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Design of Tail Current-Shaping Low Phase Noise QVCO and

Current-reused Low Power QVCO

Student: Tze-Che Huang Advisor: Dr. Christina F. Jou

Department of Communication Engineering

National Chiao Tung University

ABSTRACT

This thesis discusses about designs,of'tail citrent-shaping low-phase noise QVCO and
current-reused low power QVCQ. In the first partsswe present a new tail current-shaping
quadrature voltage-controlled 'oscillator (QVCO) .which 'consists of two first-harmonic
injection-locked oscillators (ILOs). The outputs-of the proposed QVCO are injected back to
the gates of the QVCO’s tail transistors in order to shape the tail current. With the
implementation of tail current-shaping, the RMS value of the effective impulse sensitivity
function (ISF) of the proposed QVCO is 40% smaller than the conventional QVCO topology.
The proposed CMOS LC-tank QVCO has been implemented with the TSMC 0.18um
mixed-signal/RF CMOS 1P6M technology and the die area is 0.7x1.1 mm?. The total power
consumption is 11.2 mW at the supply voltage of 1.4 V. The measured phase noise at IMHz
offset 1s -119.3dBc/Hz at the oscillation frequency of 5.28 GHz and the figure of merit (FOM)
of the proposed QVCO is about -183dBc/Hz.

In the second part, we propose a current-reused QVCO topology to reduce the power
consumption. In our design, the proposed QVCO consists of two NMOS current-reused
differential VCO. The qudra-phase signals are coupled by back-gate coupling technique.

Therefore, the power consumption of the proposed QVCO can be cut in half by reusing the dc



currents compared to the conventional QVCO topologies. The simulated results show that the
total power consumption is about 1.64 mW since the QVCO core circuit draws 1.37 mA from
a 1.2 V Vyq supply. The simulated phase noise at 1 MHz offset is-111.7dBc/Hz at the

oscillation frequency of 10 GHz and the FOM is about -189.6dBc/Hz.
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Chapter 1 Introduction

1.1 Background and Motivation

In the last years, the requirements of low-cost and low-power for wireless system have
dramatically increased due to the continuous growth of personal wireless communications.
Wireless transceivers for many standards, including GSM, Bluetooth, WLAN require
low-power design techniques to enhance their battery lifetime and to improve their portability.
For radio frequency integrated circuit (RFIC) designers, a low-power and high-integration
design is a great concern.

In the wireless transceiver blocks, phase=locked loops (PLL) are widely utilized such as
frequency synthesizers and clock sources. Since the voltage-controlled oscillators (VCO) play
a key role in the PLL circuits and the phase-noise-of-the VCO directly affect the performance
of the PLL circuits, the low-power and low-phase noise of VCOs are required. Due to the
requirements of quadrature local oscillator (LO) ‘generation for up- and down-conversions
with image-reject mixing in the wireless transceiver blocks, a quadrature VCO (QVCO) with
accurate quadra-phase outputs is a general design.

In 2002, the Federal Communications Commission (FCC) has allocated 7500-MHz of
spectrum for ultra wideband (UWB) system in 3.1~10.6 GHz [1]. According to FCC’s
definition, UWB system occupied a bandwidth is equal to or greater than S00MHz when the
center frequency is over than 2.5GHz, or has a fractional bandwidth is equal to or greater than
20 % of the center frequency when the center frequency is less than 2.5GHz. There are two
proposals for UWB system: DS-CDMA (Direct-Sequence Code Division Multiplexing Access)

and MB-OFDM (Multi-Band Orthogonal Frequency Division Multiplexing).



Table 1-1 Wireless communication system characteristic

System WLAN WPAN
WCDMA
802.11 b/g 802.11 a | Bluetooth UWB
Frequency 1.92~1.98
2.4~2.4835 | 5.15~5.35| 2.4~2.48 3.1~10.6
(GHz2) 2.11~2.17
Modulation QPSK QPSK/OFDM | OFDM GFSK | DSSS/QPSK
Channel 5 MHz 20 MHz 20 MHz 1 MHz 528 MHz
Bandwidth
Data Rate 384 k/2 M 11/54 M 54 M 1M 110/480 M
(bit/sec)

DS-CDMA uses a sequence of Gaussian monocycle pulses which their spectrum is

= L | i

spread as in Fig. 1-1.The lower band occupies the ““épec‘prum from 3.1 to 4.85 GHz and the

upper band occupies the spectrimi from 6.2 ‘t9'9.7 GHz [2]. The 5-6 GHz band is dedicated to

L n = i =

WLAN 802.11a systems.

U-NII
Hiperlan 802.11a
5.125 423 UWEB MBOA UWB MBOA
UWB MBOA -5.325 ~5.825 Group C Group D
Group A

C.BO& 6.336 &.864 7.392 7.920 8.448 8976 9.504 10.032 GH:z

AP,

DS-UWE High Band

1.432 3.960 4.498 5.014
UWB MBOA

DS-UWE Low Band

Fig. 1-1 DS-UWB spectrum allocation
See Fig. 1-2. In M-B-OFDM UWRB, frequency span is grouped into five major band

groups which are in turn sub-divided into 14 bands in total, each band is 528 MHz bandwidth

[3].



5 N |
T2 31 4 5 6 78 9 10 11 12113 14|
T T T ] ] ] T T | T T T | T
I I I I I I I I | I I I [ I
I I I I I I I I | I I I [ I
I I I I I I I I [ I I I [ I
I I I | | | I I | I I I | I -
l | 3432 3960 4488 | 3016 5344 6072 | 6600 7126 7656 {8134 BT12 9240 9768 10296 | Frequency
: Group | Group 2 Group 3 Crroup 4 Group 5 : (MHz)

Fig. 1-2 Multi-band spectrum allocation

1.2 Thesis Organization

In this thesis, a quadrature yoltage-controlled ,oscillator for WLAN 802.11a is
implemented by using TSMC RE 1P6M 0:18 pm CMOS technology, and a very low-power
QVCO operating at 10 GHz oscillation frequency has-beenproposed.

Chapter 2 will introduce a-low-phase noise QVCO. In order to improve phase noise, we
utilizing tail current-shaping technique and' forward-body-bias technique to decrease the phase
noise.

Chapter 3 will propose a very low-power QVCO, which is a novel current-reused
topology. We also utilized back-gate coupling technique not only to reduce the power
dissipation but also to improve the phase noise.

Chapter 4 will give some discussions of these proposed QVCOs to compare the
measured results with the simulation results and the references. A conclusion about this thesis

is proposed in the end.



Chapter 2 Tail Current-Shaping
Low-Phase Noise QVCO

2.1 Introduction

Phase-locked loop (PLL) circuits play a very important role in radio-frequency (RF)
transceiver system. In order to generate a low phase noise local clock, the voltage-controlled
oscillator (VCO) in the PLL circuit must be carefully designed. Therefore, the ways of
improving the phase noise of VCO becomes a popular issue. In this paper, we proposed a

novel tail current-shaping techniquete reduce the VCO’s phase noise.
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Fig. 2-1 Circuit schematic of a differential VCO

The main contributors to the phase noise of a conventional differential VCO, as shown in
Fig. 2-1, are the cross-coupled devices(M; and M,) and tail transistor(Mj;). iZ'Ml and

irzl,M2 model the noise source of the cross-coupled devices, irzl'Mtai] models the noise source



of the tail transistor. The low-frequency device noise can be up-converted to the
high-frequency phase noise of the oscillator. Depending on the state of the oscillator, current
noise present in these components is converted more efficiently into phase noise. Refer to the
impulse sensitivity function (ISF) [4], the impact of any noise source on the oscillator phase
noise varies across oscillation period. By shaping the tail current I;,;, we can decrease the
active time of the noise source to reduce the oscillator phase noise. There are many tail
current-shaping skills were proposed to reduce the device noise up-converting to VCO’s
phase noise, one method was brought up that is to couple the oscillating signal to the tail
current source of VCO as an inductor, which will spend large chip area [5]. Another way of
current-shaping is to input an additional pulse into the gate of tail transistor. However, it’s not
a convenient way to inject an additional:pulse signalinto.our circuit, although the phase noise
reduction of this manner had been.mathematically proved [6]:

Instead of generating an additional pulse‘as the injection signal or spending extra
chip area, we build a quadrature VCO (QVCO) with two first-harmonic injection locked
structure [7] and use the QVCO’s-own outputs signals as a:sclf-injection signal to shape the
tail current I,;. This paper proposed a novel QVCO circuit implemented in the TSMC 0.18
um CMOS 1P6M technology and operating at 5.3 GHz oscillation frequency. The
quadra-phase outputs of the oscillator are coupled by 4 PMOS in series, and the tail current
source injection signals come from the QVCQO’s outputs signals. We also use forward body
bias (FBB) technique to reduce the supply voltage. Therefore, a tail current-shaping QVCO,

which reaches low phase noise, can be obtained.



2.2 Circuit Design Consideration

2.2.1 Tail Current-Shaping Technique

A. the phase noise analysis of a conventional VCO

! Vdd

L

Vo. | G & | v,
AT N
m, Je Sl w,

l /| tail

Fig. 222 Conyentional cross-coupled VCO

Fig. 2-2 shows a conventional differential VCO. As mention in introduction before, the
main contributors to the phase noise of this VCO are the cross-coupled devices
(M; and M, ) and the tail current source (I, ). It is because that the low-frequency device
noise can be up-converted to the high-frequency phase noise of the oscillator. Because of the
phase noise in the single-ended and the differential signals are identical, we therefore use a
single-ended phase noise analysis to keep the equations simple. The thermal current noise

2
an!Ml

power spectral density of transistor M; can be expressed as Af = 4KkTYGmom, When

M; is conducting current, and it is close to zero when the transistor is OFF and highly

resistive; gmoum, 18 the transconductance of My, and y is a coefficient related to device size.



The effective ISF of M; can be expressed as Ty, orr (@) = Iy, (@)a(@), where a(e) is
the noise modulation waveform [4]. When T};; = sin(¢) [8], the RMS value of the effective

ISF becomes

, 1" , 1z, 1
Ditverrams =5 | Tin(@a(@)de =-— 1| sinpde = (D
—T

B. the phase noise analysis of a VCO with parallel capacitance to the tail

transistor for current-shaping

! vdd

L

M. | Hair VW
Vbias tail J_
W Co
Rbias

Fig. 2-3 Conventional cross-coupled VCO with a capacitance C,, which paralleled to the tail

transistor Mg,;;

Fig. 2-3 shows a conventional differential VCO with a NMOS tail current transistorM,;;.
To improve the oscillator’s phase noise, a capacitance C, is connected with the tail transistor
in parallel for the tail current-shaping. The voltage at the tail node will be a sinusoid of
frequency2w,, where w, is the oscillating frequency. Therefore, the tail current can be

expressed as



Ltail = Ipias — 200CpA; sin(2wot — 6) (2)

Ipias 18 the DC value of the tail current, A is its amplitude, and @ is its phase delay

compared to the output voltage V,, and V,_. By designing the size of the devices, we can let
0 =m/2 and 2w,C,A; = Iyiqs and the tail current will become

Itait = Ipias (1 + cosRw,t)) 3)

With this sinusoidal signal, the power spectral density of the thermal current noise becomes

iZl/Af = (iZO/Af)\/Z(l + cos(2¢p)) = (iZO/Af)az((p), and the noise modulation function

o2 () = \/2(1 + cos(2¢)). Therefore, the RMS value of ISF of M; can be showed as

1 T
FI@l,eff,RMS = ﬁj F]ﬁ1((P)0(2((P)d(P
—Tt

1,(2 2
= Efg sin(@)/2(1 + cos(2¢))dep = 3. D

, which is about 15% smaller than (1). Therefore, up-convetrsion noise from cross-coupled

device and tail current can be further reduced with the tail current shaping technique [6, 9].



C. the proposed QVCO design

1o N N ~7

Fig. 2-4(b) the waveforms of VCO’s outputs and tail current

Fig. 2-4

In this design, we propose a QVCO with a new tail current-shaping technique so as to
improve the phase noise. The proposed QVCO is based on two first-harmonic
injection-locked oscillators (ILOs) and utilize the QVCO’s own output signals as a
self-injection signal to shape the tail current.

Fig. 2-4(a) shows the ILO structure, the external injection signals V;,, and V;,_ are
injected into the gates of the tail current transistor pair Mg,;. The ILO structure can be

considered as a simple doubler, therefore, the tail current signal I;,; with frequency 2w,



can be obtained (w, is the oscillating frequency of the VCO). See Fig. 2-4(b), the sinusoidal
tail current I;4; of 2w, frequency is aligned with the zero-crossing point of the

out-of-phase signals V;,, and Vj,_.

Fig. 2-5(b) the waveform of the tail currents

Fig. 2-5

10



Fig. 2-5(a) shows the proposed QVCO, the PMOS pairs (M, and M;,, Mp; and Mp,)

p2>
at the top of the circuit were used to couple the two ILOs in quadrature phase [10]. By
injecting the quadra-phase outputs signals (I, and I_,Q,; and Q_) back to the gates of the
tail transistors M;,; as shown in Fig. 2-5(a), the tail currents of ILOs can be shaped at
frequency 2w, without external signals. However, the currents of tail transistor pairs I, and
[, would have asymmetric waveforms, it is because of the parasitic capacitance at the drain
of tail transistors. To eliminate the asymmetric phenomenon, the connection between two tail
transistor pairs offers a path I; for tail currents switching. Fig. 2-5(b) shows the simulation
result of the relationship between the tail currents 1;, I,, I3, and 1. The waveforms of the
currents I, and I,, which pass through the tail transistor pairs, have out-of-phase
relationship because of the quadraturé.phase injectionssignals I and Q. By the switching
current I; between I, and I,, the asymmetric phenomenon of I, and I, can be canceled
by each other, therefore, a symmetric waveform can be obtained at the tail current I;. The
sinusoidal tail current I; of the:ILO which.is-aligned.with the-zero-crossing point of I* and
[T can be expressed as
Ii'= Ipias (T sin (2w, 1)) (%)
In this proposed QVCO, the thermal current noise power spectral density of M,,; can be

expressed as

i2,/0f = (iZ/AF)y2(1 + sin(29)) = (i2,/Af)a? (@) (6)

And the RMS value of effective ISF can be obtained as

1 T
FI@nl,eff,RMS = ﬁj Dﬁm((p)az((p)d(p
—Tt

1 (2 V2
= ﬁj_gsmz((p)‘/z(l + sin(2¢))de = I (7)

, which is about 40% smaller than (1). By shaping the tail currents of ILOs, the phase noise

contribution from the cross-coupled devices and tail transistors can be minimized. The ADS

11



simulation results showed that the proposed QVCO’s phase noise is -120 dBc/Hz @ 1 MHz

offset frequency.

12



2.2.2 The LC Tank Design

In the design of the proposed QVCO’s LC tank, we add 4 capacitances C; ~ C, as
shown in Fig. 2-5(a) to increase the amplitude of the outputs waveform. The equivalent

capacitance of the LC tank Ciy,x = Cpqrr + €1, and the oscillating frequency w, becomes

1

vV LCtank.

data
i NI e e | T — dataz2
- B data2

data4
’

Yol

. . . . . . . L .
o 20 40 S0 80 100 120 140 160 180 200
psec

(a) The outputs'voltage waveform witheut C; ~ C,

0.5

— _ S data1 |

-7 T | = = —data2 [

data3 ||

— — —data4d
7

Volt

L L L L i
[0} 20 40 60 80 100 120 140 160 180 200
psec

(b) The outputs voltage waveform with C; ~ C,

Fig. 2-6

13



Fig. 2-6 shows the comparison of the outputs voltage waveform between the condition
within and without the additional capacitances C; ~ C, . The amplitude of the outputs
waveform within C; ~ C, is 26% larger than the one without the additional capacitances.
Fig. 2-7 shows the waveforms of the tail current I; in Fig. 2-5(a), and the amplitude of I; 1is
a equation about C; ~ C, [11]. By adjusting the value of the additional capacitances C; ~
C,, we made I; match to equation (5) to obtain better current-shaping effect, and the phase

noise can also be improved as shown in Table 2-1.

| | |
0 0.05 0.1 0.15 02 0.25 0.3 0.35 0.4
nsec

— |1 is the tail current without C1~C4
— |1’ is the tail current with C1~C4

Fig. 2-7 the waveform 'of tail currents

Table 2-1 Comparison of additional capacitance

Without C; ~ C, Within C; ~ C,
Oscillating frequency 5.201GHz 5.218GHz
Outputs amplitude 0.691mV 0.871mV
Phase noise -117dBc/Hz -120dBc/Hz

14



2.2.3 Forward Body Bias

Considering the body effect, the threshold voltage V. is no longer constant but
influenced by the parameter of devices such as gate length, channel width, and body-to-source

voltage Vgg. The threshold voltage V; of the NMOS transistor is a function of Vgg as

2qNacs
Ve = Vio + (—V“S>*(J|chp+v53| ~ o) ®)

Cox

Where V., is the threshold voltage when Vgg = 0V, N, is the substrate doping, &5 is a
physical parameter with a typical value of 0.3 V, and C,y is the parasitic capacitance at the
gate oxide. By applying a forward body bias voltage to the body through a current-limiting
resistor Ry;,s, @ forward junction between body and source terminal appears. Therefore, we
can adjust Vgg to change V; and.increase the,current flowsthrough the MOSFET [12]. Fig.
2-8 shows the simulated drain” current of a NMOS, which_has same size and operation

condition with the NMOS M,,;~M,,, in the proposed QVCO as shown in Fig. 2-5(a).

12

- - —Without FBB
1ok | ——Wwith FBB p
/
/
/
8- B T, R // |
: Vib | ‘ i
—_ 7/
: <C 3 :
D E Bl , i
a8 7
7
7/
B v s 2 s 7 1
G FBB P
| Non-FBB /
2, ,,,,,,,, // -
7
//
S o o -
. 0 0.2 0.4 0.6 0.8 1
- VGS(V)

Fig.2-8 the IV curve of the MOSFET with and without FBB

15



il
0 0.1 0.2 0.3 0.4 05 06
Vbb(V)

Fig. 2-9 Drain current of the MOSFET with FBB

In the proposed QVCO as shown in Fig. 2-5(a), bias voltages Vi, is used to the body of

each cross-coupled NMOS FETs M,

higher V4. After all, we can achigve 1 e operation ith lower Vgyq.

16



2.3 Chip Layout and Simulation Results

109150
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Fig. 2-10 Chip layout of the proposed QVCO

] m3
] noisefreq=1.000MHz
50 1 v2.pnmx=-120.1 dBc

v2.pnmx, dBc
2
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Fig. 2-11 the phase noise of the proposed QVCO
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Fig. 2-10 shows the chip layout’s photograph of the proposed QVCO, which
designed and processed by TSMC 0.18um mixed-signal/RF CMOS 1P6M technology. The
chip area is 0.7*1.1 mm? including all pads and bypass capacitances, and each buffer of the
quadrature outputs were designed as a common-drain voltage follower. The ADS simulation
results is shown in Fig. 2-11, Fig. 2-12, and Fig. 2-13. The oscillating frequency of the QVCO
is 5.22 GHz, and the phase noise is-120.1 dBc/Hz @ 1 MHz offset frequency. As the tuning
voltage V., raising from 0 V to 3 V, the tuning range of the QVCO is about 120 MHz from
5.22~5.34 GHz. In Fig. 2-13, the outputs voltage waveform with the peak-to-peak voltage is

about 0.87 V, and the phase error < 2°. The QVCO core circuit draws 4.56 mA froma 1.4 V

supply.

m12 m13
X=0.000 X=3.000
freq[::,1]=5.218E9 freq[::,1]=5.337EQ, 13

5.34
5.32 -
5.30 vl
528 ¥

526
524712
522 ¥

520 ‘ T 11 ‘ T T ‘ T T ‘ T 171 [ T T | | |
0.0 05 1.0 15 2.0 25 3.0
Vetrl, V

freq[::,1], GHz

Fig. 2-12 Tuning range of the proposed QVCO
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Fig. 2-13 the outputs waveform of the proposed QVCO

To take all performance into-account;the.figure-of-merit (FOM) is expressed as

W,
FOM(Aw) = —L(Aw) 4 20 log(—AZ) —10log(P) (9)

where w, is the oscillating frequency, A@.is the offset frequency, and P is the power
consumption (in mW) of the QV.CO. The FOM of the proposed QVCO is about 186 @ 1

MHz offset frequency.

Table 2-2 QVCO simulated performance in different corner condition

corner TT FF SS
Tuning Range (GHz) | 5.22~5.34GHz 5.13~5.2GHz 5.12~5.17GHz
Phase Noise (dBc/Hz) | -120@1MHz -115@1MHz -108@1MHz
Core Power 6.384mW 10.78mW 3.612mW

19



2.4 Measurement Results and Discussion

2.4.1 Measurement Consideration

The proposed QVCO are designed for on-wafer testing, and the DC voltage are supplied
by two sets of six-pin probe, so that the distance between each DC pad must more than 50 um
to satisfy the probe testing rule. The outputs buffer of each quadrature outputs voltage is
designed using common-drain voltage follower, and the source end of each buffer MOSFET
is connected to a RF pad. For measurement, we connect four bias-tee terminals to the

corresponding RF pads as shown in Fig. 2-14.

T A

Fig. Qé.lr_fl‘Bias;Lqu model
The phase noise, tuning range and outputs spectrum are measured using signal source

analyzer (Agilent E5S052A) and down-converter (Agilent ES053A) shown in Fig. 2-15.

(a)SSA(Agilent E5052A) (b)down-converter(Agilent ES053A)

Fig. 2-15
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2.4.2 Measurement Result

¥

Fig. 2-16 €hip.photo of the proposed QVCO

Fig. 2-16 is the chip photograph of the proposed current-shaping QVCO. According to
the figures below, this QVCO oscillates at 5.28 GHz and the output power is -5 dBm. The
measured phase noise is -119.3 dBc/Hz @ 1 MHz offset frequency, and the tuning range is
about 140 MHz since 5.3 GHz ~ 5.44 GHz. Fig. 2-20 also shows the measured outputs
voltage waveform, because of the phase delay and loss of the cable line and connector, the
phase error is about 7°~15°. After all, the power consumption of the implemented QVCO is

about 11.2 mW, and the FOM is around 183 @ 1 MHz offset frequency.
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Fig. 2-17 the fne':clsured phase noise of tﬁe proposed QVCO
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Fig. 2-18 the outputs spectrum of the proposed QVCO
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Fig. 2-19 the tuning rangé of the proposed QVCO
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Fig. 2-20 the outputs voltage waveform of the proposed QVCO
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Table 2-3 comparison between simulation and measurement

performance Post-simulation Measurement
Supply voltage 1.4V 1.4V
Tuning range 5.22 ~5.34 GHz 5.3~5.44 GHz
Phasenoise@1MHz -120 dBc/Hz -119 dBc/Hz
Power consumption 6.384 mW 11.2 mW
Output power 0 dBm -5 dBm
FOM -186 -183

Table 2-4 comparison between this work and references

performance This work [14]
Oscillation
5.3 GHz 5 GHz 3.6 GHz
frequency
Phase
. -119 dBe/Hz -118 dBc/Hz -114 dBc/Hz
noise@1MHz
Power
. 11.2 mW. 16.5 mW. 8 mW
consumption
FOM -183 -176
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Chapter 3 Current-Reused QVCO

3.1 Introduction

Recently, due to the demand for the low-power, low-cost, and highly integrated
transceiver, many research have focused on the low-power voltage-controlled oscillator (VCO)
design. There are various ways to reduce the power consumption of the VCO, and the most
common method is reusing the dc currents of the devices[15-17]. In our design, we proposed
a current-reused topology to stack the switching transistors of the VCO vertically. Therefore,

the dc current drew by the oscillator ¢cote can be cut inthalf of the conventional VCO as sown

in Fig. 3-1.
Vo, Voo .-
2 L 1)
s s T
Il 1 V. I/' T \I Vv
V. I/' T \I V. /f\
S I AN - ,
|2 Cox f
Fig. 3-1 (a) the conventional VCO (b) the current-reused VCO

According to most of the modern wireless communication standards require quadrature
modulation, accurate quadrature generations in the VCOs is required. For quadrature signals,
in-phase (I) and quadrature-phase (Q) match is an important requirement while meeting the

requirements of low-phase noise and low-power for integrated VCOs. The quadrature
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characteristics can be evaluated in terms of phase error and amplitude imbalance. There are
several ways to couple two VCOs in quadrature phase[10, 18]. One common quadrature VCO
(QVCO) topology is utilizing the parallel coupling transistors[19], which consumes large
current to bias both the switching and coupling transistors. In order to reduce the power
consumption, we couple two current-reused VCOs by back-gate coupling technique[20]. We
first assume all switching transistors are in different wells, so that each transistor can be used
as full four-terminal device. Therefore, the output signals of one VCO can be coupled to the
back-gate of the switching transistors of the other VCO. A low-power QVCO without

requiring additional coupling transistors can be obtained.
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3.2 Circuit Design Consideration

A. Current reused differential VCO

T Vao
Ltank é ch % Ltank
Cv v
V.o |M T NI oV
Ccpf Ccpl
|_.
Rbias Rbias
AN AL
wy vy
| | M, M, I:
Cex -T-

Fig. 352 the current'reused differentialsV CO

Fig. 3-2 shows the topology of a current reused differential VCO for low-power
consumption application[21]. For dc operation, the switching NMOS M; and M, are
stacked vertically, therefore the dc current of M; and M, can be reused. The resistors Ry,
are adopted for diode connection of M; and M, to ensure M; and M, are both operating
in active region. For constituting a differential VCO in ac operation, the external capacitor
Cex 1s for ac ground and the capacitors Ccp are adopted for ac coupling. The LC tank of the
VCO is composed of Ly, and varactor C, . Therefore, a low-power consumption

differential VCO can be obtained.
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B. the proposed current reused QVCO with back-gate coupling
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Fig. 3-3(a) the proposed current reused QVCO
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In Fig. 3-3(a), we proposed a quadrature VCO with the same idea of current reused
topology as mentioned before. For reusing the dc current, the switching transistors M, and
M; are stacked vertically, and M; and M, are stacked vertically, too. The coupling
capacitors Ccp are both for ac coupling and dc blocking, therefore, the differential outputs
[, and I_, Q, and Q_ can be generated. Because of the dc voltages at the drain of M,,
M,, M3, and M, are different, we utilize the resistors Ry;,s for diode connection to ensure
all switching transistors are operating in active region. The LC tank are designed with Li,nx
and C,. Since the dc voltages are different between two differential output nodes, the control
voltages of the varactors were supplied as V.; and V., separately. The I and Q signals of the
proposed QVCO are generated by coupling two differential VCOs through Cp, to the
back-gate of the switching transistorssM;-M,. For back-gate coupling[20], Vpias1 and Viiaso
bias the body voltages of M;-Myg for different condition through resistors Ry, and Cyy, is
the coupling capacitors to couple the output signals in quadrature phase. The external
capacitors Coy have large value to haye tight ground effects for ac currents. Therefore, the
power consumption of the proposed QVICO can be cut.in:half by reusing the dc currents

compared to the conventional QVCO topologies:
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C. back-gate coupling
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Fig. 3-4(a) a conventional parallel-coupled QVCO
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Fig. 3-4(b) the small signal equivalent circuit of M; and M,

Fig. 3-4(a) shows a conventional parallel- coupled QVCO (P-QVCO) where the I and Q
signals are generated by coupling two differential VCOs through coupling transistors M¢, in
parallel with the switching transistors M;-M,. Because of the differential pair circuits M;-M,
and M;-M, are symmetric, we use a single-ended analysis to make the analysis simple. Fig.
3-4(b) shows the small signal equivalent circuit of the switching transistor M; and

corresponding coupling transistor Mcp;. The coupling strength a of the P-QVCO can be

defined as[22]

_ gcpl _ chl

Im1 Wml
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where g, 18 the transconductance and Wy is the width of the coupling transistor Mcp,
and gpyq and Wy, are the transconductance and width of the switching transistor M;. The
phase noise degradation of the P-QVCO is induced by the increase in transconductance of the
coupling transistors. On the other hand, the phase error is reduced while a increasing as the
increase in g.,;. Therefore, a trade-off between phase noise and phase error occurs. In
addition, the coupling transistors lead a higher power consumption of the QVCO.

Fig. 3-3(b) shows the small signal equivalent circuit of the switching transistor M; in

Fig 3-3(a). The coupling strength o through the back-gate can be given by[22]

O(B=gmb= Y (3_2)

Im1 21,2¢F _VBS

Where y is the body effect coefficient, ®¢ is the work function, and Vgg is the back-gate

(body) to source bias voltage. . Therefore, we can ‘increase o by minimizing the
body-to-source reverse bias Vgd“in order to reduce the phaseerror without additional power
consumption.

In our design, by reusing the dc currents-of-switching transistors, the power consumption
of the proposed QVCO shown inFig. 3-3(a) can be halfof the conventional QVCO. Low
phase noise and phase error can also be ‘obtained without higher power consumption by

back-gate coupling to generate the I and Q signals.
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3.3 Simulation Results

The ADS simulation results of the proposed current-reused QVCO are shown in Fig. 3-5
~ Fig. 3-8. The proposed QVCO operates at 9.98GHz oscillating frequency, and the phase
noise is -112 dBc/Hz @ 1 MHz offset frequency. The total power consumption is 1.64 mW
since the QVCO core circuit draws 1.37 mA from a 1.2 V Vg4 supply. As the tuning voltages
V.1 and V., raising from 0 V to 3 V and 0.6 V to 3.6 V, the tuning range of the QVCO is
about 4 GHz from 9.98~13.97 GHz. Fig. 3-7 shows the time domain voltage waveform at the
output nodes. Fig. 3-8 shows the output voltages waveform through a dc blocking capacitor,
and the phase error of the proposed QVCO_< 0.2°. The FOM of the proposed QVCO is

about 189.6 @ 1 MHz offset frequency.

| m5
90— noisefreq=1.100MHz
- pnmx=-111.698

mb5

pnmx, dBc
3
|

\
1ES 1E6 1E7

noisefreq, Hz

Fig. 3-5 the simulated phase noise of the proposed QVCO
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Fig. 3-6 the simulated tuning range of the proposed QVCO
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Fig. 3-8 the outputs voltage waveform through dc blocking capacitors

Table 3-1 the comparison between.the. proposed QVCO and references

This work(sim) [20] [21]
Tuning Range (GHz) | 9:98~13.97GHz 1.047~1.39GHz 3.0~3.2GHz
Phase Noise (dBc/Hz) -111@1MHz -120@1MHz -102
Core Power 1.64mW 5.4mW 4.32mW
FOM(dBc) =189.6 -173:5 -166
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Chapter 4 Conclusion

4.1 Simulation Results

In chapter 2, a low-phase noise QVCO utilizing tail current-shaping technique has been
proposed. The low-phase noise QVCO 1is base on two first-harmonic injection-locked
oscillators. In order to reduce the phase noise, we inject the output signals of the proposed
QVCO back to its tail transistors and shape the tail currents. With this tail current-shaping
technique, the RMS value of the impulse sensitivity function (ISF) of the proposed QVCO
can be reduce to only 60% of the conventional one. The,L.C tank of the proposed QVCO has
also been designed so as to increase the output amplitude, and the forward-body-bias
technique is used to maintain the ide current without higher voltage supply. The measured
results are shown in chapter 2.4, the phase’noise is -119 dBe/Hz @ 1 MHz offset and the
oscillation frequency of the QVCO is 5.28 GHz. The power consumption is 11.2 mW of 1.4 V
supply voltage.

In chapter 3, we proposed a low-power QVCO by utilizing a novel current-reused
topology. In order to reduce the power consumption, we not only reuse the dc current of the
switching transistors, but also couple the quadrature signals by using back-gate coupling
technique to avoid using additional coupling transistors. The simulated results are shown in
chapter 3.3, the power consumption is only 1.64 mW of 1.2 V voltage supply. The phase noise
is -111.7 dBc/Hz @ 1 MHz offset and the oscillation frequency of the QVCO is 10 GHz. The

tuning range is from 9.98 GHz to 13.97 GHz, and the figure of merit (FOM) 1s -189.6 dBc.
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