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Design of a Monoalithic CMOS L C Voltage Controlled Oscillator
with Low Phase Noise for 4GHz Frequency Synthesizers”
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Absgtract : A monolithic L C-tuned voltage controlled oscillator (L C-V CO) with 2 tuning terminals is designed for a
dual frequency conversion transceiver for WLAN and realized using 0. 18 m radio frequency (RF) CMOS tech-
nology. The output frequency range can be tuned to cover the defined frequency band of the transceiver. The
maxi mum tuning range is 500M Hz. The phase noises are - 117dBc/ Hz at 4M Hz and - 107dBc/ Hz at 500kHz,
both off the center frequency of 4 189GHz. The RMS:jitter of the output signal is 4 423ps,and the output power

is - 8 68dBm.
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1 Introduction

Wireless local area network (WLAN) systems
have been widely implemented due to the rapid de-
velopment of information technology and wireless
communication. In a WLAN ,a series of RF circuits
is requiredfor transmitting and receiving sgnals. A
frequency synthesizer is a key part of the transmit-
ter and receiver ,which together make up the trans
ceiver ,because local oscillating (LO) signals for
both the down and up-converson mixers are gen-
erated by these circuits. A voltage-controlled oscil-
lator (VCO) makes up a core part of the frequency
synthesizer. Therefore ,the design and realization of
a high performance VCO is a key task for trans
ceiver design that is egpecially challenging to real-
ize with standard CMOS technology.

In thispaper ,a monolithic L GV CO realized u-
dang 0. 18 m RF CMOS technology is discussed.
The key components of the circuit and the system
aspects related to the architecture and working fre-
quency bands are presented. The circuit techniques
related to the V CO are discussed.

2 System aspects

According to WLAN standard IEEE802. 11a,
three bands are defined between 5 15 and
5 8GHz:5 15 5 25GHz,5 25 5 35GHz,and
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5 75 5 85GHZ". The operation frequency range
of the transceiver designed here covers the first
two bands,i.e.5 15 5 35GHz.

For RF transceiver design, severa architec
tures have been developed in history of radio engi-
neering. A well-known one is the super hetero-
dyne.

Figure 1 shows a smplified heterodyne trans
ceiver. In the receiver ,the selected RF signal is ap-
plied to a low noise amplifier (LNA) and subse
guently to animage rejection (IR) filter. The signal
is mixed with the sgnal from local oscillator 1
(LO1) ,thusthe IF dgnal is produced. After being
selected by an IFfilter ,the IF sgnal isapplied to a
down-converson mixer to obtain the base band sg-
nal. The principal issue in heterodyning is the
tradeoff between image reection and adjacent
channel suppression. Choosing an appropriate IF
and the filters can improve the sendtivity and se-
lectivity of the receiver. Because of multi-conver-
sion stages,the DC offsets and L O leakage can be
restrained. The disadvantage of this structure is
that both the IR filter and the IF filter require
high- Q components that are impractical in today’ s
IC technologies. For this reason,the conventional
heterodyne structureis not easly realized on a sin-
gle chip.
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Fig.1 Smplified heterodyne transceiver architecture

The other architecture is direct-converson,
called zero-IF or homodyne converson. Figure 2
shows a smplified structure of a zero-IF transceiv-
er. Thecircuit up to theLNA isthe sameasthat in
Fig. 1. Then,the RF signal is mixed with two LO
sgnalsin quadrature. Because the LO sgnal's have
the same frequency as the RF signal ,the base band
isobtained directly after mixing. Further ,the base
band signal is applied to a low pass filter (L PF)

jL

Data in
D ——

RF

Modulator filter

A

and a base-band amplifier. In this structure ,theinr
age problem is circumvented because the IF is ze-
ro.Both the IR filter and the IF filter can be can-
celled. Thus,it is more easly realized in an IC
form. However ,there is a DC off set problem. The
reason is that the RF and L O leakage through the
mixer causes the self-mixing and generates DC
components.

Base-band

LPF amplifier

Data out

Fig.2 Smplified zero IF t

We propose a modified architecture of the
transceiver shownin Fig.3. The RF signal from the
LNA isfirst applied to the mixer with thefirst lo-

Base-band

LPF [ amplifier

ransceiver architecture

cal oscillator (fLo) at 4GHz ,which converts the
RF sgnal from5to 1GHz. Then ,the 1GHz RF sg-
nal isprocessed asin azero IF transceiver.
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Fig.3 Smplified dual frequency conversion transceiver architecture

Unlike the conventional heterodyne transcev-
er architecture ,the frequency of the first local os
cillator is 4GHz. Thus,two signals will be pro-
duced by thefirst mixer :Oneisat 9GHz; the other
isat the desred frequency of 1GHz. Snce the fre-
quency difference of the two sgnalsis o large, the
former can be eliminated more easly by the low-
passfunction of the subsequent stage. The complex

IR filter in Fig.1is no longer necessary. The prob-
lems of the DC off set and L O leakage in the zero- IF
architecturein Fig. 2 become less critical due to the
difference between the RF and the L Ol-sgnals.
Figure 4 shows a block diagram of the fre
quency synthesizer in Fig. 3. It is made up of a
phase frequency detector (PFD) ,an L PF,aVCO,
and down scalers. The frequency band at 4GHz is
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generated by the VCO ,and the frequency band at
1GHz is obtained by a divide by-4 divider.
CLOCK
PFD

Charge Jior N
pump LPF }|— VCO

Down scalers

I

f; 02

Fig.4 Block diagram of the frequency synthesizer

The VCO is the key component of the fre-
guency syntheszer. Because fio: = 4/5f: and
fLoz =1/ 5f¢ ,the output sgnal of the VCO should
cover thefrequency band of 4 1 4 3GHz.

3 Circuit techniques

The choice of topology isthe key to circuit de-
sgn. The schematic of the LC VCO is shown in
Fig. 5. It is a crosscoupled difference VCO with
two cross-coupled amplifiers in stack. Two tuning
terminals are connected to two different control
voltages. The LC resonant tank consists of four
metal-insulator-metal (MIM) capacitors,two met-
al-oxide-semiconductor (MOS) varactors, and an
on-chip spiral inductor.
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Fig.5 Circuit schematic of the VCO

As shown in Fig.5,two crossed-coupled am-
plifiers providing negative redstance compensate
the lossin the L C resonator® . One is made up of
two nMOS; the other is made up of two pMOS.
The total negative resstance is the sum of the the
negative red stance of the transstors M1/ M2 and
that of transstors M3/ M4. It can be expressed as

S R= 32— )
Omi,2 + Om3,4
where gm 2 and gms.4 are the trans-conductances of
transstors M1/ M2 and M3/ M4 respectively.

An important parameter of aV CO isthe phase
noise in the vicinity of the center frequency fo. The
output phase noise at an offset A f from f. can be
calculated by

A fo| 1

L{Af} = KT(1+ A) Z Q[A J v @
where k is Boltzman’ s constant , T is the absolute
temperature, A is the noise factor safety margin
necessary to ensure oscillation start-up ,Vms is the
root-mean- square voltage at the oscillation node , 2
= (L/ Gow) Y% is the characteristic impedance of the
L C resonant tank ,and Q is the quality factor. This
indicates that maximizing the quality factor of the
tank circuit would improve the noise performance
significantly.

For thiscircuit desgn ,trangstors M1/ M2 and
M3/ M4 can supply currents to each other. There-
fore the tail current source can be omitted and the
effect of flick noise can be eliminated™ .

The outputs are buffered by two source fol-
lowers made of M5 and M6. The drain of each tran-
sstor is connected to a resstor to provide output
matching. In this way the driving ability of the
V CO output is enhanced.

The equivalent circuit of the oscillator is
shown in Fig.6. Ga is the capacitance of the MOS
varactor ,and C is that of a MIM capacitor. The
whole circuit is made up of an LC resonant tank
with a loss and a negative red stance provided by
the active devices. The condition for stable oscilla
tionisthat the lossin the L C resonant tank must
be cancelled by the negative red stance. The oscilla
tion frequency is

fosc = 1,— = 1 (3)
2-[ L Ctota] 2_[ CCy_a[
N 2C + Cuar

4 Key components

The phase noiseis primarily dependent on the
quality factor (Q) of the inductor'® ® . The higher
the Q,the lower the phase noise. A Q as high as
possble is therefore desred. However ,it is very
difficult to realize a high- Q inductor on-chip. Sever-
al types of inductors are provided by the foundry.
But their Qis not high enough at 4 GHz. Therefore
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Fig.6 Equivaent circuit of the oscillator

it is very difficult to get a lower phase noise at
4GHz with the inductors provided by the foundry.

In order to get a high-Q inductor ,a spiral onr
chip inductor was designed. All geometric parame-
ters such as the diameter and the number the of
turns have been optimized usng Momentum ,Agi-
lent’ s electromagnetic analyss program.

A microphotograph of the redlized inductor is
shown in Fg.7(a) . The inductor with two differentia
input ports has higher Q than that with a 9ngle-ended
port at high frequency bands. Because the topology of
the VCO drcuit is differentid ,two independent induc-
tors with a 9ngle-end port can be replaced by a synr
metrical inductor with two input ports. In this way ,the
chip area can be reduced ,and a higher Q can be ob-
tained. The thickest top metal (Metal 6) was sdected
to form the siral winding. The trace gpacing,width,
and the inner dimendon are 5,15 ,and 8Q m,respec-
tively.

GND
(a) (b)

fIGHz
(c)

Fig.7 (& Microphotograph of the on-chip spiral inductor; (b) Model of the inductor ;(c) Q-curve of the inductor

The SPICE model of the inductor is shown in
Fig.7(b) . Theinductanceisabout 1 9nH. Figure 7
(c) is the quality curve of the inductor. It shows
that the inductor hasa Q> 10 at 4 2GHz.

Two types of varactor are provided by the
foundry :p“n type and MOS type. The p'n type var
ractor is intended for the frequency band of 1
2GHz. Thus,it is not suitable for the working fre-
quency bands of our circuit. The MOS type varac
tor with alow-parasitic res stance and a high Q can
be adopted at a higher frequency. Therefore ,sever-
al MOS varactors have been used in the oscillator.
Figure 8 shows a cross section of such a MOS var
ractor. It isfabricated in an n well.

Each MOS varactor has 50 branches. Each
branch has 2 fingers of the same size on both the
drain and the source sde. Each finger has a width
of 21 m and a length of 0. 31 m. MOS varactors can

Gate

n* n* Bulk

T T LY
$eee < ¢ ¢ ¢

Fig.8 Cross section of a MOS varactor

be divided into two types according to the number
of fingers. One type has 3(g=3) ,and the other has
6(g=6). The smulation results demonstrated that
the tuning range of an oscillator using the former
typeistoo wide. If the tuning range of the VCO is
too wide within the same range of the control volt-
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age,the VCO gain constant Kvco will become
large. Ina PLL system ,the loop noise can be con-
Sderable egpecially when Kveo is large. Of course,
this will cause instability of the loop. Therefore
MOS varactors with g =6 have been used in our
oscillator. To make frequency band of 4 1

4. 3GHz in the linear region of the tuning curve,
two MOS varactors are connected in series as
shown in Fig.5.

The equivalent circuit of the MOS varactor is
shown in Fig. 9. The capacitance of the MOS varac-
tor (Ca) lies on the voltage between the gate and
the bulk. Cwr is proportional to Vge and inversely
proportiona to Veuk. With the increase of Ca ,the
oscillation frequency of the VCO decreases.By this
characteristic ,the gates of the two MOS varactors
are connected to the control voltage Vu as the neg-
ative tuning terminal ,and their bulks are connected
to the control voltage V. asthe postive tuning ter-
minal (see Fig. 3). With this structure,a voltage
can be generated with a sngle positive power sup-
ply. Thus the tuning range of the VCO is aterna
ted by means of these terminals,and the accuracy
of the output signals increases. In the frequency
synthesizer ,the terminal of Ve is connected to the
output of the L PF on the printed circuit board
(PCB) ,and the terminal of Vu is connected to an
adjustable control voltage from the outsde. In the
actual layout design ,the terminalsof the two MOS
varactors are connected to the control voltage ter-
minals respectively to obtain a symmetric layout
structure.

C,
L K L
i
Gate (™ R S |Ra| R P Buk
AT v M
sub
Ros
GND

Fig.9 Equivalent circuit of a MOS varactor

In order to increase the accuracy of the tuning
range of the VCO and place the frequency band of
the systemin the linear region of the tuning char-
acteristic curve,some capacitors with fixed capaci-
tance were added into the LC resonant tank. A
square-type MIM capacitor is provided by the
foundry. The layout of the MIM capacitor is shown

in Fig. 10. The MIM capacitor has two parallel
plates with a thin oxide between them. The rela
tionship between widths of two plate metal edges
can be expressed as

Whottom = Wiep + 2 X 3 m (4)

Top plate metal

Oxide ——»——ISSINNSNNNL

;

Fg.10 MIM capacitor layout and cross section

The width of the top plate is between 10 and
30 m. The capacitance of such a MIM capacitor is
determined by the width. Four capacitors with a
width of 281 m are used as shown in Fig.5.

5 ICfabrication and measurement

The VCO circuit was integrated into the fre-
quency synthesizer chip and fabricated in a TSMC
0. 18 m CMOS process via MOSIS. The process
has 1 poly and 6 metal layers. Figure 11 shows a
microphotograph of the realized chip.

EREERERE MR

n
i -

Fig.11 Microphotograph of the frequency synthe-
sizer chip

The chip condsts of three main parts:VCO,
PFD + CP,and down scaler. The L PF is off-chip.
Asthe frequency synthesizer is a complex system,
enough pads should be put around the core part of
the chip for measurement. They are bonded to the
PCB with gold wires. Many of the pads are not nec-
essary in the actual transceiver system,and the
core part of the chip can be integrated into the
transceiver.

Fgure 12 shows a photograph of the test PCB.
The PCB isfixed onto the ingot by some screws,and
the chip is connected with bonding wires to the micro
strips at the centre of the PCB. SMA-type microwave
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connectors are set at the edge of the box for input and
output dgnas and connected to measurement instru-
ments. With an independent power supply ,the VCO
can be tested aone. As shown in Hg. 12 ,the output
terminas of the 9gnasfrom the VCO are on the right
sde of the PCB.

Down scalers Down scalers

control wires output Power supply

Power
supply 7
Down
scalers
output

vCoO
output

Reference

signal A
¥ VCO
output
Power

supply

Off-chip LPF

i
Down scalers
control wires

FHg.12 Photograph of the test PCB

The power supply voltage for the test is
1 8V. The chip draws 16mA from the power sup-
ply ,5mA for the VCO core,and 11mA for the out-
put buffers. The output buffer is used to drive a
52 load of measurement equipment.

When the control voltage Vu isfixed ,the fre-
quency tuning range can be measured by changing
the value of the control voltage Vw. Different

4.6

(a)

45F

40 1 i l H 1 1 1 1
P02 04 06 08 1.0 12 1.4 1.6 1.8
VIV

tuning ranges were got at different values of the
control voltage Vu. They are listed in Table 1.
From this tableit can be seen that as controlled by
the Vu ,the output frequency of the VCO ranges
from 4 to 4 6GHz.

Table 1  Tuning ranges of VCO at different control
voltages
VulV flow/ GHz f high/ GHz
0 4.1573 4.6392
0.2 4.0801 4.6359
0.4 4.0480 4.6242
0.6 4.040 4.6024
0.8 4.0354 4.5504
1 4.0329 4.5292
1.2 4.0329 4.4767
1.4 4.0310 4.3964
1.6 4.0327 4.2803
1.8 4.0316 4.1540

The measured tuning characteristics of the
V CO with the control voltage Vi =0. 8V and V. =
1V are shownin Figs.13(a) and (b) ,respectively.
Notice that thefrequency band 4 1 4 3GHzisin
the linear region of the curve and the slope of the
linear region is not too large ,which make thiscir-
cuit a good choice for integration into frequency
syntheszersin WLAN transceivers.

40 1 1 1 1 i A L J
02 04 06 08 1.0 1.7 14 1.6 18
VIV

Fig.13 Measured tuning characteristics of the VCO (a) Vu =0 8V ;(b) Vu =1V

Figure 14 shows the output spectrum at
4. 18871 GHz. From Fig. 11 (a) ,it can be seen that
the center frequency is 4 1887 GHz and the output
power is - 8 68dBm. The phase noiseis - 107dBc
at 500k Hz off the center frequency as shown in
Fig.14(b) .

Figure 15(a) shows the output of the VCO in
the time domain at the frequency of 4 22GHz in
the PLL when the loop is closed. The output jitter
is shownin Fig.15(b) . It can be seen in the figure
that the jitter time is 4 423ps at the frequency of
4. 22 GHz.
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(a)

Fig.14 Spectrum of the 4 1887 GHz output signal

(a) Measured output power (SPAN 10M Hz) ; (b) Measured phase noise

(SPAN 2M Hz;VBW 1k Hz;RBW 10k Hz ; Centre 4 189 GHz;frequency off set 500k Hz)

e |
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(a)

Fig.15 (a) Measured PLL output waveform (200ps div) in time domain at 4 22GHz; (b) Jitter of the output

6 Conclusion

A monolithic LGV CO with two tuning terminas
was redlized usng Q 181 m CMOS technology. It ex-
hibitsaphase noise of - 107dBd/ Hz at 500k Hz off the
center frequency. The frequency of the output dgna
can cover 4 1 4 3GHz ,the range of the transcavers
for WLAN. The topology with two tuning terminals
can improve the performance of the drcuit. The IC can
be usedin a WLAN transce ver.
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