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Design of 5 GHz low-power CMOS LC VCO
based on complementary cross-coupled
topology with modified tail current-shaping

technique

MENG-TING HSU, PO-HUNG CHEN AND YAO-YEN LEE

In this paper, a low-power CMOS LC voltage-controlled oscillator (VCO) with body-biasing and low-phase noise with
Q-enhancement techniques is presented. A self-body biased circuit is introduced that can reduce power consumption.
Some derivations of the Q-enhancement and how to improve the phase noise of the circuit are also discussed. This chip is
implemented by the Taiwan Semiconductor Manufacture Company 0.18 wm 1P6M process. The measurement results
exhibit a tuning range of 14.7% from 4.92 to 5.7 GHz at a supply voltage of 1.4 V. The power consumption of the core
circuit and figure of merit are 2.5 mW and —188.6 dBc/Hz. The phase noise is —118 dBc/Hz@1 MHz at an operation fre-

quency of 4.94 GHz.

Keywords: VCO, Low-power, Q-enhancement, Body-biasing

Received 26 September 2013; Revised 23 January 2014; first published online 27 March 2014

. INTRODUCTION

Radio-frequency (RF) wireless communication systems that
are used to send and receive information are common in
modern society. To obtain a more advanced system with
lower costs, the integrated circuits must be more highly com-
pacted. In recent years, the CMOS process has been used to
design RF circuits, because the process technology has been
improved. The front-end RF circuit has been designed to
realize system on chip (SoC), which is now possible in the
CMOS process [1]. The high performance of a local oscillator
(LO) is very important and can stabilize the system as well
as increase power transfer from DC to AC signal efficiency
in wireless transceivers. Therefore, how to design a high-
performance (low-power, wide tuning-range, low-phase
noise, and small area) voltage-controlled oscillator (VCO) is
an important issue of communication application.

Recently, the low-power LC VCOs topology has been
reported [2—7]. There has been much research on low-voltage
operation with transformer feedback [3, 4, 7], lower power
with body bias [2] or current-reused topology [5] and low-
phase noise with Q-improvement techniques [8]. Since lower-
power consumption saves energy to enhance the device or
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system efficiency, this proposed circuit is designed for low
power consumption with the body-biasing technique and low-
phase noise with the Q-improvement technique. Analysis and
a detailed circuit design of the proposed circuit have been
addressed in the paper. The phase noise issues are described
in Section II. The proposed VCO topology with formula der-
ivation for negative resistance and body-biasing technique and
Q-enhancement is presented in Section III. The measurement
results are shown in Section IV. Finally, the conclusion is
described in Section V.

. PHASE NOISE ISSUE

It was in early 1997 that researchers came to realize a fully
integrated LC-tank N-type metal-oxide-semiconductor
(NMOS) VCO [9]. In the high-frequency operation regime,
the NMOS device is viewed as a high-noise device because
of its high density of the majority carriers. Therefore, the
P-type metal-oxide-semiconductor (PMOS) device has been
replaced by the NMOS to reduce phase noise because of its
lower flicker noise at lower frequencies. In addition, the
PMOS transistor has lower flicker noise than that of NMOS
transistor. This property will give rise to reduce phase noise
(by up-conversion) than that of only NMOS transistor
VCO. For the purpose of symmetrical signal output swing,
the complementary P/N MOS cross couple VCO has good
performances than that of only PMOS VCO or NMOS
VCO. Of course, the output voltage of signal swing can also
reach double ratio with Vpp supply. Therefore, the comple-
mentary cross-couple VCO is popular for circuit design
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with high performance [10]. But, there are some drawbacks
that include an unsymmetrical output signal, switching
speed that becomes slower than the NMOS, instability
coming from the Vpp, variation and interference noise.
Figure 1 is a complementary cross-coupled LC-tank with
fixed-bias (FB) tail transistor VCO, which is composed of
the NMOS and PMOS cross-coupled pairs. There are three
excellent properties as described in the following [10]:

1. Same current existing, so that the complementary cross-
coupled pair offers higher transconductance and faster
switching speed on each side.

2. The rise-time and the fall-time are more symmetrical to
each other, for consideration to prevent the excess noise,
which comes from low-frequency noise 1/f, transferring
to high frequency.

3. In all NMOS pairs, the channel voltage is higher, which
causes a faster saturation speed and a higher y value (y is
a fabrication-process parameter).

As shown in Fig. 1, M1-M4 consist of a complementary
cross-coupled pair, which yields negative resistance to com-
pensate for the loss of the non-ideal LC tank and whose
outputs are differential. Figure 1 also shows that the P/N
cross-coupled topology can reduce the impulse sensitivity
function (ISF) because of its symmetrical output signal. The
tail transistor M5 is designed to operate in the saturation
region as a current source. Consequently, the tail current
determines the oscillation amplitude.

In the VCO, the generation of phase noise results from
various reasons. But, there are only certain parts of the
noise sources that contribute significantly to the total phase
noise [11]. It should be noted that phase noise is not caused
mainly by up-conversion or down-conversion. Finally, the
tail current source, which is well known, is a large noise
source in a VCO. Flicker noise sources will be up-converted
to AM noise, and then go into phase noise by amplitude-
modulation-to-phase-modulation (AM-PM) conversion of
varactors and capacitors dependent on voltage, and thermal
noise sources will be converted into phase noise, due to
the switching mechanism of the cross-coupled pair as a single-
balanced mixer [12]. These noise sources go into output phase
noise by up-conversion and down-conversion. Generally,
thermal noise will be converted into 1/f* region, and flicker
noise will be converted into 1/f region [13]. Table 1 shows
the phase noise contribution of each part in the VCO circuit.

The tail transistor source only gave thermal noise in the
current-source transistor around the second harmonic of the
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C

Fig. 1. FB tail transistor VCO with and without capacitor.
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Table 1. Phase noise contribution of each part in the VCO circuit.

LC tank noise 4.50%

Cross-couple PMOS noise 12.20%
Cross-couple NMOS noise 31.60%
Current source NMOS noise 51.70%

oscillation. Moreover, high impedance was viewed at the tail
that required the stopping of the cross-couple PMOS/
NMOS in the triode at the second harmonic from loading
the resonator. This suggests that a narrowband circuit is
required to suppress the troublesome noise frequencies in
the current source, making it appear noiseless to the oscillator,
which gives high impedance in the narrow band of frequen-
cies. Therefore, we can put a capacitor into the circuit in par-
allel with the current source, as shown in Fig. 1 [14]. This
technique is also called the tail current-shaping technique
for LC-VCO application [15].

Figure 2 shows the self-bias (SB) tail transistor VCO. The
operation of the novel oscillator is as follows. Initially, when
the circuit is balanced, both the output voltage and current
flowing in the two sides are set by the size of the tail transis-
tors. The tail transistors will go into the saturation region
first while the cross-coupled NMOS transistors are still in
the cutoff region. When both the tail transistors and cross-
coupled NMOS transistors are in the triode region, the tail
transistors determine the current as the voltages at the
source of the cross-coupled NMOS transistors are floating.
Since all the transistors in this VCO topology are switched
biasing rather than fixed biasing, it is expected to have lower
flicker noise [16, 17]. Moreover, as the transistors operate in
the triode region for a large portion of the oscillation
period, they exhibit lower current flicker noise than the tran-
sistors that operate in the saturation region, for example, the
tail transistor in the FB topology [18].

In this paper, we added two merits in the circuit. The first is
the SB of the tail current transistor and the capacitance ground
filter technique, which are combined to improve the phase
noise performance. The second is the body-biasing technique
of the cross-couple transistor to reduce the power consumption.

. CIRCUIT DESIGN

The proposed low-power consumption VCO is realized by the
body-biased and Q-enhancement techniques. The schematics
of the proposed VCOs are shown in Fig. 3. All those circuits
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Fig. 2. SB tail transistor VCO.
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Fig. 3. Schematic diagrams of the two VCOs, (a) chip with Q-enhancement
circuit and (b) non-Q-enhancement circuit.

are designed with the body-biasing technique. Figure 3(a)
shows the chip with Q-enhancement in terms of capacitors
C1/C2 and transistors M3, M4, Ms and Mé. Figure 3(b)
shows the circuit without Q-enhancement.

A) LC tank

The oscillation frequency is generally determined by tanks.
The first consideration of LC tanks fabrication is inductor
design, which is more difficult than the capacitance. In
order to have a wide tuning range, it is desirable for the
inductor L to be small compared to the varactor C,,,, and
have low parasitic capacitance such as metal-to-substrate cap-
acitance and metal-to-metal capacitance. Furthermore, as the
operating frequency is raised, then quality factor Q increases
and inductor loss decreases. This VCO uses a two-loop
inductor, which can provide enough inductance and also
has a high-quality factor for the resonator to operate with fun-
damental circuit topology from 4.92 to 5.7 GHz. A o.y
nano-Henry spiral inductor is implemented in this chip.
The inductor has a quality factor of approximately 12.3 at
the working frequency 5 GHz. The inductance and quality
factor of the inductor are shown in Fig. 4.

The capacitance range of the MOS varactor [19] is wider
than the junction varactor and the equivalent series resistance
of the former is smaller than that of the latter. Because an
NMOS varactor does not lie in a P-well, the NMOS varactor
is apt to be disturbed in substrate. The concentration of the
dopant in the N-well is bigger than that in the P-bulk,
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Fig. 4. Inductance and quality factor.
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which reduces interference as far as the PMOS varactor is con-
cerned. In view of this, we have adopted the PMOS varactor.

B) Body-biasing technique

In many integrated circuit applications, the source terminal is
connected to the body (substrate) terminal. According to Adel
et al. [20], the body-effect equation can be indicated as follows:

Vi=Vio + v( /201 + Vo - /2%) (1)

y= 22Naes (2)
Cox

where V,, is the threshold voltage for source-body voltage
Ve = 0; ¢ is a physical parameter; y is a fabrication-process
parameter, ¢ is the electron charge (1.6 x 10~ *° C), N, is the
doping concentration of a p-type substrate, and € is the per-
mittivity of silicon. Equation (1) indicates that an incremental
change in V;, will give rise to an incremental change in V. In
other words, when the V;, source-body voltage is reduced, the
MOSFET required threshold voltage V, is lessened, too.
Besides, the MOS current consumption can be reduced. The
body-biasing technology can reduce the MOS threshold
voltage V; to decrease the drain-source current which will
produce sufficient transconductance (g,,) [2]. Figures 5 and
6 are high-frequency small signal models of MOS. Figure 5
shows the MOS in which the source terminal is connected
with the body terminal. The equivalent transconductance
(gm) of this MOS model can be indicated as follows [20]:

and

w
gm = /‘LnCDxT(VGS - Vt) (3)

without body-biasing technique, the body terminal and source
terminal are connected together, so Vs = 0. Moreover, the
body-effect can be ignored. Figure 6 is the high-frequency
small signal model of MOS in which the source and body ter-
minal are divided. When a bias voltage is applied to the body

o
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Fig. 5. The case body-source terminal is connected for high-frequency small
signal model of MOS.
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Fig. 6. The case body terminal and source terminal is divided for
high-frequency small signal model of MOS.
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terminal, then the equivalent transconductance can be rewrit-
ten as follows [20]:

w
8mb = /-anoxT(VGS - Vt)(

_r
W th)- (4)

Furthermore, it produced extra body-transconductance
(gmp) in the MOS equivalent transconductance (G,,), when
the MOS body terminal has the appropriate bias applied.
The formula for MOS equivalent transconductance (G,,) is
shown as follows [21]:

Gm = 8m +gmba (5)

where g, is MOS transconductance from the Vg bias, g, is
MOS body transconductance from the V), bias. Compared to
the general connect body-source terminal MOS, body-biasing
can give larger negative conductance with a less Vg biased
condition. The body-biasing technology also can indirectly
improve the VCO phase noise under switched MOS gate con-
ditions [22].

C) Q-enhancement circuit

The proposed VCO based on complementary cross-coupled
topology is shown in Fig. 3(a), the simple schematic of the
proposed Q-enhancement circuit is shown in Fig. 7 and its
equivalent low-frequency model with body-biasing is shown
in Fig. 8.

By considering the equivalent low-frequency model with a
body-biased of Q-enhancement circuit (Fig. 8), we have

V=V, -V, (6)
IX - gm4V4 + gm6V4 + gmh4Vbs4 + Scl V3a (7)
(!
M3 =} M4
Ms Il M6
_._ClT TCZ

Fig. 7. Simple schematic of proposed Q-enhancement circuit.
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Fig. 8. Equivalent low-frequency model with body-biased of Q-enhancement
circuit.
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then we have
IX + (gm4 +gm6)VX - gmb4Vbs4 = V3(gm4 +gm6 + SCI) (8)
and

_ IX + (gm4 +gm6)VX - gmb4Vbs4
gm4 + gmé + SC1 ’

Vs (9)

In this work, a symmetric structure is adopted, thereby

83 = 8ms = x> s = &me = Zmy SC, = sC, = sC, then (9)
becomes (10)

_ IX + (gmx +gmy)VX - gmebs4

\% 10
} Gy + Gmy + 5C (10)
By the same method, we can obtain (11)
I + mx + m V —&m V S
V4:X (& ) Vx — Gmb ba. (11)
&mnx + my + sC

Substituting (10) and (11) into (6), we obtain

VX _ 2IX + Z(gmx +gmy)VX +gmb(vbs3 - Vbs4) ) (12)

&mx + &my +5C

If we assumed that V,, = Vj,,, = V), then equation (12)
become as (13)

_ 2IX + Z(gmx +gmy)VX

\% , 1
X gmx+gmy+sc (13)
we can arrange (13) to obtain (14) of input admittance
I — C
Y = — = @z + &my) + 5 (14)
VX 2
substituting s = jw from (14), we can obtain
— C
¥, = 8 &) | 0C (15)
2 2
and
1
Tin = —. 6
"= (16)

If the admittance Y;, = G, + jB,, is taken into equation
(16), then we can have the following equation:

1

in = m (17)
where
G, = _g’”"—w (18)
2


https://doi.org/10.1017/S1759078714000300

passive actlive
circuit | Jeircuit

R,2 L% C.I."l (l;ni; C.-,%

Fig. 9. One-port equivalent circuit of VCO between passive and active circuit.

is the real part of the admittance of the active circuit, and

. C
jBn = s, = sCin (19)

is the imaginary part of the admittance of the active circuit.
Figure 9 shows the one-port equivalent circuit of the
general VCO between passive and active circuits. G, indicates
the negative transconductance of M3/M4 NMOS transistor
with the low-frequency model. Assume that the resistance of
the LC tank is represented R, which is in parallel with the
LC resonance circuit, then the start-up condition of the pro-
posed VCO can be obtained as the following equation:

R, +G, <o. (20)

The oscillation frequency w, with Fig. 9 also can be calcu-
lated by the following equation:

1

kY L(Cvar + Cin) ’ (21)

Wy =

where C,,, is the varactor capacitor and equivalent capacitor
C;, is the input capacitor of the proposed VCO with active
circuit, then the Q of proposed VCO is the following [8]:

1 Ctotal
Q~ — , (22)
Gtotul L

where C,,,; is the total capacitance of VCO, Gy is the total
conductance of VCO, and L is the inductance of the VCO.
Therefore, the VCO total conductance is the following:

mx + gmy
2 >

Gtotal = Gloss + G, = Gloss - (23)

where Gy, is the parasitic loss conductance of inductor L, G,
is the conductance of NMOS cross-couple pair (M3, M4).
From equation (22), as G;oz is reduced, then Q of the pro-
posed VCO is increased. Furthermore, the VCO phase noise
can be reduced when the quality factor is increased. From
Figs 3(a) and 3(b), we observe that the phase noise of the

Table 2. Equivalent element value.

Prop. VCO No-Q VCO
QLoad 10.25 2.29
Gr 3.71 mS 16.1 mS
Cr 1.1 pF 1.03 pF
L 0.76 nH 0.76 nH

Prop. VCO is proposed VCO, and No-Q VCO is without Q-improvement
technique VCO.
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Fig. 10. Simulated phase noise of proposed VCO and without Q-improvement
technique VCO at 5.1 GHz.

Table 3. Phase noise of VCO.

Offset freq. 10 kHz 100 kHz 1 MHz
Prop. VCO —68.3 dBc —95.9 dBc —120.7 dBc
No-Q VCO —59.9 dBc —89.2 dBc —115.5 dBc

proposed VCO can be improved with the Q-enhancement
technique, and the results are shown in Table 2, Fig. 10 and
Table 3.

Table 2 shows the variation between the VCO with and
without Q-enhancement. Figure 10 and Table 3 indicate that
the phase noise performance of proposed VCO is better
than that of it without Q-enhancement.

V. MEASUREMENT RESULTS

The proposed VCOs were fabricated by Taiwan Semiconductor
Manufacture Company (TSMC) 0.18-pum 1P6M CMOS tech-
nology. An Agilent Es052A signal source analyzer, which
administered two DC sources to the supply voltage and
control voltage, was used to measure the output frequency,
power, phase noise, and output spectrum. The buffers are
included on-chip to facilitate driving a 50-{) environment.
Each buffer consists of PMOS transistors and is biased with
an external Bias-Tee. The differential outputs connect a
Bias-Tee on each side with two loads, Agilent 5052A and 50 ().

The die photographs of the chip are shown in Fig. 11. The
chip area is 0.692 x 0.537 (mm?). The measured phase noise,
output signal spectrum, and frequency-tuning range of the
chip are shown in Figs 12-14, respectively. The measured
phase noise is —118.05 dBc/Hz at 1 MHz offset from the
carrier frequency 4.94 GHz as shown in Fig. 11. The signal
output power is about —22 dBm as shown in Fig. 13. The
frequency-tuning range is between 4.92 and 5.7 GHz, which
achieved a 14.7% tuning range and which is measured from
—o0.5 to 2 V as shown in Fig. 14. The core power dissipation
of the VCO is 2.5 mW with 1.4 V supply voltage.

It is well known that the figure of merit (FOM) is an index
between different VCOs [23]. The FOM and FOM, are defined
as follows:

W, \2 1
FOM = 1olog[<m) ‘Tidel P Pdci|) (24)
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Fig. 11. Chip photos.
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Fig. 12. Measured phase noise.

FTR
FOM; = FOM — 20 log|:—], (25)
10

where w, is the center frequency, Aw is the frequency offset,
L{Aw} is the phase noise at Aw, P, is the dc power consump-
tion. FTR is the frequency-tuning range.
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Fig. 14. Frequency-tuning range.

The parameter of our chips and recently reported papers
are summarized in Table 4. Most of the VCOs have high
FOM of more than —185 dBc/Hz. Focusing on core power
dissipation of the VCOs, our work shows good performance
for low power applications.

Table 4. Comparison of VCO performance.

Reference [24] [25] [26] [27] [28] [29]
Process (p.m) 0.18 0.18 0.18 0.18 0.18 0.18
Center frequency (GHz) 5 5.46 5.32 5.6 21.37 12.77
Supply voltage (V) 1.5 1.8 1.2 1.2 0.6 0.4

Core power dissipation (mW) 3 6.4 5.71 2.3 3.5 1.08
Phase noise @1 MHz (dBc/Hz) —120.4 —120.3 —116 —119.1 —109.8 —110.19
Tuning range (%) 8.3 10.6 4.9 10.7 5.1 5.75

FOM (dBc/Hz) —189.6 —187 —183.1 —190.4 —190.9 —192
FOM;, (dBc/Hz) —187.9 —187.5 —176.9 —191 —185.1 —187.2
Topology 1*&2* 1*&2* 4* 1*&s5* 3*&5* &6* 3*&5* &6*

[30]
0.18
2.43

0.6

0.65
—114
9.1
—183.4
—182.6
3*&6*

[31]
0.18
2.42

0.5

0.2
—115.8
7:3
—190.5
—187.8
3*&6*

This work [32]
0.18

5.31

1.4

2.5

—118

14.7

—188.6
—191.9

4" &7"

1%, Copitts; 2*, PMOS cross-coupled; 3%, NMOS cross-coupled; 4*, P-NMOS cross-coupled; 5*, Transformer; 6*, Body-biasing; 7*, Tail current-shaping

technique and body biasing.
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V. CONCLUSION

This chip that was adopted using the body-biasing and
Q-enhancement techniques for low-power consumption and
low-phase noise design has been presented. This chip was
implemented in standard o0.18-mm CMOS processes of
TSMC. The measurement results show the phase noise
—118 dBc/Hz at 1 MHz offset frequency from 4.94 GHz.
The core power consumption is 2.5 mW. The FOM of our
work shows good performance comparable with other
papers in the literature.
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