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Abstract

This thesis discusses the phase error of QVCO. The phase error of QVCO due to
mismatch is analyzed with common-mode model. Efficient compensation circuit is
proposed to alleviate the common mode phase error of the QVCO. With the
common-mode compensation circuit, the QVCO phase error and image rejection ratio
(IRR) are improved about 1.5 degrees and 4.7dB for 2.63GHz carrier frequency,
respectively. VCO Behavior model was also built in Verilog-A. Simulation time can be

saved by replacing transistor-level circuit with behavioral model (300:1).
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Chapter 1

Introduction

1.1 Motivation

In-phase and quadrature-phasesimbalance of RF front-end limits the achievable
operating SNR at OFDM recéivers [1]. Such I’Q-imbalance causes inter-channel
interference (ICI) of OFDM and seriously degrades the performance at higher data rate
[2]. I/Q imbalance is basically any mismatch between I and Q branches and dominated
by the mismatch of quadrature LO signals. There are several ways to generate
quadrature phase, such as polyphase filter, double frequency VCO with divide by two
circuit and quadrature VCO. As polyphase filter implementation needs large area and
double frequency VCO phase noise is poor, quadrature VCO (QVCO) is often used to
generate 1/Q carrier for the transceiver. However, mismatch of transistors and passive
components still affects QVCO phase error.

Figure 1.1 shows the conventional QVCO. In Figure 1.1, if differential outputs of the
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Figure 1. 1 Conventional Quadrature VCO.

QVCO have four phases, O, 0i_, 0g+ and Oq-, ideally there is 90 degrees phase
difference between 0. and Oq+. at VCO oscillation frequency. As common-mode
nodes (VS;, VSg) of each VCO oscillate at the second harmonic of VCO frequency, the
phase difference between two VCO common-mode'nodes at the second harmonic of
VCO frequency can be expressed. as“Ospiftond fieg = (01 + 01-)—(0s+0q-). If the
differential-mode phase error A6 occurs=at; V.CO oscillation frequency, Osnifi 2nd freq
equals to  ((O + 01-)—(0g++0g-))+AB0 . Thus the differential-mode phase error at
oscillation frequency is distributed and can be observed at second harmonic frequency
in common-mode. So phase error compensation in common-mode can alleviate I/Q
phase imbalance and compensation technique might be developed based on common
mode analysis.

Although there are several variations of QVCO architecture (conventional,
second harmonic coupling, transformer and series coupling stages.), the conventional

one shows the basic technique and understanding how the conventional QVCO works
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Figure 1.2 The direct-conversion architecture for WiMAX transceiver

help to analyze and propose other architectures. Figurel.2. illustrates a WiMAX

transceiver architecture consisting a direct-conversion transmitter and receiver.

One of the advantages of direct-conyersion architecture for receivers (in Figurel.2)

is that there is no image problem, and it-does not require an image-reject filter. This is

because the frequency of the RF signal is-exactly equal to the frequency of the LO

signal. However direct-conversion receivers have some issues which should be

mitigated carefully, such as DC offsets, I/Q mismatch, even-order distortion, and flicker

noise. In order to achieve the goal of the RF-SOC, we choose the direct-conversion

architecture to design the system.

The frequency synthesizer must provide a clean and stable LO tone. As QVCO is a

core circuit in the frequency synthesizer, its phase error and phase noise determine

transceiver’s I/Q mismatch and EVM. Minimize phase error and phase noise is an issue

in proposing the QVCO.



1.2 Design Specifications

1.2.1 Frequency Range

IEEE 802.16¢ [3] partitions the spectrum from 2 to 6 GHz into 8 groups and
employs OFDM in each band to transmit different data rates as different modulation
schemes. The band allocation is shown in Figure 1.3. The design is focus on frequency
band groups between 2.305GHz and 2.69GHz.

Frequency —
Range —

s
of

VCO

Figure 1.3  The Multi-Band WiMAX OFDM frequency band plan.

1.2.2 Phase Noise

To derive the phase noise specification of the VCO, consider the following

equation [4] [5]:

RMS phase error = @-1/2-@’(> L(f)df (1.2)
7

(RMSnoise)- Tz
180

(1.3)
\/fC 141070y 110702

L(f)=20log




L(f) is the in-band phase noise density (dBc/Hz), p is the peaking of k, fcis the
loop bandwidth of the phase lock loop. The rms phase noise from 0 Hz up to infinity in
the WIMAX proposal should be below 1 degree rms. Assuming that p is zero and the
loop bandwidth is 100 kHz, in order to achieve the integrated phase noise below 1
degrees rms, the phase noise should below -88.2dBc/Hz. The result can be calculated

via the following equation.

M e
k =20log 0 - 88.2(dBc/ Ho) (1.4)
J100k- (141070100 .2

As phase-locked loop out-band neise is dominated by VCO and is reduced 20 dB

per decade, phase noise at IMHz offset can be calculated as -108.2dBc/Hz. Consider

that the divider ratio N raises outsband-phase noise level by 20logN, VCO phase noise

specification at 10kHz and 1MHz offset are -70 dBc/Hz and -120 dBc/Hz, respectively.

The overall design specification of the VCO for WiMAX standard is shown in Table 1.1.

The power consumption is designed as small as possible.

Table 1.1 ~ Overall design Specification of the VCO

Parameters Specification
Frequency range 2305MHz~2690MHz
Phase Noise <-70dBc/Hz@10kHz

<-120dBc/Hz@1MHz

Supply Voltage 1.2V, 1V

Process UMC 0.13, 0.09-um CMOS




1.3 QVCO topologies

The conventional QVCO has the trade off between phase error and phase noise, as
shown in Fig.2.1. There are several QVCO topologies were invented for improving both
phase error and phase noise, like Top-Series (TS), Bottom-Series (BS), Injection
Locking (IL) and Common-Mode Inductive Coupling. They are introduced as the
following:
1.3.1 Conventional QVCO

As shown in Figure 1.1, the quadrature phase is generated by using coupling stages.
While the coupling current is injectedinto the output node, the QVCO oscillation
frequency is shifted from the VCO alone-oscillation frequency. As each LC tank has the
highest impendence at VCO alone oscillation frequency, the frequency shift results in
the phase noise degrading. In section 2.1 and 2.2, the conventional QVCO will be
discussed in detail.
1.3.2  Top-Series (TS) QVCO

TS QVCO is shown in Figure 1.4 [6]. As their coupling stages are in series with VCO
transconductance stages, the phase error is almost constant whether the ratio between
transconductances of VCO and coupling stages. That means that the phase noise can be

improved without the expense of poor phase error.
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Figure 1.4  Top-series quadrature VCO[6].

1.3.3  Bottom-Series (BS) QVCO

BS QVCO is shown in Figure: 1.5 [7].-The coupling stages are also in series with
VCO transconductance stages. As the coupling stages’ common-mode impendence is

lower than TS QVCO, the phase noise performance is a little higher than TS QVCO.

Ltnnk
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Figure 1.5  Bottom-series quadrature VCO [7].
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1.3.4  Injection Locking(IL) QVCO

IL QVCO is shown in Figure 1.6 [8]. Instead of coupling stages, the master VCO
oscillates at the double frequency of the slave VCOs and the common-mode nodes of
slave VCOs are out of phase. Slave VCO’s phase noise is 6dB lower than master VCO’s

phase noise ideally.

Lo yom—mt o o -0
i+ ’ Vi- Vg+ ' Vg-

Injected Signal

Current Source @ Current Source
Bias — — Bias
Slave Oscillator | Slave Oscillator
O — 1004
Vo+ Vo-

. ]

o]

Current Source
Bias

Figure 1. 6  Injection locking quadrature VCO [8].

1.3.4 Common-Mode Inductive Coupling QVCO

Common-Mode Inductive Coupling QVCO is shown in Figure 1.7 [9]. Compared to
traditional QVCO, coupling stages are replaced by the transformer. Common-mode
nodes of two VCOs are out of phase and four VCO outputs are quadrature. The phase
noise is suppressed by the LC tanks which provide high impendence at second harmonic

frequency.



|
!
h
@)
I
!
®
o

Figure 1.7  Top-series quadrature VCO [9].

1.3.5 Summary

Table 1.2 summarizes QVCO topelogies™ advantages and disadvantages. If the same
phase error performance is requested, the conventional QVCO phase noise is poor.
However, other topologies get better performance at the expense of output swing, power

consumption or area size.

Table 1.2 QVCO topologies summary.

QVCO topologies Advantage |Disadvantage
Conventional Simple Bad phase noise

) The coupling transistors Low output swing
Top-Series (TS)

don’t contribute noise

. Cross-coupled transistors Low output swing
[Bottom-Series (BS) ) )
don’t contribute noise

Slave VCO phase noise High power
Injection Locking(IL) will be better than master Large size
[VCO about 6dB
Common-Mode Inductive |Second order harmonic will [Large size
Coupling be suppressed




1.4 Organization

This thesis describes the design of LC quadrature voltage-controlled oscillator with
phase error mismatch compensation technique. Chapter 1 introduces the motivation,
specifications of VCO for the WiMax applications and QVCO topologies. In Chapter 2,
common-mode mismatch on the phase accuracy in this work is analysized. Chapter 3
presents the phase error compensation techniques in the proposed QVCO. The
implementations of the quadrature-phase VCO are described in Chapter 4, including the
QVCO, compensation circuit, and the single-sideband mixer. The layout, the testing
setup, and measurement results of the quadrature veltage-controlled oscillator are also
presented. Chapter 4 also presents  the“behavioral :-model of the VCO for saving

simulation time. Chapter 5 gives the conclusions and the future works.
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Chapter 2
Analysis of QVCO with Common-Mode

Technique

2.1  Differential-Mode Model of QVCO

Figure 2.1 shows the conventional QVCO. Several papers [10][11] discuss trade off
between phase noise and phase error base on QVCO differential mode (DM) model, as
depicted in Figure 2.2. Transconductances of VCO and coupling stage are represented

by G, and Gy, respectively. As the phase of a loop is 360 degrees, each

E V((;I‘)TRL E % VCTRL g

DU AU S Eou
v270_||:: jl V><S H: ;:“ysm VO_”:; jl V><S ||: ;:Hylso
@ . @ .

Figure 2.1  Conventional Quadrature VCO.

Figure 2.2  QVCO differential mode model [10].
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stage including VCO and coupling stage achieves 90 degrees phase shift. In [10], the

phase error and phase noise of QVCO are analyzed with the phasor diagram of the

currents injected into the two tanks. The link between phase derivation dé and

frequency derivation dw is the derivative of the admittance angle at oscillation

frequency @osc :

do =22 (14 m?)-do =22 . Ts m? =
20 20 2 4 (2.1)

where Q is the tank quality factor and m is the differential-mode transconductance ratio
of coupling pair to that of VCO core pair. The phase noise and phase error are expressed
as

KT = ogge idemzs 1» 1+ Fy

L(on) =22 55"- A A (2.2)
d
d¢=%-ﬁ 2.3)

where phase noise L(®y,) and phase error d¢ are functions of m. Fo=(1+m)F, where F is
noise factor of the stand-alone VCO. @, and A, represent the offset frequency and
output amplitude, respectively [10]. As transconductance ratio decreases, better phase

noise can be achieved but with the penalty of poor phase accuracy.

12



2.2 Common-Mode Model of QVCO

For ideal QVCO, the common mode nodes of VCOI and VCOQ see the second
harmonic of oscillation frequency and the phase difference should be 180 degrees. Any
mismatch between VCOI and VCOQ causes phase mismatch in the common mode and
therefore quadrature phase errors occur. Minimizing common-mode phase error helps to
improve quadrature phase accuracy.

Figure 2.3(a) shows common-mode (CM) model of a QVCO. Zcm(j @) represents LC
tank impedance. Figure 2.3(b) shows one stage of CM model, as grey part in Figure

2.3(a). Assume there is impedance and common-mode transconductance mismatches in

(a) (b)
Figure 2.3  Common-mode model: (a) QVCO, (b) VCOy and coupling stage.

VCOy; and VCOq. The impedance |Zcmo(jo)| can be expressed as [Zemi(jw)A1+¢)and
AGy is the common-mode transconductance mismatch. At the output common mode

nodes Vv and Vemo, they can be expressed by
Vemr = (&G yaVewr — GMCIVCMQ Ve ( jo)

VCMQ = (-G MCQVCMQ - GMCQVCMI )ZCMQ(ja))' (2.4)

The ratio between VCMq and VCM,; is

13



N | —

VCM, _ ~-AG,, o
VCM,  2Gyq 27 Gy

2
—& Gy AGy ey m Gwmeq
)-( ) [2GMCI +(2) (GMCI )] + G (2.5)

While AGy and € are both zero, the ratio between VCMq and VCM,; is -1 or +1. If
VCO and coupling stage share the current source, both VCO common mode will be in
phase for the same source terminal and (2.5) equals to +1. If separate current sources are
used for VCO and coupling stage, (2.5) equals to -1 meanwhile VCMq and VCM, are
out of phase. Usually separate current sources are prefer for modifying the current ratio

when measuring QVCO, (2.5) can be modified as (2.6).

VCMy  -AG, -t .G AGg. & Gy ) Gu
L= M () () ( ) (M) | + 2 (2.6)
VCM | 2GMC| 2 GMcl 2C:"Mcl 2 GMcl C':'Mcl

In (2.6), we can see the common-mode mismatch only results in magnitude error
between VCO; and VCOq. The VCM, and VCMq modulate the varactors in VCOs and
therefore introduce common-mode phase error in VCM, and VCMq as magnitude error

can be derived by using (2.6), as expressed in (2.7).

1

~ AG Guo I e, G

AV =Vey —Veyg= Sl e | MR (D) (M) Vem 2.7
Mcl GMcl 2 GMcI

The relationship between the second harmonic output common-mode amplitude and the

first harmonic different-mode amplitude can be assumed as

lVDM | oo

| _2m05c
J1+ QU P - sy
(0]

osC

14



Thus the phase error can be derived, as (2.9).

Q do Kvoo instant VDM [ AGy, Gu
d ~
o = m e Mg [2le|¢| (2) (qu )j

(2.9)

where VDM, represents different-mode output swing at VCO oscillation frequency. The
phase error d0g osc 1S inversely proportional to coupling stage common-mode

transconductance Gy.

Now current source finite resistance is taken into consideration. From Figure 2.3 (b),

the term AGy/Gyer can be re-derived as

AG, "' AGM 1 1+GMC,R (2.10)
GMCI ' GMCI 1+(AG +GMI )RBIAS 1+C;MI RBIAS
(2.9) can be modified as
do _ Kvco insantVomr [ AG G
dean_osc :%' = anSt t ’ M ( ) ( MI ) (211)
Mosc 3m ®ose 2GMcl C':'Mcl

Gmci' Omer 1+ (AGy +Gyei)Raias 1+ G Raias

Where

Gmi' _ Gmi 1+GumeiRe
Gmer ' Owmer 1+Gwi Raias

The phase error d0:ng osc is inversely proportional to coupling stage common-mode
transconductance Gy While no transconductance mismatch occurs in QVCO, Rgjas/Rc
equals to Gye/Gm and (1+GyeRc)/(1+GmiRpias) equals to one.

In QVCO design, the transconductance ratio m is set to a small value for better phase
noise. As derived in (2.11), the terms Kyco instant and (1+GmciRc)/(1+GmiRgias) can be
minimized to reduce the phase error. Therefore, the switch capacitor array and the
compensation circuit are used to reduce Kyco instant and (1+GmeRc)/(1+GmiRzias),

respectively.

15



Chapter 3
Common-Mode Compensation Technique

To minimize phase error is an issue in designing the QVCO without degrading the
phase noise. This chapter will introduce the proposed phase error mismatch

compensation technique.

3.1 The Compensation Circuit

From (2.11), the common-mode phase error @6znq osc can be minimized by reducing
the equivalent resistance (Rc)“secen at the Source node of the coupling stage. A
compensation circuit is proposed’to reduce Rc and d6 as shown in Figure 3.1. VCOq

was compensated by the same circuit and Figure 3.1 only shows VCO.

1
Zeraf )

compensation drcuit

, '____l
.

e |
:I |
. Iy

e |

\ Ve

Figure 3.1  VCOj and its coupling stage with the compensation circuit.
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Transistor Mcay, is self-biased and the additional current source is used to make the bias
point the same. The MOS switch is used for measurement comparison. When switch is
turned on, the circuit compensates the phase error mismatch. Figure 3.2 shows the
equivalent model of Figure 3.1, current sources are replaced by resistances. Transistor
Mcar is self-biased and Rsw and Ry represent the switch and the loading of Mcar,
respectively. At the source node of the coupling stage transistor, equivalent resistance is
changed to [Rc//Rsw +(Rx//1/Gpmcal)] represented by Rc’. Thus the phase error with

compensation can be expressed as

1+G,, R
decompensate =d WMIIRC‘(,:' (3.1

Phase error is improved (1+GwmRe)/(1+GwiRc’). times than original one. The
compensation circuit only influences common-mode property of QVCO and

differential-mode performance of QVCO remains the same.

I

Leyp(jo

compensation circuit

(== —

v [ jpﬁ.—‘}‘u |

‘ Rsw |
-—_ — —

—o—

-

O —— EE— E—— —— S—

Figure 3.2  VCOyand its couphng stage with the compensation circuit.
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3.2 Simulation Results

3.2.1 Schematics

To verify the analysis, a QVCO with a compensation circuit is designed in a UMC
90nm CMOS process. Figure 3.3 shows quadrature voltage-controlled oscillator. The
transconductance stages are consist of PMOS transistors for low flicker noise and stable

output common mode.

vardl b Ele”:l E:“Wo \(l‘”j I:“'X'le i:llﬁsu
\T‘_g \’(é,TRL}kE i WWAW“

Figure 3.3  Quadrature voltage-controlled oscillator.

The compensation circuit with VCOy; and coupling stage (Common-mode model) is

VDD ! Mo

Imd) (QIC =,

aupd S LU
|

shown in Figure 3.4.

VCM,

Vsw

I CONMP.

ZewG))

Compensatipn Circuit

1=

Figure 3.4  The compensation circuit.
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As QVCO phase error is often characterized by image-rejection ratio (IRR) in
measurement, a passive mixer is also included. (IRR=10log(0.25((AmplitudeError /
Amplitude)*+(PhaseError)?))[12] ) The passive single side band mixer is depicted in
Figure 3.5 [6]. While measurement, The BB signal will be generated by the signal
generator. The balun and polyphase RC filter are also used to change the BB signal into

quadrature phase. The connection of QVCO and the SSB mixer is shown in Figure 3.6.

RF+

vVCO_Q- )\

Figure 3.5  The SSB passive mixer.

&vco_m

BB Q-

SSB Mixer

- | Path

----3 Q Path
Figure 3.6  The connection of QVCO and SSB mixer.
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3.2.2  Simulation Results

Figure 3.7 shows the oscillation frequency versus control voltage. The frequency
range is parted into 8 bands by the capacitor switch. The control voltage ranges from 0V
to 1V and oscillation frequency ranges from 2.24-GHz to 2.82-GHz. The QVCO and the

compensation circuit consume 5.5mA and 1.1mA from a 1V power supply, respectively.

29
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Figure 3.7  Oscillation frequency versus control voltage.

Figure 3.8 shows the phase noise of QVCO at 2.63-GHz. Phase noise is about

-76dBc/Hz and -125dBc/Hz at 10-kHz and 1-MHz offset frequency, respectively.

] m3
hoisefreq=10.00kHz
. pnmx=-76.12 dBc

pnmx, dBc
=
|

] m1
-140 noisefreq=1.000MHz

. pnmx=-125.0 dBc
-160 | | |

1E3 1E4 1E5 1E6 1E7

noisefreq, Hz

Figure 3.8  Phase noise at 2.63-GHz.
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Monte Carlo simulation considering 0.5% transistor width variation is performed to

validate the compensation circuit. Figure 3.9 shows simulation results of QVCO with

and without the compensation circuit. Figure 3.9(a) shows phase error histogram.

Figure 3.9(b) shows IRR histogram. IRR is estimated by measuring two tone’s

difference in harmonic simulation. From Figure 3.9(a) and Figure 3.9(b), historgrams

trend left as the compensation circuit works. Figure 3.9(c) shows VCO phase noise. The

phase noise results are almost the same, with or without compensation circuit. Table 3.1

summarizes the Monte Carlo simulation performance. This compensation circuit

improves phase error of 1.5 degrees without degrading phase noise at IMHz offset

frequency for 2.63 GHz carrier ftequency.
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Figure 3.9  Monte Carlo simulation results: (a) phase error histogram, (b) IRR

histogram and (c) phase noise.

Table 3.1  Simulation result summary

Monte Carlo result comparison — With / Without the compensation circuit

With Without
Phase Error Mean (degree) 2.63 4.10
Standard deviation (degree) | 2.16 3.06
IRR Mean (dB) -37.42 -32.68
Standard deviation (dB) 10.72 11.17
Phase Noise@1MHz Mean (dBc/Hz) -125.02 -124.68
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Chapter 4
Implementations

41 Layout

4.1.1  Layout Considerations

The layout of differential high-frequency circuits should be as symmetric as
possible. The active component should be as close as possible. The coupling effect
should be concerned at high frequency, since dégrades the performance of the layout.
The circuit may need some shi¢lding techniques on layout. An easy way is to use an
additional ground or DC path insetted beétween two sensitive signals.

Additional large capacitances can insert between bias lines and ground to make the
bias voltage more stable. Guard rings can help to isolate the sensitive device from the
substrate noise from other circuits.

4.1.2  Layout of The First QVCO

The first QVCO transconductance stages consist of NMOS and PMOS transistors.
The frequency range is parted into two bands by the capacitor switch. Figure 4.1 shows
the schematic of the first QVCO fabricated in UMC 0.13um CMOS technology.The

layout of the 1* QVCO is shown in Figure 4.2. The total chip area is 1464x997um?.
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Schematic of the 1* QVCO: (a) QVCO, (b) Buffer and (c) the capacitor switch.

(b)
The 1¥ QVCO: (a) layout and (b) die photograph.
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4.1.3  Layout of The Second QVCO and The
Compensation Circuit
The layout of the 2" QVCO and the compensation circuit are shown in Figure 4.3.
The SSB mixer and 3-stage poly phase filter are also included. The total chip area is

1305%1290um®. This design is fabricated in UMC 90-nm CMOS technology.

o T P

e e e e e e

A AFEEETEETFN]
i =

NITY

Figure 4.3  Layout of the 2" QVCO and the compensation circuit.

4.2 Measurement

The first QVCO is measured on the wafer and fabricated in UMC 0.13-pm CMOS

technology. Both the equipments and environments of the on-wafer measurement are

provided by NDL.
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42.1 The First QVCO
Testing Setup

Figure 4.4 shows the testing setup for the phase noise and spectrum measurement
of the quadrature voltage-controlled oscillator. It consists of a spectrum analyzer, two
high-frequency ground-signal-ground-signal-ground (GSGSG) probes, two DC probes
and a power supply box. One of the oscillator outputs is connected to the spectrum

analyzer. And other outputs are terminated by a load having an impedance of 50 Q.

Power Supply Spectrum Analyzer

.. — DUT "M’

Figure 4.4  Testing setup for the quadrature voltage-controlled oscillator.

Measurement Results

The measured output spectrum at a frequency of 2.495-GHz is shown in Figure 4.5.

The output power including the cable loss is about -39.8dBm.

Atten 18 dB

P
5.000000080 MHz

|'L| Iu
Wl Iu‘ "“"*"'4“" 4 4"’"‘" an*‘ﬁ'w; “r' by *‘“*""'-""q"'h“"""’H|'"“'""*"“l*’k""*"""a"1|\il'
|

VBH 38 kHz

Figure 4.5  Measured output spectrum of the on-wafer QVCO.
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The tuning characteristic of the QVCO is measured by stepping the control voltage

and measuring the corresponding output frequency with the spectrum analyzer. The

oscillation frequency remains almost the same (variation<l10-MHz) while changing the

control voltage. The QVCO consumes 9.6mW from 1.2 V supply including output

buffers.

Figure 4.6 shows the phase noise measurement of the on-wafer quadrature

voltage-controlled oscillator at a offset frequency of 1-MHz. (Note: The carrier

frequency is 2.495-GHz and the control voltage is 0.4V) the measured phase noise is

-33.7dBc/Hz at 10-kHz frequency offset and -99.35dBc/Hz at 1-MHz frequency offset.

Table 4.1 shows the phase noise:at 10-kHz and 1-MHz versus control voltage.

#Atten 5 dB

Log Plot

-99.35 dBc/Hz

Noise
RMS 0.4715 Rad
27.0137 Deg

Spot Freq 1

Lower Limit 1

Upper Limit 1

Figure 4. 6  Measured phase noise of the on-wafer QVCO.

Table 4.1  Phase Noise (dBc)@10kHz/1MHz versus Control Voltage.
Vetrl(V) [0 0.2 0.4 0.6 0.8 1.0 1.2
Switch ~ [-35.2 -45.8 -51.6 -37.6 -34.5 -33.6 -31.3
off -94.1 -88.9 -93.7 -87.2 -86.5 -91.3 -89.4
Switch ~ |-44.5 -57.9 -33.7 -48 -43.4 -48.4 -37.8
on -96.8 -98.2 -99.4 -92.3 -91.6 -96.5 -91.4
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Table 4.2 summaries the first QVCO performance. The DC power consumption of

buffer is large due to VCO output bias point is changed. As the ouput buffer is drived by

the VCO output bias point, the CMOS transconductance VCO has more common mode

variation than only NMOS/PMOS transconductance VCO. All power supplies and DC

bias voltages are ideal voltage sources in simulation. The on-chip regulators should be

added between the power lines.

Table 4.2  The 1st QVCO performance summary.

Pre-Sim. Post-Sim. measurement
Tuning Range(GHz) 2.27~2.72 2.281~2.704 2.485~2.495
Phase noise@1MHz (dBc) -116.9dBc -116.1dBc -86.5dBc

(at 2.7GHz) (at 2.7GHz) (at 2.485GHz)
Output Power: 1.6/-2.4 1:56/-2.6 X /-40
Core / Buffer (dBm) (at 2.7GHz) (at 2.7GHz) (at 2.485GHz)
DC power consumption: 2.94/3.13 2.95/3.22 2.4/7.2
Core / Buffer (mW)
FOM (VCO alone) -180.3 -179 -150.6

note: FOM = L{f ..} —20log( fy )+ 1010g(i)
offset ImW
4.2.2  The Second QVCO and The Compensation Circuit

Testing Setup

The testing setup for the measurement of the image rejection ratio is shown in
Figure 4.7. It consists of a spectrum analyzer, two high-frequency
ground-signal-ground-signal-ground (GSGSG) probes, a DC probe, an ESG, a balun,
and a power supply box. The balun can convert the single-ended input signal to the

differential output signal.
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Figure 4.7  Testing setup for the:image rejection‘ratio: (a) instrument connection (b)

device under test!

There are four signal pads m the device under test, where padl&2 connect to the

poly phase filter and pad3&4 connectto the mixer output buffer. As shown in Fig.4.7(b),

the buffer connecting to pad1&?2 is off and the other buffer is active. One of the mixer

buffer outputs is connected to the spectrum analyzer. And the other outputs are

terminated by a load having an impedance of 50 Q.

Figure 4.8 shows the testing setup for the phase noise and spectrum measurement

of the quadrature voltage-controlled oscillator. It consists of a spectrum analyzer, a

high-frequency ground-signal-ground-signal-ground (GSGSG) probe, a DC probe and a

power supply box. One of the oscillator outputs is connected to the spectrum analyzer.

And other outputs are terminated by a load having an impedance of 50 Q. In the device
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under test, the buffer connecting to the pad1&2 is active. The mixer and other buffers
are off, as shown in Fig 4.8(b).

Power Supply Spectrum Analyzer

BADz2 4

EUFFEE
Ta
WlEeer

(b)
Figure 4.8  Testing setup for VCO performance:;(a) instrument connection, (b)

deviceunderitest:

Measurement Results

This part will be finished soon when the wafer is back. Table 4.3summaries the

second QVCO simulation performance.

Table 4.3  The 2nd QVCO performance summary.

Pre-Sim. Post-Sim.

Tuning Range(GHz) 2.27~2.82 2.21~2.79
Phase noise@1MHz (dBc) -125dBc -122.3dBc

(at 2.63GHz) (at 2.63GHz)
Output Power: 4.68/ -1.4 43/-2.3
Core / Buffer (dBm) (at 2.63GHz) (at 2.63GHz)
DC power consumption: core 55/ 1.1 56/ 1.1
Comp. CKT (mW)
FOM (VCO alone) -186 -183.1
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4.2.3

Summary

Table 4.4 summaries the QVCO performance compared with other papers. The work1

and the work2 are designed in UMC 0.13um and 90nm CMOS technology, respectively.

offset

Table 4.4  The QVCO performance summary.
Tech. |Phase noise [Freq. |Freq. Power Area FOM
(CMOS)|[[dBc@Hz] [[GHz][Range [Consumption[umxum]{[dBc/Hz]
[GHz] |[mW]
Kenneth K. O 0.18um| -134@1M | 2.42 |2.4~2.44 4.6 800 [195.2
05 JSSC [3] 47,5 x800
Charles G. 0.18um| -70@10k | 5.32 | Not 13.5 Not [-173.21
05” JSSC [4] listed listed
Lin Jia,...IEEE  [0.25um| -80@10k | 2.2 [2.05~2.25 8.4 Not [-178.56
MAWC Letters -134@ 1M listed [-191.6
06°[5]
Ting-Yueh Chih  [0.18um | -135@3M | 2:74 [2:35~2.75 5.4 800 |-188.3
05’1EEE -126@3M | 5.49 1.4.8~5.8 8 x500 |-183.7
APMCJ6]
Work 1 0.13um |-59.6@10K| 2.7 | 2.281~ 2.95 1464 |[-164
(post-Sim.) -116.1@1M 2.704 x997 179
(Work 1 0.13um |-34.5@10k |2.485] 2.485~ 2.4 1464 [-138.6
(measurement) -85.5@1IM 2.495 x997 |150.6
Work?2 90nm |-73.1@10k| 2.63 [2.21~2.79 5.6 1305 [-173.6
(post-Sim.) -122.3@ 1M x1290 |-183.1
Spec. -70@10k 2.3~2.7
-120@1M
note: FOM = L{f ..} —20log( fy )+1010g(i)
ImW

The performance of workl doesn’t meet the specification; there are some modifications

in work2 to improve the phase noise. The CMOS transconductance stages are replaced

by the PMOS only transconductance stage, thus the output common-mode is more

stable and more overdrive voltage can be available for the current source transistor. So
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the thermal noise of the current source transistor is reduced. The frequency range is
parted into 8 bands in work2 rather than 2 bands in workl. The power consumption is
raised for reducing the inductor value, thus the percentage of fixed capacitors is also
raised and there is less frequency variation. The phase noise is improved about 10dB

at 10-KHz.

4.3 Behavioral Model

The electronic characteristics should be added in the behavioral model, thus transistor
circuits can be replaced by the behavior model: Harmonic and transient simulations

should be run with the same beliavior model.-In this Section, 0.13um CMOS QVCO is

modeled in Verilog-A and the comparisen will be shown.

4.3.1 Varactor

Capacitor value of the varactor varies with the control voltage. It is nonlinear and two
boundary values exist, as shown in Figure 4.9(a) [13]. The varactor characteristics can
be modeled with log function and turning points. The Verilog-A code is shown in Figure

4.9(b). Figure 4.10 shows the post-simulation and Verilog-A simulation results.

analog begin
v = Vg, n)
if (w>wv0)
q cl*v cl*v1*1n{cosh{ (v w0)/vly))
q cl*v cl*v1l*1n{co=sh{ (v w0} /wl))
if (w<=v0)
q cl*v c2*v2*1n (cosh{ (v w0)/v2))
q cl*v c2*w2*1n (cosh( (v w0)/w2))

- G+ G

Iip, m) dde (g)
end

(a) (b)

Figure 4.9  The varactor characteristics: (a) Capacitor value versus the control

voltage [13], (b) verilog-A code.
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Figure 4. 10 Varactor model simulation result: capacitor versus control-voltage.

To quantize the model accuracy, root mean square error (RMSE) is used here.

3

i=1

1 . . \2
RMSE: Root Mean Square Error= \/h (yi[i1-y,[i1) }

The RMSE of varactor Verilog-A model is 4.57fF.

4.3.2  Inductor of LC Tank

The inductor of LC tank is modeled by excracting the passive components. The
schematic is shown in Figure 4.11. Simulation results are shown in Figure 4.12. RMSEs

of imagine part and real part are 21pH and 0:19 €, respectively.
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Figure 4. 11  The Inductor model.
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Figure 4. 12 Inductor model simulation results: (a) imagine part, (b) real part.

4.3.3

VCO oscillates for constant transconductance and coverages to steady state while the
transconductance equals to the L(r‘:-t“an'k resiéta"nqe. The transconductance versus the
output amplitude is shown in Fig.4;13, where Rf, repfe'sents the LC tank resistance. The

Verilog-A code is shown in :Eigure"'4.l'4-.':'Noi_se source is also added in the

Transconductance Stage

transconductance stage to model the phase noise, as shown in Figure 4.15.

G‘jl,ljl'

URp[ — — —

| Steady State

Figure 4. 13

if ( ab=(V(in, gnd))

if ( abs( V({in, gnd)} }
templ = gm DC; |

Figure 4. 14

I{out, gnd)

Figure 4. 15

Amp litude

The transconductance versus the output amplitude.

> Vsat )
templ = gm DC+(((1/Rp)-gm DC)

<= Wsat )

The transconductance Verilog-A code.

Noise source Verilog-A code.
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4.3.4

Simulation Results

There is very small current (~nA) injected into to VCO output to set the initial

condition while running simulation. Fig.4.16 shows the simulation results of transient,
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Figure 4. 16 ~ Simulation results : (a) transient, (b) phase noise, (c) oscillation

frequency versus control voltage, (d) output power versus control voltage, (e) output
matching in magnitude and (f) output matching smith chart.
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harmonic and output matching. In Fig.4.16(a), behavior model starts to oscillate about

7ns earlier than post-simulation result. Simulation time of post-simulation and

behavioral model is listed in Table 4.5.

Table 4.5  Comparison of simulation time (second).

Transient Harmonic
Verilog-A 17 29.45
Post-Sim. 262 9549.73

37



Chapter 5
Conclusions and Future Works

5.1  Conclusions

The phase error of QVCO is analyzed with the common-mode model and efficient
compensation circuit is proposed to alleviate the common mode phase error of the
QVCO. The QVCO is implemented and oscillates from 2.21-GHz to 2.79-GHz. The
phase noise is -122.3dBc/Hz at }-MHz offsét. frequency at 2.63-GHz. With the
compensation circuit, the QVCO phase error and iimage rejection ratio (IRR) are
improved about 1.5 degrees and 4:7dB for 2.63-GHz.carrier frequency, respectively.

VCO behavior model was built in Verilog-A. Harmonic simulation time can be saved
by replacing transistor-level circuit with the behavioral model (300:1). The behavior

model can be used for harmonic and transient simulation.
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5.2  Future Work

Size variation in the compensation circuit still affects the bias point and changes the
VCO characteristics. At low offset frequency, phase noise degrades for low impendence
at the common-mode node. New architecture could be proposed to improve
disadvantages.

VCO output power is not modeled exactly for the nonlinear transconductance
characteristic, which can be analyzed in detail to improve the behavioral model

accuracy.
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Appendix
A.1  Phase error derivation

The tank impendence frequency characteristic is shown is Figure A.l1. As

common-mode nodes oscillate at second-harmonic frequency, (2.8) can be derived as

(A1)

2'flank

>
fosc  2fosc  Freq.

Figure A.1 . Tank impendence characteristic.

. Z
|Ztank(.lf )| N ;SC f (Al)
1+ jOI -]
\/ fosc f
lVDMI
VCM - 2 - (2.8)

I 205
J“ QL7 - sy
[0

0osC

Thus (2.7) can be modified as (A.2).

1

~ G 2
AV =VCM, —VCM = 1428 | Zweq +(3)-(ﬂ) VCM,
2GMcl GMcl 2 GMcl

- J1+1.5Q2 26,

1

G 2

_O.VDM, | . AGy, J{ﬂ} +(£).(ﬂ) (A.2)
GMC| 2 GMcl

As df=[Awdt==[(Q27 Kyo-AV) dt, the magnitude error in common-mode results in

frequency shift and phase error. Thus the phase error can be derived, as (A.3).
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A.2 Verilog-A code

// Varactor Model
//

‘include "constants.vams"

‘include "disciplines.vams"

module veriloga varactor 0103(p, n);
inout p, n;

electrical p, n;

parameter real cO = 0.5e-12 from (0:inf); _.//Anominal capacitance (F)
parameter real vO = 0.463; //'voltage for nominal capacitance (V)
parameter real c1 = 0.40268e-12 from [0:inf);  // maximum capacitance change

from nominal (F)

parameter real vl =0.537 from (0:inf); // voltage change for maximum
capacitance (V)

parameter real c2 =0.13718e-12 from [0:inf);  // maximum capacitance change
from nominal (F)

parameter real v2 = 0.263 from (0:inf); // voltage change for maximum
capacitance (V)

real q, v;

analog begin
v=V(p,n);
if (v>vO0)
//q = c0*v + cl*v1*In(cosh((v - v0)/vl));
q = c0*v + c1*v1*In(cosh((v - v0)/vl));
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if (v<=v0)
//q = c0*v + c2*v2*In(cosh((v - v0)/v2));
q = c0*v + c2*v2*In(cosh((v - v0)/v2));

I(p, n) <+ ddt(q);

end

endmodule

// Inductor Model
//

‘include "constants.vams"

‘include "disciplines.vams"

module veriloga inductor(nl, n5, nll);

inout nl, n5, nl1;

electrical nl, n5, nl1;

parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real

parameter real

parameter real
parameter real
parameter real
parameter real
parameter real
parameter real

parameter real

analog begin

Cox1 = 20e-12 from [0:inf);
Cf=6.551e-15 from [0:inf);
L1 =1.053e-9 from [0:inf);
Rs1 =1.236 from [0:inf);
Cox3 = 17.26e-15 from [0:inf);
Rs2 =1.573 from [0:inf);

L2 =1.054e-9 from [0:inf);
Cox2 =17.26e-15 from [0:inf);

Csubl = 669¢-15 from [0:inf);
Rsubl = 81.67 from [0:inf);
Csub2 = 669.4e-15 from [0:inf);
Rsub2 =226.81 from [0:inf);
Csub2 = 669.4e-15 from [0:inf);
Rsub2 = 166.69 from [0:inf);
Rsub = 6.551 from [0:inf);
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I(n1,n5) <+ Cf*ddt(V(nl,n5)) + V(n4,n5)/Rs2;
V(nl,n3) <+ L1*ddt(I(n1,n2)) + Rs1*I(n2,n3);
V(n3,n5) <+ L2*ddt(I(n3,n4)) + Rs2*I(n4,n5);

I(n1,n6) <+ Csub1*ddt(V(n6,n10))+V(n6,n9)/Rsubl;
I(n3,n7) <+ Csub3*ddt(V(n7,n10))+V(n7,n9)/Rsub3;
I(n5,n8) <+ Csub2*ddt(V(n8,n10))+V(n8,n9)/Rsub2;

I(n10,n11) <+
Csub1*ddt(V(n6,n10))+Csub3*ddt(V(n7,n10))+Csub2*ddt(V(n8,n10));

end

endmodule

//Transconductance stage model

‘include "constants.vams"

‘include "disciplines.vams"

module veriloga Gm_0103(gnd, in, out);
inout gnd;

input in;

output out;

electrical gnd, in, out;

parameter real Gm_eq = 0;

parameter real gm DC = -4e-3;
parameter real Rp = 1e3;

parameter real Vmax = 0.4;

parameter real Vsat =0.15;

real templ, temp2;

analog begin
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if (abs(V(in, gnd)) > Vsat )
templ = gm_ DCH(((1/Rp)-gm_DC)/(Vmax-Vsat))*(abs(V(in))-Vsat);

if (abs( V(in, gnd) ) <= Vsat)
templ = gm DC;

I(out, gnd) <+ temp1*V(in, gnd)+noise table({1e2, le-12, 1e3, le-15,1e4,
le-16,1e5, le-17, 1e6,1e-22});

end

endmodule
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