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Abstract

This thesis presents the design of high speed frequency dividers and 

quadrature voltage controlled oscillators. First, we use GCT 2.0 um 

InGap/GaAs HBT and TSMC 0.35µm SiGe BiCMOS processes to 

implement the two kinds of circuits. In frequency divider circuits, have 

implemented several structures as follower (1)Static frequency divider 

can operate from 2 to 7.4GHz. (2)Dynamic frequency divider can operate 

from 2 to 11GHz. (3)Superdynamic frequency divider can operate from 6 

to 9.7GHz. (4)Injection locked frequency divider can operate from 9.636 

to 10.246GHz. (5)Regenerative frequency divider can operate from 7 to 

27GHz, and (6)Dual modulus frequency divider( 4/5) can operate from 

0.25 to 3.8GHz. Those circuits have particular characteristics and can be 

chosen to fit the specs of the system. The detail expansions will be 

discussed in the following chapters. Also, the realization of top-series 

and superharmonic coupling quadrature VCOs are shown in this thesis. 

One has a better phase noise than the other, but a worse phase error than 



iii

the other. Each topology can be used in a transceiver that has different 

requirements of phase noise and phase error. Finally, a new structure of 

VCO is presented. Depending on the theories and simulations, the 

performance of the circuit might be better than the others. 
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2.26 ÷22/23
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2.5 4/5 Dual-Modulus Prescaler  

(GaAs HBT) 

2.5.1 

fractional-N Synthesizer

1 P P+1

2.5.2 

2.27

D-type Flip-Flop NAND

NAND D-type flip-flop 2.28

2.27 4/5
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1DFF 2DFF 3DFF

2.28 NAND gate 4/5

D-type Flip-Flop 2.29 DFF

CML 

(Current-mode Logic)

DFF D (d-latch) Emitter 

Follower fan-out

Vdd

Gnd

1D
1D
2D

2D
CLK
CLK

Q
Q

Vbias

AND Gate

2.29 NAND gate DFF
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(DFF)

50

2.30

2.29 MC=1

(D=1) (D=0) 5

MC=0 DFF1 DFF2 DFF3

4

CML

( 2.31)

aout
bout

inRF

2.30 
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IF
IF

2.31 

2.5.3 

Item Spec
Supply Voltage 5 V
Supply Current 32 mA
Supply Power 75 mW

Operation Range 0.4~12GHz 
RF Output Power -2 dBm for differential output

Die size 1000 um  1000 um 

2.5.4 

1. 4
0.5GHz 1GHz

0.125GHz                 0.25GHz
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2GHz            3GHz
0.5GHz                   0.75GHz

      

4.4GHz 1.1GHz

2. 5

0.25GHz 0.5GHz
0.05GHz                 0.1GHz
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1.5GHz 2.5GHz
0.3GHz                  0.5GHz

     

3.5GHz 0.7GHz

3. Sensitivity:  

4                        5

0 1 2 3 4 5
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4. output power

0 1 2 3 4 5
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-24

-23

-22

-21
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er

 (d
Bm

)

Output frequency (GHz)

 Divided-by-4
 Divided-by-5

2.5.5 

1. Die Photo 

2. Chip performance summary 

Item Measurement
Core Supply Voltage 5 V
Core Supply Current 33 mA

Output buffer supply voltage 5V 
Output buffer supply current 6.5mA 

Total Supply Power 202.3 mW

Functional frequency range 0.5~4.4 GHz for /4 
0.25~3.8 GHz for /5 

RF output Power ~ -19dBm for /4 
~ -21dBm for /5

Die size 1000 um  1000 um 
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0.5~3.8GHz

4 5 5

3 DFF NAND gate

(12GHz) (4.4GHz)

device model

sensitivity device 

model

2.6

2.6.1 

÷2 Synthesizer

÷2 synthesizer 

VCO programmable divider( )

( 2.32) ÷2 synthesizer fREF ÷2

Synthesizer loop bandwidth

PFD

Loop Filter VCORFFf outf

M
escalerPr DTCs

2

2.32 2 Synthesizer

÷2 D-type latch (
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2.33) D-type Flop-Flip Q D CK

BJT

ECL(emitter coupling logic) MOS CML(current mode 

logic) ECL latch differential pair

regenerative pair ( 2.34) differential

clock D-latch CLK high

D differential pair regenerative pair off

CLK low differential pair regenerative pair

cross-coupled latch ECL latch

LatchD

LatchD

Clk
Clk

I
I

Q
Q

Q

Q

D

D

Q
QD

D

2.33 D-latch DFF
Vdd

D

D

CLK

CLK

PairalDifferenti PairgenerativeRe

2.34 D-latch
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2.34 swing

Regenerative pair saturation

cross-coupled emitter follower Qr1 Qr2

saturate ” ”

ECL
Vdd

D

D

CLK

CLK

2.35 D-latch

2.6.2 Emitter-Coupled Inverter

ECL Differential

2.36 GaAs HBT device model

ECL Differential Vref=2.5V Vin

out1 out2 2.37

logic level high Vdd=5V logic level low Vdd-RcIee

Rc Iee ECL current source

Rc=50 Iee=1mA 2.37

swing=RcIee=50mV Rc Iee Vin

340mV logic level MOS inverter
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HBT

2.36 ECL Inverter

2.37 ECL Inverter

ECL

VrefVin

out
v

in
V

VA 1
1

11 ccccout IRVV
)exp(1

exp

T

refin

T

refin

ccc

V
VV

V
VV

RV

)exp(1

)exp(1

)exp(

)exp(1

)exp(1

21
T

refin

T

T

refin

T

refin

T

refin

T

refin

T
eecv V

VV
V

V
VV

V
VV

V
VV

V
VV

VIRA

Vin Vref

out1 out2

Q2x2
X1

Q2x2
X2

R
R1
R=50 Ohm

R
R2
R=50 Ohm

I_DC
SRC4
Idc=1 mA

V_DC
SRC2
Vdc=2.5 V

V_DC
SRC3
Vdc=vin V

V_DC
SRC1
Vdc=5.0 V
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refin VV 21 2
1

2
1

T

eec
v V

IRA
T4V4
SwingOutput

V
IR

T

eec

refin VV 4VT ECL logic level

logic gate Swing 3VT AV1

5VT noise logic 

level

HBT re Av1 re sereis-series

emitter degenration Swing

full swithing Teee VIr re

trade-off (1) Iee Output swing

Rc RC time constant (2)

re

2.6.3 ECL

(1) Current Source

R1 R2 I1 I2 VBE mismatch

200~400mV I1 I2

Q1 Q2 Q1 Q2 active

CB

1

11
1 R

VVI BEB

2

21
2 R

VVI BEB
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2I1I

1Q 2Q

1BV

1R 2R

2.38 

(2) Emitter Follower

VBE level shift

ddV

1QinV

EI

outV

2.39 Emitter Follower

(3) Differential clock

balance clock

Resonator sigle-ended

differentail ( 2.40) phase amplitude

imbalance balance clock ÷2

quadrature I Q phase error
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sonator
External
Re

CLK

CLK

2.40 clock

(4) ECL ( 2.41 )

(4.1) output swing IeeRc

Rc Iee

(4.2) Iee fT,max high-level injection

(4.3) IF fan-out Iee

1/2Iee

cR

FI

eeI
inV inV

outV outV

cR

FI

2.41 ECL Inverter 
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2.7 Static Frequency Divider (GaAs HBT) 

2.7.1 

Master-slave D-flip-flops 2

GaAs

GaAs

2.7.2 

single to differential ECL

Latch

BufferInput

BufferOutputLatch

2.42 Divide-by-2 block diagram 

(1) Input buffer stage

VCO

input matching (50 )
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(2)

emitter coupled logic (ECL)

D

(d-latch)

CLK latch

latch CLK=low latch

CLK latch

latch CLK

CLK

differential pair regenerative pair (D)

regenerative pair feedback emitter follower

input emitter follower output emitter follower

2.43 D-Latch Schematic 

(3) Output Buffer Stage

emitter follower ECL
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Output Matching

50 load

2.7.3 

Item Spec
Supply Voltage (core) 5 V
Supply Current (core) 13 mA

Supply Current (input buffer) 7.37 mA 
Supply Current (output buffer) 12.3 mA 

Supply Power 163 mW
Operational Frequency 2GHz ~ 10GHz

Output Power 5GHz -1.763dBm 
2.6GHz -1.933dBm 
1.2GHz -0.174dBm 

Die size 1mm  1mm 

Sensitivity 

2 4 6 8 10 12 14
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2.7.4 

(1) @ Input 2GHz

Spectrum analyzer            Ocilloscope Output waveform 

Output peck @ 1GHz,-18dBm          

(2) @ input 4GHz  Spectrum analyzer Output peak @2GHz, -25dBm 

(3) @ input 6GHz Ocilloscope Output 3GHz

Tektronix TDS 694C 3GHz 6GHz
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ocilloscope 

(4) @ input freq. 7.3GHz :         (5) @ input freq. 7.4GHz :  

output freq. 3.65GHz, -22dBm     output freq. 3.71GHz, -22dBm 

(6) Input sensitivity characteristic of the prescaler. 
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-20

-18

-16

-14

-12

-10

-8

-6

-4
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(7) Input matching performance :
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2.7.5 

 (1) Die photo 

(2) chip performance 

Item Measurement 
Supply Voltage 5 V 
Supply Current 31.7 mA 
Core Current 12.12mA 
Supply Power 158.5 mW 

Operational Frequency 2GHz ~ 7.4GHz 
Die size 1mm × 1mm 

DC matching

10GHz

sensitivity input

emmiter follower

sensitive -10dBm

7.4GHz GaAs
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2.8 Dynamic Frequency Divider (GaAs HBT) 

2.8.1 

Static D-FF building block

(fmax)

Dynamic D-FF

building block MUX DEMUX D-FF

D-FF

2.8.2 

Divide-by-two ( 2.39) (1) single to 

differential clock buffer (2) ECL Static Flip-Flop

(3)

2.44 

clock buffer D-FF

Dynamic
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(1) Clock buffer stage

clock buffer 1800

peaking buffer

rate-race differential

single-ended Vin
+ Vin

-

(Cap1) ( 2.40) (Node A) AC coupling

differential input matching input

network Rm1~Rm3 S11

2.45 Differential Clock

(2)

emitter coupled logic(ECL)

D (d-latch)

Dynamic master-slave D-FF(

2.46) latch bipolar
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fmax

 IC optical fiber fmax GHz

Gb/s IC

Vdd

D

D

CLK

CLK

Vss

2.46 Static DFF 

dynamic D-FF( 2.47) read

latch bias latch read

Vdd

D

D

CLK

CLK

Vss

2.47 Dynamic DFF 
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dynamic static

(a)

  (b)

2.48  (a) clock = high (b) clock = low 

( 2.48) clock high clock low

RC time constant VR time domain response

@ clock=high 

)2( 32211 CCCCCR ceceLhigh

))/exp(1()( 1 highLRh tIRtV

@ clock=low  

)2(
1 32211

2

CCCCC
RG

R
cece

Lm

L
low
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))/(exp()( lowRl tVtV

low Gm2 latch-part Gm2RL

VRl(t) V Gm2RL VRl(t) V ;

latch-part data latch-part Gm2

static D-FF low static dynamic D-FF

static

Static Dynamic

timing diagram( 2.49) Dynamic

Static read latch output swing

Iread×RL Dynamic latch read latch

output swing Ilatch×RL low high

latch slew rate Dynamic

Static t

read latch

High

Low

Llatch RI
outV

outV

read latch
Clock

High

Low

Lread RI

outV

outV

Static

Dynamic

t

2.49 Static Dynamic timing diagram 

(3) Output Buffer Stage

Output buffer ” ”
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2.8.3 

Item Spec 
Supply Voltage 5 V 

Current of Dynamic D-FF core 13.1 mA 
Current of Input Network& 

Output buffer 
21.52 mA 

Supply Power ~ 173.1 mW 
Operating frequency range 9GHz~18GHz 

Die size 1000 um × 1000 um 

Sensitivity 
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Input Frequency (GHz)

2.8.4 

(1) output 1GHz                 (2) output 2.5GHz 
when input 2GHz:               when input 5GHz 
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(3) output 4GHz                  (4) output 5.5GHz 
when input 8GHz                 when input 11GHz 

(5)Sensitivity

1 2 3 4 5 6 7 8 9 10 11 12
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 Dynamic range

2.8.5 

(1) Die photo 
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(2) chip performance 

Item Measurement 
Supply Voltage 5 V 

Input buffer Current 3.4 mA 
Core & Output buffer 

Current 
24.7mA 

Core bias current 0.74mA 
Output buffer bias current 0.98mA 

Total Supply Power 149.1 mW 
Operational Frequency 2GHz ~ 11GHz 

Die size 1mm × 1mm 

7GHz

11GHz 48.6%

GCT

model post-layout 

simulation

sensitivity

2.9 Superdynamic Frequency Divider  

(GaAs HBT) 

2.9.1 

D-FF Super-dynamic Super-dynamic

dynamic regenerative pair Emitter-coupled 

negative feedback pair(ECNFP)( 2.50) dynamic
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2.50 Super-dynamic D-FF circuit 

super-dynamic D-FF (clock=1GHz; Data=500MHz)

2.51 read latch read 

latch data data

(correct data information) complementary

ECNFP (equalized by ECNFP)

Dynamic Super-dynamic D-FF

clock ECNFP

DFF ECNFP

logic swing slew rate

read latch

High

Low

outV
outV

read latch
Clock

cuperdynamiS

Dynamic
High

Low

Llatch RI
outV

outV
Lread RI

2.51 Super-dynamic output waveform 
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2.9.2 

Item Spec
Supply Voltage (core) 5 V
Supply Current (core) 5.88 mA

Supply Current (input buffer) 11 mA 
Supply Current (output buffer) 13.7 mA 

Supply Power 152.9 mW
Operational Frequency 10GHz ~ 16GHz

Die size 1mm  1mm 

Sensitivity: 

10 11 12 13 14 15 16
-42

-40
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B
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Operation Frequency (GHz)

2.9.3 

(1) @ Input 9.7GHz Spectrum analyzer
Output peak @4.85GHz, -12.13dBm
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(2) Input sensitivity characteristic of the prescaler
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2.9.4 

(1) Die photo

(2) Chip performance

Item Measurement 
Supply Voltage 5 V 
Supply Current 31.5 mA 
Supply Power 157.5 mW 

Operational Frequency 6GHz ~ 9.7GHz 
Die size 1mm × 1mm 
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DC

16GHz

static frequency divider

31%

6GHz Super-dynamic

CMOS MOS output swing

HBT output swing 

super-dynamic input power output swing

sensitivity input power 6dBm

dynamic range

2.10 Injection-locked Frequency Divider 

(GaAs HBT) 

2.10.1 

Master-Slave DFF VCO

PLL

VCO Injection-locked VCO

digital frequency divider regenerative frequency 

divider VCO

VCO Emitter coupled pair with cross feedback

” VCO

2.10.2 

Injection-locked frequency dividers (ILFD)

VCO VCO VCO
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injection-locked oscillator(ILO)

(1)first-harmonic VCO

(2)subharmonic VCO (3) 

superharmonic VCO

superharmonic ILO ILFD

2.52 Free running VCO         2.53 Injection-locked VCO 

2.52 free running LC oscillator f(x)

LC oscillator H( ) (LC resonator)

ILFD oscillator Vi(

2.53) VCO ILFD unity loop gain zero 

phase excess ILFD

ILFD f(x)

(f(x)=a0+a1x+a2x2+a3x3) vi(t)=Vicos( it+ )

phase vo(t)=Vocos( ot) u(t)=f(x(t))=f(vo(t)+ vi(t))

r

rQj

HH
21

)( 0 RLC tank r resonant frequency Q

quality factor

phase-limited

gain-limited
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(1) phase-limited
Q

VaH i

r 2
20

r VCO free-running r Vi

Vi
Q
H 0

L
Q
H 0

LQ

L LQ

(2) gain-limited ))cos(
2
3(11

3
4

2
2

310
03

iio VaVaaH
Ha

V

phase-limited Vi

Vi Vo ILFD

nV
log

n

2.54 2 noise transfer function 

ILO
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)sin()cos()cos( nno
o

n
o

o

t
AV
V

AV
Vi

dt
d

low-pass ( 2.54) loop bandwidth 

(Vi/(AVo)cos( )) loop

bandwidth ILO N

)sin()cos(1)cos( nno
o

n
o

o

t
AV
V

NAV
Vi

dt
d

noise rejection N

ILFD VCO Vtune

ILFD

2.55 ILFD

ILFD VCO ” ”

2.55 Emitter coupled pair with cross feedback
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” ” -

” ”

-2/gm

LC
1

HBT

2.56 (

IE3D S )

       

2.56 layout
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2.10.3 

Item Spec 
Supply Voltage 5 V 

Current of VCO core 4.22 mA 
Current of Current 

Mirror& Output buffer 
8.35 mA 

Supply Power ~ 62.85 mW 
Operating frequency range 12.2GHz~13.2GHz 

Phase Noise of Free 
running VCO 

-105dBc/Hz@1MHz 
offset 

Turning Range 6.37~6.57GHz 
KVCO 40MHz/V 
Die size 1000 um × 1000 um 

2.10.4 

(1) Free running VCO 
Vtune=5V, output freq.=5GHz,     Vtune=0V, output freq.=5.125GHz, 

Output power = -8.67dBm.        Output power = -7.679dBm. 

      

(2) Injection locked frequency divider 
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input power = -10dBm :

Vtune=5V,                        Vtune=5V, 
Max. locked freq.= 10.09GHz,      Min. locked freq.= 9.90GHz, 
Output power = -7.689dBm.        Output power= -7.995dBm. 

      
Vtune=1V,                         Vtune=1V,  

Max. locked freq.=10.25GHz,       Min. locked freq.=10.16GHz, 
Output power=-7.635dBm.          Output power=-7.991dBm. 

       

Vtune=5V Vtune=1V input power locking 

range Vtune=5V input power 0dBm phase 

limited range 0dBm gain limited range Vtune=1V

phase limited range Vtune=1V

LC-tank Q phase limited locking
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2.10.5 
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(1) Die Photo 

(2) Chip performance

Item Measurement 
Supply voltage 5 V 

Vdd supply current 8.708 mA 
Vbias supply current 0.168mA 

Vmirror supply current 3.899mA 
 Total Supply Power 63.203 mW 

Operational Frequency 10.246GHz ~ 
9.636GHz 

Total locked range 610MHz 
Die size 1mm × 1mm 

610MHz ( output buffer)

master-slave DFF 60% VCO

fitting transformer model

150MHz
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2.11 Regenerative Frequency Divider  

(GaAs HBT 2µ )

2.11.1 

D-Flip-Flop

Mixer

Regenerative frequency divider(RFD)

Master-Slave D-flip-flop (MS D-FF) divider Static 

frequency divider fmax
pdtf 2

1
max tpd

ECL gate delay RDF tpd feedback loop delay

fmax Mixer MS-D-FF

RFD

MS D-FF

MS D-FF

2.11.2 

2.57 RFD block diagram Mixer low-pass filter

amplifier Mixer f

f/2 Mixer f/2 odd

harmonic 3f/2 5f/2… low-pass filter

f/2 amplifier conversion loss
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2.57 RFD Block Diagram 

fmax loop upper cutoff 

frequency cutoff frequency mixer amplifier

static divider fmax loop delay RFD static 

divider RFD fmin=fmax/3 static

3f/2 harmonic low-pass filter

mixer

(fmax/3*3/2=fmax/2)

2.58 RFD

RFD double-balanced mixer( 2.59) Clock 

Buffer ”2.8 ”

differential Mixer RF-to-IF isolation RFD

RF port

(Q5,Q6) LO port (Q1~Q4)

feedback RF port LO
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2.59 RFD input buffer

2.57 block diagram mixer low-pass filter

filter mixer

conversion gain low-pass mixer

amplifier mixer

active mixer

2.60 Cherry-Hopper impedance mismatch 

mixer

Cherry-Hooper Amplifier
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RFD time constant f-3dB (

1+gm2RC2 ) RFD

sensitivity

RFD double emitter follower ECL 

logic LO port base-collector Cµ

Miller effect ECL DC

feedback mixer RF port DC

layout RFD

feedback DC bypass

RF coupling

lumped gL 1.0 L g

guided wavelength

2.11.3 

Item Spec 
Supply Voltage 5 V 

Current of Mixer core 9.26 mA 
Current of Input Network 

& Output buffer 
23.94 mA 

Supply Power ~ 166 mW 
Operating frequency range 8GHz~24GHz 

Die size 1000 um × 1000 um 
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Sensitivity 
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Input Frequency (GHz)

2.11.4 

(1 ) Max. Incident Frequency      (2) Min. Incident Frequency 
=22GHz                       =9GHfz 

Output freq.=11GHz, -14.45dBm    Output freq.=4.5GHz, -2.53dBm 

(3) Incident freq.=10GHz,        (4) Incident freq.=13GHz, 

Output freq.=5GHz, -1.627dBm    Output freq.=6.5GHz, -10.74dBm 
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(5) Incident freq.=16GHz,        (6) Incident freq.=18GHz, 

Output freq.=8GHz, -11.14dBm    Output freq.=9GHz, -14.12dBm 
(7) Phase noise 

-125dBc/Hz @ 100KHz offset 
(8) Sensitivity 
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 Min. input power
 Max. input power
 Dynamic range

2.11.5 
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(1) Die Photo

(2)Chip Performance

Item Measurement
Core & output buffer Supply Voltage 5 V
Core & output buffer Supply Current 27.2 mA

Input buffer supply voltage 5V 
Input buffer supply current 1.9mA 

All bias voltage 5V 
All bias current 3.92mA 

Total Supply Power 165.1 mW
Functional frequency range 9~ 22GHz 

Die size 1000 um  1000 um 

Mixer

RF port

Cherry-Hooper amplifier active load level shift

RF port emitter follower

gate delay amplifier input

5.77GHz sensitivity

5.77GHz 5dBm dynamic range

dynamic range injection locked
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input power Vbias_o pad

2.12 Regenerative Frequency Divider  

(SiGe HBT 0.35µ )

” ”

inductor peaking

SiGe

IF
IF

2.61 inductor peaking

2.12.1 

Item Spec 
Supply Voltage 5 V 

Current of Mixer core 9.66 mA 
Current of Input Network& 

Output buffer 
22.67 mA 

Supply Power ~ 161.65 mW 
Operating frequency range 16GHz~30GHz 

Die size 860 um × 822 um 
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2.12.2 

(1) Max. Incident Frequency        (2) Min. Incident Frequency 
=27GHz                         =7GHz 

Output freq.=13.5GHz, -34.76dBm.   Output freq.=3.5GHz, -7.468dBm 

(3) Incident freq.=9GHz,          (4) Incident freq.=11GHz, 
Output freq.=4.5GHz, -7.66dBm.  Output freq.=5.5GHz, -8.009dBm. 
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(5) Incident freq.=13GHz,         (6) Incident freq.=16GHz, 
Output freq.=6.5GHz, -8.933dBm    Output freq.=8GHz, -12.31dBm 

(7) Incident freq.=19GHz, 
Output freq.=9.5GHz, -16.15dBm 

(8) Sensitivity 

6 8 10 12 14 16 18 20 22 24 26 28 30

-15

-10
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0
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0
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Min. Input power
Max. input power
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 (d
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m
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t P
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 (d

B
m

)

Input Frequency (GHz)

 Dynamic range
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2.12.3 

(1) Die Photo 

(2) Chip performance summary 

Item Measurement
Core & output buffer Supply 

Voltage
5 V

Core & output buffer Supply 
Current

19 mA

Input buffer supply voltage 5V 
Input buffer supply current 1mA 

The Other bias voltage 3V 
The Other bias current 3.1mA 

Total Supply Power 109.404 mW
Functional frequency range 7~ 27GHz 

Die size 860 um  822 um 

Mixer
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RF port SiGe 0.35µm

7~27GHz 1/2 fT  (SiGe HBT Vce=1V

fT=60GHz) 10GHz~22GHz -10dBm

20dBm

1/3

-8dBm 8~24GHz

inductor 

peaking

2.13

Kinds of 
Dividers

Technology
Operating range 

(GHz)
Power 
(mW)

Core current 
(mA)

Static
InGaP/GaAs 2 m

HBT
2 ~ 7.3 60.6 12.12

Dynamic
InGaP/GaAs 2 m

HBT
2 ~ 11 65.5 13.1

Superdynamic
InGaP/GaAs 2 m

HBT
6 ~ 9.7 29.4 5.88

RFD
SiGe 0.35 m
BiCMOS HBT

7~27 45 9

ILFD
InGaP/GaAs 2 m

HBT
9.636 ~ 10.246 21.11 4.22

2.4 
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3.1

zero IF low IF

(DCS1800 EDCT GSM900)

lumped

SoC

Q phase 

noise

3.2

3.2.1 

3.1 )(sA

)(s

)(1
)(
sA

sAAf ----------------------------------------------------------------(3-1) 

)s(

)(sA

Vi Vo

3.1 
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Barkhausen criteria )()( sAs )()( sAs

complex conjugate pole( 3.2) (3-1)

complex conjugate pole Vi

( gm )

pole

complex conjugate pole

Barkhausen criteria

Re

Im

1pole

2pole

time

Re

Im

1pole

2pole

time

Re

Im

1pole

2pole

time

3.2 
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Barkhausen 

criteria Barkhausen

(resonate latch )

Nyquist stability test 1)()( sAs

( 3.3)

(1,0) zero pole (

(1,0) zero pole )

(1,0)

m1
freq=
S(1,1)=5.325 / -5.111

4.420GHz
-4 -2 0 2 4-6 6

freq (1.000GHz to 10.00GHz)

S
(1

,1
)

m1

3.3 Nyquist Plot 

RF

LC tank Barkhausen

one-port

LC-tank ( 3.4)

an flow graph( 3.5)
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)()(1
)(

ss
saa

LIN

INn
L -------------------------------------------------------------(3-2) 

1)((s)IN sL --------------------------------(3-3) 

Nyquist test 1)((s)IN sL

LZ INZ

na

La INa

Lb INb

)(sL )(sIN

0

0)(
ZZ
ZZs

L

L
L

0

0)(
ZZ
ZZs

IN

IN
IN

3.4 one port

na

La

INa
Lb

INb

)(sL )(sIN

3.5 3.4

(3-3) Barkhausen

3.6 one-port )(LZ

LC-tank )()()( LLL jXRZ -----------------------------(3-4) 

),(AZIN

),(),()( AjXARZ INININ ------------------------------------------------(3-5) 
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),(ARIN <0

)(sZL )(sZIN

)(LX ),(AX IN

)(sZL )(sZIN

),(R AIN)(LR

3.6 one port

A=A0 = 1)(),(A 000IN L (3-3)

000

000
0 ),(

),(
),(

ZAZ
ZAZ

A
IN

NI
NI

00

00
0 )(

)()(
ZZ
ZZ

L

L
L (3-3)

1
)(
)(

),(
),(

00

00

000

000

ZZ
ZZ

ZAZ
ZAZ

L

L

IN

NI

0000000000 )(),()(),( ZZZAZZZZAZ LINLNI

2
000000000

2
000000000

)(),()(),(

)(),()(),(

ZZZZAZZAZ

ZZZZAZZAZ

LINLIN

LNILNI

0)(),(2 000 LNI ZAZ

(3-4) (3-5) 0)(),( 000 LIN RAR ----------------------------(3-6) 

0)(),( 000 LIN XAX --------------------------(3-7) 

),( AZ IN (3-6) (3-7)

Barkhausen Nyquist

”Kurokawa”

3.2.2 

PA
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DC Supply

transformer transformer

(1) (2)

(3)

transformer

3.7 RC RC

(1) 3.7 Cs=Cp

p
p

S
S

SC
R

SC
R 1

11

pP

P

S

SS

SCR
R

SC
SCR

1
1

SPpPSS SCRSCRSCR 11

SCRSCRCRCRCR SPpPSSPPSS
21

= CP=CS RP>>RS

=
S

C

SS
P R

Q
CR

R
2

22
1 -------------------------(3.8)

(2) ( 3.8) (1)
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(3-8) sL LQ

3.8 LR LR

(1) (2)

( 3.9)

22
11

2
1

PP
S CR

R
11

11

PS

PS
total CC

CCC

3.9 

2

1

1
12

11

2
11

2
11

22
2

2 )1(
)(

)(1

S

P
p

PS

PSPP

totalS
p C

CR
CC

CCCR
CR

R

RP1
2

1

1 )1(
s

p

C
C

( 3.10)

11 PStotal LLL

3.10 

2

1

1
12 )1(

P

S
pp L

LRR
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RP2
2

1

1 )1(
p

s

L
L

Colpitts Hartley LC-tank Q

LC-tank

LS1 LP1( CP1 CS1) IC

trade-off

3.2.3 

3.11 LC-tank

Q LC-tank

(Rtotal) RPL SLrSLLp RLRQR /)(/ 22 (3.9) 

3.3 LC

3.3.1 LC

VCO VCO

Mixer LO Mixer VCO

Mixer LO

LO VCO Mixer

LO port zero crossing
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VCO 50% duty cycle( 1 0 1/2

) LO IF Mixer isolation

L

RSL

L RSL k (3.9) Rp k

Off-chip

5GHz

(1)

(2) VCO

switch transistors

emitter area base

thermal bias collector shot

VCO

3.4 Phase Noise 

3.4.1 Phase Noise 

))(cos()( ttAtx c )(t

phase noise 1 rad
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x(t) )(sincos ttAtA cc )(t c c

( 3.12)

c c

3.12 VCO

Phase noise

(P2) c (P1) ( 3.13)

dBc/Hz 1

2

log10 P
P

log10,1,2 dBmdBm PP

c

3.13 Phase Noise

VCO LO phase noise

channel phase noise

3.14 adjacent channel

adjacent channel
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c

3.14 

QPSK phase noise

3.15 QPSK

3.4.2 Q Phase Noise

Lesson phase noise model 22

2

2 QP
kTFS c

sig
SSB

Q phase noise Q

Q LC-tank

cycleper
cycleperQ ,

,2 LC

band-pass Q band-pass 

( 3.16)
dB

cQ
3,2
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c dB3,

)(sH

3.16 LC-tank band-pass

Q LC-tank ( 3.17)

( 3.18)
d
dQ c

2
---------------------------------------------(3.10) 

(open loop Q) LC VCO LC-tank

LC c

Q (

3.18) LC-tank

Q RF

Q 20

3.17 LC-tank
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1.5 2 2.5 3 3.5

x 109

-100

-80

-60

-40

-20

0

20

40

60

80

100

Frequency (Hz)

P
ha

se
 (d

eg
re

e)

Q=50
Q=10

3.18 Q=50 Q=10 LC-tank

3.4.3 Phase Noise VCO

phase noise (1)

(2) Vtune

(1)

3.19 Noise

X(s) Y(s)
)(1

)(
)(
)(

sH
sH

sX
sY ------(3.11) 

)(1

1)(
c

c

jQ
sH --------------------------------------------(3.12) 
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VCO LC resonator

band-pass filter

2.3 2.32 2.34 2.36 2.38 2.4 2.42 2.44 2.46 2.48 2.5

x 10
9

0.5

0.55

0.6

0.65

0.7

0.75

0.8

0.85

0.9

0.95

1

3.20 3-12

c

( Taylor expension)

d
sdH

d
sdHjHjHsH cc

)(1)()()()( ---------------(3.13)

(3.13) (3.11)

d
sdH

d
sdH

d
sdH

sX
sY

)(
1

)(

)(1

)(
)(  (p.s

c band-pass

1)(
d

sdH )

2

2

)(
1

)(
)(

d
sdHsX

sY -----------------------------------------------(3.14)

(3.10) Q

)exp()( jHsH
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)exp()exp()( j
d
djHj

d
Hd

d
sdH 222)(

d
dH

d
Hd

d
sdH

3.18 3.20 c d
d

d
Hd

1)( cH ( (3.12) c )

22)(
d
d

d
sdH -------------------------------------------------------------(3.15)

(3.15) (3.14)

22

2

22

2

4
2

21
)(
)(

Q
d
d

d
dsX

sY c

c

c

--------------------------(3.16)

MatLab ( Leeson’s equation )( 

3.21)

-20 -15 -10 -5 0 5 10 15 20
0

0.5

1

1.5

2

2.5

3

3.5

4
x 10

15

3.21 Leeson’s equation
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(3.16)

(3.16)

Q (3.16)

VCO

(3.16)

22

22

4)(
)(

Q
A

sX
sY c A

”1”

3.22 Noise Vtune

(2) Vtune noise ( 3.22) 

VCO Vtune ( ) FM

nn

ncnc c

3.23 Noise Vtune
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Vtune VCO tuneVCOout VK0

t
dt dtVKt tunevco0

)cos()( 0 dtVKtAty tunevco

1. Vtune dc 0tVdtV tunetune

)cos()( 00 vcotunevco KtVKtAty ))cos(()( 00 vcotunevco KtVKAty

KVCOVtune KVCO 0

2. Vtune tAV nntune cos

)sincos()( 00 vcon
n

nvco KtAKtAty radAK

n

nvco 1

tAKAtAKAtAty n
n

nvco
n

n

nvco )cos(
2
1)cos(

2
1cos)( 000

n0 n

VCO

(PLL) VCO Law-pass filter

Law-pass filter noise PLL

Kvco

VCO Tunning range

Vtune Spurious

BJT Ic base emitter

diffusion LC Spurious

3.4.4 VCO Phase Noise
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Leeson’s model 22

2

2 QP
kTFS c

sig
SSB

VCO

bias BJT

Cc qIfi 2/2 Ic K K

Ic K 22
cPLm IRg

K2 K bias

VCO phase noise

K VCO ( 3.24)

K K2

K K trade-off

bias

c

c

c

3.24 VCO

Q VCO bias

VCO
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3.5 Pulling Pushing

VCO

VCO VCO

( 3.25) VCO

”Injection Pulling”

0 nn02

SignalInjected

0 nn02

SignalInjected

0 nn02

SignalInjected

0 n

f

f

f

f

3.25 VCO Injection Pulling

Power Amplifier

VCO VCO Power 

Amplifier channel channel

( 3.26) Mixer

VCO VCO reverse isolation Buffer

VCO Buffer Mixer

Noise Figure

VCO

LNA MixerSignalDesirede

Interferer

f

3.26 VCO
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VCO open-loop Loading

DECT Power Amplifier

VCO Loading ”load 

pulling” VCO PA high-isolaiton

Buffer

VCO DC Vdd

varactor

”supply pushing” PA

PA Loading Vdd mV

3.6 Bipolar LC Oscillator 

RF transistor

Phase Noise

IC

transistor VCO

transistor VCO 3.27

(Barkhausen criteria) LC-tank

collector emitter

( 3.27) LC-tank

LC-tank Q (
L
CRL

R
p

o

p
)( )

Collector (Emitter 1/gm) Q

LC-tank emitter 3.2.2
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passive impedance transformation( 3.28) LC-tank

Colpttis Hartly ( 3.29)

LC

1Q pathfeedback

3.27 transistor VCO

1Q
tiontransforma

impedence

3.28 3.27 VCO

                Colpitts              Hartley 

3.29 Colpitts Hartley VCO
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LC-tank passive 

impedance transformation active buffer

( 3.30) common 

collector Q2 Collector

LC-tank Q1 emitter

VCO( 3.31) Barkhausen criteria

Q1 Q2 Collector

(-2/gm)( 3.32) Negative-Gm

1Q 1Q

2Q

3.30 active buffer

1Q 2Q
1Q 2Q

inR

3.31 LC 3.32 cross-coupled pair
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3.7 Voltage-Controlled Oscillator with 

Differential Excitation Trifilar ( SiGe HBT 

0.35 m)

3.7.1 

paper

Q phase noise

SiGe BiCMOS SOC

CMOS

HBT SiGe

SiGe BiCMOS

Transformer

Hartley VCO inductive coupling VCO

Phase Noise IEEE paper

3.7.2 

Part1. VCO

VCO phase noise

VCO

emitter-coupled cross feedback

feedback
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(1)  ( 3.33) (2)  (

3.34) (3)  ( 3.35)

        

      3.33 3.34 

” ”

base-collector junction

-

diode phase nosie

” ”

(p.s base

R1( LC tank ) 10

)
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                  3.35 

”

”

VCO

white noise Phase 

Noise base

base-collector base-emitter 

diode current source

varactor

diode varactor pn-junction

varactor VCO

3.36

fC1 varactor output signal R1 R2 varactor
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3.36 Varactor

Part2. Hartley VCO transformer

paper Colpitts VCO ( 3.37) 

VCO ISF(impulse sensitivity function) VCO

collector

VCO phase noise

Phase Noise Colpitts

3.39 3.40

Hartley ( 3.38) transformer

Colpitts LC-tank 

impedance Q trade-off LC-tank Q
C
L

C tank impedance

2

1

C
C tank C layout rules
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3.37 Colpitts VCO          3.38 Hartley VCO 

Colpitts ISF Colpitts

Phase Noise

1:
/

2

21

k
LL

3.39 transformer 3.40 3.39

Single-ended Colpitts VCO

open-loop gain

single-ended substrate power supply noise

cross-coupled (Part1. transformer 

coupling) differential  ( 3.41) 

open-loop gain
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3.41 VCO

Part3. Transformer (Trifilar)

VCO ( 3.41) transformer 

( 3.42) paper transformer Trifilar

Single-ended LNA differential

Double-balanced Mixer ( 3.43) Trifilar Layout ( 3.44)

transformer Q Phase 

Noise

3.42 1-to-2 transformer 3.43 Trifilar
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1Metal

2Metal
3Metal

imaryPr

1Secondary

2Secondary

..TC

..TC

..TC

P

barP _

1SbarS _1

2S barS _2

m150

mOD 150
mW 8

mS 3

3.44 Trifilar

3.45 Center-tape Differential Trifilar 

VCO differential Trifilar

differential excitation DC center-tape(c.t) (

3.45) Trifilar 3.41 transformer 

coupling

(1)
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EM

m5
freq=
K_sim2=0.561

4.000GHz

2 3 4 5 61 7

0.2

0.4

0.6

0.8

0.0

1.0

freq, GHz

K
_

si
m

2
m5

K
_

si
m

1

Primary inductor Secondary inductor

 K=0.561 Transmission Coefficient= -9.242dB @4GHz

m6
freq=
dB(S(2,1))=-9.242

4.000GHz

2 3 4 5 61 7

-15

-10

-5

-20

0

freq, GHz

dB
(S

(1
,1

))
dB

(S
(2

,1
)) m6

dB
(S

(3
,1

))

Primary inductor Secondary inductor Q

m3
freq=
Q11=11.502

4.000GHz

m4
freq=
Q12=6.262

4.000GHz

2 3 4 5 61 7

2

4

6

8

10

0

12

freq, GHz

Q
11

m3

Q
12

m4

Q
13
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3.7.3 

Item Spec 

Supply Voltage 3 V 

Current of QVCO core 4.18 mA 

Current of Output buffer 21.8 mA 

Power Consumption of core ~ 12.54 mW 

Tuning frequency range 4.170GHz~4.381GHz 

KVCO 263MHz/V 

Phase Noise -115.6dBc/Hz @ 1MHz offset 

FOM -176.7 dBc/Hz 

Die size 1.040 × 0.880 mm 

Layout Photo 
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3.8 Trifilar Based Voltage-Controlled 

Oscillator ( SiGe HBT 0.35 m) 

3.8.1 

Item Spec 

Supply Voltage 3 V 
Current of QVCO core 2.95 mA 

Current of Output buffer 21.6 mA 
Power Consumption of core ~ 8.85 mW 

Tuning frequency range 4.010GHz ~ 4.131GHz 
KVCO 153MHz/V 

Phase Noise -117dBc/Hz @ 1MHz offset 
Die size 1222 um × 784 um 

Layout Photo 
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4.1

Zero-IF Low-IF

(in-phase) (quadrature) (LO)

image-reject LO

Hartley Weaver

(GSM DECT)

LO LO

poly-phase filter (Ring Oscillator)

4.2 Homodyne Receivers 

4.2.1 Homodyne

Homodyne Heterodyne Receiver

RF ”Zero-IF”

”Direct-conversion” 4.1 Homodyne LO

LNA Mixer

double-sideband AM AM

( 4.2) FM

QPSK ( 4.4)
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4.1

( 4.3)

LNA

t0cos

LPF

c
0

4.1 Homodyne Receiver

0 cc

4.2 AM Homodyne

0 cc

4.3 FM Homodyne

LNA
t0cos

LPF

t0sin

LPF

I

Q

4.4 



108

108

0 cc

4.5 FM

Homodyne Heterdyne

(1) (IF) (Image)

Image Filter LNA 50 (2)IF SAW Filter

SoC

Heterdyne

Direct-conversion

(1) DC Offsets 

Homodyne DC DC

4.6 4.7

LNA

t0cos

LPF

LeakageLO

A B C

4.6 LO Self-mixing 
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LNA

t0cos

LPF

LeakageInterferer

4.7 RF Self-mixing 

Mixer LO port RF port LNA

(Isolation) LO A B

”LO leakage” Mixer

LO C DC ”self-mixing”(

4.6) LNA

Mixer RF-to-LO Isolation LO port

self-mixing ( 4.7)

(2) I/Q mismatch 

Homodyne PM FM

LO 90 I Q 90

bit error rate ( 4.8) 

LNA

ErrorPhaseandGainInduced

ErrorPhaseandGainInduced

4.8 I/Q mismatch
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I Q

tbtatx ccin sincos)( a b 1 -1

LO
2

cos
2

12)(, ttx cILO

          
2

sin
2

12)(, ttx cQLO

)(txin

2
sin

2
1

2
cos

2
1)(, batx IBB

2
cos

2
1

2
sin

2
1)(, batx QBB

4.9

ErrorGain ErrorPhase

I

Q Q

I

4.9 I/Q mismatch

(3) Even-Order Distortion 

Odd-order distortion

Homodyne Even-order

4.10 ( tAtAtx 2211 coscos)( )

LNA

)()()( 2
21 txtxty LNA )(ty
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tAA )cos( 21212 Even-order distortion

DC Mixer ideal distortion

Mixer RF IF Isolation

distortion IF DC

tLOcos

sInterferer
ChannelDesired 3IM 2IM

0

3IM2IM
LNA

LO LO0

)(tx )(ty
hFeedthorug

4.10 Even-order distortion 

LNA Even-order distortion Mixer RF port

LNA

distortion Mixer

”IP2”(second-order intercept point) IP3

Odd-order Even-order

(4)Flicker Noise 

LNA Mixer 10mV

Homodyne

DC f/1 noise

RF active Mixer

passive Mixer

4.2.2 Homodyne image-reject

Heterodyne image-filter

RF IC
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image-reject (1)Hartley

(2)Weaver

(1) Hartley

LO

900 phase shifter

phase shifter )sgn()( jG (

4.12) phase shifter

90

4.13 )(tVin phase shifter )(1 tVout )(2 tVout )(tVin

)(tan2/ 1 RC )(tan 1 RC )(1 tVout )(2 tVout

90 phase shifter

Hartley

90o shift

ChannelDesired ageIm

cc

tccos

tcsin

cc

0

0

0
c

c

IFIF

IFIF

IFIF

IFIF

I

Q

4.11 Hartley
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tsin tcos

0
t

2
cos)(

2
sin)(

2

1

tjtj

c

tjtj

c

cc

cc

eettg

j
eettg

0

2/j

2/j

0

j

j

*

0

2/1 2/1

tsin tcosshifterphase900

4.12 Phase shifter

inV

1outV

2outV

4.13 90

4.13

11 outoutin VsRCVV

)1(1 SRCVSRCV outin RCj
RCjV

sRC
sRCVV ininout 111                           

RC10 tan901

inV 2outV RC1tan2
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1outV 2outV 90

90 )/(1 RC

phase shifter

(2) Weaver

Hartly

Mixer 90 phase shifter

Image-reject Mixer

ChannelDesired ageIm

cc 0

1c1c 0

0
1c

1c

1c1c

1c1c

Q

I

2c2c

tc1sin

tc1cos

tc2sin

tc2cos

2c 2c

2c2c

4.14 Weaver

LO LO

Image-rejection Image rejection 

ratio 30~40dB LO 0.2~0.6dB 1~5

4.3

4.3.1 

(image-rejection)
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LC-tank VCO

( 4.15)

VCO PA (pushing/pulling effect)

VCO PA (1) VCO

VCO 50% duty 

cycle (2) VCO

current density Tf

LatchD

LatchD

Clk
Clk

I
I

Q
Q

Clk

I

I

Q

Q

4.15 2 I/Q

RC poly-phase filter ( 4.16)

VCO poly-phase filter buffer VCO

LC-tank Q RC

Mixer poly-phase filter
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4.16 Poly-phase Filter I/Q

ring oscillator phase noise

( )

VCO 4.17 VCO

(cross-coupling)

180 Barkhausen criteria

180 VCO LC-tank VCO_A

VCO_B 90

Differential Ring Oscillator ( 4.18) N

Invertors
N

)180360( 00

4.17 

4.18 N Ring Oscillator 
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4.3.2 VCO LO 

IC (1) Parallel quadrature 

VCO (2) Parallel with phase shift quadrature VCO (3) Bottom-series 

quadrature VCO (4) Top-series quadrature VCO (5) Superharmonic 

quadrature VCO Parallel quadrature 

VCO(PQVCO) PQVCO

(1) Parallel QVCO

4.19 Parallel QVCO 

LC-tank VCO

cross-coupling ( swQ ) swQ cplQ VCO

Isw Icpl VCO

trade-off Isw

Icpl

Isw Icpl ( totI ) (

4.20) LC tank ( res )

Q LCf /1 LC-tank
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res Q

res

4.20 PQVCO

Paper Phase Noise Phase Error

Isw Icpl 3 1

4.21 PQvco

4.21 Parallel Qvco parallel

LC-tank ( LC/10 )

GMC GM GM ( swQ )

transconductance GMC ( cplQ ) transconductance Isw GM
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in-phase LC-tank Rp

PXXMsw RVVGI / ( pM RG /1 ) LC-tank

(lossless) Icpl Vx paper LC-tank

)2/(1 C loop gain

1)2/( CGMC

CGMC 2/ -----------------------------------------------------------------(4-1)

Vx

(Isw,1)

0

1,

A
I

G sw
M (effective transconductance)------------------------------------(4-2)

0

1,

A
I

G cpl
MC (effective coupling transconductance)-----------------------(4-3)

Icpl,1 Vx

Isw,1 GM ( )

GMC Top-series

4.22a~d Parallel Qvco

a c 4.23 PQVCO time domain

(Isw) (Icpl)

swcpl

cpl

II
I ---------------------------------------------------(4-4)
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sourceI)1( sourceI

)(a
sourceI

)(b

sourceI)1(sourceI

)(c

sourceI

)(d

4.22 Parallel QVCO

4.23 LC-tank

I1 I2 a c LC-tank

sourceIII )12(21 ---------------------------------------------------------(4-5)

Isw,1 sourcesource IIII )1(4)2(1
12 --------(4-6)

4-2
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psourceRIA )1(4
0 ----------------------------------------------------------(4-7)

sourcesourceQ IIIII 4)2(1
211, -----------------------------------------(4-8)

p

Q
MC RA

I
G 1

10

1, ---------------------------------------------------------(4-9)

phase noise 4-1 GMC

4-9 noise source

(2) Parallel with phase shift QVCO 

parallel quadrature VCO Phase 

Noise LC-tank 90

LC-tank Q

4.24

LC-tank QVCO (1)PQVCO ”

MCG LC-tank MCG LC-tank phase 

shifter p ( 4.24) p 90

LC-tank in-phase Q
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p

p

4.24 PQVCO with Phase Shifter

90

tsin tcos 90 tsin tcos

( 4.25)

90

4.25 Phase Shifter
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sC
I

sCg
IV

I
sC

g
IV

v
g
I

Ivg
sC

vV

out

m
outin

out
m

out
in

gs
m

out

outgsm
gsin

)11(

1

1

(3) Top-Series Quadrature VCO 

”(2)PQVCO with phase shifter ” LC-tank

Phase Shifter Phase Noise

Top-series parallel

( 4.26) phase noise

4.26 Top-Series QVCO 

( 1cplQ 2cplQ ) ( 1swQ 2swQ )

phase noise
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phase noise Parallel QVCO cplQ swQ

cplI swI phase noise phase 

error Top-series quadrature VCO cplQ swQ

phase error cplI swI cplQ swQ

phase noise

Vin

2
nV

Qcpl

Qsw

RD

RS

2
outV

4.27 Top-Series QVCO

cplQ noise outV

Rsg
R

V
V

cplm

D

n

outn

,2

,

1
VCO swing swQ

saturation sR

DRandcplgmRs ,
1 0

2

,

n

outn

V
V VCO

paper phase noise

Top-series Qvco Parallel

4.27a~d b c (triode)
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triode degeneration

phase noise Top-series Qvco Parallel 

Qvco

(4-5)~(4-9) 4.28 Top-Series

LC-tank

sourceI

)(a

sourceI)1(
sourceI

)(b

sourceI

)(c
sourceI)1( sourceI

)(d

4.28 Top-Series QVCO

4.29 LC-tank
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phase noise phase error

phase noise phase error

Parallel Qvco swQ cplQ

Series QVCO swQ cplQ phase noise phase 

error

Qvco phase amplitude error

single-sideband upconversion upconversion

(image band 

rejection(IBR)) parallel cplQ IBR phase 

noise Qvco phase noise

FoM Qvco

phase error FoM Parallel Top-series 

phase error swQ cplQ Parallel

Series phase error phase noise

Parallel Top-series

Qvco phase error phase noise

Top-Series QVCO coscode noise 4.23

4.28 4.23b d

noise LC-tank c 1cplQ
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noise 2swQ LC-tank 1I out (

4.29) Isw,1 Icpl,1 GMC

1I

1cplQ 2swQ

11 II

4.30 4.23c LC-tank

Top-series 1cplQ 4.28b d noise source

I1 I2 4-6 4-8

IQ,1 II,1 GMC Top-Series Qvco

Parallel QVCO phase noise

1I 2I

II1

II2

4.31 4.28b d LC-tank
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4.4 Quadrature VCO Using Top-Series 

Coupling Structure (GaAs HBT 2 m)

Top-Series Coupling( 4.32)

4.3.2 part(3)

Emitter coupled pair 

with cross feedback feedback

transformer base-collector junction

Varactor HBT base collector

base emitter

4.32 Top-series QVCO

Symmetric Transformer

transformer( 4.33) Testkey

( 4.35) discrete

components( 4.34) time domain
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R
R6
R=9.237 Ohm

R
R7
R=7.754 Ohm

L
L2

R=
L=1.618 nH

L
L3

R=
L=2.222 nH

Mutual
Mutual1

Inductor2="L2"
Inductor1="L3"
M=
K=0.658

MUTIND

C
C9
C=12.305 fF

C
C8
C=13.102 fF

C
C7
C=0.762 fFC

C6
C=0.008 fF

C
C11
C=40.853 fF

C
C10
C=42.227 fF

4.33 Symmetric Transformer Layout 4.34 Fitted model

0 1 2 3 4 5 6 7 8 9 10
-40

-35

-30

-25

-20

-15

-10

-5

0

Frequency(GHz)

Tr
an

sm
is

si
on

 C
oe

ffi
ci

en
t S

21
(d

B
)

0 1 2 3 4 5 6 7 8 9 10
-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

Frequency(GHz)

K
 (C

ou
pl

in
g 

Fa
ct

or
)

4.35 Transformer
 K=0.66 Transmission Coefficient= -6dB @4.5GHz

4.4.1 

Item Spec 

Supply Voltage 5 V 
Current of QVCO core 5.18 mA 

Current of Output buffer 15.52 mA 
Power Consumption of core 25.9 mW 
Total Power Consumption 103.5 mW 
Tuning frequency range 4.57GHz~4.67GHz 

Phase Noise -102.168dBc/Hz @ 1MHz offset 
Tuning Range 100MHz 

Die size 2000 um × 1000 um 
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4.4.2 

(1) Output spectrum: 4.0956GHz, -2.3dBm

(2) Phase noise:  -120.0203 dBc/Hz

(3) KVCO Output power: 25.43MHz/V
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4.4.3 

(1) Die Photo: 

(2) Chip performance:
Item Measurement 

Supply Voltage 5 V 
Current of QVCO core 5.1 mA 

Current of Output buffer 15.5 mA 
Power Consumption of core ~ 25.5 mW 

Tuning frequency range 
Vtune 0~3.5V 4.054 ~ 4.143GHz 

KVCO 25.43MHz/V 
Phase Noise @1MHz offset -120.0203dBc/Hz 

FOM -178.21dBc/Hz 
Output Power ~2dBm 

Die size 2000 um  1000 um 
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InGaP/GaAs Top-Series QVCO

4GHz Phase Noise -120dBc/Hz@1MHz offset

527MHz

transformer model transformer model test-key

fitting fitting [S]

model transformer

11% DC KVCO Phase 

Noise model flicker 

noise noise

2dBm QVCO

DC QVCO

QVCO KVCO

(4) Bottom-Series QVCO

 4.36 Bottom-series QVCO

Qcpl Qsw
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Top-Series

4.27

noise VCO swQ swQ cplQ

swQ noise Bottom-Series QVCO

phase noise VCO cplQ

phase error noise

Top-Series QVCO phase error

(5) Superharmonic Coupling QVCO

(1) (4)

VCO phase noise phase 

error trade-off

VCO phase noise

(common-mode 

nodes) (even) Rategh and Lee

VCO
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1800 VCO (

4.37) 180 transformer

current source base

 4.37 Superharmonic coupling QVCO

4.5 Quadrature VCO Using Superharmonic 

Coupling (GaAs HBT 2 m)

VCO core ” ”

” ”

-

bias 4.38 part.1

VCO Superharmonic coupling transformer

VCO
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 4.38 Superharmonic coupling QVCO

1800

( in-phase

)

(Coupling factor) (Symmetric) (

4.39)

 4.39 Symmetric Transformer Layout 
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(  4.40(a))

Vc

RC delay (Vn,Vp)

drain source

Vc

)(a )(b

 4.40(a) VCO without current source filter 

 4.40(b) VCO with current source filter 

Vc’ (  4.40(b))

(R)

RC delay

(mutual synchronization)
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4.5.1 

Item Spec 

Supply Voltage 5 V 
Current of QVCO core 3.752 mA 

Current of Output buffer 15.68 mA 
Power Consumption of core 18.76 mW 
Total Power Consumption 97.16mW 
Tuning frequency range 4.34GHz~4.45GHz 

Phase Noise -103dBc/Hz @ 1MHz offset 
Tuning Range 110MHz 

Die size 2000 um × 1000 um 

4.5.2 

 (1) Output spectrum: 5.0371GHz, -5.5dBm

(2) Phase noise: -126.2926dBc/Hz
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(3) KVCO Output power: 31.25MHz/V
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(1) Die Photo: 
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(2) Chip performance: 

Item Measurement 
Supply Voltage 5 V 

Current of QVCO core 3.7mA 
Current of Output buffer 18.2mA 

Power Consumption of core ~ 18.5mW 

Tuning frequency range 
Vtune 0~4V 4.913GHz~5.038GHz 

KVCO 31.25MHz/V 

Phase Noise @1MHz offset -126.29dBc/Hz 

FOM -187.16dBc/Hz 
Output Power ~-4dBm 

Die size 2000 um  1000 um 

5GHz VCO Phase Noise

1MHz offset -126dBc/Hz KVCO

27.5MHz/V base-emitter

varactor model

13.6%

588MHz KVCO

LC-tank KVCO
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20%

4.6 Quadrature VCO Using Superharmonic 

Coupling (SiGe HBT 0.35µm) 

 4.41 (1)

(2) (transformer)

(1) Cross-couple

resonator

1
LC

LC-tank cross-couple

cross-couple

(2) 4.5

 4.41 Superharmonic coupling QVCO
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Symmetric Transformer

(1)

EM (Momentum) :

 K=-0.835 Transmission Coefficient= -4dB @10GHz

Time domain

m12
freq=
real(K_sim1)=-0.835

10.00GHz

2 4 6 8 10 12 14 16 180 20

0

10

20

-10

30

freq, GHz

re
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l(K
_s

im
1)

m12

m14
freq=
dB(S(6,7))=-4.845

10.00GHz

2 4 6 8 10 12 14 16 180 20
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freq, GHz

d
B

(S
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m14

R
R6
R=9.237 Ohm

R
R7
R=7.754 Ohm

L
L2

R=
L=1.618 nH

L
L3

R=
L=2.222 nH

Mutual
Mutual1

Inductor2="L2"
Inductor1="L3"
M=
K=0.658

MUTIND

C
C9
C=12.305 fF

C
C8
C=13.102 fF

C
C7
C=0.762 fFC

C6
C=0.008 fF

C
C11
C=40.853 fF

C
C10
C=42.227 fF

4.6.1 
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Item Spec 

Supply Voltage 3 V 
Current of QVCO core 3.16 mA 

Current of Output buffer 11.5 mA 
Power Consumption of core ~ 9.48 mW 

Tuning frequency range 5.006GHz~5.529GHz 
KVCO 523MHz/V 

Output Power -1.328dBm @ 5.529GHz 
-2.783dBm @ 5.006GHz 

Phase Noise -107dBc/Hz @ 1MHz offset 
Die size 1355 um × 1182 um 

4.6.2 

(1) Output spectrum: 4.159GHz, -13.05dBm

(2) Phase noise: -116.2831dBc/Hz
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(3) KVCO Output power: 23.1MHz/V
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(1) Die Photo: 
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(2) Chip performance:  

Item Measurement 

Supply Voltage 3 V 

Current of QVCO core 3.2mA 

Current of Output buffer 33.94mA 

Power Consumption of core ~ 9.6mW 

Tuning frequency range 
Vtune 0~2.6 4.14 ~ 4.20GHz 

KVCO 23.1MHz/V 

Phase Noise @1MHz offset -116.28dBc/Hz 

FOM -178.80dBc/Hz 

Output Power ~-6dBm 

Die size 1355 um  1182 um 

LC-tank VCO

Symmetric transformer Superharmonic coupling

LO
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900MHz model

PN-junction varactor

TSMC SiGe 0.35µm model model Layout

56%

tuning range varactor model

Symmetric transformer testkey

EM

testkey Phase noise

-122dBc/Hz@1MHz offset

4.7

Coupling Method Top-Series Superharmonic Superharmonic

Technology
InGaP/GaAs 
2 m HBT 

InGaP/GaAs  
2 m HBT 

SiGe 0.35 m
BiCMOS HBT

Output Frequency 
range (GHz)

4.054 ~ 4.143 4.913 ~ 5.038 4.14 ~ 4.20 

Power 
Consumption 

(mW)
25.5 18.5 9.6 

KVCO (MHz/V) 25.43 31.25 23.1 

Output Power 
(dBm)

~ 2 ~ -4 ~ -6 

Phase noise 
@1MHzOffset -120.02dBc/Hz -126.29dBc/Hz -116.28dBc/Hz

FOM (dBc/Hz) -178.21 -187.16 -178.80 

4.1 
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GCT 2.0 um InGaP/GaAs HBT SiGe 0.35µm 

BiCMOS Static Dynamic Superdynamic

Injection-Locked Regenerative

(1)Dynamic regenerative part

Static 50% Dynamic

regenerative part read part

1 3 MOS

InGaP (2)Superdynamic

Dynamic HBT

CMOS HBT saturate

(3)Regenerative

27GHz fT Static Dynamic

Regenerative 7GHz

(4)Injection-Locked

10GHz 21mW Static 1/3 Regenerative 1/2

locking range 6% fosc locking range

Q (

) PLL

output buffer on-wafer 50

spectrum analyizer noise flow

50

SiGe GaAs

Phase noise Phase error trade-off



148

148

Zero-IF Low-IF

InGaP/GaAs Top-Series Superharmonic 

coupling phase noise

phase noise SiGe Superharmonic 

coupling phase noise GaAs Top-Series Si

FOM Superharmonic

Top-Series DC supply DC

Phase noise

Data

SiGe VCO Hartely

Phase noise cross-coupled VCO

phase noise
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