplitude Vo must

be as large as possible.

In the conventional design'* , complementary
crosscoupled transstors are around a LC tank.
The negative conductance generated by cross-cou-
pled nMOS and pMOS transstors,is desgned to
compensate for the loss aswociated with the LC
tank. The advantage of usng both pMOS and
NnMOS cross-coupled transistorsisless current con-
sumption and lower phase noise by szing the
pMOS and nMOS trang stors properly.

Thus, Hegazi et al.!'® presented an evolution
of the conventional V CO topology ,among it noise
filter techniqueis adopted ,where an on-chip L Cfil-
ter isinserted between the tail current source and
NnMOS switch pair. It uses a narrow band circuit to
suppress the noise in the current source. But the
low frequency noise from tail current source is not
removed although on-chip capacitor G exists. An-
dreani® gives improvement on Hegaz’ s structure
by adding an off-chip large capacitor G paralleling
with G, 0 low frequency noise can be filtered
more. Though the noise of tail current source can
be suppressed by giving a high impedance in the
narrow band of frequencies at point B of Fig. 1,
high and low frequency noise from power line also
have the same up-converson effect and modulation
efect in the pMOS switch pair as the tail current
source does, 0 point A in Fig. 1 also should be
high impedance to achieve better noise perform-
ance.

Therefore,new structures should be adopted
to make a good improvement in phase noise under
condition of large tuning range.

3 Design

Figure 2 shows a smplified block diagram of
the VCO with symmetrical noise filter technique
and large tuning range. The L C tank resonator cir-
cuit is to select an operating frequency, and a
switch capacitor array connected to the L C resona
tor circuit is to change the frequency range of
V CO. Complementary cross-coupled transgstors M1

M4 are to generate the negative conductance to
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Fg.1 VCO with noisefilter

compensate for the loss associated with the LC
tank as the conventional VCO does. The most dis
crepancy is symmetrical noisefilter circuit ,whichis
comprised two L C resonators,L: and G, ,L. and
G, . It resonates at the second harmonic of the os
cillation frequency. G and C: are two hig capaci-
tors,s0 ports A ,B are AC grounds. Therefore it
appears a high impendence to the second harmonic
inthe two port of the main LC tank ,C and D. As
shown in Fig.2 ,both Li-G, and L.~ G, are chosen
to resonate at 2 in parallel with whatever capaci-
tor ispresent at the common source of the two dif-
ferential pair.

Bit[0:n]) Y7L
C

Fig.2 VCO with symmetrical noise filter

The impedance at resonating frequency is lim-
ited only by the quality factor of the inductors. G,
or G, comprises all the capacitors appeared at C or
D. 9nce the V CO has alarge tuning range ,the sec-
ond harmonic also has a varied frequency. To get
better impedance at noise filter port,C and D,
proper Q of the inductors,L: and L2 ,should be de-
signed to resonate.

The inductor is a key device to realize low
phase noise. It is desgned usng a fast smulator
that model s self-inductance ,parasitic capacitor ,and
all losses ,including disspation due to di gplacement
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Fig.3 (a) Differential inductor;(b) Model of inductor;
(c) Qudity of the inductor
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and eddy currentsin the substrate. The differential
inductor is about 1 2nH and has a relatively high
quality factor ; smulation result shows that the Q
value at 4 8GHz is about 11 2,50 it is the proper
selection for resonator. Figure 3(a) is a differential
inductor ,which is designed by ASITIC and Smula
ted by ADS MOM ; Figure 3(b) shows the SPEC-
TRE model ;Figure 3(c) is the quality curve of the
inductor.

Figure 4 is a cell of switch capacitor. Com-
pared to conventional cell ,the resstors Ri and R
are added to the gate of the switch nMOS tran-
sstor. It reduces the noise coming from the control
line because it can block AC sgnal coming from
the control line. There exists a common mode
ground point A between M1 and M2. To isolate the
sgnal from A to ground,a resstor Rs isinserted
between them.

VCO OuUTB

Fig.4 Switch capacitor cell

The quality of the switchis directly related to
the tank quality. To improve the phase noise of the
V CO ,the Qof the switch needs to be improved. It
can be shown as below!®

—1
000 Ron Cmm (3)

where Ron is the channel resstor of M1 and M2,
Cnm is the metal to metal capacitor ,among this

Q:

:wwa%wﬁ-wn‘ (4)

where U Cox iS a process constant , W/ L is device
sze Ves - Vi is the overdrive voltage. As Eq. (4)
shown ,to minimize the channel res stor of a switch
inthe ON state,it uses the maximum Ves (usually
VDD) . With an array of switch capacitor ,thisV CO
can adjust frequency from 4. 8 to 5 7GHz and the

tuning range is 900M Hz from the s mulation.

4 Smulation

The symmetrical noise filter technique is sm-
ulated and a very dgnificant reduction of phase
noise is achieved. The following section is the sm-
ulation result.

As Fig. 5 shown ,phase noise at 1M Hz away
from the carrier in this 4 8GHz oscillator with
symmetrical noise filter is - 130 5dBc/ Hz,while
the phase noise of the other one without symmetri-
cal noisefilteris - 124 5dBc/ Hz at the same off set
frequency. Phase noise of VCO with symmetrical
noi se filter is 6dB better than that of the conven-
tional one.
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:; -90 No symmetry noise filtering
o -100f /
os]
=
o -110f
1]
g
o -120F : e
4 With symmetry noise filtering
=
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Fg.5 Phase noise of VCO with or without symmetri-
cal noisefilter by smulation

Smulating the output amplitude versus hias
current can optimize the bias current of the VCO.
Figure 6 isthe smulation result of amplitude under
the condition of differential core current ,the mini-
mum phase noise times current consumption is a
chieved at the corner between the current-limited
and voltage-limited regions,the corresponding cur-
rent is about 6mA ,which meets the specification.

To realize large tuning range ,switch capacitor
technique is applied ,Figure 7 is the smulation re-
sult of tuning curve. Through linearization,it can
be seen that the gain of the VCO is about 55M Hz/
V ,and the tuning range is 4 93 5 85GHz ,nearly
920M Hz range, which is 18 3%. Large tuning
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range can be achieved by switch capacitor tech-
nique.
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Fig.6 VCO output amplitude versus current
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5 Experimental result

Table 1 summarizes the performance of the
VCO, which was implemented in a five-metal
0. 29 m RF CMOS technology with MIM capaci-
tor. Figure 8 shows the layout of the VCO module
and it isapart of a RF transceiver. Limited by the
test range of the spectrum analyzer the output of
the VCO is divided by four. Figure 9 isthefrequen-
cy spectrum of V CO output ,and the real frequency
range of thisVCO is4 012 to 4 728GHz. Thereis
about 900M Hz difference between the smulation
result and the test result ,the reason is that the
smulation result iswithout taking care of the para-
dtic capacitance among the metal to substrate ,met-
al to active region ,and metal to metal ,and model is

also not so accurate when the working frequency is
near the fr of the device.

Table1 VCO performance

Supply voltage 2 5V
Current (V CO core) 6MA
Freguency range 4 012 4 728GHz
Tuning range 17. 8%
Output power (50 load) 0 151dBm
Phase noise - 123 66dBc/ Hz at 1M Hz

Fig.8 VCO layout

Mkrl 1.1820061 GHz

Ref 10 dBm Atten 20 dB 0.151 dBm
Peak
Log
10
dB/ ; \
W1 S2
83 FC
AA
Center 1.182 GHz Span 50 kHz

Res BW 1 kHz VBW 1 kHz Sweep 85 ms(401 pts)

Fig.9 VCO output spectrum (divided by four)

The phase noise ,measured on 4404E spectrum
analyzer ,is - 123 66dBc/ Hz at 1M Hz offset for
the 1 104GHz sgnal ,whichis4 416 GHz sgnal di-
vided by four. At 100k Hz off set ,the phase noiseis
about - 97dBc/ Hz. The phase noise measuredis a
bout 7dB worse than the smulation result ,the rea-
son of whichisthat thisVCO istested onthe PLL
of a RF transceiver and many building blocks ,espe-
cialy the sgmadelta modulator ,contribute noise
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to the output spectrum though V CO dominates the
noise in the far offset region ,while the smulation
result is gotten without the other blocks. The
phase noise versus offset frequency is shown in
Fig. 10.

Marker 1.00000MHz

Carrier Power 1.55dBm Atten 5.00 dB Mkri
Ref -70.00dBc/Hz

10.00 ] l

dB/

1.00000 MHz
-123.66 dBc/Hz

10kHz Frequency offset IMHz

Fig.10 Phase noise versus off set frequency

In order to compare the performance with oth-
er recently proposed VCOs in terms of center fre-
quency ,phase noise,power consumption,and tun-
ing range!”’ , the power-frequency-tuning normal-
ized (PTFN) figureis defined as

PETN = 1o|g[ﬂ[hmﬂZJ - S (far) (5)

Pspl forf
where Psp is the total DC power consumption in
the VCO, fune = fmax - frin, for iS the off set fre-
quency from the carrier ,and S» (for) is the phase
noise. A large PFTN corresponds to a better oscil-
lator. Table 2 shows performance of various LC
VCOs and their PFTN.

Table 2 Comparison of variousL C VCOs

Tech Power Freq PFTN
VCO

/Mm / mw / GHz |/ (dBc- Hz 1)
Ref. [10] 0.35 12 1.45 - 9.5117
Ref. [11] 0.18 7 2.4 - 6.9770
Ref.[12] 0.35 28 12.5 - 29.2876
Ref. [13] 0.35 12.6 2.37 - 4.0084
Ref. [14] 0.35 12 1.3 - 9.1710
Ref.[15] 0.25 20 1.99 - 2.4499
Ref. [16] 0.5 3 1.4 - 9.2985
Ref. [17] 0.35 4 2.45 0.4283
Ref. [18] 0.24 5 5.8 - 13.6603
Ref.[19] 0.18 2.88 6 - 1.8403
Ref. [20] 0.25 21.88 5 - 3.7064
This work 0.25 15 4.728 - 3.0717

Thiswork hasthefourth largest PFTN among
the fifteen oscillators. It achieves a good phase
noi se performance and large tuning range.

6 Conclusion

In this paper, a 4 8GHz fully integrated
CMOSLC VCO ,capable of providing a large tun-
ing range (716MHz) and low phase noise
(- 123 66Bc/ Hz at 1M Hz) , has been presented.
With symmetrical noise filter technique,the noise
factor of L C oscillator can be lowered to its funda
mental minimum. The noise at 20 in the current
source and power line can be suppressed. The chip
has been fabricated in 0. 281 m RF CMOS process.
The circuit consumes less than 6mA in the tuning
range with the power supply voltage of 2 5V. The
die area of the VCO core is about 0. 7mm X
0. 5mm.
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