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摘要 

 

本論文分為具帶拒濾波之低雜訊放大器和具內建震盪器之低功

率混頻器兩個部分。利用標準 TSMC 0.18 um RF CMOS 製程完成本論

文中所設計的電路。 

第一部分描述設計一個低功率之帶拒濾波低雜訊放大器。其量測

結果之 power gain 在 3~10GHz 內大於 9.5dB，NFmin 為 2.6dB，

S11<-5.4dB，不包含緩衝級之功率消耗為 6.8mW，接著使用主動式電

感實現之微小化的帶拒濾波器，使得整體電路之 core area 只有

0.0016 mm
2
。其量測之 power gain 為 8~12dB、S11<-11dB、在 2.5GHz

和 5.2GHz 頻段附近抑制干擾訊號的效果分別為 19dB 及 38dB，功率

消耗為 10.3mW，模擬之 NFmin為 2dB、P1dB 為-14.2dB。 

   第二部分描述震盪器與混頻器之結合與設計。使用電流再利用的

方式達到低功率的效果，並進一歩將平衡非平衡轉換器整合在電路

中，它包含了一個混頻器和震盪器及一個 balun。此整體電路可達功

率增益為 15dB，S11<-12dB，功率消耗為 6mW。 
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ABSTRACT 
 
 

           
    The thesis consists of three parts: low noise amplifier, LNA with 
notch filters and low-power oscillator mixer. These propose circuits are 
fabricated using a standard TSMC 0.18 um RF CMOS process 
technology. 
    The first part of the thesis is the low power design of low noise 
amplifier with notch filters. The measurement result of LNA shows the 
power gain is more than 9.5dB in 3~10GHz, return loss is under -5.4dB, 
NFmin is 2.6dB, and power consumption exclude buffer is 6.8 mW. Then, 
we use the design of the miniaturized notch filters realized by active 
inductor, applied in the integration of LNA. The core area of LNA and 
notch filters is only 0.0016 mm2. The measurement result of LNA with 
notch filter shows the power gain is 8~12dB, return loss is under -7.5dB. 
The suppressed performance of notch filters in 2.5GHz and 5.2 GHz are 
19dB and 38dB. The power consumption is 10.3 mW. The simulation 
results of minimum noise figure and P1dB are 2dB and -14.2dB. 
    The last part describes the combination of VCO and mixer. The 
circuit uses current-reuse to reach low power consumption, and 
furthermore a balun is integrated in this design. The total schematic 
contains mixer, VCO, and on-chip balun. The chip area is 1mmx1.5mm. 
The simulation results show the conversion gain are 15dB, return loss is 
under -12dB, P1dB is -16dB. The phase noise is -105 dBc/MHz. The total 
power consumption is 6mW. 
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Chapter 1  Introduction 

1.1 Motivation 

Research and development in radio-frequency integration circuits 

(RFICs) have become popular recently and this is being due mainly to 

the high demand for wireless communication devices from the market. 

Among the various integrated circuits fabrication technologies in use, 

CMOS technology has become a very attractive option because of its 

low-cost, low power and high integration. For these reasons, many 

designs of CMOS RF circuits have been found in recent years. Due to 

the concern of portable and battery durability is more and more 

important. CMOS RFIC will become a new trend for the wireless 

communication system. 

 The ambition of the thesis is to research of low power 

consumption and high integration of the radio frequency circuits in 

CMOS process technology. We will focus on low noise amplifier, 

LNA with notch filters and low-power oscillator mixer. A low noise 

amplifier has very low noise figure and low power consumption by 

some skills we will introduce. And then, we will use the design of the 

miniaturized notch filters, applied in the integration of low noise 

amplifier. It only needs more small size than other designs published 

before. After the integration of low noise amplifier and notch filters, 

we will describe how to mix a VCO, a mixer and a passive balun to 

achieve low-cost and low lower consumption. 
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1.2 Thesis Organization 

      The thesis consists of five chapters. This chapter describes the 

development and trend of wireless communication. In Chapter 2, we will 

introduce some current-reused structures and fundamental knowledge of 

LNA, active inductive, mixer and VCO. In Chapter 3, The design of LNA 

with notch filters for UWB will be treated. The analysis of the integration 

of mixer, VCO, and Balun will be studied in Chapter 4. Eventually, we 

will draw some conclusions in Chapter 5. 
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Chapter 2 General Backgrounds 

2.1 Current-reused Structure 

    A low power RF system becomes a tendency as applied in portable 

wireless communication systems. Therefore, many designs for low power 

are presented in recent years. The most popular method to save power 

consumption is using current-reused structure. For example, current 

reused LC VCO topologies have been presented [1]. By stacking the 

switching transistors in series like a cascade, the proposed VCOs reuse 

the dc current and the current consumptions can be cut in half compared 

to those of conventional VCO topologies which is shown in Fig. 2.1 

 

 
     Fig. 2.1 current-reused quadrature VCO(QVCO) 
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     Another applied example of current-reused structure is for the 

design of the mixer [2]. In the presented mixer topology the stage that 

represents the voltage to current (V-I) converter and the switching stage 

are connected in a way such that the switching transistors are folded with 

respect to the transistors in the V-I converter which is shown in Fig. 2.2. 

This connection method yields low-voltage operation.  

 

 
.         Fig. 2.2 Folded-switching mixer with current-reuse 

    The major part of the DC current in the mixer flows through the 

transistors in the V-I converter and only a small amount of the DC current 

flows through the switching transistors, yielding low voltage drop across 

the load resistors. In this way the problems that appear in the case of the 

Gilbert cell mixer are avoided and folded-switching can be designed to 

operate at low supply voltages. This is an efficient way to have a high 

voltage gain and a low noise figure with low power dissipation. 
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     Except for the one component of RF front-end, circuit combining 

oscillator and mixer with current-reused application is also presented [3]. 

The stacked structure shown in Fig. 2.3 allows entire mixer current to be 

reused by the VCO cross-coupled pair to reduce the total current 

consumption of the individual VCO and mixer. 

 

 

  

Fig. 2.3 Circuit schematic of the down-conversion double-balanced 

   oscillator 
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2.2 The Direct Conversion Receiver 

Because of the rapid growth in demand for broadband wireless 

communications, wireless local area networks (WLAN) are becoming 

more attractive not only to exchange large amount of data locally but also 

as access points for the cellular infrastructure. The superheterodyne has 

been the architecture of choice for wireless transceivers for many years. 

On the other hand, due to the increase of the integration level of RF 

front-ends, alternative architectures, targeting reduced power 

consumption and minimization of the number of off-chip components, 

have been considered, in the recent past. Among them, the direct 

conversion receiver (DCR) or zero-IF receiver has increasingly gained 

widespread attention due to its potentially of low power consumption, 

lower complexity, low manufacturing costs, and easy integrating with the 

baseband circuits [4]-[8]. Fig. 2.4 shows the block diagram of the direct 

conversion RF front-end, where the LO frequency is equal (or 

approximate) to input carrier frequency and the LO will translate the 

center of the desired signal to zero IF or low IF.  

RF 
Filter LNA

LPF

LPF

VCO
90

0

Mixer

Mixer

I

Q

Baseband 
ADC

Baseband 
ADC

I

Q

 
Fig. 2.4.  Block diagram of direct conversion receiver architecture. 
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The most important advantage of the direct conversion receiver is 

that the intermediate frequency (IF) passband filter can be neglected and 

replaced by a low pass filter. Low pass filter is much easier to integrate in 

standard semiconductor technology. However, some issues which do not 

exist or are not serious in the heterodyne architecture become critical in 

the direct conversion receiver. These drawback include DC offset, flicker 

noise, even order distortion, I/Q mismatch, and so on. Among these the 

DC offset generated by self-mixing is the most critical. The DC offset is 

caused by carrier leakage from the local oscillator to the mixer input and 

to the antenna as shown in Fig. 2.5. Interferer leakage will also cause a 

DC offset at the mixer output as shown in Fig. 2.6. To overcome the 

drawback of DC offset, the improving isolation between LO and RF ports 

is important. The second-order intermodulation distortion (IMD2) is a 

fundamental problem, because the second-order intermodulation term 

interferes the reception of the wanted signal as shown in Fig. 2.7. In a 

perfectly balanced Gilbert cell mixer, the IMD2 is a common-mode 

signal and therefore does not a serious problem. However, due to the 

mismatch of device, the balance between the negative and positive branch 

of the mixer is degraded and the IMD2 becomes a problem. About I/Q 

mismatch, if the modulation is complex modulation, the I/Q mismatch 

can equal to image interferer. This mismatches between the amplitudes of 

the I and Q signal corrupt the constellation of the down converted signal. 

Therefore influences the bit error rate. Finally, flicker noise or l/f-noise 

may be a problem in the mixer and subsequent filter because the signal is 

converted directly to baseband. 
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RF 
Filter LNA LPF

coswt

Mixer Baseband 
ADC

 

Fig. 2.5.  LO signal leakage. 

 

RF 
Filter LNA LPF

coswt

Mixer Baseband 
ADC

 
Fig. 2.6.  A strong interferer signal leakage. 

 

Desired
channel

coswt

Interferer

LNA IM2 LNA IM3

Mixer IM2

 
Fig. 2.7.  Even order distortion. 
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2.3 The Basic Low Noise Amplifier 

2.3.1 The analysis of transistor noise model [9] 
     The dominant noise source in CMOS devices is channel noise, 
which basically is thermal noise originated from the voltage-controlled 
resistor mechanism of a MOSFET. This source of noise can be modeled 
as a shunt current source in the output circuit of the device. The channel 
noise of MOSFET is given by 

                    
2

0( ) 4d
d

i kT g
f

γ=
Δ

                       (2.1) 

where γ is bias-dependent factor, and 0dg  is the zero-bias drain 

conductance of the device. Another source of drain noise is flicker noise 
and is given by equation 2.2.  

               
2

2 2
2

m
n T

ox

gK Ki f A f
f WLC f

ω= ⋅ ⋅Δ ≈ ⋅ ⋅ ⋅Δ               (2.2) 

 
Hence, the total drain noise source is given by 

               
2

2
0 24 m

nd d
ox

gKi kT g f f
f WLC

γ= Δ + ⋅ ⋅Δ                (2.3) 

At RF frequencies, the thermal agitation of channel charge leads 
to a noisy gate current because the fluctuations in the channel charge 
induce a physical current in the gate terminal due to capacitive coupling. 
This source of noise can be modeled as a shunt current source between 

gate and source terminal with a shunt conductance gg , and may be 

expressed as 

               2 4ng gi kT g fς= Δ                             (2.4) 

where the parameter gg  is shown as 

               
2 2

05
gs

g
d

C
g

g
ω

=                                (2.5) 

and δ is the gate noise coefficient. This gate noise is partially correlated 
with the channel thermal noise because both noise currents stem from 
thermal fluctuations in the channel, and the magnitude of the correlation 
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can be expressed as 

               
*

2 2
0.395g d

g d

i i
c j

i i

⋅
≡ ≈

⋅
                       (2.6) 

where the value of 0.395j is exact for long channel devices. Hence, the 
gate noise can be re-expressed as 

           ( )2 22 2( ) 4 4 1ng ngc ngu g gi i i kT g f c kT g f cς ς= + = Δ + Δ −      (2.7) 

where the first term is correlated and the second term is uncorrelated to 
channel noise. From previous introduction of MOSFET noise source, a 

standard MOSFET noise model can be presented in Fig. 2.8, where 2
ndi  

is the drain noise source, 2
n gi  is the gate noise source, and 2

rgV  is 

thermal noise source of gate parasitic resistor gr  . 

 
 
                
 
 

 

 

        Fig. 2.8. A noise model of MOSFET 

2.3.2 The basic of low noise amplifier 
     Low noise amplifier is the first gain stage in the receive path so its 
noise figure directly adds to that of the system. Therefore, there are 
several common goals in the design of LNA. These include minimizing 
noise figure of the amplifier, providing enough gain with sufficient 
linearity and providing a 50 ohm input impedance to terminate an 
unknown length of transmission line which delivers signal from antenna 
to the amplifier [10]. Among LNA architectures, inductive source 
degeneration is the most popular method since it can achieve noise and 
power matching simultaneously, as shown in Fig. 2.9. 
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Fig. 2.9 common-source input stage with inductive source degeneration 

 

2.4 Mixer Fundamentals 

2.4.1 Principles of Mixer 

The mixer is an essential building block in the receivers, which is 

responsible for frequency up-conversion and down-conversion. It is also 

an important component associated with the linearity of the front-end 

receivers. The first stage of mixer must have high linearity to handle the 

large input signals from LNA without significant intermodulation. 

Nonlinearity causes many problems, such as cross modulation, 

desensitization, harmonic generation, and gain compression, but 

even-order nonlinearity can be easily reduced by differential architecture. 

However, odd-order nonlinearity is difficult to be reduced, especially the 

third-order intermodulation distortion (IMD3). IMD3 is the dominant part 

of the odd-order nonlinearity. 

Mixer is a three ports circuit, which are the RF port, the LO port and 

the IF port. It is a multiplication of two signals which are the RF signal 

amplified from the low noise amplifier and the signal from the local 

oscillator (LO) to achieve the function of frequency transformation. This 
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is depicted by equation (2.8). Then the RF signal is down-converted to 

the intermediate frequency (IF).  

( )( ) ( ) ( )1 2 1 2 1 2cos cos cos cos
2

ABA t B t t tω ω ω ω ω ω= + + −⎡ ⎤⎣ ⎦         (2.8) 

From the equation (2.8), the multiplication of two signals at the 

frequencies of ω1 and ω2 together produce signals at the sum (ω1+ω2) 

and difference (ω1-ω2) frequencies. The amplitudes are proportional to 

the RF and LO amplitudes. The multiplications in the time domain would 

result in convolutions in the frequency domain. Thus, the mixer can 

responsible for frequency translation. In equation (2.8), signals at the 

frequency of (ω1+ω2) can be easily filtered out because they are far away 

from desired frequency in the frequency domain. The signals at the 

frequency of (ω1-ω2) are our desired outputs. In circuit implementations, 

the multiplication can be achieved by passing the input signal cosA tω  

from RF through a switch driven by another signal cosB tω  from LO. If 

the LO amplitude is constant, any amplitude modulation in the RF signal 

is transferred to the IF signal. 

The most important parameters for determining the performance of a 

mixer are power conversion gain, and linearity.  We will describe these 

parameters in the subsequent contents. 

 

2.4.2 Performance Parameters 

2.4.2.1 Conversion Gain 

One of important parameters of mixer’s characteristics is conversion 

gain, which is defined as the ratio of the desired IF output to the value of 

the RF input as shown in equation (2.9). In general, the conversion gain 
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of the mixer has two types: one is voltage conversion gain and the other is 

power conversion gain. 

The desired output IF powerConversion Gain
The input RF power

=              (2.9) 

Assuming input a sinusoidal signal and the output would include 

signals at integer multiples of the frequencies of the input signal as 

equation (2.10). In equation (2.10), the terms with the input frequency are 

called the fundamental signal, and the higher order terms are called the 

harmonics. The harmonics would cause performance degradations. 

( ) ( ) ( )

( ) ( ) ( )

2 3
1 2 3

32
32

1

( ) cos cos cos ......

cos 1 cos 2 3cos cos3 ......
2 4

OUTV t A t A t A t

AAA t t t t

α ω α ω α ω

ααα ω ω ω ω

= + + +

= + + + + +
       (2.10) 

 

The output function of mixers is a compressive function of input 

levels. When the input level grows sufficiently high, the output eventually 

saturates and the conversion gain begins decreasing. If α3 holds a 

negative value, this phenomenon will happen. At small values of input 

level A, the second term is negligible and the gain remains constant. The 

gain starts decreasing when the input level gets large as shown in 

equation (2.11). 
2

3
1 4

AGain αα= +                        (2.11) 

 

2.4.2.2 Linearity 

The mixers are assumed to be linear and time-invariant. The 

linearity is a significant parameter in the mixer design. Here we will 

introduce two parameters of linearity: P1dB and IIP3. 

The IF output is proportional to the RF input signal amplitude 
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ideally. However, as the input signal becomes large, the output signal 

fails to exhibit this characteristic. We use the value departing the ideal 

linear curve 1 dB as the referenced point, 1 dB compression point, shown 

in Fig. 2.10. The dashed line in Fig. 2.10 shows our desired output 

characteristics. The solid line shows the real characteristic. The 1dB 

compression point characterizes the input level where the output level is 

1dB less than our desired output level. A higher 1dB compression point 

stands for a better linearity performance. 

The linearity of a mixer can also be evaluated by intermodulations. 

The two-tone third-order intercept is often used to characterize mixer 

linearity. Ideally, each of two different RF input signals will be translated 

without interacting with each other, and we can only gain the desired IF 

signal from the output port. However, practical mixers will always exhibit 

some intermodulation effects. This is because that two or more different 

frequencies of input signals will degrade the linear region of the system. 

The third intercept point (IP3) is measured with two tone test. Two tones 

are closely placed and injected as input simultaneously. If we consider the 

region where the input level is small, the output characteristic is 

approximately linear. The third-order intercept is the intersection of these 

two curves as illustrated in Fig. 2.11 which is the extrapolation of the 

signal line and the third-order harmonic line. The higher intercept, the 

more linear. 
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Fig. 2.10  P1dB. 

 

3rd intercept point

RF input power

IF output 
power

3rd intermodulation product

IF power

 
Fig. 2.11  IIP3. 

 

2.4.2.3 Isolation 

Another important parameter of mixer is isolation, which shows the 

interaction among RF, IF and LO ports. The isolation between each two 

ports of the mixer is important. The LO to RF feedthrough is means the 

LO leakage to the LNA and (or) leakage to the antenna. The RF to LO 

feedthrough allows strong interferers in the RF path to interact with the 

LO driving the mixer. The LO to IF feedthrough is also important. If 

substantial LO signal exists at the IF output, the following stage may be 

desensitized. The feedthrough can be reduced largely by use double 

balanced mixers. The RF to IF isolation means the signal in the RF path 
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directly appears in the IF. In the homodyne receivers, this is a critical 

issue with respect to the IMD2 problem. 

 

2.4.3 Mixer Architecture 

The implementation of CMOS down-conversion mixer can be 

passive or active. The simple passive mixer is shown in Fig. 2.12. It is 

usually using MOS transistor as a switch to modulate the RF signal by 

LO signal and down convert to IF band. Because passive mixer operates 

in the linear region, it has high linearity and excellent IIP3. But it 

provides poor conversion gain and noise figure. The simple active mixer 

is presented in Fig. 2.13. The active mixer provides better conversion 

gain than passive mixer. Its conversion gain is decided by the product of 

the input conductance gm and load impedance to suppress the noise 

contributed by the subsequent stages. But the linearity of an active mixer 

is worse than that of a passive mixer. 

 

RF

LO

IF

 
Fig. 2.12  Passive mixer. 
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IF

RF
LO

 

Fig. 2.13  Active mixer. 

The Gilbert cell topology is a typical type used in active mixers. The 

advantages of this topology are the high conversion gain, low LO power, 

and low offset voltage. The Gilbert cell mixer consists of three stages: 

transconductor stage, switching stage, and load stage. The linearity of 

Gilbert mixer is dominated by the transconductor stage as shown in Fig. 

2.14.  

 

RF + RF -

LO + LO +
LO -

Load 
stage

Switching 
stage

Transconductor 
stage

 
Fig. 2.14 The prototype of the CMOS Gilbert mixer 

 

The function of three stages is described as follow. RF input stage is 

a differential pair that converts the RF voltage to current. The 

transconductance of this stage directly affects the linearity and the gain of 
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the mixer. LO switch stage usually applies two differential pairs as 

modulated switch to construct double balanced structure. To achieve the 

goal that this two differential pairs completely switch the input power of 

the LO port must be larger. The value of the LO port also affects the 

conversion and the noise figure of the system. The output stage is load 

stage. 

If the switching stage is ideal switches, the linearity of Gilbert mixer 

is dominated by the transconductor stage. Third-order input intercept 

point (IIP3), second-order input intercept point (IIP2), and input 1-dB 

compression point (P1dB) are the important parameters of linearity. IIP3 

and IIP2 are the effects of intermodulation terms in the nonlinear circuits. 

P1dB is the ceiling of the input power. To improve linearity in Gilbert 

mixer, many methods have being used such as adding source 

degeneration resistors below the gain stage [11], bisymmetric Class-AB 

input stage [12], multiple gated transistor [13], and common-source and 

common-emitter RF transconductors [14]. 

 

  

 

 

2.5 The Review of VCO 

2.5.1 Principles of VCO 

Voltage controlled oscillator is essential building block in 

communication systems. The VCO is used as local oscillator to 

up-conversion or down-conversion signals. The phase noise is the main 

critical parameters for VCO. Therefore, how to get better phase noise is 
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the most important. 

Oscillator can transfer DC power to AC power. Oscillator is an 

energy transfer device. For steady oscillation, the self-oscillating system 

must be satisfied Barkhausen’s criteria: ( )0 1H jω =  and ( ) 0
0 0H jω∠ =  (or 

1800 of dc feedback is negative). There are two types of analysis 

methods: positive feedback and negative resistance. In the design of 

oscillator, the important performance parameters are phase noise, output 

power, tuning range, and thermal stability. Among these parameters, the 

most important is the phase noise. Phase noise will influence the signal 

quality in receiver as shown in Fig. 2.15. When a strong unwanted 

adjacent channel signal and a weak wanted signal input receiver, worse 

phase noise will interfere other signal and intermodulation to IF. This 

interfere the weak wanted signal. Thus, phase noise is the most 

important in VCO design.  

 

 
Fig. 2.15.  Phase noise in receiver. 

 

LC tank voltage-controlled oscillator and ring oscillator are the two 

most popular circuits in VCO design. LC tank voltage-controlled 

oscillator has better phase noise, but tuning range is narrow. Ring 

oscillator has wider tuning range, but phase noise is worse. We will 
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introduce these two types as following section. 

 

2.5.1.1 LC Tank Voltage-Controlled Oscillator 

The concept of LC tank VCO is using negative resistance of active 

circuit to cancel the resistance of LC tank as shown in Fig. 2.16. Fig. 2.17 

shows series transfer to parallel. Fig. 2.18 shows its equivalent resonant 

model.  LC tank oscillator is called negative-Gm oscillator. 

  

Resonator Active 
Circuit

R1 R2

 

Fig. 2.16 Negative resistance and LC tank resistance. 

 

 

 

Fig. 2.17 Series to parallel. 

 

L C R

 

Fig. 2.18 Equivalent resonant model. 

 

The negative resistance is produced from cross-coupled pair which 
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is positive feedback. In Fig. 2.19, we can calculate the impedance seen at 

the drain of M1 and M2. The impedance is 
m

in gR 2−= . Generally speaking, 

the phase noise of PMOS-cross coupled pair is better than NMOS-cross 

coupled pair. 

 

M1 M2

Rin

 
Fig. 2.19 Input impedance of NMOS cross-coupled pair. 

Fig. 2.20 shows the complementary cross-coupled pair. Compare 

with NMOS-cross coupled pair or PMOS-cross coupled pair in the same 

power consumption, the gm of complementary cross-coupled pair is larger. 

Larger gm means faster switching. The rise-time and fall-time of output 

waveform are more symmetric and the phase noise is better.  
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M 1 M 2

Vcontrol

M 3 M 4

 

Fig. 2.20 Complementary cross-coupled pair. 

 

 

2.5.1.2 Ring Oscillator 

Fig. 2.21 shows the ring oscillator. It is cascade of N stages with an 

odd number of inverters is placed in a feedback loop. The period of ring 

oscillator is equal to 2NTd and the oscillation frequency is 
dNT

f
2

1
0 = . 

There are three advantages of the ring oscillator: high integrated with 

PLL, smaller die size than LC-tank VCO, and full output voltage swing. 

 

 

Fig. 2.21 Ring oscillator. 

 

2.5.2 Performance Parameters 
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2.5.2.1 Phase Noise 

An ideal output spectrum of oscillator has only one impulse at the 

fundamental frequency as shown in Fig. 2.22(a). In an actual oscillator, 

the frequency spectrum consists of an impulse exhibits skirts around the 

carrier frequency as show in Fig. 2.22(b). These skirts are called phase 

noise due to the influence of several kinds of noises. The noise sources 

such as shot noise, flicker noise and thermal noise. These noises are 

caused by the resistors, capacitors, inductors, and transistors. Noise 

injected into an oscillator by noise sources may influence the frequency 

and the amplitude of the output signal. These phenomenon are called AM, 

PM and FM noises. 

 

Ideal Oscillator

Wc
f

Output Power

ffC Δ+Cf

Hz1

)( fL Δ
outP

(a) (b)  
Fig. 2.22 Output spectrum of ideal and actual oscillators. 

 

Fig. 2.23 shows the Lesson’s phase noise model. We can express by 

 

3
2

1/1( ) 10log 1 1
2 2

fo

s

FkTL
P Q

ωωω
ω ω

⎡ ⎤⎧ ⎫ Δ⎡ ⎤⎡ ⎤⎪ ⎪⎢ ⎥Δ = + +⎢ ⎥⎨ ⎬⎢ ⎥Δ Δ⎢ ⎥ ⎢ ⎥⎣ ⎦⎪ ⎪ ⎣ ⎦⎩ ⎭⎣ ⎦
         (2.12) 
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This equation is from the curve fitting after measured results of 

VCO. Therefore, 31/ f
ωΔ  is from measured results. 

 

)log( wΔ

)( wL Δ

3/1 f

2/1 f ⎥
⎦

⎤
⎢
⎣

⎡

sP
FkT

2
1log10

3/1 f
wΔ Qw 2/0  

Fig. 2.23 Lesson’s phase noise model. 

 

If the output waveform is odd-symmetry, It can suppress f/1  noise 

effetely. This will lower 3/1 fwΔ . From equation (2.12), increase Q factor of 

LC tank and output power can improve phase noise. 

 

2.5.2.2 Frequency Tuning Range 

Frequency variation is an important parameter when designing VCO. 

Because a CMOS oscillator must be designed with a large tuning ranges 

to overcome process variations. The simplest way to do so is with a 

varator such as diode varator and MOS varator. The NMOS 

cross-coupled pair VCO has higher tuning range than double 

cross-coupled VCO topology for equal effective tank transconductance. 

When control voltage change, the bias voltage of transistor will also 

change. S parameter and inΓ  will change according to dc current 
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variation. This will cause output frequency shift. This is called pushing 

effect. To avoid pushing effect, we can use high quality resonator to 

reduce the pushing effect. We can also using regulator to overcome 

pushing effect such as band gap circuits. 

Loading effect is another problem. When loading change, its 

impedance is also change. This will cause output frequency shift. This is 

called load pulling effect. To avoid this problem, we can use buffer 

circuit to overcome load pulling effect.  

 

2.5.3 Noise Model of VCO 

Phase noise is the most important parameter in the VCO design. 

There are two models: Leeson’s model and Hajimiri model. Lesson has 

developed a time invariant model to describe the noise of oscillators. 

Hajimiri proposed a linear time varying phase noise model. The below 

sections will introduce these two phase noise model. 

2.5.3.1 Time Invariant Model 

In this section, phase noise analysis is described by using time 

invariant model. Time invariant means whenever noise sources injection, 

the phase noise in VCO is the same. In other words, phase shift of VCO 

caused by noise is the same in any time. Therefore, it’s no need to 

consider when the noise is coming. Suppose oscillator is consists of 

amplifier and resonator. The transfer function of a bandpass resonator is 

written as 

2
(1/ )( )

(1/ ) (1/ )
j RCH j

LC j RC
ωω
ω ω

=
+ −                   (2.13) 

The transfer function of a common bandpass is written as 
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2 2

( / )( )
( / )

o

o o

j QH j
j Q
ω ωω

ω ω ω ω
=

+ −                (2.14) 

Compare equation (2.13) with (2.14). Thus, 

1/         Q=o oLC RCω ω= and                (2.15) 

The frequency oω ω ω= + Δ  which is near oscillator output 

frequency. If oω ωΔ , we can use Taylor expansion for only first and 

second terms. Hence  
2( ) 1

( / )o

H j
j Q

ω ω
ω

≈ + ⋅Δ                 (2.16) 

The close-loop response of oscillator is expressed by  
( / )1( )

1 ( ) 2
oj QG j

H j
ωω

ω ω
−

= ≈
− ⋅Δ               (2.17) 

When input noise density is ( )iS ω , the output noise density is 

2 2( ) ( ) ( ) ( )
2

o
o iS S G FkT

Q
ωω ω ω

ω
= =

Δ              (2.18) 

The above equation is double sideband noise. The phase noise 

faraway center frequency ωΔ can be expressed by 

2
2( ) 10 log

2
o

s

FKTL
P Q

ωω
ω

⎡ ⎤⎛ ⎞
Δ = ⋅⎢ ⎥⎜ ⎟Δ⎢ ⎥⎝ ⎠⎣ ⎦

                (2.19) 

where sP  is the output power. From equation (2.19), increasing 

power and higher Q factor can get better phase noise. Increasing power 

means increasing the power of amplifier. This will decrease noise figure 

(F) and improve phase noise. 

From equation (2.19), we can briefly understand phase noise. But 

the equation and actual measured result are different. The VCO spectrum 

is shown as Fig. 2.23. The phase noise equation can be modified as 
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2

1/2( ) 10log 1 1
2

fo

s

FKTL
P Q

ωωω
ω ω

⎡ ⎤⎧ ⎫⎛ ⎞⎛ ⎞⎪ ⎪⎢ ⎥Δ = ⋅ + +⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟Δ Δ⎢ ⎥⎝ ⎠⎪ ⎪⎝ ⎠⎩ ⎭⎣ ⎦
        (2.20) 

The above equation is called Leeson’s model.  

 

2.5.3.2 Time Variant Model 

In this section, we use the Hajimiri model to explain the phase noise. 

At first, we assume that an impulse current injects into a lossless LC tank 

as illustrated in Fig. 2.24. If the impulse happens to coincide with a 

voltage maximum as shown in top of Fig. 2.25. The amplitude increase 

ΔV=ΔQ/C, but the timing of the zero crossings does not change. An 

impulse injected at any other time displaces the zero crossings as shown 

in bottom of Fig. 2.25. Hence, an impulsive input produces a step in 

phase, so that integration is an inherent property of the impulse to phase 

transfer function. Because the phase displacement depends on when the 

impulse is applied, the system is time-varying. 

 

LCi(t)

)( τδ −t

i(t)

t 

Fig. 2.24 Impulse current injects into LC tank. 
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Fig. 2.25 Waveforms for impulse excitation. 

 

Hajimiri proposed a linear time-varying phase noise model which is 

different from the Lesson’s model. The impulse response can be written 

as 

max

( )( , ) ( )oh t u t
q
ω τφ τ τΓ

= −                (2.21) 

where maxq  is the maximum charge displacement across the 

capacitor and u(t) is the unit step. The function ( )xΓ  is called the 

impulse sensitivity function (ISF), and is a frequency and amplitude 

independent function that is periodic in 2π. Once the ISF has been 

determined, we may compute the excess phase through use of the 

superposition integral. Hence 

max

1( ) ( , ) ( ) ( ) ( )
t

ot h t i d i d
qφφ τ τ τ ω τ τ τ

∞

−∞ −∞

= = Γ∫ ∫          (2.22) 

This equation can be expanded as a Fourier series: 

0

1

( ) cos( )
2o n o n

n

c c nω τ ω τ θ
∞

=

Γ = + +∑                (2.23) 

where the coefficients nc  are real and nθ  is the phase of nth 
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harmonic of the ISF. We assume that noise components are uncorrelated, 

so that their relative phase is irrelevant, we will still ignore nθ . Equation 

(2.23) can be rewritten as 

0

1max

1( ) ( ) ( )cos( )
2

t t

n o
n

ct i d c i n d
q

φ τ τ τ ω τ τ
∞

=−∞ −∞

⎡ ⎤
= +⎢ ⎥

⎣ ⎦
∑∫ ∫        (2.24) 

Equation (2.24) allows us to compute the excess phase caused by an 

arbitrary noise current injected into the system, once the Fourier 

coefficients of the ISF have been determined. Now we consider the 

injection of a sinusoidal current whose frequency is near an integer 

multiple m of the oscillation frequency, so that 

[ ]( ) cos ( )m oi t I m tω ω= + Δ               (2.25) 

Substituting (2.25) into (2.24) where oω ωΔ  and n=m. We can 

simplify Equation (2.24) as 

max

sin( )( )
2

m mI c tt
q

ωφ
ω
Δ

≈
Δ                     (2.26) 

[ ]( ) cos ( )out oV t t tω φ= +                (2.27) 

Substituting (2.19) into (2.20). Suppose 
max

1
2

m mI c
q ω

<
Δ . Therefore, the 

sideband power relative to the carrier is given by 

2

max

( ) 10 log
4

m m
SBC

I cP
q

ω
ω

⎛ ⎞
Δ ≈ ⎜ ⎟Δ⎝ ⎠                (2.28) 

In general, a noise signal can be separated into two type noise source: 

white noise and flicker noise. First, input an noise current only with the 

white noise and its noise power spectral density is 
2

ni
fΔ . The total single 

sideband phase noise spectral density in dB below the carrier per unit 
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bandwidth is given by 

2
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             (2.29) 

According to Parseval’s theorem. Thus, 
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c x dx
π
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∞

=

= Γ = Γ∑ ∫            (2.30) 

Therefore we can use quantitative analysis to analyze the phase 

noise sideband power due to the white noise source as following equation 
2

2

2 2
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( ) 10 log
2

n
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i
fL

q
ω

ω

⎛ ⎞
Γ⎜ ⎟
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⎝ ⎠

                (2.31) 

where max maxq CV= , maxV  is the largest amplitude of VCO, and 
2 4ni kT
f R
=

Δ . Substituting these relations into (2.31). We have 

2
24( ) 10log o

rms
s

kTL
P Q

ωω
ω

⎛ ⎞⎛ ⎞⎜ ⎟Δ ≈ Γ ⎜ ⎟⎜ ⎟Δ⎝ ⎠⎝ ⎠
              (2.32) 

If input noise of VCO is 1/f noise, the power spectral density is 

written as 

1/2 2
,1/

f
n f ni i

ω
ω

=
Δ                       (2.33) 

where 1/ fω is the 1/f corner frequency of 1/f noise. This equation 

represents the phase noise spectrum of an arbitrary oscillator in 1/f2 

region of the phase noise spectrum. Quantitative analysis for the 

relationship between the device corner 1/f and the 1/f 3 corner of the 

phase noise can be illustrated by following equation. 
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Fig. 2.26 Conversion of noise to phase noise sidebands. 

 

Here we consider the case of a random noise current in(t) whose power 

spectral density has both a flat region and a 1/f region as shown in Fig. 

2.26. Noise components located near integer multiples of the oscillation 

frequency are transformed to low frequency noise sidebands for SΦ(ω) 

and it’s become phase noise in the spectrum of SV(ω) as illustrated in Fig. 

2.26. It can be seen that the total SΦ(ω) is given by the sum of phase noise 

contributions from device noise of the integer multiples of ωo and 

weighted by the coefficients cn. The theory predicts the existence of 1/f 2, 

1/f 3, and flat regions for the phase noise spectrum. The low frequency 
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noise sources are weighted by the coefficient c0 and show a dependence 

on the offset frequency. The white noise terms are weighted by other cn 

coefficients and give rise to the 1/f 2 region of phase noise spectrum. 

From Fig. 2.26, it is obviously that if the original noise current i(t) 

contains 1/fn low frequency noise terms, they can appear in the phase 

noise spectrum as 1/fn+2 regions. 
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Chapter 3   The Design of LNA with Notch Filters for UWB  
       Wideband systems are quite sensitive to out-of-band blockers. In 

particular, UWB systems require mitigation of the interference caused by 

WiFi systems operating in the 2.5GHz and 5.2GHz bands because the 

power of WiFi systems can exceed received UWB signal power a lot. As 

such, filtering of the interferers is beneficial to relax the linearity 

requirements of the downconversion mixer, and to avoid receiver gain 

desensitization. 

 

3.1 Circuit Design of the UWB LNA with low power 

 3.1.1 Input-matching stage 

       In input stage, we first use the current-reused structure by 

cascading PMOS and NMOS which is shown in Fig. 3.1 to achieve 

the twice power gain without extra current consumption [15]. 
 
    

 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.1 Schematic of the cascade structure 

In order to achieve wideband performance of LNA, we add a 



 34

Mp

Mn

RF_in     RF_out    
Rf

Mp

Mn

RF_in     RF_out    
Rf

Ls

Ls

shunt feedback resistance Rf in the input stage shown in Fig. 3.2(a). 

Since, the S11 in Fig. 3.2(b) move to the center of smith chart.  
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3.2(a) Schematic with Rf     (b) S(1,1) with Rf and without Rf 

For reaching input-matching further, as shown in Fig. 3.3(a), the 

inductance Ls is added to the source of input stage and the improvement 

of S11 is shown in Fig. 3.3(b). After adding Rf and Ls, we can accomplish 

the whole wideband input-matching network. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.3(a) Schematic with Ls     (b) S(1,1) with Ls and without Ls 
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 3.1.2 Output-matching stage 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3.4 Time-domain step current responses in (a) simple RC and (b) 

shunt peaking inter-stage networks. 

       When the beginning of the small signal current flowing out from 

M1 shown in Fig .3.4(a). It will see the impedance of the load resistance 

RL and the parasitic capacitances of M1 and M2 and charge them. 

Oblivious, we can reduce the current at the start flowing through the load 

resistance by adding the series inductance LH which is shown in Fig. 

3.4(b) . Since, the current will charge the parasitic capacitance quickly to 

shorten the rising time. As a result, the bandwidth can be extended 

successfully [16]. 
  
 
 
 
 
 
 
 
 
Fig. 3.5 Time-domain step current responses in HS peaking inter-stage 
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networks. 

     Furthermore, when putting another inductor Ls between the two 

parasitic capacitances shown in Fig. 3.5, the current at the start will only 

charge the Cd so that the bandwidth will be extended more. The 

schematic is shown in Fig. 3.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.6 the schematic of input-matching and output matching 
      
 3.1.3 Noise analysis 

     Because the noise from substrate of transistor always attributes the 

noise figure of LNA, we add a large resistance Rb between source and 

body of each transistor to improve the noise figure which is shown in Fig. 

3.7(a). We can find that it’s very useful for reducing the noise figure in 

Fig. 3.7(b). 
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Fig. 3.7 (a) Schematic with Rb        (b) Improvement of the noise figure 

     It is also important to note that the feedback resistance Rf have 

outstanding effect for the noise figure of the LNA. In Fig. 3.8, we can 

find that the larger value of Rf, the lower noise figure and better power 

gain can be reached. But it makes the S(1,1) worse at the same time 

which is shown in Fig. 3.9. The trade off between the noise figure and the 

S(1,1) is the main consideration to determine the feedback resistance Rf.. 
 
 
 
 
 
 
 

   
 
Fig. 3.8(a)Noise figure with different Rf   (b)S(2,1) with different Rf 
 
 
 
 
 
 
 
 
Fig. 3.9 S(1,1) with different Rf 
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3.2 The Integration of LNA with Notch Filters 

    3.2.1 The design of notch filters with active inductors 

    Because WiFi system is a narrow band application, we can only use 

narrow band filters to suppress WiFi signals to avoid effecting UWB 

system. 

    In Fig.3.9, we can find that the Q factor of series resonant is 

proportional to inductance value and has an inverse ratio with parasitic 

resistance [17]. In general, the larger inductance value can increase Q 

factor of series resonant. However, instead of improving Q factor, the 

performance of filter becomes worse because of the increase of parasitic 

resistance which is shown in Fig.3.10 
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Fig.3.9 The analysis of the Q factor 
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Fig.3.10 The filtering ability with increase inductance value 

     In Fig.3.10, we can find the filtering ability is manly determined by 

the Q factor so that we add the negative resistance 
mg
2−  to eliminate the 

positive resistance of the inductance which is shown in Fig.3.11. 

     Because the negative resistance 
mg
2−  may far bigger than positive 

resistance, we use parallel structure shown in Fig.3.11(c) to avoid the 

system becoming unstable. The design of suppressing circuit is shown in 

Fig.3.12. 
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Fig.3.11 The design of negative resistance 
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Fig.3.12 The design of suppressing circuit 

          

Using negative resistance can improve the Q factor, but it need 

more current consumption. To save chip area and power consumption, we 

realize the inductance by active circuit which is shown in Fig.3.13. It’s 

consists of two transconductor amplifiers and a capacitor. We can use     
Kirchhoff equation to derive equivalent inductance value described in 

equation (1), (2) and (3). A general active inductor is shown in Fig.3.14. 
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           Fig.3.13 The concept of active inductor 
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Fig.3.14 The schematic of the active inductor 

In Fig.3.15, we use resistance Rf to improve the Q factor by 

reducing the loss of the inductor and increasing the inductance value. 

Additionally, using a plus transistor M3 to raise feedforward character can 

make the Q factor better shown in Fig.16. The final improved schematic 

is shown in Fig.17. 
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Fig.3.15  Active inductor with additional Rf 

 

Fig.3.16 Using M3 to improve the Q factor 

 

Fig.3.17 The final improved active inductor 
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       The basic theory to suppress WiFi signal is use series LC tank 

shorting only when the frequency is 
LCπ2

1 . It is nearly regarded as 

open circuit when the frequency is far away from 
LCπ2

1 . We can use 

this character to filter the frequencies of 2.5GHz and 5.2GHz in different 

paths shown in Fig.3.18. We can find the simulation results by using ideal 

inductances and capacitors in Fig.3.19. 

 

 

 

 

 

 

 

 

 

 

         Fig.3.18 The basic concept of suppressing WiFi signals 

 

 

 

 

 

 

 

Fig.3.19 The concept diagram of suppressing circuit and simulation result 
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3.2.2 The total design with small area and low power 

       When mixing the LNA and filters, the total noise figure would 

become very high if the filters are added in front of the LNA. So we 

finally determined adding the filters after the LNA which is shown in 

Fig.3.20. In additional, we avoid using any passive inductances and only 

using the feedback resistance RFB to achieve input-matching to save chip 

area. The core area of this design is only 0.0016mm2. 

  Fig.3.20 The total schematic of LNA and notch filters 
3.3 Simulation and Measured Results 
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  3.3.1 Simulation and Measured Results of LNA        

Fig.3.21 shows the magnitude of S11 and S21. Fig.3.22 shows the 

magnitude of P1dB. The characteristic of the proposed LNA was verified 

from Fig.3.21 and Fig.3.22. Fig.3.23 shows the noise figure of the design. 

Table 3.1 summarizes the performance of measured results. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3.21 The magnitude of S11 and S21 
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Fig.3.22 The magnitude of P1dB 
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Fig. 3.23 The Noise Figure 
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Table 3.1 Measurement results of LNA 

specification This work 

Technology 0.18-um CMOS

Frequency(GHz) 3.1-10.6 

Input return loss S11(dB) <-6.4 

Supply voltage(V) 1.4 

Power gain(dB) 9.5-14.5 

Reverse isolation S12(dB) <-40 

NFmin(dB) 2.6 

Bandwidth(GHz) 1.6-10 

P1dB@7GHz -14 

Pdiss(mW)  *6.8 
Chip Area 0.66mm2 

*exclude buffer 
 
 
3.3.2 Simulation and Measured Results of LNA with notch filters       

Fig.3.24 shows the magnitude of S11 and S21. Fig.3.25 shows the 

noise figure of the design. The characteristic of the proposed LNA with 

notch filters was verified from Fig.3.24 and Fig.3.25. Table 3.2 

summarizes the performance of simulation and measured results.  
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Fig.3.24 The magnitude of S11 and S21 for LNA with notch filters 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3.25 The Noise Figure of LNA with notch filters 
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Table 3.2 Comparison of LNA 
specification This work 

Technology 0.18-um CMOS 

Frequency(GHz) 3-5 

Input return loss S11(dB) <-7.5 

Supply voltage(V) 1.8 

Power gain(dB) 10.1-13.9 
Notch performance 

@2.5GHz、5.2GHz 

19dB/ 
38dB 

Reverse isolation S12(dB) <-40 

NFmin(dB) 2 

Bandwidth(GHz) 3-5 

P1dB -14.2 

Pdiss(mW) 10.3 
Chip Core Area 0.0016mm2 

       
3.4 Comparison and Summary 

      The comparison of the proposed low noise amplifier and LNA 

with notch filters against recently reported on LNA are shown in 

Table 3.3 and Table 3.4.  
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Table 3.3 Simulation and measurement results of LNA with filters 
specification This work 2007[18] 

EL 
2007[19] 
MWCL 

2007[20] 
EuMA 

Technology 0.18-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

Frequency(GHz) 3.1-10.6 3.1-10.6 3.1-10.6 3.1-10.6 

 S11(dB) <-5.4 <-9.7 <-8 <-10 

Supply voltage(V) 1.4 1.9 1.8 1.4 

Power gain(dB) 9.5-14.5 11~11.8 13.5~16 10.5~12.5

Reverse isolation 
S12(dB) 

<-40 <-40 <-40 -- 

NFmin(dB) 2.6 4.12 3.1 4.45 

Bandwidth(GHz) 1.6-10 1.3-12.1 3.4-11.4 2-9 

P1dB@7GHz -14 -7.86 -- -- 
Pdiss(mW) *6.8 22.7 11.9 28 

Chip Area 0.66mm2 **0.447 mm2 1.2mm2 0.63mm2 
*exclude buffer 
**exclude test pad 
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 Table 3.4 Comparison of LNA with filters 
specification This work 2007[21] 

ISSCC 
2007[22] 

RFIC 
2007[23] 

EL 
Technology 0.18-um 

CMOS 
0.13-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

Frequency(GHz) 3-5 3-5 3-10 3-10 

Input return loss 
S11(dB) 

<-7.5 <-10 <-10 <-10 

Supply voltage(V) 1.8 1.5 1.8 1.8 

Power gain(dB) 10.1-13.9 <19.4 <21.5 <20.3 

Notch performance 

@2.5GHz、5.2GHz 

19dB  
38dB  

   6dB 
44dB 

-- 
<10dB 

12.8dB 
19.6dB 

 
Reverse isolation 

S12(dB) 
<-40 -- -- -- 

NFmin(dB) 2 3.5 3.5 4 

Bandwidth(GHz) 3-5 3-5 3-10 2.9-12.3 

P1dB -14.2 -9.4 -- -- 

Pdiss(mW) 10.3 31.5 21.8 24 
Chip Core Area *0.0016mm2 1.6mm2 1.2mm2 1.43mm2 

*core area 
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Chapter 4   The Integration of Mixer and VCO with Balun 

      The demand for high speed wireless systems is driven by the 

growing popularity of consumer products. Low-voltage, low-power, and 

highly integrated circuits are always the trends for IC design, especially 

crucial in mobile wireless communication systems due to the limitation of 

battery capacity. The contents of this chapter below will introduce the 

integration of mixer, VCO, and Balun using 0.18 um CMOS process in 

detail and discuss the principles and aonsiderations of each section. 

4.1 Circuit Design of the Mixer and VCO with Balun 

4.1.1 Analysis of the mixer with current-bleeding method 

    In general, an active mixer has three stages that involve 

transconductance stage, switch stage and load stage which is shown in 

Fig.4.1. We know that increasing the bias current of the transconductance 

stage makes higher gain and better linearity possible. However, a larger 

switching current causes voltage headroom issue and larger noise. 

Therefore, the current bleeding technique is implemented by using two 

PMOSFETs to reduce the bias current of the switch stage which is shown 

in Fig.4.1.  
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 Fig. 4.1 Gilbert-type mixer with current bleeding circuits 

    From (1), if the bias current of switch stage is decreased, the 

output flicker-noise current generated by the direct mechanism can be 

minimized. Fig.4.1 shows a double-balanced Gilbert-type mixer with 

current bleeding circuits. The mixer comprises a transconductance stage, 

switch stage, load stage and pMOS current bleeding circuit. 
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   4.1.2 The replacement of current source with VCO 

        Although the current bleeding technique can minimize the 

output flicker-noise current and maintain the transconductance gain at the 

same time, the bleeding current is used up without other profits. The core 
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idea of this design is to make the bleeding current for VCO use. In other 

words, we will replace current bleeding circuits with VCO to make 

current reused which is shown in Fig.4.2. In additional, we change the RF 

port and LO port for optimal design. 

 

Fig. 4.2 Replace current bleeding circuits with VCO 

   4.1.3 The addition of the balun 

Most balun structures utilize either distributed or lumped elements. 

Distributed baluns are composed of sections of / 2λ  transmission line or 

/ 4λ  coupled line. Theses structure occupy large size especially in the 

integrated circuit implementation. As lumped element balun is formed 

with low pass filter, 900 ahead, and high pass filter, 900 behind, it always 

exhibit poor balun balance across frequency [24]. 

Recently, balun structures consisted of both distributed and lumped 

elements have been proposed [25]. The balun as shown in Fig. 4.3 has 

been investigated in [26]. By adding two capacitors C2 and C3, the 
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coupled lines length can been reduced and two poles induce because of 

the coupled resonators. C1 is the input matching. Fig. 4.4 shows the 

S-parameter. The phase difference is as shown in Fig. 4.5. Fig. 4.6 shows 

the die size of proposed balun is about 0.26*0.26mm2. 

 

C1

C2

C3

 
Fig. 4.3 The schematic of the proposed balun 
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     Fig. 4.4 The simulation s-parameters of proposed balun 
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     Fig. 4.5 The simulation phase difference of proposed balun 

 
     Fig. 4.6 The layout of proposed balun 

 

 

 

 

 

 

   4.1.4 Total design circuit 

        Finally, the integration of mixer, VCO, and balun is achieved 

for optimal current-reused. As shown in Fig. 4.7, we can see the whole 

proposed design circuit. 
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Fig. 4.7 Final proposed schematic of the integration 

4.2 Simulation Results 

Fig. 4.8 shows the magnitude of S11 and S21. Fig. 4.9 shows the 

tuning range and phase noise of VCO . The conversion gain and P1dB of 

the proposed design in 5.2GHz and 5.8GHz are presented from Fig. 4.10 

and Fig. 4.11. Table 4.1 summarizes the performance of simulation 

results. 
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Fig. 4.8 the magnitude of S11 and S21 

 
(a) Tuning range of VCO 

  

 

 

 

 

 

(b) Phase noise of VCO 

Fig. 4.9 Tuning range and phase noise of VCO 
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Conversion gain of 5.2GHz is 15.6dB 

 

 

 

 

 

 

 

 

 

(a) conversion gain in 5.2GHz     

 

P1dB of 5.2GHz is -17dB 

 

 

 

 

 

 

 

       (b) conversion gain in 5.2GHz   

Fig. 4.10 conversion gain and P1dB in 5.2GHz 
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Conversion gain of 5.8GHz is 14.6dB 

 

 

 

 

 

 

 

 

 

(a) conversion gain in 5.8GHz     

 

P1dB of 5.8GHz is -16dB 

 

 

 

 

 

 

 

       (b) conversion gain in 5.8GHz   

Fig. 4.11conversion gain and P1dB in 5.8GHz 
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             Table 4.1 Simulation results of mixer and VCO 

Performance of mixer and VCO with balun 

 5.2 GHz 5.8 GHz 

VDD 1.4 V 

Power consumption 6.12 mW 

Input return loss 12 dB 16 dB 

Output return loss 12 dB 12 dB 

Conversion Gain 15.6 dB 16.6 dB 

P1dB -17 dB -16 dB 

Phase noise -105 dBc/1MHz -105 dBc/1MHz 

LO power -8 dBm -6 dBm 

LO to RF <-30 dB <-30 dB 
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4.3 Comparison and Summary 

The comparison of the proposed design that contains mixer and VCO 

with balun against recently reported is shown in Table 4.2.  
 
                Table 4.2 Comparison of Mixer and VCO 

specification This work 2005[27]
ISCAS 

2006[28] 
MTT 

2006[29] 
EuMA 

Technology 0.18-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

0.18-um 
CMOS 

Frequency(GHz) 5.2/ 5.8GHz 5GHz 4.2GHz 1.7 

 S11(dB) <-12 <-10 <-10 <-31 

Supply voltage(V) 1.4 2 1 -- 

conversion gain(dB) 15.6/16.6 
@5.2/5.8GHz

6 10.9 8.9 

Phase noise(dBc/MHz) -105 -110 -107.1 -133 

Bandwidth(GHz) 5~6 5 4.2 1.7 

Pdiss(mW) 6.12 9 3.14 -- 

Chip Area 1.15mm2 -- 0.96mm2 2.76mm2 
  Need extra VCO     No     No    No    No 
  Need extra balun     No     Yes    Yes   Yes 
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Chapter 5   Conclusion 

    

     In this thesis, we present low noise amplifier with notch filters and 

the integration that consists of mixer and VCO with balun. These 

proposed circuits are fabricated using a standard TSMC 0.18um CMOS 

process. 

     In chapter 3, a low noise amplifier with notch filters for UWB 

application is presented. First, a low noise amplifier which is added bulk 

resistance with low power for 3~10GHz is presented. The measurement 

result of LNA shows the power gain is more than 9.5dB in 3~10GHz, 

return loss is under -5.4dB, minimum noise figure is 2.6dB, and power 

consumption exclude buffer is 6.8 mW. Second, the LNA which is added 

notch filters realized by active inductors for 3~5GHz is presented. The 

core area of this design is only 0.0016mm2. The measurement result of 

LNA with notch filter shows the power gain is 8~12dB, return loss is 

under -7.5dB. The suppressed performance of notch filters in 2.5GHz and 

5.2 GHz are 19dB and 38dB. The power consumption is 10.3 mW. The 

simulation results of minimum noise figure and P1dB are 2dB and 

-14.2dB. 

      In chapter 4, the integration of mixer, VCO, and balun which is 

achieved for optimal current-reused is presented. The bandwidth is 

5~6GHz for WiMAX which concludes. The chip area is 1mmx1.5mm. 

The simulation results in 5.2GHz and 5.8GHz show the mixer conversion 

gain are 15.6dB and 16.6dB, return loss is under -12dB, P1dB are -17dB 

and -16dB. The phase noise of VCO in 5.2GHz and 5.8GHz are -105 

dBc/MHz. The total power consumption is 6.12mW.  



 64

Reference 
[1] Nam-Jin Oh; Sang-Gug Lee, ”Current reused LC VCOs,” in IEEE Microwave and Wireless 

Components Letters, Dig., pp. 736-738, Nov. 2005. 

[2] Vidojkovic, V., van der Tang, J., Leeuwenburgh, A.L., van Roermund, A.,”A high gain, low 

voltage folded-switching mixer with current-reuse in 0.18 /spl mu/m CMOS,” in IEEE Radio 

Frequency Integrated Circuits Symposium, Dig., pp. 31-34, Jun. 2004. 

[3] To-Po Wang, Chia-Chi Chang, Ren-Chieh Liu, Ming-Da Tsai, Kuo-Jung Sun, Ying-Tang Chang, 

Liang-Hung Lu, Huei Wang, “A low-power oscillator mixer in 0.18-/spl mu/m CMOS technology,” 

in IEEE MTT-S Int. Microwave Symp. Dig., pp. 88-95, Jan. 2006. 

[4] D. Manstretta, R. Castello, F. Gatta, P. Rossi, and F. Svelto, “A 0.18 um CMOS direct-conversion 

receiver front-end for UMTS,” in IEEE Int. Solid-State Circuits Conf. Dig., pp. 240–241, 2002. 

[5] P. Zhang, T. Nguyen, C. Lan, D. Gambetta, C. Soorapanth, B. Cheng, S. Hart, I. Sever, T. Bourdi, 

A. Tham, and B. Razavi, “A direct conversion CMOS transceiver for IEEE 802.11a WLANs,” in 

IEEE Int. Solid-State Circuits Conf. Dig., pp. 354–355, 2003. 

[6] M. A. Do, J. J. Liu, K. S. Ye and J. G. Ma, “ANALYSIS OF LO LEAKAGE IN CMOS GILBERT 

MIXER BY CADENCE SPECTRERF FOR DIRECT CONVERSION APPLICATION,” in IEEE 

Int. Asia-Pacific Conference on Circuits and Systems, pp. 309–312, Dec. 2004. 

[7] Sining Zhou, and Mau-Chung Frank Chang, “A CMOS Passive Mixer With Low Flicker Noise for 

Low-Power Direct-Conversion Receiver,” IEEE J. Solid-State Circuits. Dig., pp. 1084–1093, May 

2005. 

[8] Sher Jiun Fang; See Taw Lee; Allstot, D.J.; Bellaouar,A.; “A 2 GHz CMOS even harmonic mixer 

for direct conversion receivers”, ISCAS 2002, vol. 4, pp. 807-810, May 2002. 

[9] 陳煥能，〈具抑制頻寬外增益功能之帶斥特性超寬頻低雜訊放大器與 2.5-11GHz 主動式寬頻

匹配超寬頻低雜訊放大器〉，交通大學碩士論文，2006。 

[10] D. K. Shaeffer, and Thomas H. Lee, “A 1.5V, 1.5GHz CMOS Low Noise 

Amplifier, “IEEE Journal of Solid-State Circuit, vol. 32, pp. 745-759, May 1997. 

[11] Nazmul Islam, Syed K. Islam, and Hasina F. Huq, “High Performance CMOS Converter Design in 

TSMC 0.18-μm Process,” IEEE Proceedings, pp. 148 - 152,  April 2005. 

[12] Barrie Gilbert, “The Micromixer: A Highly Linear Variant of the Gilbert Mixer Using a 

Bisymettric Class-AB Input Stage”, IEEE J. Solid-State Circuits, vol. 32, pp. 1412-1423, Sep. 

1997. 

[13] Tae Wook Kim, Bonkee Kim, and Kwyro Lee, “High Linear Receiver Front-End Adopting 

MOSFET Transconductance Linearization by Multiple Gated Transistors,” IEEE J. Solid-State 

Circuits, vol. 39, no. 1, pp. 223–229, Jan. 2004. 

[14] Sivonen, P.; Vilander, A.; Parssinen, A., “Cancellation of second-order intermodulation distortion 

and enhancement of IIP2 in common-source and common-emitter RF transconductors,” Circuits 

and Systems I, vol. 52, issue 2, pp. 305-317, Feb. 2005. 



 65

[15] Taris, T., Begueret, J.B., Deval, Y.,” A low voltage current reuse LNA in a 130nm CMOS 

technology for UWB applications,” in 2007 EuMC Digest, pp.1105-1108, Oct. 2007. 

[16] Yi-Jing Lin, Hsu, S.S.H., Jun-De Jin, Chan, C.Y.,”A 3.1–10.6 GHz Ultra-Wideband CMOS Low 

Noise Amplifier With Current-Reused Technique,” Microwave and Wireless Components Letters, 

Volume 17, pp.232-234, Issue 3, Mar. 2007. 

[17] 林竣義，〈主動式電感之設計與實現〉，交通大學碩士論文，2007。 

[18] Lee, J.-H., Chen, C.-C., Lin, Y.-S.,”0.18 μm 3.1-10.6 GHz CMOS UWB LNA with 11.4±0.4 dB 

gain and 100.7± 17.4 ps group-delay,” in IEEE Electronics Letters, Dig., Volume 43, Issue 24, 

Nov. 2007. 

[19] Yi-Jing Lin, Hsu, S.S.H., Jun-De Jin, Chan, C.Y.,” A 3.1–10.6 GHz Ultra-Wideband CMOS Low 

Noise Amplifier With Current-Reused Technique,” Microwave and Wireless Components Letters, 

Volume 17, pp.232-234, Issue 3, Mar. 2007. 

[20] Taris, T., Begueret, J.B., Deval, Y.,” A low voltage current reuse LNA in a 130nm CMOS 

technology for UWB applications,” in 2007 EuMC Digest, pp.1105-1108, Oct. 2007. 

[21] Bevilacqua, A., Vallese, A., Sandner, C., Tiebout, M., Gerosa, A., Neviani, A.,”A 0.13/spl mu/m 

CMOS LNA with Integrated Balun and Notch Filter for 3-to-5GHz UWB Receivers,” ISSCC, Dig., 

pp. 420- 612, Feb. 2007. 

[22] Yuan Gao, Yuanjin Zheng, Ban-Leong Ooi,”A 0.18-/spl mu/m CMOS UWB LNA with 5 GHz 

Interference Rejection,” in IEEE RFIC Symposium, pp. 47-50, Jun. 2007. 

[23] Gao, Y., Zheng, Y.J., Ooi, B.L.,”0.18 /spl mu/m CMOS dual-band UWB LNA with interference 

rejection,” in IEEE Electronics Letters, Volume 43, Issue 20, pp. 1096 – 1098, Sep. 2007. 

[24] H.K. Chiou, H. H. Lin, and C. Y. Chung, “Lumped-element compensated high/low-pass balun 

design for MMIC double-balanced mixer,’ IEEE Microwave Guided Wave Lett., Vol. 7, pp. 

248-250, Aug. 2007. 

[25] Kian Sen Ang, Yoke choy Leong, Chee How Lee, “Analysis and Design of Miniaturized 

Lumped-Distributed Impedance-Transforming Baluns,’ IEEE Transactions on microwave theory 

and techniques, Vol, No. 3, 2003. 

[26] R. Kravchenko, K. Markov, D. Orlenko, G. Sevskiy, and P. Heide, “Implementation of a 

miniaturized lumped-distributed balun in balanced filtering for wireless application,’ in IEEE 

European Microwave Conference, Vol. 2, pp. 4-6, Oct. 2005. 

[27] Byunghoo Jung, Bommalingaiahnapallya, S., Harjani, R.,”Power optimized LC VCO and mixer 

co-design,” Circuits and systems, 2005. ISCAS '05, vol. 5, pp. 4393–4396, May 2005. 

[28] To-Po Wang, Chia-Chi Chang, Ren-Chieh Liu, Ming-Da Tsai, Kuo-Jung Sun, Ying-Tang Chang, 

Liang-Hung Lu, Huei Wang, “A low-power oscillator mixer in 0.18-/spl mu/m CMOS technology,” 

in IEEE MTT-S Int. Microwave Symp. Dig., pp. 88-95, Jan. 2006. 

[29] Jae-Ho Yoon, Nam-Young Kim, ”A New Harmonic Noise Frequency Filtering VCO and Mixer 

Co-design,” in IEEE European Microwave Integrated Circuits Conference, Dig., pp. 352-355, 

Sept. 2006. 


