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全球定位系統專用低功率整數 N頻率合成器 

研究生：汪揚      指導教授：高銘盛、周復芳 博士 

 

國立交通大學 

電信工程學系 碩士班 

 

摘要 

本論文中提出一全球定位系統專用的頻率合成器，其工作頻率在 1.57GHz，

為了達到低功率損耗的目的，我們將操作電壓設定在 1.5伏特，且除頻器部份考

慮降低電流使用量，採用較省電的整數 N組態，所有電路除迴路濾波器及參考

振盪器外，均製作在同一晶片上以達高整合目的，晶片製作則是採用台積電

CMOS 0.25um製程。 

在 1.5伏特的電壓供應下，所量測到的功率損耗為 14.1毫瓦。壓控振盪器消

耗 6.8毫瓦，除頻器消耗 6.6毫瓦，充電幫浦消耗 0.64毫瓦，相位/頻率比較器消

耗不到 1毫瓦。 
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Abstract 
In this thesis, we demonstrate a low power synthesizer for global position 

system (GPS) which operates at 1.57GHz. For low power consumption 

consideration, we set the supply voltage at 1.5V, and adopt the “Integer-N” 

type frequency synthesizer to save power. For high integration issue, all 

circuits are integrated in single chip except the loop filter and the reference 

oscillator. This chip is fabricated by TSMC 0.25um. 

   The measurement of power consumption is 14.1mW for 1.5V supply 

voltage. VCO consumes 6.8mW, frequency divider consumes 6.6mW, charge 

pump consumes 0.64mW, and phase/frequency detector consumes less than 

1mW. 
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Chapter 1 
 
INTRODUCTION 
 

1.1 GPS Background and Motivation 

Applications and developments of wireless communication had grown 

rapidly during the past decade. Radio frequency integrated circuit (RFIC) is the 

hottest subject in the academic community and industry, most of the 

researches are focused on low cost, low power consumption and high 

integration. Various functions have been launched and applied in new products, 

for example, global position system (GPS) is widely used in navigation and 

driving, whereas many cars, cell phones and PDA are equipped with it. 

GPS was developed by the United States Department of Defense (DOD), 

primarily for military purpose. However, the most significant developments over 

the last 10 to 15 years had all come from the civilian sector. There are four 

satellites in the space, which can provide a 3-dimensional environment (the 

fourth satellite can model the time offset between ‘GPS time’ and receiver 

clock). By measuring the time difference received from each satellite, after 

computing, we can decide its position accurately.  

The GPS satellites broadcast signals in two bands: the L1 band, which is 
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centered at 1.57542GHz, and the L2 band, centered at 1.2276GHz. Each 

satellite broadcasts two different direct-sequence spread-spectrum signals. 

They are known as the P code (precise code) and the C/A (Coarse/Acquisition) 

code. P code is broadcast in both frequency bands for military use, and C/A 

code is broadcast only in L1 (1.57542GHz) band for commercial use (Fig. 1). 

Bit rate of C/A code is 50-b/s spread over 2MHz bandwidth. Received signal 

power is around -130dBm and power spectrum density (PSD) is about 

-193dBm/Hz lower than the thermal noise level [1]. And GPS front end 

downcoverter chips produced by Valence semiconductor have the 

specification about phase noise; -70dBc/Hz@10KHz and -105dBc/Hz@1MHz  

. 

Fig. 1  GPS signal 

 

1.2 Typical GPS frond end receiver architecture 
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    A typical GPS frond end receiver being designed for L1 band and C/A 

code is illustrated in Fig. 2. This receiver incorporates a fully integrated LNA 

front-end, IF section and a frequency synthesizer whose loop filter and 

reference oscillator are off chip. 

     An active antenna receives the GPS signal from satellites. After matching 

circuit the signal is sent to the LNA, the low-noise mixer and is down 

converted to a quadrature IF of 1.023MHz. The filters follow the mixers are 

used for the channel selection. Then, the signal passes through a fifth-order 

complex elliptic filter that rejects the image noise by an average of 18dB. A 

chain of variable gain amplifier (VGA) provides gain for IF signal before 

sending to the comparator (COMP).     

 

                     Fig. 2  GPS front end receiver    

1.3  Other Reference Works 
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    From above we know the architecture of the whole front end receiver, next 

we review some references to realize the specification of other synthesizer 

works. 

1. The measurement result of the synthesizer in the first reference “A 

Fully Integrated Low-IF CMOS GPS Radio With On-Chip Analog Image 

Rejection” [2] is shown below: 

PLL spurs -63dB 

VCO phase noise @ 1MHz offset -107dBc/Hz 

PLL In-band phase noise with 70KHz 

PLL bandwidth 
-72dBc/Hz 

Settling time <5ms 

Power consumption (whole chip) 27mW 

Table. 1  Specification summary of the first reference 

2. In the second reference “A 35-mW 26.3 mm  Fully Integrated 0.18-um 

CMOS GPS Radio” [3], the measurement result of the synthesizer is 

shown below: 
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PLL spurs <-35dB 

VCO phase noise @1MHz offset -95dBc/Hz 

Settling time <1ms 

Power consumption 16.7mW 

Table. 2  Specification summary of the second reference 

3.  A data sheet “A GPS front end downconverter”[4] produced by Valence 

semiconductor has the specification about synthesizer. 

PLL spurs -70dB 

VCO phase noise @1MHz offset -105dBc/Hz 

Charge pump current (Icp) 0.5mA 

VCOK  220MHz/V 

Table. 3  Specification summary of the third reference 



 6

  

1.4 Thesis Organization 

In this thesis, we bring up a complete design flow, circuit architecture, 

simulations, layout and measurement of a low power GPS frequency 

synthesizer fabricated by TSMC 0.25um technology.  Here is the organization 

of this thesis. 

In Chapter 2, a simple PLL design theory will be introduced with special 

consideration of the often- seen noise effect in VCO and PLL.  

In Chapter 3, we build up the architecture of our synthesizer and compare 

with other structures. Then we simulate the synthesizer performance and draw 

the layout.   

In Chapter 4, measurement results of the fabricated synthesizer will be 

presented. 

In Chapter 5, we discuss the measurement results and then make the 

conclusion. We further present future prospects to achieve better performance.     
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Chapter 2 
 
PLL THEORY 
AND  
NOISE IN PLL LOOPS 
 

Phase-locked loop (PLL) is the critical part in modern communication 

systems. It can be used as an oscillator to generate various frequencies for 

up/down conversion in super-heterodyne transceivers. It can also be used to 

regenerate the carrier from an input signal in which the carrier has been 

suppressed. On concerning PLL performance, two noise sources, i.e., VCO 

phase noise and input noise, play the critical role in the noise performance. In 

this chapter, we will first introduce simple PLL theory and then discuss the 

relationship between noise and system performance.         

   

2.1 Basic PLL Theory 

The purpose of PLL is making one tunable frequency lock to a reference 

frequency via a feedback loop. Basic PLL architecture consists of a voltage 

controlled oscillator (VCO), a frequency divider, a phase/frequency detector 
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(PFD) and a loop filter (LPF). Although both PFD and VCO may be highly 

nonlinear, we still assume linearity when loop is under lock. 

On analyzing PLL, loop filter is closely related to PLL behavior such as 

stability, settling time, bandwidth, and noise performance. Thus we focus on it. 

There are two kinds of loop filter - passive and active loop filters. Based on 

some reasons we use passive elements (R, L, and C) as our loop filter rather 

than active elements (OP amp). First, passive elements are much cheaper and 

simpler than active ones. Second, for passive filter, maximum DC gain is unity, 

whereas active loop filter can provide very high DC gain (almost infinity); we 

don’t need such a high DC gain to push ctrlV  to achieve wide tuning range in 

the wireless communications. Third, passive loop filter consumes less power 

than active loop filter. Thus we build the loop filter by passive elements. 

 Based on the order of LPF, it can be classified as the first, the second, 

the third and the fourth-order PLL. In the first-order PLL, the steady state 

phase error 
BW
fref

e =φ , and the loop bandwidth ( BW ) is always much smaller 

than the reference frequency ( reff ) in PLL design, therefore, the steady state 

phase error is very large. In order to force the steady state phase error to zero, 

the second-order PLL is introduced. But the settling time of a second-order 

PLL is more than twice as much as the first-order PLL, and the spurious noise 

problem is still serious [5]. So we added one capacitor to increase the PLL 

order to three which is shown below. This is also the loop filter I chosen in my 

thesis. The third-order PLL linear model with passive loop filter is illustrated in 

Fig. 3.  
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                 Fig. 3  Third-order PLL linear model 

   The loop filter of the third-order PLL is shown in Fig. 4. We first derive its 

impedance transfer function 

 

Fig. 4  Second-order loop filter 
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Fig. 5 Transfer function of Z(s) 

The forward gain of the loop is given as:  
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Thus the whole loop transfer function )(sH  is given below and the response 

of )(sH  is shown in Fig. 6. 
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Fig. 6 Frequency response of |)(||,)(| sHsG  

Now we discuss the bandwidth of PLL. For low w , MSH ≈|)(| ; for 32 www ≤≤ , 

|H| 

 |G| 

M 
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hKsZ ≈|)(| . Let 
2

|)(| MsH = when dBww 3=  and assume 332 www dB ≤≤ , we 

can solve Eq. (3) and get the 3dB bandwidth of |)(| sH as : 

                      K
M

KKK
w vcohp

dB ==3                  (5) 

This result for the bandwidth is valid when 2ww > , hKsZ ≈|)(| , and we get 

Kw dB =3 .Therefore, we require that 

                      Kw <2                             (6) 

On concerning PLL step response we know that the higher of the ratio 
K
w2  we 

set, the larger damping and longer settling time we get, thereby a good rule of 

choosing the value of 2w  is: 

                           
42

K
w =                            (7) 

Next we focus on the design of the other pole 3w . The noise out of dBw3 will 

attenuate very quickly and add 3w  will suppress the high-frequency component 

(jitter). If Kw >3 , PLL bandwidth is still the same. But the noise rejection 

capability will decrease if 3w  is too far away from K . There is still a good rule 

to choose the value of 3w : 

Kw 43 =                            (8) 

The only disadvantage to add this pole is that the overshoot will increase to 

18% (compares with 13% for the case ∞=3w  illustrated in Fig. 7) 
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Fig. 7  The effect of third pole in step response  

As we discuss )(sZ , 2w and 3w  , there is an interrelation between each pole 

and zero. 

        

Fig. 8  Interrelation with each pole and zero 

According to this interrelation, we can determine the location of each pole and 

zero. Then by Eq. (1) we can derive the R, C value of loop filter.  

Pole 
Zero= 2w  PLL  

Bandwidth
Extra pole 

3w  Reference 

Clock reff  

W 
>x4 >x4 >x10 
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where 
2

1

C
CX =  is the ratio of 1C  and 2C     

 

2.2 Noise In PLL Loops 

There are several noise sources in a PLL. The three main noise sources 

are that of the VCO phase noise nvφ , noise of the reference signal niφ  and 

the noise due to the phase detector ndφ . Fig. 9 shows the linear PLL model 

with these three noise sources added.  

 

          Fig. 9  The linear PLL model with noise added  

   We begin to discuss the influence caused by each noise. We derive the 
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output phase noise oφ  due to each noise source respectively and add them 

afterwards. The result is written as : 

MssFKKMsKK
ssFKK

vcop

nv

vcop

vcopndni
o /)(1/1

/)()(
+

+
+

+
=

φφφ
φ             (9) 

   The first term of oφ  is a low pass term and the second is a high pass term. 

At low frequencies ( 0,1)( →≈ ssF ): M
MsKK

ssFKK
ndni

vcop

vcopndni
o )(

/1
/)()(

φφ
φφ

φ +≈
+

+
= , 

noise mainly comes from the reference oscillator and the phase detector, and 

the noise amplification factor approximately equals to the frequency 

multiplication of the PLL. 

At high frequencies: nv
vcop

nv
o MssFKK

φφφ ≈
+

=
/)(1

, which reveals that the main 

noise contribution comes from the VCO phase noise. 

In summary, PLL noise is dominated by the reference oscillator and the 

phase detector at low frequencies and by the VCO phase noise at high 

frequencies. Fig. 10 shows the simplified profile of the phase noise at the 

output of PLL.  
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                 Fig. 10  Phase noise contributions in a PLL 
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Chapter 3  
 
FREQUENCY SYNTHESIZER 
 

In multi-frequency wireless transceivers, frequency synthesizer is an 

essential part to perform channel switching. Among many different frequency 

synthesis techniques, the dominant method used in wireless communication 

industry is the digital PLL circuit, and “Integer-N” frequency synthesizer is 

widely adopted. Referring to the noise consideration we discussed in the last 

chapter, the integer-N type has an unavoidable disadvantage that the 

frequency multiplication (by M) raises the phase noise level by )log(20 M dB. 

In order to improve the phase noise, “Fractional-N” type frequency synthesizer 

was introduced. According to its name, this type makes the output frequency 

VCOf be fractional times to the reference frequency reff and therefore decline 

the phase noise. The main advantage of the integer-N type is its functionality, 

low power, space saving, economy and short settling time. As low current and 

low power consumption is the important issue in commercial applications, I 

choose the integer-N type frequency synthesizer in this thesis. Fig. 11 is the 

architecture of the Integer-N type frequency synthesizer to be designed.  
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               Fig. 11  “Integer-N” PLL architecture  

   In this architecture, the programmable frequency divider is from 1024 

to 2047 and the reference frequency is 1MHz. The design consideration and 

simulation results of each block are shown in the following sections.  

3.1 VCO Design 

3.1.1  Complementary & All-NMOS Couple pair VCO 

In VCO design, there are three kinds of architecture: voltage controlled 

crystal oscillator, LC-tank oscillator and ring oscillator. Because of its low 

phase noise and easy integration, LC-tank oscillator is suitable for RF circuit 

design.    

    Fig. 12 shows two typical LC-tank oscillators. The first one uses NMOS 

and PMOS cross-coupled pairs (Complementary cross-coupled pair) to 

provide negative- mG  and the other employs all-NMOS cross coupled pair. The 
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complementary topology uses just one inductor in parallel with varactors to 

build the LC-resonator instead of two inductors in parallel to signal ground. In 

both structures, MOS cross-coupled pair is an active part to compensate for 

the losses of inductor and capacitor. 

 

 

           Fig. 12  Two typical LC-tank oscillator structures 

There are several reasons that the complementary structure is superior to 

the all-NMOS structure: [6] 

1. The complementary structure offers better rise and fall time 

symmetry. It makes low upconversion of 1/f noise and other low 

frequency noise sources. 

2. The complementary structure offers higher transconductance for a 

given current, which results in a better start-up behavior.  

Complementary 
Coupled pair VCO

All-NMOS 
Coupled pair VCO 
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3. The DC voltage drop across the channel in the all-NMOS structure 

is larger since the DC voltage of drain is ddV .This results in 

stronger velocity saturation.   

4. The complementary structure also exhibits better phase noise 

performance for all bias points illustrated in Fig. 13.     

As long as the oscillator operates in the current limited regime, the 

tank voltage swing is the same for both oscillators. However if we desire to 

operate in the voltage limited region, the all-NMOS structure can offer a 

larger voltage swing.   

    

Fig. 13  Phase noise simulation results for both structures 

3.1.2  Design for Low Power and Low Phase Noise 

In wireless communications, low power and low noise are very critical, so 

All-NMOS 

Complementary 
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does in VCO design. Fig. 14 is the description of LC resonator tank where R 

represents the loss of capacitor and inductor. 

 

Fig. 14  Basic LC resonator tank 

   Using the energy conservation theorem, the maximal energy stored in the 

inductor is equal to the maximal energy stored in the capacitor: 

22
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The peak loss in the tank is written as 

22
peakpeakloss V

L
RCRIP ==      or       2

22
222

peak
c

peakcloss V
wL
RVwRCP ==  

where 
LC

wc
1

=  is the center frequency. 

From these equations, for the unavoidable series resistance in the resonance 

tank, one can increase the inductance in order to decrease the power loss. 

In 1996, Leeson [7] derived the following expression for the single-side 

band phase noise power spectral density of an LC-tank VCO as:  
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where Q is the loaded quality factor for the tank, fw ∆=∆ π2  is the angular 

frequency offset, F  is called the device excess noise factor or simply noise 

factor, k  is the Boltzmann’s constant and T is the absolute temperature. Eq. 

(10) shows the obvious way to reduce phase noise is to increase 2
peaksig VP ∝ , 

and the most efficient way is increasing the Q factor of the tank. According to 

the Barkhausen oscillation criterion, the phase stability definition for Q is more 

appropriate for oscillator application. The phase stability quality factor is 

defined as 
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It reveals that the increase of the CL /  ratio will increase PSQ , thereby 

improving phase noise. But there is a tradeoff between CL /  ratio and tuning 

range, so one should decide the maximum CL /  ratio according to its 

minimum tuning range which the system can tolerate. 

   From above, we make Table. 4 and design our R, C value to optimize low 

power and low phase noise in the specified center frequency. 

 Low Power Low Phase Noise 
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Inductor (L) Maximize Maximize 

Capacitor (C) Minimize Minimize 

Resister (R) Minimize Minimize 

Amplitude ( 2/1
sigpeak PV ∝ ) minimize maximize 

Table. 4  Low-Power & Low-Phase noise Optimization Summary 

3.1.3  Architecture and Simulation 

As described before, there are several advantages inherent in the 

complementary topology. So we take it to realize our VCO. Fig.15 is the 

complete circuit with VCO, bank sets and output buffers. 
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Fig. 15  VCO architecture with bank sets and output buffer ctrlV  

   In VCO design, one should design the ratio between NMOS and PMOS in 

the complementary structure carefully. It is about 3:1 to ensure the symmetry 

of rising time and falling time. LC tank design should follow the low power and 

low phase noise design issue. Accordingly, larger inductor should be chosen to 

enhance the Q factor of the tank, and we can get capacitor value with 

LC
wc

1
= . A PMOS current source bias at bV  in the top can regulate the 

current flow into VCO and decrease DDV  sensitivity. DDV  is 1.5V to reduce 

power consumption and obtain better phase noise. Referring to Fig. 16, it is 

shown that a lower supply voltage has better noise performance. To avoid the 

manufacture variation and lack of tuning range due to small 
C
L  ratio, we 

adopt three sets of varactor bank to compensate for it.  



 25

 

Fig. 16  The measured phase noise vs. DDV  and Isupply for complementary LC 
oscillator 

 The simulated VCO transient result and the corresponding FFT 

simulation are shown in Fig. 17. Fig. 18 is its FFT simulation. We see that the 

output swing of VCO is 1.33 Vp-p and the swing is reduced to 0.28 Vp-p after 

buffer. The DC value of the output buffer is about 0.4V, being too low to push 

the frequency divider. Thus we raise the buffer output to 0.85V and then send 

the signal to the next stage. 
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Fig. 17  VCO transient simulation 

 

Fig. 18  VCO FFT simulation 

Fig. 19 shows the tuning range of VCO. In our design, it has 50MHz tuning 

range from 1.55 to 1.60GHz (3.1%). A narrow tuning range will decline the 

frequency sensitivity to the control voltage ( ctrlV ) and decrease the settling time. 
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In this design, VCOK  is about 33.3MHz/V.  

   

               Fig. 19  VCO tuning range simulation 

Phase noise simulation result is shown as in Fig. 20. At 100 KHz and 600 

KHz offset from the carrier, phase noise is -102dBc/Hz and -119dBc/Hz, 

respectively. Table. 5 is the simulation results of VCO: 

 

              Fig. 20  VCO phase noise simulation 
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Power consumption (with puffer) 7.14mw 

Supply voltage 1.5V 

Tuning range 1.55~1.6GHz (3.1%) 

Phase noise -102dBc/Hz@100K,-119dBc/Hz@600K

Table 5  VCO specification summary 

 

3.2 Frequency Divider Design 

   In the frequency divider design, we intend to divide the VCO frequency 

down to 1MHz of reference frequency. Our VCO frequency is about 1.57GHz, 

and we construct the programmable divider by ten divide-by-2/3 stages which 

were shown in Fig. 21. The dividing ratio is from 1024 to 2047. ob  to 9b  are 

control bits that switch each stage to divide-by-2 or divide-by-3 mode by 

changing  the input level of each bit. Programmable divisor is given as 

∑
=

⋅+=
10

0
21024

n

n
nbN . 



 29

 

               Fig. 21  Frequency divider architecture 

    As illustrated in the figure, each divide-by-2/3 stage consists of two 

D-flipflops, an AND gate and an OR gate. Fig. 22 shows the block diagram of 

each D-flipflop made of two D-latches and one inverter.   

                 

Fig. 22  Block diagram of a master-slave D-flipflop 

The maximum operation frequency of divider is determined by the speed of 

D-latches. At low frequencies, CMOS logic is desirable. However, at high 

frequencies Source Coupled Logic (SCL) is more suitable because of its high 

speed and low power consumption. Fig. 23 shows the SCL D-latch structure. 

Constructed by 
SCL D-latch 
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Fig. 23  SCL D-latch structure 

 The first two stages of the frequency divider must operate at high 

frequencies (GHz or hundreds MHz) and CMOS logic circuit can’t handle them. 

We carry out SCL D-latch structure as shown in Fig. 24. These stages are 

realized in a differential SCL and logic gates are embedded in it, whose speed 

will be restricted by the parasitic capacitor. If the parasitic capacitor is too large, 

voltage of 1n and 2n  can’t be charged promptly and the divider function will be 

seriously affected. To avoid this problem, layout must be very careful.  
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Fig. 24  Differential Source Coupled Logic 

Fig. 25 is the VCO& frequency divider simulation results. We set VCO DC 

voltage at 0.85V to ensure gate voltage of each input MOS (input ck in Fig. 24) 

be high enough and operate accurately. VCO frequency (CK) is divided by 

1568 and the output frequency (FDIV) is about 1MHz, being very close to the 

reference frequency.  

 

1us 
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            Fig. 25  VCO& Frequency divider simulation result 

   With variation during fabrication, the frequency of VCO may drift to the 

higher frequency range, so in our simulation we should guarantee this divider 

still work at 1800MHz. In the power consumption issue, because we use SCL 

logic and low supply voltage, it only consumes 7.32mW. 

 

3.3 Phase/Frequency Detector Design 

In phase frequency detector design, three-state detector is widely used 

because: it’s linear range is π2±  radians, being wider than π±  of two-state, 

and it can be used as frequency and phase detector. So it is taken in our 

design and is illustrated in Fig. 26. 

 

Fig. 26  Phase/Frequency detector architecture 
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In this work, we use the falling edge trigger module. reff  is an 1MHz 

off-chip oscillator output frequency. When the falling edge of reff  arrives 

before the falling edge of divf , VCO frequency must be raised up to catch reff , 

and the output upp will be set (Refer to Fig. 27). On the other hand, if the 

falling edge of divf  arrives prior to the falling edge of reff , it represents that 

VCO is faster than the reference signal and should be slow down. In this case 

dwp will be set (Refer to Fig. 28). However, this PFD has a serious limitation for 

its “dead zone”. Dead zone causes jitter in PLL and should be removed. For 

this purpose, we add two inverters to form a delay chain in the reset path, 

thereby generating enough delay to eliminate the dead zone of PFD [8]. 

 

Fig. 27  reff is faster than divf  and upp  is set 
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Fig. 28  divf is faster than reff and dwp  is set 

 

3.4 Charge Pump Design 

3.4.1 Single-Ended & Differential Charge Pump 

Single-ended charge pumps are popular since they don’t need loop filters 

and offer low power consumption with tri-state operation. Fig. 29 shows a 

single-ended charge pump with switch at drain. 

A fully differential charge pump (Fig. 30) has several advantages over the 

conventional single-ended charge pump. 

1. Switch mismatches between NMOS and PMOS doesn’t substantially 

affect the overall performance. 
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2. This configuration doubles the range of output voltage compliance 

compared with the single-ended charge pump. For low voltage 

operation (1.5V in our design), the limited output voltage range will 

restrict the tuning range of VCO. 

3. The differential output stage is less sensitive to the leakage current 

since the leakage current behaves as a common-mode offset with the 

dual output stages. 

4. The differential charge pump with two loop filters provides better 

immunity to the supply, ground and substrate noise when on-chip 

filters are used.  

 

Fig. 29  Single-ended charge pump with switch at drain 

3.4.2   Architecture and Simulation 

Owing to the above considerations, we choose a differential, three-state 

charge pump in our design. The three-state gives an output current pI± or 

zero, depending on the control signals from the phase detector. And it is 
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followed by a passive loop filter that translates the output current cpI to the 

control voltage ctrlV  of VCO. The structure consists of three parts: the current 

source, the current sink and switches as illustrated in Fig. 30.  

 

Fig. 30  Differential charge pump architecture 

In Fig. 30, M1 through M4 and the current source can offer a fixed current 

to the switches. These switches are controlled by upp , upn , dwp and 

dwn generated from phase detector whereas two them form of a 

complementary pair. These complementary signals can assure the current 

always flow through M2 and M4. When upp and dwn are set, the current flows 

into the loop filter, and current flows out of the loop filter when dwp and 

upn are set (refer to Fig. 30). This can also reduce the switch noise. According 

to our design, the simulation of current cpI is about 115uA (shown in Fig. 31) 

and the corresponding power consumption is 0.64 mw. 

M1 M2 

M3 M4 

Up 

Up 

Down 

Down 
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Fig. 31  The simulation of Icp when upp and dwp are set 

 

3.5 Loop Filter Design 

As discussed in chapter 2, loop filter has close relationship with PLL 

behaviors. In our design, we choose a second-order passive loop filter and 

practice it off-chip to minimize chip size. The architecture is shown as below. 

 

Fig. 32  Passive loop filter architecture 
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3.6 Complete Loop Simulation & Layout 

The architecture and simulation of each block are introduced in the previous 

sections. Now we combine all of them and carry out simulation. Figs. 33 & 34 

show the settling time when fixing one channel and then sweep to another. The 

settling time is 80us for fixed channel, and ctrlV  needs 180us to achieve the 

stable condition when switch to another channel (divide number from 1568 to 

1572). The layout of the synthesizer is shown as in Fig. 35.  

 

Fig. 33  Settling time simulation with fix channel 
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Fig. 34  Settling time simulation when sweeping channel 

  

 

Fig. 35  Layout of the synthesizer 
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Chapter 4 
 
MEASUREMENT RESULTS 
 
  During the measurement, we found a serious problem in the VCO so that 

the PLL can’t work successfully with this problem. In this chapter, we will find 

out the problem and use other methods to measure the frequency divider, the 

phase/frequency detector and the charge pump. Fig. 36 shows the die photo. 

 

Fig. 36  Die photo 

There are many pads of synthesizer chip, we usually measure it on PCB 

rather than on wafer, thus the order of pads doesn’t need to follow the G-S-G 
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(DC pad) or S-G-S (RF pad) rule. But during the frequency divider 

measurement, the clock signal must input from outside to substitute the VCO, 

and we don’t consider the order of pad at first. This makes us to input one RF 

signal ( −iv ) with DC probe at first measurement. A DC probe doesn’t have 

good performance at high frequencies, for instance the reflection coefficient 

11S  is not low enough and there is a power mismatch problem between two 

input clocks of frequency divider. Thus, the layout is very critical, and we 

should fulfill the rule as possible as we can.  

 

4.1 VCO measurement 

    During measuring the VCO, there is no oscillation at output and we 

measure the DC value of each part to figure out the problem. Fig. 37 marks all 

points that their voltages and currents can be measured. 

 

Fig. 37  All measurable points of VCO 

Control voltage and  
Switch voltages of three banks
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1. When ctrlv , 1cv , 2cv and 3cv  at floating, the current of VCO is about 

4.55mA; it is close to the simulation result (4.76mA), being enough to 

supply the VCO to oscillate. 

2. The DC voltage of the buffer output ( iV ) is 0.6V. Although it is a little higher 

than the simulation value (0.4V), but is still in the normal region.  

3. We connect ctrlv  to a power supply, to tune the varactors. When ddV  was 

turned on, we find that ctrlv  will increase with ddV  if ddV  is higher than 

0.7V. 1cv , 2cv  and 3cv  are also in the same situation. Thus we know the 

problem occurring at varactor.  

4.1.1  What is the problem with varactor? 

   We have already understood that the problem comes from the varactor. 

The voltage of ctrlv  shouldn’t change with ddV  if the varactor is normal. We try 

to use some methods to verify that the varactor is just like a resistor with very 

low resistance. 

1.  We add a 1.3KΩ resister between ctrlv  and ground, the voltage of ctrlv  

should be normally zero because the varactor is open at DC. But we 

observe the voltage changes from 0.707V to 0.681V. It indicates that the 

varactor behaves like a resister doing voltage divide. 

2.  When we bias 1cv , 2cv  and 3cv  at 1.5V in order, ctrlv  will raise from 0.58V 

to 1.23V. It indicates that the varactor of each bank doesn’t work, so that 
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ctrlv  changes with them. 

3.  The current of VCO is about 4.55mA when 1cv , 2cv , 3cv and ctrlv  are all 

floating. After they are connected to a power supply with 0V, the output 

current lifts to 10.1mA or more. This demonstrates that there is a DC 

current path flowing through the varactor to the ground so as to increase 

the current. 

4.  There are only probe pads at vop  and von , but we use special 

instrument to measure their DC voltages and find vop  rises from 0.707V 

to 0.93V when ctrlv  is connected to a power supply.   

5.  The resistance between 1cv , 2cv , 3cv and ctrlv  should be very large (several 

MΩ ). But we use an electrical meter to measure it and find out the 

resistance is Ω23 , Ω3.21 and Ω3.20  between ctrlv  and 1cv , 2cv , 3cv . It is 

very low and just likes a small resistor 

All chips have the same problem so that the PLL can’t work successfully 

since the VCO can not oscillate. As we can’t measure the loop performance, 

we try to use other methods to verify other parts of the chip, and this problem 

will be discussed later.  

 

4.2 Frequency divider measurement 

   As described before, there is no oscillation at VCO output, and thus no 



 44

input signal at the frequency divider. We try to input signal to the frequency 

divider from outside and probe each pad of the divider to see if it works 

successfully or not. We bond wire von  and vop ,and input them from SMA to 

avoid the mismatch problem. Fig. 38 is the photograph of PCB. 

 

 

Fig. 38  PCB of frequency divider measurement 

   The total current consumption of the frequency divider is 4.4mA (6.6mW), 

being a little smaller than the simulation value (7.32mW).   

   During measurement, we use a spectrum analyzer (Aglient E4407B), a 

signal generator (Aglient E8247C) and a probe station, Fig. 39 shows their 

photographs.  
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Fig. 39  Photograph of instruments 

We set the input signal frequency at 1.57GHz, its power level is 0dBm and 

the DC voltage is 0.85V. Then we probe the 11x11um probe pad of each stage 

as illustrated in Fig. 40. 
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Fig. 40  Probe pad photo 

The probe pad is very important for circuit debug whose structure was 

shown in Fig. 41. If there is no probe pad in the circuit, we never know any part 

will work or not. Like vop  and von , these two probe pads let us know the DC 

variation after connecting ctrlv  with power supply, and probe pads at the 

frequency divider let us know the output frequency of each stage. There are 

also probe pads at PFD. The size of these probe pads are 11x11 2um , but the 

minimum size of the hard probe used in CIC is 12x12 2um , which is a little 

bigger than the probe pad, and is difficult to be used. Therefore, we should 

increase the size of the probe pad to 12x12 2um . 
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Fig. 41  Probe pad diagram 

Figs. 42 and 43 show the spectrum of the first stage output of frequency 

divider. We set it at divide-by-2 and divide-by-3 model, respectively, and get a 

frequency at 785MHz and 525MHz. Because the input RF signal is very strong, 

the probe also receives it and has a peak at 1.57GHz shown at spectrum 

analyzer.          
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Fig. 42  First stage sets to divide-by-2 model 

 

Fig 43  First stage sets to divide-by-3 model 
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The spectrum of the second stage output of frequency divider was shown 

in Figs. 44 and 45. Fig. 44 is the spectrum when only first stage is set to 

divide-by-3 model and Fig.45 is the spectrum when both of them are set to 

divide-by-3 model.  

 

Fig. 44  Only the first stage is set to divide-by-3 model 
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Fig. 45  Both of the first and the second stage are set to divide-by-3 model 

    The divisor N of the programmable divider is from 1024 to 2047 

controlled by 0b  to 9b , 9b  is always set to high and 7b , 6b , 4b , 3b  are always 

set to low. Figs. 46 and 47 are the spectrum when N=1536 and 1575. 
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Fig. 46  Output spectrum when divide-by-1536 

 

Fig. 47  Output spectrum when divide-by-1575 
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4.3 PFD and charge pump measurement 

    When measuring PFD and charge pump, we input the clock signals from 

SMA at first, after frequency dividing, the signal divf  is sent to the PFD and 

compares with the reference clock reff  to generate the up/down signal, then 

sent to charge pump. Fig. 48 is the spectrum of the reference oscillator, from 

the spectrum analyzer, we know that the oscillator generates square wave, 

and has so many side lobes.  

 

Fig. 48  The spectrum of the reference oscillator 

We try to measure the waveform of the charge pump current, but the 

oscilloscope can only display the voltage waveform. Thus we connect the loop 

filter and use a multimeter to measure its DC voltage. If N=1536, 

divf =1.022MHz, it is always higher than reff , then the cpI  will pull down the 

VCO frequency during the very short time, and we measure the voltage is 0V 
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(Fig. 49).  

 

 

Fig. 49 divf  is higher than reff , ctrlV  is pulled down to 0V 

On the contrary, if we set N=1575, divf =0.996MHz, VCO frequency will be 

pulled up, and voltage is raised to 1.5V (Fig. 50). In this figure, we know that 

PFD compares divf  with reff  to generate an up/down signal every 1u sec, so 

that there is a little pulse at charge pump output waveform. In spectrum, this is 

what we called “spur noise”. The peak-to-peak voltage is 122mV, and cpI  is 

122uA under the DC 1MΩ load condition. 
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Fig. 50  divf  is lower than reff , ctrlV  is pulled up to 1.5V 

 

Then we change the input frequency to 1536MHz and 1575MHz, divf  is 

equal to reff , the voltage is 0.654V when N=1536 and 0.886 when N=1575. 

The current consumption of the charge pump is 0.5mA (0.75mW), and the 

power consumption of PFD is less than 1mW. Table. 6 is the summary of the 

power consumption. 

 

 

 

 

 

 

1us 
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 Simulation measurement 

VCO 7.14mW 6.8mW 

Frequency divider 7.32mW 6.6mW 

Charge pump 

cpI  

0.64mW 

115uA 

0.75mW 

122uA 

PFD <<1mW <<1mW 

Whole chip 15.1mW 14.1mW 

Table. 6  Power consumption summary 

 
4.4 Discussion  

The simulation and measurement results of power consumption are very 

close, and all parts work successfully except the VCO. The previous 

measurements use a signal generator to generate the clock signal for the 

frequency divider. Signal power and frequency can be fully controlled, but 

since it is not a close loop, the loop settling time can’t be measured without a 

control voltage feedback to the VCO. The frequency divider still works even we 

input the clock signals from SMA. It seems that we can use another VCO to 

substitute the on-chip one, which has the same frequency and tuning range. 

But it is hard to find a single VCO chip because most of the design houses sell 

a whole module instead of a single VCO chip. The GPS system operates at 

1.57GHz, it is not a common specification, in contrast 900MHz, 1800MHz or 

2.4GHz VCO is easier to find. If we find such a VCO is available, the whole 
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loop can be set up as illustrated in Fig. 51. The practical PCB layout would be 

constructed after concerning about the arrangement of the external VCO pads. 

            

Fig. 51  Loop diagram with external VCO 
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Chapter 5  
 
CONCLUSIONS AND 
FUTURE PROSPECTS 
 

The measurement results are described previously, and due to the 

problem with varactor, we can’t measure the VCO phase noise and loop 

settling time. In this chapter, we discuss the possible reasons and learn some 

useful experiences in this tape out, and then build the future prospects. 

 
5.1 Conclusions 

     The varactor model is supplied from TSMC, and was used in previous 

tape out, thus the model is correct. Additionally, DRC and LVS of the layout 

were also verified. Thus, the problem may come from fabrication. 

     All parts of the synthesizer work successfully except the VCO. The 

frequency divider divides the input frequency accurately, PFD can compare 

with divf  and reff  to generate the corresponding up/down signals, charge 

pump generates the current cpI  and transfers into ctrlV  after loop filter.  The 

measurement of power consumption is 14.1mW with 1.5V supply voltage, it is 

very low power and achieve our design purpose.  

 

5.2 Future Prospects 
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In the design of VCO, a start-up circuit can be integrated into the VCO 

architecture in future tape out to ensure that the circuit can start to oscillate. 

The start-up circuit will turn off automatically to save power after VCO starting 

to oscillate. In simulation, we should add the bond wire effect into it, the 

parasitic inductance is about 1nH per 1mm, and we should enlarge the 

simulation range of the resister variation to 10%. Furthermore, the RF output 

pad must be close to the circuit, the metal line should be as wide as possible 

and less corner is desirable to reduce parasitic inductance. These design 

considerations are helpful to design a successful frequency synthesizer in high 

frequency region.  
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