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Abstract  

 

A study on wireless CMOS receivers for satellite applications is described. 

In particular, the circuit elements of CMOS down-converter ICs for a 

broadcasting satellite and a submillimeter receiver such as for radio 

astronomy are focused. Similarly to common receivers, broadcasting satellite 

down-converters require lower power consumption, a smaller size and the 

achievement of the target specifications. In addition, higher reliability under 

variations in temperature is required because broadcasting satellites are 

used in open air from the equator to the arctic. However, previous 

down-converters contained many discrete parts, resulting in issues of not 

only manual alignment but also temperature drift, time degradation, a large 

size and high cost. Down-converter ICs with a phase locked loop (PLL) 

synthesizer were expected to solve these issues. In this study, an integrated 

CMOS down-converter IC for a broadcasting satellite was described.  

In addition, a CMOS PLL synthesizer for satellite applications such as 

radio astronomy that operates at frequency of over 100 GHz was also 

described. Furthermore, integrated CMOS circuit elements for a high 

frequency PLL synthesizer are developed. To realize a CMOS PLL 

synthesizer operating at frequency of over 100-GHz, a high-speed oscillator 

and dividers must be developed. In particular, the dividers must operate in a 

wide frequency range to cover the entire range of operations of the front 

circuit. 

Chapter 2 discusses the techniques used in the integer-N-type PLL 

synthesizer for a CMOS down-converter IC with a range of 10 GHz and high 

frequency circuits operating at frequencies exceeding 100 GHz for radio 

astronomy. A 10-GHz-band CMOS voltage control oscillator (VCO) has a 

trade-off between low and high VCO gain to realize low phase noise and a 

wide oscillation range from 9.75 GHz to 11.3 GHz. In addition, a wide range 

of operation is required to ensure temperature tolerance necessary for open 

air use. To solve the above the issue, a wide range VCO with the switching 

varactors was discussed and study results of a 10-GHz band CMOS PLL 

synthesizer for a broadcasting satellite was described.  

In chapter 2, a VCO and dividers for a 134-GHz PLL synthesizer are also 

discussed. The dividers have injection locked frequency dividers (ILFDs), 
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which are used in the tuning of the back-gate voltage to increase the 

operation range of divide-by-two. The developed VCO has a fundamental 

oscillation frequency range of 131.8 GHz to 134.3 GHz which is controlled by 

the back-gate voltage. The dividers can cover the entire VCO oscillation 

range. When the phase frequency detector, charge pump and loop filter are 

operated in a 10-GHz band, it will be possible to operate the 134-GHz on-chip 

PLL synthesizer. 

Chapter 3 discusses full-differential dual-modulus prescalers in an 

integer-N-type PLL. Dual-modulus prescalers with a wide locking range, 

high-frequency operation and a low power based on an ILFD were proposed. 

They were fabricated in CMOS 130-nm and CMOS 65-nm processes. In this 

research, the first prescaler fabricated by the CMOS 130-nm process was 

successfully operated in a range of 4 GHz to 6 GHz indicating its 

temperature tolerance. The other prescaler fabricated by the CMOS 65-nm 

process was successfully operated in a range of 22 GHz to 23 GHz, and/or 

more a wider frequency range. The range of operation and the normalized 

energy consumption are compared with those of previous prescalers, which 

showed that good performances were achieved. In addition, the tolerances of 

phase difference deviation and phase noise degradation are also discussed. 

Chapter 4 focuses on the amplifiers and mixer for a 10-GHz band CMOS 

down-converter IC. To obtain the target frequency range of the 10-GHz band, 

a low-noise, low current and high-gain RF amplifier and the mixer 

architecture are described. Satellite applications are constructed in the open 

air and a constant conversion gain despite variations in the temperature is 

required. In this research, a temperature-compensated variable-gain 

amplifier (TC-VGA) is proposed. To maintain a linear output, a constant 

output 3rd ordered intercept point (OIP3) VGA is also proposed. The 

amplifiers and mixer are discussed to realize these target specifications. 

Chapter 5 gives a conclusion to this research, in which I outline my future 

works, which include the integration of high-frequency applications. The 

proposed CMOS down-converter IC for a broadcasting satellite has the 

potential to be mass-produced and contributed to the sales performance. For 

sub-millimeter operation with a wide frequency range, CMOS integration 

guidelines should be obtained.   
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Chapter 1.  Introduction 
 
 

1.1 Radio Frequency (RF) Allocation 
 
Radio waves are the public property. In Japan, the Ministry of 

Internal Affairs and Communications (MIC) allocates radio wave 

channels [1]. In other countries, government agencies similarly 

allocate radio wave channels. The allocated channels are used for 

almost the same purposes in different countries. For example, the 

radio frequency allocated for Japanese terrestrial television 

broadcasting services is from 470 MHz to 710 MHz and that for 

broadcasting and communication satellite services is in a 10-GHz 

band from 10.7 GHz to 12.75 GHz.  

There are many services in the world using radio wave and the 

frequency range of 30 GHz or lower is particularly crowded. 

Recently, television broadcasting services, wireless local area 

networks (W-LAN) and mobile phone services have rapidly 

expanded and have become an important infrastructure worldwide. 

To maintain various services using radio waves, it is important to 

efficiently use allocated radio frequencies. 

In Japan, the transition from analog broadcasting to digital 

broadcasting was in July 2011, which expanded the range of 

frequencies for other services. At the same time, the frequency 

range for terrestrial broadcasting service was decreased and 

rearranged. The frequency range for wireless mobile services was 
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expanded into the vacant frequency range previously allocated to 

terrestrial broadcasting. As mentioned above, it is effective to 

alocate radio frequencies for expanding wireless services. However, 

it is not easy to relocate radio frequency band at the state level. 

Another method of increasing the usability of radio waves is to 

use higher frequencies than those of millimeter waves such as 

exceeding 100 GHz. In recent studies, millimeter communication 

systems using frequencies of around 60 GHz and radar systems 

using frequencies from 70 GHz to 80 GHz have been developed. 

However, frequencies exceeding 100 GHz are hardly used except for 

radio astronomy. The infrastructure, usage instructions, system 

development, markets and applications must be studied to enable 

the use of frequencies exceeding 100 GHz.  

 
 

1.2 Satellite Applications 
 

Satellite applications use a parabolic antenna with a curved 

surface to receive waves with comparative high frequency. The 

operating principle of a parabolic antenna is that a point source of 

an RF signal at the focal point in front of a reflector made of a 

conductive material is reflected into a collimated plane-wave beam 

along the axis of the reflector. Conversely, an incoming plane wave 

parallel to the axis is focused to a point at the focal point. A feed 

horn is located at the focal point and is connected to the associated 

RF receiving devices with a low noise block (LNB) down-converter 

module as shown in Figure 1.1. 

An LNB down-converter is a receiving device with local oscillators 

(LOs) and mixing blocks. An RF signal from the satellite or a cosmic 

radio wave is converted to an intermediate-frequency (IF) signal by 

an LO signal. Basically, satellite applications are constructed in 

open air and directed toward a radio wave source. An LNB 

down-converter is covered with a packing case with humidity 

resistance although temperature remains a particularly important 

issue for commercial satellite applications.  

In addition to commercial satellite applications, some research 
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satellite applications such as radio astronomy have a high frequency 

LO signal of over 100 GHz. If an integrated oscillator and receiver 

system operating at frequencies of over 100 GHz is realized, it will 

contribute to the realization of not only smaller radio astronomy 

equipment but also various communication systems, sensors and 

other systems using integrated systems. The realization of a wide 

operation range at frequencies of over 100 GHz is expected to lead to 

the development as various systems. 

 

 

1.3 Manufacturing Issues of Satellite Applications 
 

The manufacturing issues of satellite applications are described. 

A 10-GHz band broadcasting satellite down-converter is a receiving 

device and similarly to other wireless receivers, it requires low 

power consumption, a small size and a low cost while satisfying 

various specifications. In addition, broadcasting satellites with a 

parabolic antenna are used both at the equator and in the arctic, 

meaning that temperature tolerance is also required. In addition to 

broadcasting satellites, research satellite applications such as radio 

astronomy use high-frequency LO signals exceeding 100 GHz. The 

manufacturing issues of a broadcasting satellite and a high 

frequency application are described as follows.   

 

Figure 1.1: Image of the common satellite antenna with a dish, a feed 

horn and an LNB down-converter. 
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1.3.1 Application 1: A 10-GHz Band Broadcasting 
Satellite 

 

A broadcasting satellite provides a wide range of channels and 

services. The growing demand for new high-data-rate digital 

services via satellite, such as high-definition television (HDTV), is 

having an impact on the markets of developing countries. In the 

large countries not enough to cover area of terrestrial broadcasting, 

broadcasting satellites is efficient method for watching television. 

A detail broadcasting satellite system is shown in Figure 1.2. A 

satellite dish antenna receives an RF satellite signal in the 10-GHz 

band from an artificial satellite. In general, RF satellite signals 

have two-polarized waves, horizontal and vertical waves. RF signals 

are reflected on the satellite dish and collected to the feed horn on 

the lifted arm. A feed horn has an LNB down-converter which 

translates RF signal to IF signal using LO signals. The frequency 

values of RF, IF and LO are different from various receiving area or 

broadcasting providers. Table 1.1 shows the main specifications of 

LNB chip-set for satellite television.  

In the past, the LO signal sources of an LNB down-converter used 

discrete open-loop dielectric resonator oscillators (DROs), which 

required not only manual alignment but also a temperature drift, 

time degradation, large size and cost by many discrete parts. Figure 

1.3 (a) is the photograph of previous an LNB down-converter module 

for a broadcasting satellite and Figure 1.3 (b) is a block diagram of 

an LNB down-converter module. 

To solve above the issues, an LNB down-converter integrated 

circuit (IC) with a phase locked loop (PLL) synthesizer generated an 

LO signal had been expected by the manufactures and customers. A 

PLL synthesizer is an effective part generating a correct LO 

frequency signal and unnecessary manual alignment. Considering 

with use in open air, constant operation for temperature variation is 

required. It means temperature tolerance and wide margin 

operation under variations in temperature. Amplifiers and mixing 

block are also similar, wide range operation and constant 

conversion-gain is required. Temperature tolerance leads to the 
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high reliability of consumer satellite applications.   

 

  

 

Figure 1.2: Image of the broadcasting satellite system. 

Table 1.1: Specifications of an LNB down-converter module for broadcasting 

satellite 

 

 Universal Band ABS-S Band Asian Band Japan Band 

RF:  

input frequency 

10.7 –  

12.75GHz 

11.7 –  

12.75GHz 

12.25 –  

12.75GHz 

11.7 –  

12.75GHz 

LO frequency 9.75 GHz or 

10.6 GHz 

10.75 GHz 11.3 GHz 10.678 GHz 

IF: output  

frequency 

950 -  

2150 MHz 

950 -  

2000 MHz 

950 - 

1450 MHz 

1022 - 

2072 MHz 

Conversion  

gain 

55 dB  

or more 

55 dB  

or more 

55 dB  

or more 

55 dB  

or more 

Noise Figure 0.9 dB or less 0.9 dB or less 0.9 dB or less 0.9 dB or less 

Main countries 

adapting 

Europe,India, 

Middle East etc. 

North America,  

China etc. 

Australia, 

South-East etc. 

Japan 
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1.3.2 Application 2: A Radio Astronomy over 100-GHz 
Range 

 

As an example of a current application of radio astronomy, Figure 

1.4 shows a photograph of “VERA Iriki” station, which located in 

Iriki farm of Kagoshima University. According to its website in [2], a 

number of different sources of radio emissions have been observed, 

including stars and galaxies, as well as entirely new classes of 

objects, such as quasars, pulsars and masers. 

When the receiver system is focused, LO frequencies generated by 

a gunn-diode oscillator is used in a down-converter [3] - [4] and a 

superconductor insulator superconductor mixer (SIS mixer) is used 

as a mixing block [5] - [6]. To enhance the detection sensitivity when 

 
(a)   

 

    (b) 

Figure 1.3: Previous broadcasting satellite module. An LNB 

module photograph (a) and a block diagram (b). 

HEMT LNA 

Horizontal
Polarization wave

Vertical
Polarization wave

HEMT LNA 

HEMT 2nd /3rd

Amplifier
Mixer IF-Amplifier

To TV or 
STB tuners

Dielectric Resonator 
Oscillators (DROs)
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receiving astronomy wave signals, a gunn-diode oscillator and SIS 

mixer are operated at an ultra-low temperature of 20 K. Figure 1.5 

shows the signal down-converter module used for the radio 

astronomy system. The LO frequencies are allocated to various 

frequencies including millimeter and sub-terahertz frequencies. 

 

 

Similarly to a common receiver system, the LO signal sources are 

very important parts, that require low phase noise and high 

frequency accuracy. However, it is difficult to realize CMOS PLL 

synthesizers with operation above 100 GHz. If they are realized, 

CMOS systems of not only radio astronomy but also short-range 

communication systems, sensor systems and other applications are 

expected. CMOS high-speed circuits such as an oscillator and 

dividers must be built. In particular, dividers must operate in a 

 
Figure 1.4: Photograph of a satellite antenna for radio astronomy 

 

Figure 1.5: Example of LNB integration for the radio astronomy. 

Gunn-diode and SIS mixer is used in very low temperature. 

Astronomy wave

SIS Mixer Plural IF-Amplifiers

Output 
Terminal

LO: Over 100 GHz

Temperature : ~20K

Gunn Diode Oscillator
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wider frequency range to cover the entire frequency range of the 

front circuit operation. 

 

 

1.4 CMOS Down-Converter IC for Satellite Applications 
 

The aim of my research is to implement down-converter ICs for 

satellite applications. RF integrated circuits in silicon became a 

reality in the 2000s by using CMOS transistors with unity current 

gain frequency (fT) of 10 GHz. Figure 1.6 shows a comparison of 

CMOS, SiGe BiCMOS processes and III-V compound 

semiconductors excerpted from ITRS 2011 [7]. The speed of 

fundamental CMOS transistors is expected to grow steadily in the 

future. In addition, the merits of CMOS integration are high 

compatibility with system design using digital circuits, the 

possibility of mass production, to reduce the cost and device 

miniaturization. To achieve fT value of over 600 GHz predicted for 

the future, we should attempt to design CMOS integration for 

various high-speed applications.  

It is also important to choose an appropriate CMOS process. In 

general, a CMOS process with ten times the maximum operation 

frequency (fMAX) at the operating speed of the target application is 

selected. In this research, there are two target applications. One 

operates in a 10-GHz band, from 10 GHz to 13 GHz. Target 

operating frequency of the other applications are 100 GHz or more. 

Figure 1.7 shows a plot of fMAX for various CMOS processes and 

selected processes relevant to the two applications. A CMOS 130-nm 

process is chosen for 10-GHz band applications because fMAX is 

almost ten times larger than operating frequency. For applications 

with frequency of exceeding 100-GHz, there are not CMOS 

processes with fMAX of 1000-GHz, therefore CMOS 65-nm process is 

selected in this research. In either case, various CMOS 

performances must be optimized in the building blocks. 
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To implement a CMOS down-converter IC operated in 10 GHz 

band, various circuit structures must be considered. Figure 1.8 

shows a block diagram of the target CMOS down-conversion IC. In 

this research, amplifiers, a mixing block and an on-chip PLL 

synthesizer (blue dashed line in Figure 1.7) are focused. In general, 

the required performances of a CMOS down-converter IC are 

similar to those of common receivers and include lower power 

consumption, a small size and a low cost while satisfying the 

specification. For the applications implemented in CMOS processes, 

each characteristic target is described as below. 

 

 

Figure 1.6: Comparison of unity current gain frequency of CMOS, 

SiGe BiCMOS processes and III-V compound semiconductors 

excerpted from ITRS 2011. 
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Figure 1.7: Plot of various CMOS process fMAX and selected 

processes regarding two applications. 

 
Figure 1.8: Block diagram of a target CMOS down-conversion IC. 
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1.4.1 10-GHz Band CMOS Down-Converter IC 
 

In a commercial satellite application using a 10-GHz band, from 

10 GHz to 13 GHz, broadcasting satellite with a parabolic antenna 

is constructed in open air from the equator to the arctic, meaning 

that temperature tolerance is required. In comparison with indoor 

applications, constant-quality operation over a wide range of 

environmental conditions is much more importance. When 

amplifiers and a mixer are designed, operation with a constant gain 

at different temperatures is important. Naturally, to achieve this 

target, a low noise, low power consumption, high-speed 10 GHz 

operation, high gain, high linearity and a variable gain amplifier 

(VGA) structure with constant the realization of a third-order 

intercept point (OIP3) are required.  

As mentioned in section 1.3.1, a CMOS down-converter IC with a 

10-GHz PLL synthesizer that generates various LO signals has been 

required by the manufacturers and customers. To achieve an on-chip 

PLL synthesizer in a CMOS down-converter IC for broadcasting 

satellites, a low power, small area and operation at a wide range of 

temperature are required. In particular, a dual-modulus prescaler in 

an integer-N-type PLL synthesizer is essential to improve the range 

of operation and reduce power consumption. A dual-modulus 

prescaler can cover the entire PLL operation range at a range of 

temperatures. 

Regarding the target phase noise of an LO signal, Figure 1.8 

shows the phase noise values in Astra’s basic specifications [8] 

(dashed line) and the proposed target (solid line) in this research. 

Astra is the brand name of a number of geostationary 

communication satellites. The standards in satellite television 

broadcasting require the use of multi-carrier quadrature phase-shift 

keying (QPSK) and eight-phase shift keying (8-PSK) modulations. 

The Astra’s phase noise specification was achieved using 

high-performance DROs, this specification is not suitable for the 

case of receiving radio waves. Lower phase noise values at low offset 

frequencies are required when RF signal with QPSK and 8-PSK are 
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received. Therefore, realistic target values for the phase noise are 

proposed, which are lower phase noise at low offset frequencies and 

slight relaxation at high offset frequencies. Simulation tests and 

field tests were repeatedly performed, and suitability of the 

proposed phase noise values for the normal operation for practical 

use were checked. Table 1.2 shows the target specifications of a 

CMOS down-converter IC for a 10-GHz band broadcasting satellite. 

Figure 1.9 shows the block diagram of a 10-GHz band broadcasting 

satellite module, which has two inputs of horizontal and vertical 

polarization wave antennas, and low noise amplifiers (LNAs) 

consisting of high-electron-mobility-transistors (HEMTs) to obtain a 

low noise figure (NF). The target 10-GHz band CMOS 

down-conversion IC is shown in the red dashed line. The 

specifications of the overall module in table 1.1 will be achieved 

using the target 10-GHz band CMOS down-converter IC and low 

noise HEMTs.  

 

 

Figure 1.8: Basic specification of phase noise regulated by Astra.  
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1.4.2 Previous 10-GHz Band Down-Converter ICs 
 

Previous studies on LNB down-converter ICs mainly investigated 

a voltage-controlled oscillator (VCO), a PLL synthesizer, amplifiers 

and a mixing block using silicon bipolar technology [9] – [11], SiGe 

BiCMOS technology [12], CMOS technology [13] – [14] and a SiGe:C 

BiCMOS process [15]. For the case that the transistor speed is 

insufficient for a 10-GHz band, the double-conversion architecture 

was proposed in [9]. The double-conversion architecture has two LO 

Table 1.2: Target specifications of an LNB down-converter IC for 

broadcasting satellite 

 Target specifications 

Process CMOS 130 nm 

Architecture Direct conversion 

Operated Temperature -30℃～85℃ 

Chip size 1.5mm×1.5mm or smaller 

Supply voltage 3.3 V 

IC current consumption 100 mA or less 

LO frequency 9.75, 10.6, 10.75, 11.3 GHz 

Phase noise -95dBc/Hz @ 1MHz offset 

PLL type Integer-N-type-PLL 

IC conversion gain 40, 36, 32, 28 dB 

Gain variation under -30℃~90℃  3dB or less 

IC NF 9dB 

IC output P1dB +0dBm 

 

 

Figure 1.9: Block diagram of a 10-GHz band down-converter for 

broadcasting satellite 

Horizontal
Polarization 
wave

Vertical
Polarization 
wave

HEMT 

Mixer IF-Amp.

PLL
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Output
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HEMT 
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Ku-Band
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signals, which oscillated around the frequencies of half the 

established LO frequencies. There are also two mixing blocks, 

therefore, the power consumption tends to be increased and the 

total phase noise of the receiver is deteriorated by double- 

conversion.  

Subsequently, the speed of the silicon bipolar, SiGe, SiGe:C 

BiCMOS and CMOS processes were improved to sufficient for a 

10-GHz band application and the direct-conversion architectures 

were proposed. The power consumption tends to be decreased by 

implementing the circuits. In [13], a 10-GHz band mixing block and 

amplifiers implemented in a CMOS 180-nm process were proposed 

however their temperature tolerance was not described.  

 

 

1.4.3 Applications with Operation above 100 GHz 
 

Research satellite applications such as for radio astronomy are 

Table 1.3: Previous 10-GHz Band Down-Converter ICs  

 

 [9] [10] [12] [13] [15] 

Process Silicon 

Bipolar 

Silicon 

Bipolar 

SiGe 

BiCMOS 

180nm 

CMOS 

SiGe:C 

BiCMOS 

Architecture Double 

conversion 

Direct 

conversion 

Direct 

conversion 

Direct 

conversion 

Direct 

conversion 

Chipsize 4mm× 

2.5mm 

2mm× 

2.3mm 

1.7mm× 

1.5mm 

0.8mm× 

1.8mm 

1mm× 

1.5mm 

Supply  

voltage 

3V 3.3V 3.3V 1.8V 5V 

C current  

consumption 

180mA 100mA 125mA 75mA 52mA 

LO 

Frequency 

4.875GHz 

5.3GHz 

9.75GHz 

10.6GHz 

9.75GHz 

10.6GHz 

w/o PLL 9.75GHz 

10.6GHz 

Phase noise -102dBc/Hz 

@100kHz 

-115dBc/Hz 

@1MHz 

-106dBc/Hz 

@100kHz 

w/o PLL -95dBc/Hz 

@100kHz 

IC conversion 

gain 

33.6dB 34.5dB 33dB 50dB 43dB 

IC NF 5.9dB 7.5dB 6dB 4.2dB 6.5dB 

IC output 

P1dB 

+5.5dBm +5dBm N/A +9dBm +7dBm 

Published 

year 

2004 2004 2007 2007 2011 
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operated at a low temperature to increase the sensitivity and 

receive small signals from cosmic radio waves. A simple CMOS 

down-converter IC may be not applicable to a radio astronomy. 

However, it is important to implement a high-performance 

integrated PLL synthesizer for operation above 100 GHz because it 

is capable of using ultrahigh-speed transceivers used in radio 

astronomy, sensors, medical applications and others. Naturally, 

these applications are used in environments with various 

temperatures, and therefore the integrated CMOS PLL synthesizer 

must be operate in a wide frequency range. 

The integer-N-type PLL as shown in Figure 1.10 is a common 

frequency synthesizer. It has a VCO, dividers, a crystal oscillator to 

provide a reference frequency, a phase frequency detector (PFD), a 

charge pump (CP) and a loop filter (LF). In this research, VCO and 

dividers are focused as high frequency circuits in a fundamental 

straight looped PLL synthesizer with an operation frequency 

exceeding 100-GHz. In particular, it is important for dividers to 

cover the entire VCO frequency range. Therefore, they must be 

designed to have a wider frequency range than the VCO oscillation 

range. Wide-margin and wide-range operation enable tolerance 

under temperature variation. Table 1.4 shows the target operation 

specifications of the VCO and dividers implemented in a CMOS 

65-nm process.  

 

 

Figure 1.10: Block diagram of an integer-N-type PLL synthesizer. 
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1.4.4 Previous Studies on Integrated High-Frequency 
Applications  

 

Sub-millimeter and terahertz systems have been extensively 

studied in various research institutes. A CMOS PLL synthesizer is a 

key component providing a compact and low-cost signal source in 

sub-millimeter and terahertz systems. To design CMOS high-speed 

PLLs, not only a VCO but also dividers, a modulus prescaler and a 

frequency counter with large division ratios are important circuits. 

However, it is difficult for dividers to cover high frequency VCO 

operation. Therefore, CMOS high-speed PLL synthesizers with an 

operation frequency exceeding 100 GHz including a mixer and 

off-chip block [16] and an injection-locked frequency tripler (ILFT) 

[17] were proposed.  

In [16], a harmonic mixer was used between the VCO and the 

divider. An LO signal was supplied by an off-chip multiplier. 

Therefore, this PLL synthesizer was not a “complete” on-chip circuit. 

The large size is also issue when using an off-chip device. 

In [17], an ILFT was used. A 44 GHz PLL synthesizer was 

realized and a 44-GHz signal was used with the ILFT as an injected 

signal. The ILFT output frequency was 132 GHz, three times that of 

the injected signal. However, the large amount of spurious noise is a 

concern in an ILFT.  Another concern is that 44 GHz interference 

signals are received by wideband receivers such as those used in 

radio astronomy.  

Table 1.4: Target specifications of the VCO and dividers 

 

 Target specifications 

Process CMOS 65 nm 

Supply voltage 1.2 V or less 

Operation temperature Room 

IC current consumption 100 mA or less 

VCO frequency 100 GHz or more 

Division ratio of dividers 2250 

(To evaluate samples) 
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1.5 Thesis organization  
 

From the following chapters, high frequency CMOS circuits are 

discussed to realize satellite applications with the operations of 10 

GHz and 100 GHz. Broadcasting satellite down-converters 

operating 10 GHz band require higher reliability under variations 

in temperature.  In addition, high frequency applications such as 

radio astronomy that operates at frequencies of over 100 GHz 

require high-speed and to cover the entire range and margin 

operation of the front circuit. 

Chapter 2 discusses the techniques used in the integer-N-type 

PLL synthesizer for a CMOS down-converter IC with a range of 10 

GHz and high frequency VCO and dividers operating at frequencies 

exceeding 100 GHz for a radio astronomy. A 10-GHz-band CMOS 

VCO has a trade-off between low and high VCO gain to realize low 

phase noise and a wide oscillation range from 9.75 GHz to 11.3 GHz. 

In addition, a wide range of operation is required to ensure the 

temperature tolerance necessary for open air use. To solve the above 

the issue, a wide range VCO with the switching varactors was 

discussed and study results of a 10-GHz band CMOS PLL 

synthesizer for a broadcasting satellite was described.  

In chapter 2, a VCO and dividers for a 134-GHz PLL synthesizer 

are also discussed. The dividers have injection locked frequency 

Table 1.5: Previous high-speed CMOS integrated PLL  

 
 [16] [17] 

Process CMOS 65nm CMOS 65nm 

LO frequency 156.4 – 159.2 GHz 130 – 133 GHz 

Power consumption 24 mW 92 mW 

Architecture Integer-N-type PLL 

with mixer and 

off-chip multiplier 

Integer-N-type PLL 

with injection locked 

frequency tripler 

Operated frequency of 

dividers 

1 - 2 GHz 44 GHz 

Published year 2012 2012 
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dividers (ILFDs), which are used in the tuning of the back-gate 

voltage to increase the operation range of divide-by-two. The 

developed VCO has a fundamental oscillation frequency range of 

131.8 GHz to 134.3 GHz which is controlled by the back-gate voltage. 

The dividers can cover the entire VCO oscillation range. When the 

phase frequency detector, charge pump and loop filter are operated 

in a 10-GHz band, it will be possible to operate the 134-GHz on-chip 

PLL synthesizer. 

Chapter 3 discusses full-differential dual-modulus prescalers in 

an integer-N-type PLL. Dual-modulus prescalers with a wide 

locking range, high-frequency operation and a low power based on 

an ILFD were proposed. They were fabricated in CMOS 130-nm and 

CMOS 65-nm processes. In this research, the first prescaler 

fabricated by the CMOS 130-nm process was successfully operated 

in a range of 4 GHz to 6 GHz indicating its temperature tolerance. 

The other prescaler fabricated by the CMOS 65-nm process was 

successfully operated in a range of 22 GHz to 23 GHz, and/or more a 

wider frequency range. The range of operation and the normalized 

energy consumption are compared with those of previous prescalers, 

which showed that good performances were achieved. In addition, 

the tolerances of phase difference deviation and phase noise 

degradation are also discussed. 

Chapter 4 focuses on the amplifiers and mixer for a 10-GHz band 

CMOS down-converter IC. To obtain the target frequency range of 

the 10-GHz band, a low-noise, low current and high-gain RF 

amplifier and the mixer architecture are described. Satellite 

applications are constructed in the open air and a constant 

conversion gain despite variations in the temperature is required. In 

this research, a temperature-compensated variable-gain amplifier 

(TC-VGA) is proposed. To maintain a linear output, a constant 

output 3rd ordered intercept point (OIP3) VGA is also proposed. The 

amplifiers and mixer are discussed to realize these target 

specifications. 

Chapter 5 gives a conclusion to this research, in which I outline 

my future works, which include the integration of high-frequency 

applications. The proposed CMOS down-converter IC for a 
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broadcasting satellite has the potential to be mass-produced, and 

contributes to the sales performance. For a sub-millimeter operation 

with a wide frequency range, CMOS integration guidelines could be 

obtained.  

  

 

 

Figure 1.11: Thesis organization:  Chapter 2 discusses the techniques 

used in the integer-N-type PLL synthesizer with a range of 10 

GHz and exceeding 100 GHz. Chapter 3 discusses full-differential 

dual-modulus prescalers. Chapter 4 discusses the amplifiers and 

mixer in a 10-GHz-band down-converter IC for a broadcasting 

satellite. Chapter 5 gives a conclusion to this research. 
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Figure 1.12: Flow chart of my thesis organization.   
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Chapter 2.  Frequency Synthesizer 
 
 

2.1 Introduction 
 
The phase-locked loops (PLLs) based frequency synthesizers are 

essential parts of the wireless or wired transceivers, receivers and 

other devices. The PLL synthesizers are roughly divided into two 

types, an integer-N-type and a fractional-N type. In this research, 

an integer-N-type PLL synthesizer is focused. A typical 

integer-N-type PLL synthesizer is a feedback circuit, which is 

controlled integral multiple frequency of reference frequency 

supplied crystal oscillator or others. A basic structure of an 

integer-N-type PLL synthesizer consists of some fundamental 

functional blocks namely, a voltage oscillator (VCO), dividers, a 

phase frequency detector (PFD), a crystal oscillator as a reference 

frequency, a charge pump (CP) and a loop filter (LF) with the circuit 

configuration shown in Figure 2.1. In this chapter, high frequency 

block of VCO and dividers of dashed line in Figure 2.1 are focused. 

In typical CMOS receivers, low power consumption, small area, 

low cost and the achievement of target specifications are required. 

In addition for satellite applications, it is important to operate 

constantly under variations in temperature because they are built 

in open air all over the world. Therefore, a PLL synthesizer for 

satellite applications must be designed to operate with wide margin 

and wide frequency range. In this research, satellite applications 
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are implemented in low cost CMOS processes therefore various 

ideas are required. 

In this chapter, two PLL synthesizers for a 10-GHz band 

broadcasting satellite and high frequency band exceeding 100-GHz 

range are described. In section 2.2, a 10-GHz band CMOS PLL 

synthesizer for broadcasting satellite is focused. A 10-GHz band 

CMOS VCO has a trade-off between low VCO gain due to low phase 

noise and high VCO gain due to wider oscillation range. To overcome 

the above the issues and realize for the mass-production, previous 

and proposed techniques and measurement results are described. In 

section 2.3, a high frequency CMOS VCO and dividers for a 

134-GHz PLL synthesizer are focused. Dividers must cover the 

entire VCO oscillation range therefore wide range operation is 

required. Including high frequency VCO, previous and proposed 

techniques and measurement results are described. Section 2.4 

concluded in chapter 2. 

 

 
 

 
2.2 10-GHz-Band PLL Synthesizer for Broadcasting Satellite 

 

2.2.1 Introduction 
 

A down-converter is used as the receiving device on the satellite 

dish antenna and it translates radio frequency (RF) signal of the 

10-GHz band (10.7 GHz – 12.75 GHz) to an intermediate-frequency 

 

Figure 2.1: Block diagram of a typical integer-N type PLL.  
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(IF) signal of 1.5-GHz band (950 MHz – 2150 MHz). As mentioned in 

chapter 1, the local oscillator (LO) of a down-converter uses discrete 

open-loop dielectric resonator oscillators (DROs), which used to 

required manual alignment. Recently, to compensate for the 

temperature drift and the aging effect, fully integrated 

down-converter ICs [1] – [3] with PLL synthesizers have been 

implemented. However, they have high power consumption, high 

implementation costs owing to the SiGe process and do not achieve 

the target LO frequencies of 9.75 GHz, 10.6 GHz, 10.75 GHz and 

11.3 GHz. The target oscillation range as below is 14.7 % however a 

wider oscillation range is required considering the temperature 

variation. Therefore, we attempt to achieve a target oscillation 

range of 20 % to include wider margin. 

 

 
The target specifications are shown in table 2.1. For a 

10-GHz-band PLL synthesizer, low cost and low phase noise are also 

required. An on-chip inductor is a large passive device therefore 

1-inductor VCO is used to control the layout size. However, this 

means that a high VCO gain is required over a wider oscillation 

range. 

 The achievement of target phase noise is also important for a 

10-GHz-band down-converter IC. To realize lower phase noise, the 

VCO gain must be reduced. There is a trade-off between high and 

Table 2.1: Target specification of a 10-GHz band CMOS PLL synthesizer 

 
Parameter Target Value 

Process CMOS 130 nm 

Layout size 1mm×500um or less 

LO frequency 9.75 GHz, 10.6GHz 

10.75GHz, 11.3 GHz 

Current consumption 50 mA or less 

Phase Noise -80 dBc/Hz @ 1kHz offset 

-90 dBc/Hz @ 10kHz offset 

-95 dBc/Hz @ 100kHz offset 

-95 dBc/Hz @ 1MHz offset 

-100 dBc/Hz @ 10MHz offset 
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low VCO gains. A useful and convenient structure must be used in a 

wide range and low phase noise VCO. 

 

2.2.2 10-GHz Band Wide Range Voltage Controlled 
Oscillator 

 

In general, VCOs can be classified into two types: a ring VCO and 

an LC-VCO. A ring VCO has the advantages of a small chip area, 

process scalability and a wide oscillation range however an LC-VCO 

has extremely high frequency operation, high spectral purity and 

good phase noise performance. Here, an LC-VCO is chosen for its 

high-frequency oscillation and low phase noise. Typical 

high-frequency LC-VCOs consist of cross-coupled NMOS transistors, 

load inductors and variable capacitors as shown in Figure 2.2.  

 

However, in the typical LC-VCO shown in Figure 2.2, the 

oscillation wave rotates the symmetry around center tap given 

supply voltage. Therefore, the current consumption is increased by 

the larger amplitude of oscillation wave. Furthermore, as shown in 

Figure 2.2, the VCO gain is not controlled. A high VCO gain for a 

wider range of oscillation and a low VCO gain for low phase noise 

are required in this case.  

To resolve the issues associated with the smaller size, lower 

current consumption, wider range oscillation and lower phase noise, 

a complimentary cross-coupled LC-VCO is designed as shown in 

 

Figure 2.2: Schematic of conventional LC-VCO. 
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Figure 2.3. The peak amplitude of oscillation wave does not exceed 

the supply voltage. Therefore, the current consumption is 

suppressed. The VCO consists of thin-gate transistors and its 

operational voltage is 1.4 V. The supply voltage of the LNB-IC is 3.3 

V, therefore a low drop-out regulator (LDO) is implemented to 

reduce the supply voltage.  

 

 The target oscillation frequencies are 9.75 GHz, 10.6GHz, 10.75 

GHz and 11.3 GHz. To design the VCO using only a 1-inductor and 

attain a wide range of oscillation, two-switching capacitors and a 

varactor diode are implemented as frequency-controlled capacitors. 

When the VCO is oscillated at a frequency of 9.75 GHz, two 

switching capacitors are set to “ON” and the capacitance increases. 

When the VCO is oscillated at a frequency of 10.6 GHz and 10.75 

GHz, one switching capacitors is set to “ON” and the other is set to 

“OFF” and the capacitance is decreased to less than that at an 

 

 

Figure 2.3: Schematics of the complementary LC-VCO and LDO. 

Control Voltage

0V~3V

1.4V

Switching capacitors: 

ON or OFF for wider 
oscillation range.

3.3V

Ref.

Voltage 3.3V to 1.4V LDO

VCO

D-cap.



28 
 

oscillation frequency of 9.75 GHz. When the VCO is oscillated at a 

frequency of 11.3 GHz, two switching capacitors are set to “OFF” 

and the capacitance decreases. To compensate for the oscillation 

variation in the oscillation frequency due to the variation of 

temperature, a wider oscillation ratio must be covered. The target 

oscillation ratio is 20 % (9.45 GHz to 11.6 GHz). Figure 2.4 shows 

the simulation results for the oscillation range, which covers an 

oscillation ratio of 23 % (9.3 GHz to 11.8 GHz). As stated above, a 

1-inductor LC-VCO with a high VCO gain for a wide range of 

oscillation frequencies and a low VCO gain for the achievement of 

low phase noise are proposed. 

 

 

2.2.3 Measurement Results  
 

A die photograph of the mass-production chip including a VCO 

and a PLL synthesizer is shown in Figure 2.5. A PLL synthesizer 

has a differential dual-modulus prescaler described in chapter 3. 

The mass-production chip consists of amplifiers, a mixing block, a 

 

Figure 2.4: Simulated results of the oscillation frequency range 

as a function of the controlled voltage. 
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band-gap reference (BGR) and the other circuits implemented in 

CMOS 130-nm process described in chapter 4. The chip size is 1.1 

mm × 1.1 mm including the pads. The layout size of a VCO and a 

PLL synthesizer is 0.5 mm × 0.3 mm. A current consumption of a 

VCO and a PLL synthesizer is 45 mA with an LDO, and a total 

current consumption of a CMOS down-converter IC is 73 mA at the 

3.3-V supply voltage. 

 

 

 
Figure 2.5: Die photograph of a 10-GHz band CMOS  

down-converter IC. 
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Figure 2.6 shows the plots of phase noise measurement results of 

LO frequencies of 9.75 GHz, 10.6 GHz, 10.75 GHz and 11.3 GHz, 

respectively. Table 1.2 shows the target specifications of a 10-GHz 

band CMOS down-converter IC for broadcasting satellite as 

mentioned in section 1.4.1. The measured phase noise is achieved 

target phase noise values in each offset frequency.  

 

 
Figure 2.6: Plots of phase noise measurement results of LO 

frequencies of 9.75 GHz, 10.6 GHz, 10.75 GHz and 11.3 GHz, 

respectively. 
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2.2.4 Conclusion of a 10-GHz Band PLL Synthesizer 
 

In this section, a fully integrated 10-GHz-band integer-N-type 

PLL synthesizer for a broadcasting satellite was presented. In 

particular, the circuit technique of a 1-inductor VCO was focused. It 

requires a wide range of operation including temperature tolerance, 

a low current consumption and the achievement of targets of phase 

noise and oscillation frequencies.  

To overcome a trade-off between high VCO gain for a wide range 

of operation and low VCO gain for a low phase noise, a 1-inductor 

VCO has two-switching varactors and a tuning varactor. By setting 

to the switching varactors, the wide oscillation range of 9.3 GHz to 

11.8 GHz could be achieved. This indicates the high VCO gain. In 

addition, the low phase noise of -98dBc/Hz at 100-kHz offset 

frequency could be achieved. This indicates the low VCO gain, 

Table 2.2: Comparison of the 10-GHz band PLL performance  

 

 [1] [2] [3] This work 

Process Silicon 

Bipolar 

SiGe:C 

BiCMOS 

Silicon 

Bipolar 

CMOS 

130 nm 

Total 

Chip size 

4 mm × 

2.5 mm 

1 mm × 

1.5 mm 

2 mm × 

2.3 mm 

1.1 mm × 

1.1 mm 

PLL Current 

Consumption 

180 mA 52 mA 100 mA 45 mA 

LO frequency 4.875 GHz, 

5.3 GHz 

9.75 GHz, 

10.6 GHz 

9.75 GHz, 

10.6 GHz 

9.75 GHz, 

10.6 GHz, 

10.75 GHz, 

11.3 GHz 

Phase noise -102dBc/Hz 

@ 100 kHz 

-95dBc/Hz 

@ 100 kHz 

-115dBc/Hz 

@ 100 kHz 

-98dBc/Hz 

@ 100 kHz 

Published 

year 

2005 2011 2004 -- 
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therefore, a proposed VCO indicates trade-off issues of a 1-inductor 

VCO was overcome.  

 

 
2.3 VCO and Dividers for a 134-GHz PLL Synthesizer 

 

2.3.1 Introduction 
 

Recently, sub-millimeter and terahertz systems have been 

extensively studied for wireless or wireline communications, radio 

astronomy, security, sensor systems and medical applications. With 

the advances in CMOS, it has become realistic to consider 

high-speed oscillator circuits exceeding 100-GHz operations. Higher 

oscillation frequencies are limited by the unity maximum available 

gain frequency (fMAX) of a transistor. To obtain even higher 

frequencies, push-push oscillator architectures [4] – [5] and 

fundamental oscillators over 300 GHz [6] have been proposed.  

Local oscillator is also the essential parts of ultrahigh-speed 

receivers not only radio astronomy but also other wireless and 

wireline communications, security, sensor systems and medical 

applications, an ultrahigh-speed CMOS multi-phase or quadrature 

oscillator controlled PLL synthesizer must be studied.  

The common frequency synthesizer is an integer-N-type PLL as 

shown in Figure 2.7, which has a VCO, dividers, crystal oscillator as 

a reference frequency, PFD, CP and LF. In particular, the dividers 

must cover entire VCO oscillation range and have large division 

ratios to compare a reference frequency. Therefore, dividers must 

operate high frequency and wide frequency range including 

temperature variation. In this research, a VCO and dividers of high 

frequency circuits in a PLL synthesizer are focused (dashed line in 

Figure 2.7). Figure 2.8 shows the block diagram of dividers. Dividers 

have the divide-by-2, divide-by-3 and dual-modulus prescaler and 

frequency counter. The target structure is the straight loop PLL 

synthesizer. Table 2.3 shows the target PLL performance. 
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2.3.2 VCO Circuit Design 
 

To realize the oscillators that operate at frequencies of over 100 

GHz, an LC-VCO architecture is described. In typical fundamental 

 

Figure 2.7:  Block diagram of the common frequency synthesizer 

as an integer-N type PLL. 

 

 

Figure 2.8:  Block diagram of dividers for a PLL over 100-GHz 

operation 
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Table 2.3: Target performance of a high frequency PLL synthesizer 

 

 Target specifications 

Process CMOS 65 nm 

Supply Voltage 1.2 V 

Power Consumption As small as possible 

VCO frequnecy 125GHz or higher 

Phase noise As small as possible 

Division ratio of dividers 2250 

(To evaluate samples) 
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LC-VCO architecture, MOS diodes are used for frequency 

adjustment. However, the transistor gate-capacitances and other 

parasitic capacitances are limiting factors preventing 

higher-frequency oscillation. Generally, MOS diodes with large 

gate-capacitances limit high oscillating at frequency of over 100 

GHz. Therefore, the tuning capacitance architecture with a variable 

back-gate voltage (VBG) as the VCO control voltage (VCNT) [7] is 

studied.  

Figure 2.9 shows a schematic of the VCO core and buffer circuits. 

The load capacitance in the VCO is set by a variable VBG and the 

oscillation frequency is adjusted. Figure 2.10 shows a plot of the 

results of a gate capacitance simulation for a variable VBG with 

drain-source and gate-source voltages of 1.2 V using an NMOS 

transistor with W = 14 µm and L = 65 nm. The gate capacitance is 

changed from 15.1 fF to 15.5 fF by the variation of VBG. The 

parasitic capacitances including lines and other capacitances in a 

134-GHz VCO are approximately 30 fF, and the total parasitic 

capacitance varies from 45.1 fF to 45.5 fF. The capacitance variation 

per center capacitance is approximately 1 %, therefore, therefore, 

the oscillation frequency variation of 0.5 % is expected by 1/2π√��, 

giving an equivalent capacitance variation of nearly 1 %. an 

oscillation frequency variation of 1% is expected for a VCO, giving 

an equivalent capacitance variation of nearly 1 %. 

Figure 2.11 shows the simulation results of the VCO oscillation 

frequency at a 1.2-V supply voltage. The simulation results show 

that the VCO covers the range from 132 GHz to 134 GHz, which is 

approximately 1 - 2 % of the center frequency. The simulated power 

consumption of the VCO alone is 12 mW. 
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Figure 2.9:  Schematic of the VCO core and buffer. 

 

dummy
(VCNTL)

VBG

Next VCO core

:

divide

-by-2
・・・

VCO core Couples

 

Figure 2.10:  Plot of the results of a gate capacitance simulation 

for a variable VBG with drain-source and gate-source voltages of 

1.2 V using an NMOS transistor with W = 14 µm and L = 65 nm 

 



36 
 

 

 

2.3.3 Circuit Design of Divide-by-2 based on LC-VCO 
 

For the correct PLL function, the divide-by-2 divider should cover 

the entire VCO output frequency range, which is simulated as from 

132 GHz to 135 GHz in the previous section. 

In general, there are three types of frequency dividers (FDs), 

static FDs, dynamic FDs and injection locked frequency dividers 

(ILFDs). An example of the static FDs is a D-flip-flop (DFF) with the 

Q terminals connected back to the D terminals in reversed polarity. 

The dynamic FDs use a feedback loop where logic states are stored 

on a parasitic capacitance for just a short while. Whereas, the 

ILFDs use an oscillator whose free-running oscillation frequency 

agrees with the divider output target. When the input frequency 

around the integer multiples of the resonant frequency of the 

oscillator is injected, the oscillator is injection-locked to the input 

signal and divide-by-integer can be achieved through the locking 

phenomenon. In the three types of FDs, the ILFD is suitable for 

high frequency operation. In this research, the ILFD based on an 

LC-VCO as a first divide-by-2 is described.  

 

Figure 2.11:  Simulation results of the VCO oscillation frequency 

at a 1.2-V supply voltage 
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Figure 2.12 (a) shows a traditional LC oscillator. Its free-running 

oscillation frequency is equal to 1/2π√�� . In previous section, 

Figure 2.12 (b) shows a schematic of a differential VCO which 

change oscillation frequency by changing the back-gate voltage. 

 

(a)                   (b) 

Figure 2.12:  Schematic of the traditional LC-VCO (a) and LC-VCO 

controlled the back-gate voltage (b). 

 

VBG

=VCNTL

 

Figure 2.13:  Simulation results of the divide-by-2 

free-running oscillation frequency. 
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Figure 2.13 shows simulation results of the free-running oscillation 

frequency, which is around a half frequency of 132 GHz to 135 GHz 

by adjusting inductor size. The target input frequency of divide-by-2 

is 132-GHz to 135-GHz operation therefore the free-running 

oscillation frequency must be adjust to approximately 67.5 - 66 GHz. 

 

Figure 2.14:  Schematic of a 134-GHz fundamental VCO and a 

divide-by-2 ILFD based on an LC-VCO 

VCO core

Out+

Out-

dummy

divide-by-2

(VCNTL)
VBG

output

・・・

buffers

 

Figure 2.15:  Simulation results of the ILFD sensitivities 
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Figure 2.14 shows a schematic of a 134-GHz fundamental VCO 

and a divide-by-2 ILFD based on an LC-VCO. The ILFD has an 

NMOS switching-gate transistor connected between cross-coupled 

pairs. One of the VCO outputs directly connects with the gate 

terminal of a switching-gate transistor in the ILFD and the other 

terminal connects with the dummy NMOS transistors with the 

same gate-capacitance value. The back-gate voltages of the 

cross-coupled pairs in ILFD take the same control voltage as the 

VCO. Therefore, proposed ILFD locking range can expand by 

approximately 2-GHz by using the VCO controlled voltage 

comparing with a fixed 0-V controlled voltage, as shown in Figure 

2.15. The simulation result shows that the divider covers the entire 

oscillation frequency range of the VCO and contributes the wide 

operation range. 

Figure 2.16 shows the comparison of the energy efficiency of this 

work with other reported ILFDs. The target energy efficiency 

(mW/GHz = pJ, power consumption per maximum input frequency) 

 

Figure 2.16:  Comparison of the energy efficiency 
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of the proposed divide-by-2 ILFD compares favorably with the 

performances of other reported ILFDs. 

 

2.3.4 Measurement Results 
 

The die area of the experimental circuit block including the 

134-GHz VCO and dividers is 180 µm × 100 µm implemented in 

1P9M 65-nm RF-CMOS process with MIM capacitors and deep 

N-well structures. A photograph of the die is shown in Figure 2.17. 

The 134-GHz VCOs have four VCO cores for the multiplier. To 

measure the output signal of VCOs, a simple transistor buffer is 

used. Figure 2.18 shows the oscillation spectrum with a frequency of 

134.4-GHz and current consumption of 8.5 mA using a one VCO core 

and 34 mA using four VCO cores at a 0-V control voltage and a 1.2-V 

supply voltage. The measured amplitude is -59.1 dBm which is used 

by a buffer output, therefore actual VCO amplitude is expected 

around 0.9-V peak to peak. 

Figure 2.19 shows the plots of the measured phase noise of 

various control voltages at a 1.2-V supply voltage. The achieved 

phase noise values are -80 dBc/Hz at 1-MHz offset frequency with 

the back-gate voltages from 0 V to 0.9 V. The measured phase noises 

in higher frequency range increase as the control voltage increases 

to 1.2 V.  The result indicates that as the back-gate current 

increases, thermal noise becomes more dominant than the flicker 

noise. 
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Figure 2.17:  IC die photograph of the 134-GHz VCO and dividers. 

 

Figure 2.18:  Screen shot of the directly spectrum from VCO buffer 

at 0-V controlled voltage and 1.2-V supply voltage. 
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Figure 2.19:  Plots of the measured phase noise of various control 

voltages at a 1.2-V supply voltage. 

 

Figure 2.20: Plots of direct measured oscillation frequencies as a 

function of the control voltage at the various supply voltages. 
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Figure 2.20 shows the plots of directly measured oscillation 

frequencies of the VCOs as functions of control voltage at supply 

voltages of 1 V, 1.2 V and 1.4 V. The oscillation ranges of VCOs 

achieved 132.6 GHz to 134.4 GHz at a 1-V supply voltage and 131.8 

GHz to 134.3 GHz at a 1.2-V supply voltage. 

The oscillation frequency of the VCOs can be calculated from the 

output frequency of the dividers. Figure 2.21 shows plots of the 

oscillation frequencies of the VCOs calculated from the output 

frequency of the dividers as a function of control voltage at supply 

voltages of the 1 V, 1.2 V, 1.25 V and 1.33 V. Approximately, the 

same frequencies in Figure 2.20 and Figure 2.21 can be observed. 

Therefore, the dividers can operate in the entire oscillation range of 

the VCOs. In this operation, the total current consumption of the 

one VCO core and dividers is 37 mA at the 0-V control voltage and a 

1-V supply voltage.  

These results show that the divider’s output signal at 1.34-V 

supply voltages or higher since the dividers are non-functional. 

However, the oscillation frequency of the VCOs gradually increases 

 
Figure 2.21:  Plots of measured oscillation frequencies calculated 

from output frequency of the dividers as a function of the 

control voltage at the various supply voltages. 
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with the supply voltage. To check the accurate oscillation 

frequencies of VCOs, we can calculate them from the divider’s 

output frequencies. By these results, a good prospect is now seen in 

my designing work to operate the 134-GHz on-chip PLL when PFD, 

CP and LF are designed with 134-GHz VCO and dividers. 

 

 

2.3.5 Conclusion of a VCO and Dividers for a 134-GHz 
PLL Synthesizer 

 

In this section, a 37mW CMOS VCO and dividers covering the 

entire VCO oscillation frequency range for a 134-GHz PLL 

synthesizer was presented. The dividers have two ILFDs and a 

divide-by-2 divider was focused. The VCO has a fundamental 

oscillation range of 131.8 GHz to 134.3 GHz by using the back-gate 

voltages as a VCO control voltage, which used as a control voltage in 

divide-by-2. The locking range of divide-by-2 is expanded by the 

control voltage. The maximum VCO fundamental oscillation 

frequency of 134.4 GHz was measured. The directly measured VCO 

oscillation frequencies and calculated frequencies from the 

measured divider output frequencies are almost equal. This 

evidences the correct divider function over the entire VCO 

oscillation range. The VCOs and dividers with a chip core area of 

180 µm × 100 µm were implemented in 65-nm CMOS process. 

 

 

2.4 Conclusion  
 

In this chapter, the CMOS design of integer-N-type PLL, mainly, 

high speed operation parts of the frequency synthesizers were 

presented to operate wider operation range. 

Firstly, the integer-N-type PLL for CMOS down-conversion IC for 

a broadcasting satellite was descussed. To achieve a trade-off of the 

high and low VCO gain, the switching varactors and a tuning 

voltage varactor were used in a 1-inductor VCO for a 10-GHz-band 

PLL synthesizer and the target specifications were achieved. A 
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10-GHz-band PLL synthesizer was implemented in a CMOS 130-nm 

process. The total chip including amplifiers and a mixer showed 1.1 

mm × 1.1 mm. 

Next, a 37-mW VCO and dividers for a 134-GHz integer-N-type 

PLL were descussed. To cover the entire VCO oscillation range, 

dividers could be increased the operation range by tuning back-gate 

voltage. The evaluated chip occupies 180 µm × 100 µm implemented 

in CMOS 65-nm process. A VCO has an oscillation range of 132 GHz 

to 134.4 GHz and achieves the phase noise values of -80 dBc/Hz at 

1-MHz offset frequency. A good prospect is now seen in my designing 

work to operate the 134-GHz on-chip PLL when PFD, CP and LF 

are designed with 134-GHz VCO and dividers 
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Chapter 3.  Wide Locking Range and 

Low Energy Differential Dual-Modulus 

Prescaler 
 
 

3.1 Introduction 
 
In this chapter, a CMOS dual-modulus prescaler is focused. A 

typical PLL synthesizer was described in chapter 2, which has both 

high and low frequency blocks. The VCOs and the frequency 

dividers are the blocks which operate at high frequencies and 

consume large power. In addition, wide range and wide margin 

operation are required in satellite applications because of usage 

situation under variations in temperature. In general, when the 

wireless receivers are implemented in CMOS process, the PLL 

synthesizer consumes a large percentage of the total IC power. It is 

important to achieve the power reduction of the PLL synthesizer 

without sacrificing reliability of the achievement of operating 

frequency and wide margin operation.  

Figure 3.1 shows the block diagram of typical integer-N-type PLL 

synthesizer. Integer-N-type PLL synthesizer is used for a LO signal 

consisting of a VCO, dividers, a PFD, a CP, a LF and crystal 

oscillator as a reference frequency. A dual-modulus prescaler is 
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enclosed by the thick line in Figure 3.1, which requires a higher 

energy efficiency, lower phase noise and higher speed and wide 

range operation under variations in temperature. Since the VCO 

and dividers are differential circuits, the prescaler is also desirable 

to be a differential circuit, which is much more tolerant of power 

supply noises. In addition, the differential prescaler should have a 

wide input phase-shift tolerance since it is difficult to fabricate the 

differential signal lines with the exactly same length and width in 

an IC layout. To cover the mismatch of differential signal lines and 

process variations, the target tolerance of phase-difference deviation 

from the perfect differential phase-difference, 180 degrees, to be 10 

degrees is set. To check the performance of the prescaler, being used 

as a modulus controller, considerably affects the phase noise and the 

energy efficiency of the PLL. The limitation of the supply voltage 

reduction through the measurement results of phase noises and 

sensitivities of the prescaler under various supply voltages should 

be also checked. 

 

 
 

3.2 Previous Modulus Prescaler 
 

A dual-modulus prescaler is the most important circuit in the 

integer-N-type PLL synthesizers. The prescaler should be 

energy-efficient and should have a high speed so that it is capable of 

modulus control from the fixed input frequency. In addition, it 

should have a wide locking range to cover the process and 

 

Figure 3.1:  Block diagram of typical integer-N-type PLL synthesizer. 
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temperature variation. A dual-modulus prescaler based on the 

current-mode logic (CML) has been widely used in PLL synthesizers 

owing to its wide locking range and high frequency capability [1] - 

[3]. Figure 2.2 shows an example of a conventional dual-modulus 

prescaler based on the CML architecture with master-slave 

configuration [1], (a) shows the block diagram of divide-by-16 or 17, 

and (b) shows the master-slave D-flip-flop (DFF) in CML 

architecture. This topology has been widely used in PLL 

synthesizers owing to its wide locking range and high-frequency 

operation capability by the differential circuits. Furthermore, they 

are highly tolerant of the supply voltage noise. However, it has been 

difficult to meet the increasing demand for lower power 

consumption, generally. Actually, simulated results in [1], the power 

consumption is 18.5 mW designed in a CMOS 180-nm process and 

maximum input frequency is 12.98 GHz. 
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  (b) 

Figure3.2:  A typical CML architecture [1], (a) block diagram of 

divided-by-16/17 and (b) master-slave CML DFF 

D+ D-

RF+ RF-

Vbias

RF- RF+

Vbias

Q-

Q+

Master Slave

 

Figure3.3:  Example of a TSPC architecture [6] 
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On the other hand, to reduce the power consumption, modulus- 

controlled prescalers using injection-locked frequency dividers 

(ILFDs) have recently been proposed [4] - [9] such as a true single 

phase clock (TSPC) architecture shown in Figure 3.3. Although they 

consume less power than the CML architectures, TSPC prescalers 

cannot accept differential input signals [4] - [8]. For the high-speed 

and low power operation, there is a system of NMOS transistors 

used as switching between differential outputs. Figure 3.4 shows a 

quasi-differential locking (QDL) divider based on the ILFD [10]. 

Input signals directly modulate the output in a ring oscillator by 

switching transistor (M1). M1 is inserted between two inverter 

outputs and used as a quasi-differential output to modulate the 

oscillation frequency. The architecture using a switch transistor can 

operate at a low voltage with a wide locking range but is not a 

fully-differential circuit. 

 
 

Figure3.4:  Schematic of a QDL divider [10] 
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Figure 3.5 is the differential divider with the master and slave 

blocks consisting of two sense devices (M1, M2, M7 and M8), a 

regenerative loop (M3, M4, M9 and M10) and two pull-up devices 

(M5, M6, M11 and M12) [11]. Since the input transistors, which 

operate at the fastest speed in the block, are PMOS’s and thus have 

larger gate capacitances, this topology requires larger load driving 

capability for the preceding block.  

A typical VCO based on an LC-VCO is a differential output 

circuit with hardly any phase-shift mismatch. Since it is difficult to 

 
  (a) 

 

(b) 

Figure 3.5: Simplified block diagram of the divide-by-2 divider (a) and 

previous latch blocks (b) closed by the thick line in (a) [10]. 
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fabricate the differential signal lines with the exactly same length 

and width in an IC layout, the dividers and prescalers must tolerate 

wide phase deviation of its input differential pair. Therefore, the 

differential dividers with the phase-mismatch tolerance are better 

than the single-end architectures. However, in previous papers, the 

phase-shift tolerance is hardly described. Therefore, the phase-shift 

tolerance of operating a proposed dual-modulus prescaler must be 

checked.  

 

 

3.3 Proposed Differential Dual-Modulus Prescaler 
  

In this research, two satellite applications of a 10-GHz band for 

broadcasting satellite and a 100-GHz band of high frequency 

application such as for radio astronomy are focused. Therefore, 

operated frequencies are different, respectively. For a broadcasting 

satellite, target frequency is 4 GHz to 6 GHz and the division ratio is 

10 and 11, which is implemented in CMOS 130-nm process. For a 

100-GHz band application, the operated frequency is 22 GHz to 23 

GHz and the division ratio is 11 and 12, which is implemented in 

CMOS 65-nm process. Both prescalers are same architecture but 

frequency ranges are different. For the temperature tolerance and 

wide range operation, wide margin ratio should be required for 

100 % or more frequency range as a function of center frequncy. 

Table 3.1 shows the target specifications of each full differential 

dual-modulus prescalers. 

 

Table 3.1: Target specifications of two prescalers. 

 
Parameter For a broadcasting satellite For a high frequency PLL 

Process CMOS 130 nm CMOS 65 nm 

Operated 

frequency 

4 GHz - 6 GHz 22GHz – 23GHz 

Target frequency 

ratio 

100% or more 100 % or more 

Phase mismatch 

tolerance 

10 % ‘-- 
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On the basis of the section 3.2 considerations, the 

fully-differential latch blocks are proposed as shown in Figure 3.6. 

They are designed the fully-differential dual-modulus 5/6 prescaler 

based on ILFDs, to achieve a smaller die area, a low power 

consumption, and a wider locking range by a full-differential 

architecture. In Figure 3.6 (a), enclosed by dashed line A is a 

divide-by-4 block created from two-stage differential latch blocks. 

Enclosed by dashed line B is a divide-by-6 block created from 

three-stage differential latch blocks. Then a divide-by-5 output is 

generated by a NAND/NOR block with the divide-by-4 and 

divide-by-6 blocks. The division ratio is controlled by the modulus 

control signal "sel+” or ”sel-" from a latter cascaded divide-by-2 block. 

In Figure 3.6 (b), an NMOS switch (M1, M7) is inserted between a 

differential pair of NMOS’s (M2 and M3 or M8 and M9) and between 

a cross-coupled pair of PMOS’s (M5 and M6 or M10 and M11) to 

inject an input differential signal into the ILFD. Comparing with 

the conventional single ended ILFDs, [4] - [10], the proposed 

fully-differential circuit is highly tolerant of supply voltage noise. 

To avoid the delay time of the NAND/NOR block, the latch 

circuit is merged with the NAND/NOR block (enclosed by dashed 

line C in Figure 3.7(a)) to realize a high-speed latch through 

modulus control. Figure 3.7 (b) shows a schematic of the proposed 

latch circuit merged with the NAND/NOR block and master latch 

block. Figure 3.8 shows the simulation results of the prescaler 

operation ranges of the single and differential inputs. The operation 

range of the differential input is two times wider than that of single 

input. 
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Figure 3.9 shows the complete block diagram of the proposed 

differential dual-modulus 10/11 prescaler, which consists of the 

three-stage latches of merged and simple master-slave blocks with 

the cascaded divide-by-2 divider. Figure 3.10 (a) shows the 

divided-by-10 operation and (b) shows the divide-by-11 operations. 

The divide-by-10 output is generated by using the output of the 

divide-by-5 block as the input to the cascaded divide-by-2 block in 

Figure 3.9 (a). On the other hand in (b), the divide-by-11 output is 

 
(a) 

(b) 

Figure 3.6: Block diagram of a dual-modulus prescaler (a) and proposed 

latch blocks (b) closed by the thick line in (a). 
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generated by using the divide-by-5 and divide-by-6 outputs 

alternately. The division ratio is controlled by the modulus-control 

signal Cntr+/- from the latter frequency counter. 

 

 

  (a) 

 
(b) 

Figure 3.7: Block diagram of a dual-modulus prescaler (a) and proposed 

latch blocks (b) closed by the thick line in (a). 
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Figure 3.8: Simulated results of the prescaler operation ranges of 

the single and differential inputs  

Figure 3.9: Block diagram of a total differential dual-modulus prescaler  
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In the case of the differential dual-modulus 11/12 prescaler, the 

divide-by-11 output is generated by using the divide-by-5 and 

divide-by-6 outputs, alternately. On the other hand, the 

divide-by-12 output is generated by using the output of the 

divide-by-6 block as the input to the cascaded divide-by-2 block, 

respectively. The division ratio is controlled by the modulus-control 

signal Cntr+/-. Figure 3.9 (c) shows the concepts of the divided-by-12 

operation. To operate as the pulse-swallowing counter, a counter 

circuit (not illustrated) is implemented after the dual-modulus 10/11 

or 11/12 prescaler. The dual-modulus prescaler switches the division 

ratio of 10 or 11 in a dual-modulus 10/11 prescaler and switches the 

division ratio of 11 or 12 in a dual-modulus 11/12 prescaler using the 

feedback signal from a counter circuit.  

 

 

(a) 

(b) 

   (c) 

Figure 3.10: Signal timing charts of divide-by-10 (a), divide-by-11 (b) 

and divide-by-12 (c) operations. 
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・・・・
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3.4 Measurement Results 
 

To evaluate the differential dual-modulus prescalers, the test 

chips including the prescalers are implemented in CMOS 130-nm 

and 65-nm processes, respectively. Figure 3.11 shows the die 

photograph of the dual-modulus 10/11 prescaler implemented in 

CMOS 130-nm process. The core size is 40 µm × 20 µm. Figure 3.12 

shows the die photograph of the dual-modulus 11/12 prescaler 

implemented in CMOS 65-nm process. The core size is 17 µm × 17 

µm. In this section, measurement results for the input sensitivity, 

frequency range, phase-shift variation and impact of the operation 

from the viewpoints of phase noise measurements are described. 

 

 

Figure 3.11: Signal timing charts of divide-by-10 (a), divide-by-11 (b) 

and divide-by-12 (c) operations. 
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3.4.1 Sensitivity vs. Supply Voltage 
 

Figure 3.13 shows the measurement system. To monitor the 

output signal, a pair of source follower buffers each with a matching 

impedance of 50 Ω is implemented and one of the outputs is 

observed. For the differential input, we mainly used a 4-ports 

vector-network analyzer (VNA) as the differential signal source, 

calibrated the phases and amplitudes at the on-wafer probe heads. 

Otherwise, we used the signal generator and the coaxial balun probe 

to check the differential input operation. Metal-insulator-metal 

(MIM) capacitor is used as the input DC-cut without impedance 

matching. For the input DC-bias voltage of the prescaler, the half 

supply voltage is used. 

 

Figure 3.12: Signal timing charts of divide-by-10 (a), divide-by-11 (b) 

and divide-by-12 (c) operations. 
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Figure 3.13: Measurement system of prescaler  

 

 

(a) 

 

(b) 

Figure 3.14: Measured output signal waveforms, (a) divided-by-10 

operation and (b) divided-by-11 operation. 
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Figure 3.14 shows the output signal waveform of the 

dual-modulus 10/11 prescaler implemented in CMOS 130-nm 

process, which obtained through the source follower buffer for (a) 

divide-by-10 and (b) divide-by-11 operations at an input frequency of 

7.5 GHz with 1.4-V supply voltage and 10-dBm input amplitude. 

The measured results show the period of (a) 1.33 nsec for 

divide-by-10 and (b) 1.46 nsec for divide-by-11 operations. 

Figure 3.15 shows the plots of simulated and measured input 

sensitivities as functions of the operating frequency at the 1.4-V and 

1.1-V supply voltages for the (a) divide-by-10 operation and (b) 

divide-by-11 operation implemented in CMOS 130-nm process. The 

measured sensitivity is defined as the minimum input signal 

amplitude where no spurious tone is observed in the output 

spectrum. The minimum operational frequency of the cascade 

divider is limited to 2.1 GHz and the measurement results show 

good agreement with the simulation results for both division ratios 

and supply voltages. At the 1.4-V supply voltages, the sensitivities 

are highest at 5.8 GHz for both division ratios and the required 

amplitudes of the input are as small as approximately -12 dBm. The 

locking range of the proposed dual-modulus 10/11 prescaler is from 

2.1 GHz to 10.1 GHz at the 1.4-V supply voltage. 
The minimum sensitivity deteriorates when the supply voltage is 

reduced from 1.4 V. At the 1.1-V supply voltage, the minimum 

sensitivities are highest at 4.3 GHz for both division ratios, and the 

required amplitudes of the input are approximately -4 dBm. The 

locking range of the proposed dual-modulus 10/11 prescaler is from 

2.1 GHz to 6.8 GHz at the 1.1-V supply voltage. 
Figure 3.16 shows the plots of simulated and measured input 

sensitivities as functions of the operating frequency at the 1.2-V and 

1.0-V supply voltages for the (a) divide-by-11 operation and (b) 

divide-by-12 operation implemented in CMOS 65-nm process. The 

shift of the minimum input sensitivity frequencies between the 

simulated and measured results is approximately 6 GHz and the 

measured maximum operating frequency is 26 GHz.  
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(a) 

 

(b) 

Figure 3.15: Simulated and measured input sensitivities as 

functions of the operating frequency for the (a) divide-by-10 

operation and (b) divide-by-11 operation. 
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Both Figure 3.16 (a) and (b), the measured operation frequencies 

increase with the supply voltage. But the signal source of VNA is 

 

(a) 

 

(b) 

Figure 3.16: Simulated and measured input sensitivities as 

functions of the operating frequency for the (a) divide-by-11 

operation and (b) divide-by-12 operation. 
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limited to 26.5 GHz therefore we could not test higher frequency 

operation than 26.5 GHz. At the 1.0-V supply voltages, the 

sensitivities are highest at 17 GHz for both division ratios and the 

required amplitudes of the input are as small as approximately -16 

dBm. The locking range of the proposed dual-modulus prescaler is 

from 9 GHz to 26 GHz. 

 

 

As the supply voltage of the proposed dual-modulus prescaler 

reduces, the power consumption and the operational frequency 

range decrease. Figure 3.17 shows the locking ranges with 

minimum and maximum operational frequencies as a function of 

center frequency for various supply voltages and various types of 

prescalers with differential topology. The locking range of the 

proposed dual-modulus 10/11 prescaler implemented in CMOS 

130-nm process is from 2.1 GHz to 10.1 GHz and, therefore, the 

 

Figure 3.17: Measured locking ranges with minimum and 

maximum operational frequencies as a function of center 

frequency for various supply voltages. 
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locking range per center frequency (=∆f/fCenter) is 131 % at 1.4-V 

supply voltage. The ratio ∆f/fCenter decreases as the supply voltage 

decreases, however, it is still 104 % at 1.1-V supply voltage. The 

target frequency range of 100 % is covered at the supply voltage of 

1.1 V. The locking range of the proposed dual-modulus 11/12 

prescaler implemented in CMOS 65-nm process is from 9 GHz to 26 

GHz and, therefore, the ∆f/fCenter is 122 % at 1.0-V supply voltage. 

The target frequency range of 100 % is covered at the supply voltage 

of 1.0 V. However, it is 58% at the supply voltage of 1.2 V. The signal 

source of VNA is limited to 26.5 GHz therefore we could not test 

higher frequency operation than 26.5 GHz. 

 

The normalized energy consumption at the maximum operational 

frequency, which is defined as the power consumption per operating 

frequency (= mW/GHz, pJ), is shown in Figure 3.18 for various 

supply voltages and 2-prescalers implemented in CMOS 130-nm 

 

Figure 3.18: Normalized energies at the maximum operational 

frequencies. 
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and 65-nm processes. In Figure 3.18, different types of prescalers 

with a differential topology are also compared. In the operation of 

the dual-modulus 10/11 prescaler implemented in CMOS 130-nm 

process, the normalized energy decreases as the supply voltage 

decreases. The maximum frequency range is 8 GHz at a supply 

voltage of 1.4 V with a power consumption of 4.06 mW. In this case, 

the normalized energy consumption is 0.4 pJ. The maximum 

operational frequency is 6.6 GHz at a supply voltage of 1.1 V with a 

power consumption of 1.28 mW. In this case, the normalized energy 

consumption is 0.19 pJ. On the other hand, in the operation of the 

dual-modulus 11/12 prescaler implemented in CMOS 65-nm process, 

the maximum operational frequency is 26 GHz at a supply voltage of 

1.0 V with a power consumption of 3.1 mW. In this case, the 

normalized energy consumption is 0.13 pJ. As shown in Figure 2.16, 

the proposed dual-modulus 11/12 prescaler implemented in CMOS 

65-nm process achieved the minimum normalized energy 

consumption. The proposed dual-modulus prescalers cover the wide 

frequency range over 100 % and also achieved lower normalized 

energy operation compared with the conventional differential 

prescalers. 

 

3.4.2 Sensitivity vs. Supply Voltage 
 

The differential prescaler has a wide input phase-shift tolerance 

since it is difficult to fabricate the differential signal lines with the 

exactly same length and width in an IC layout. The target tolerance 

of phase-difference deviation is 10 degree from the perfect 

differential phase-difference. For the phase-shift measurement by 

various phase-shift inputs, we used 4-ports VNA as the various 

phase-shift signal sources, which calibrated the phases and 

amplitudes at the on-wafer probe heads. Figure 3.19 shows the 

simulation results of sensitivities for various phase deviations with 

divide-by-11 operation at 1.4-V supply voltage. The minimum 

sensitivity is achieved at approximately 5.8 GHz for the various 

phase-differences and the operational frequency range remains 

approximately the same for the phase-difference from 90 to 270 
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degrees (-90 to 90 degrees). 

 

Figure 3.20 shows the measured sensitivities for various 

phase-differences at 1.4-V supply voltage for (a) divide-by-10 

operation and (b) divide-by-11 operation. The measured minimum 

sensitivity takes place approximately at 5.8 GHz and the 

operational frequency range remains approximately the same for 

the phase-difference from 90 to 270 degrees as the simulation 

results in Figure 3.20. 

Figure 3.21 shows the locking range as a function of various 

phase-differences between the differential input pair. The locking 

range of the perfect differential input pair (180-degree difference) is 

from 2.1 GHz to 10.1 GHz and is the widest among the various 

phase-differences. This 8-GHz locking range at 180-degree 

phase-difference remains approximately the same over the 

phase-difference from 90 to 270 degrees. However, the measured 

locking range decreases as the phase deviation increases and 

reaches the narrowest range from 4 to 8 GHz at 0 or 360 degrees of 

phase-difference. According to the measurement results, the 

proposed prescaler achieves the target tolerance of phase-difference 

 

Figure 3.19: Simulated sensitivity of the various phase difference 

inputs at the 1.4-V supply and divided-by-11 operation. 
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deviation with an enough margin.  

 

 

 

(a) 

 

(b) 

Figure 3.20: Measured sensitivities of the various phase-shift 

mismatches at the 1.4-V supply voltage for  

(a) divide-by-10 and (b) divide-by-11 operations. 
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3.4.3 Impact of the Quasi- and Non- Locking Operations 
 

A dual-modulus prescaler in PLL using LO signal is expected to 

operate without many spurious noises nor large phase noises. 

Figure 3.22 shows the measured spectrums of output signals, where 

(a) is for 1.4-V, (b) is for 1.2-V, (c) is for 1.1-V and (d) is for 0.96-V 

supply voltage, respectively. The noise floors of spectrum in (a) and 

(b) are clean indicating the full-locking operations. On the other 

hand, the noise floor of spectrum in (c) has some spurious noises 

indicating the quasi-locking operation. The noise floor of the 

spectrum for 0.96-V supply voltage in (d) has many spurious noises 

indicating non-locking operation. 

Figure 3.23 shows the phase noise measurement results under 

the various supply voltages at 5.8 GHz input operations, where (a) is 

for divide-by-10 operation and (b) is for divide-by-11 operation. The 

 

Figure 3.21: The locking range as a function of center frequency  

at the various phase shifts.  
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phase noise rapidly increases as the supply voltage decreases from 

1.2 V to 1.1 V. Furthermore, the phase noise increases for both 

division ratios and reaches the worst at 0.96-V supply voltage. 

 

 

 
(a) 

 

 

(b) 
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(c) 

 

 

(d) 

Figure 3.22 Measured spectrum of proposed prescaler implemented 

in CMOS 130-nm process for divide-by-11 operation at (a) 1.4-V, (b) 

1.2-V, (c) 1.1-V and (d) 0.96-V supply voltage  
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(a) 

 

 

(b) 

Figure 3.23: Measured phase noise of (a) divide-by-10 and (b) 

divide-by-11 operation at various supply voltage. 
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The measurement results of spectra and phase-noise indicate 

that the quasi-locking operation occurs for 5.8 GHz and 800 mVp-p 

input frequency at a 1.1-V supply voltage, where the phase noise of 

1-MHz offset has some tones due to the quasi-locking operation. The 

non-locking operation increases many spurious tones in the output 

spectrum and the worst phase noises.  

The phase noises of 10-kHz and 100-kHz offset as a functions of 

power consumption are shown in Figure 3.24. In the dual-modulus 

10/11 prescaler operations, the power consumption decreases in 

proportional to the square of the supply voltage. However, the 

measurement results at 1.1-V supply voltage show the larger phase 

noise than at higher supply voltages due to the quasi- and 

non-locking operations. 

 

3.5 Conclusion 
 

A differential dual-modulus prescaler based on an ILFD 

architecture was presented. The three-stage differential latches 

 
Figure 3.24: Comparison of the phase noise of the various 

supply voltages at 10-kHz and 100-kHz offsets. 



76 
 

using the ILFD and a cascaded differential divider were 

implemented in a CMOS 130-nm and 65-nm processes. The 

prototype chip core occupies 40 µm × 20 µm in a CMOS 130-nm 

process and 17 µm × 17 µm in a CMOS 65-nm process. The proposed 

prescaler implemented in CMOS 130-nm process can operate 

divide-by-10 and divide-by-11 operations and the prescaler 

implemented in CMOS 65-nm process can operate divide-by-11 and 

divide-by-12 operations. 

In the proposed prescaler implemented in a CMOS 130-nm 

process, the normalized energy consumptions of 0.4 pJ (=mW/GHz) 

at a 1.4-V supply voltage and 0.24 pJ at a 1.2-V supply voltage could 

be achieved. Furthermore, in the proposed prescaler implemented in 

a CMOS 65-nm process, the normalized energy consumption of 0.13 

pJ at a 1.0-V supply voltage could be also achieved. 

To evaluate the tolerance of phase-difference deviation of the 

input pair from the perfect differential phase-difference, 180 

degrees, the operational frequency range for various 

phase-differences was measured. The proposed prescaler 

implemented in CMOS 130-nm process achieves an operational 

frequency range of 2.1 GHz - 10 GHz as far as the input 

phase-difference deviation is less than 90 degrees. However, the 

range of operational frequency decreases as the phase-difference 

deviation exceeds 90 degrees, finally reaching the range of 3.9 GHz - 

7.9 GHz at 180 degrees of phase-difference deviation.  

In addition, to verify the fully-locking operation, the spurious 

noise and the phase noise degradation while reducing the supply 

voltage were checked. The sensitivity analysis of the prescaler for 

different supply voltages can explain the above degradation of 

spectral purity. Spurious noise arises and the phase noise degrades 

with decreasing supply voltage due to the quasi- or non-locking 

operation. We verified that the fully-locking operations from 1.4-V to 

1.2-V supply voltage meet the requirement operations. The wide 

range operation and wide margin structure could be achieved in this 

proposed full-differential dual-modulus prescaler. 
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Chapter 4.  Amplifiers and a Mixing 

Block for a Broadcasting Satellite 
 
 

4.1 Introduction 
 
In many areas of the world, the broadcasting satellite provides a 

wide range of channels and services. The growing demand for new 

high-data-rate digital services via satellite, such as high-definition 

television (HDTV), is having an impact on the markets of developing 

countries. 

A broadcasting satellite system is shown in detail in Figure 4.1. 

The dish antenna receives an RF satellite signal in 10-GHz band 

(10.7 GHz – 12.75 GHz) from a satellite. A low-noise block (LNB) 

down-converter set on the dish antenna converts the RF signal in 

10-GHz band to an IF signal in 1.5-GHz band (950 MHz – 2150 

MHz). As I mentioned in chapter 1, the LO signals used discrete 

open-loop DROs, which required manual adjustments of oscillation 

frequencies. Recently, to relax the temperature drift and the aging 

effect, fully integrated down-converter ICs with PLLs have been 

proposed with a silicon bipolar or SiGe BiCMOS process [1] - [2]. A 

satellite antenna is built in open air all over the world, therefore 

down-converter IC is operated with constant conversion gain under 

variations in temperature. In this research, the target temperature 

ranges set from -30 degree to 90 degree. On other hand, it is 
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important to meet the specifications of conversion gain, noise figure 

(NF), linearity and power consumption at the 10-GHz band 

operation. The down-conversion ICs of a broadcasting satellite use 

relatively expensive silicon bipolar or SiGe BiCMOS processes.  

 

In this chapter, the realization of the fully integrated 

down-converter IC for a broadcasting satellite using a low-cost 

CMOS 130-nm process is described. Figure 4.2 shows the block 

diagram of an LNB module using CMOS down-converter IC with 

amplifiers and a mixing block (enclosed by a dashed blue line). The 

LNB module has two RF input terminals of horizontal and vertical 

waves. The module selects the horizontal or vertical wave of 

satellite signals and amplifies the selected signal using the first 

LNA (LNAH or LNAV) and the second LNA (LNA2) fabricated with 

a high-electron mobility transistor (HEMT) process. The first LNAs 

and the second LNA have low NFs, therefore 0.9 dB of the total 

target NF is realized when 9 dB of a CMOS down-converter is 

achieved. 

To realize a CMOS down-converter IC for mass-production, 

integrating an RF-amplifier (RF-AMP), a mixer and an IF variable 

gain amplifier (IF-VGA) are focused. In addition, a temperature 

compensated variable gain amplifier (TC-VGS) is also described for 

realizing constant conversion gain. Table 4.1 summarizes the target 

specification of CMOS down-converter IC for mass-production. The 

 

Figure 4.1: Simplified broadcasting satellite configration. 
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variable step conversion gains of 42 dB, 38 dB, 34 dB and 30 dB, 9 

dB or less of NF, an output third-order intercept point (OIP3) 

exceeding +10 dBm for all gain setting and constant conversion gain 

under variations in temperature are important specifications. 

 

 

Figure 4.2: Simplified block diagram of LNB down-converter 

with a CMOS down-converter IC 

 

 

Table 4.1: Target specification of CMOS down-converter IC 

 

Parameter Target specifications 

Process CMOS 130 nm 

Architecture Direct-Conversion 

Supply voltage 3.3 V 

IC current consumption 50 mA or smaller 

IC input frequency 10.7 GHz – 12,75 GHz 

IC output frequency 950 MHz – 2150 MHz 

Conversion gain 42, 38, 34, 30 dB adjustable 

(4dB step gain set in manufacturer) 

Gain variation  

under -30℃ to 90℃ 

3dB or less 

IC NFssb 9dB 

Output IP3 +10dB @ 75Ω load 

S22 < -10 dB @ 75Ω load 

 

HEMT LNA 
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Polarization wave
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HEMT LNA 

HEMT 2nd

Amplifier

Mixer IF-Amplifier

VCO

PLL

RF-Amplifier

CMOS Down-converter IC

Request 
to “VGA”
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4.2 RF-Amplifier and Mixer 
 

4.2.1 Previous Techniques ~Noise-Canceling LNA~ 
 

CMOS LNAs are used in various integrated receiving systems. 

Common CMOS receiver require LNAs with sufficiency large gain, 

low NF, adequate linearity and source impedance matching ZIN = RS 

with operating frequency. 

The noise-canceling architecture [3] - [6] is proved to be effective 

for improving the NF of conventional wide-band LNAs. Figure 4.3 

shows the basic single-to-differential noise-canceling LNA [4]. The 

common-gate (CG) FET (M1) stage realizes a wideband impedance 

matching ZIN=1/gmM1, whereas the common-source (CS) FET (M2) 

stage senses the voltage signal and noise across the input source. 

For ZIN = RS, the input noise voltage is In,i × RS due to the noise 

current In,i of the impedance matching CG FET (shown in Figure 4.3 

(a) ). The noise voltage of the output node, Voutp is 

Voutp,� = ��,� × �� 		⋯ (4.1)	
and the noise voltage of the output node, Voutm, is 

Voutm,� = ��,� × �� × ���� × � 		⋯ (4.2)	
therefore the noise cancellation condition in Figure 4.3 (a) is 

Voutp,� = Voutm,�			
from (4.1) and (4.2), 

R� = ���� × �� × � 		⋯ (4.3) 
On the other hand, the signal voltage at node Voutp and Voutm 

have opposite sign in Figure 4.3 (b). The circuit is employed to 

cancel the noise and distortion due to the CG FET. The CG FET and 

CS FET produce differential outputs with the common-mode noise. 

In this way, the noise canceling LNA can achieve wideband, low-NF 

and single-to-differential signal conversion. 
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4.2.2 Previous Techniques ~Mixer~ 
 

The “BLIXER” was proposed for achieving a higher-frequency 

operation [6]. BLIXER is a merged current-commutating mixer with 

a single-to-differential noise-canceling LNA as shown in Figure 4.4. 

To operate a higher frequency, the real part of the impedance of all 

RF nodes is kept low, and the voltage gain is not created at RF but 

in a baseband after the mixing stage where capacitive loading is not 

harmful. Both the CG and the CS side have now two cascode (or 

mixer) transistors, which are periodically switched on and off, with 

LO frequency. In [6], BLIXER achieves high-frequency operation (~7 

GHz) without on-chip inductors fabricated by CMOS 65-nm process. 

I first tried the architecture of BLIXER to RF-AMP and mixer 

with a CMOS 130-nm process, however, I found by simulations that 

I cannot reach the 10-GHz band target performance. Figure 4.5 

shows the simulated results of conversion gain and NF, where 

output frequency is 950 MHz and LO frequency is RF - 950 MHz, R1 

and R2 are 100 Ω and 25 Ω, respectively. Since the output is in 

 

 

(a)                                (b) 

 

Figure 4.3: Basic noise-canceling CMOS LNA 

(a) noise and (b) signal voltages at nodes, Voutp and Voutm. 
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L-band, (not the baseband), and gate capacitance of CS FET, the 

extracted capacitances of on-chip wires and package bonding wires 

are large, the investigated BLIXER is limited to less than 4-GHz 

frequency range because of 3-dB attenuation. In addition, the 

simulated conversion gain was lower than our target value (~27 dB). 

Therefore, I had to come up with another idea to increase the upper 

frequency limit and the conversion gain of RF-AMP and the mixer in 

addition to the use of BLIXER. The target value of RF-AMP and 

mixer is shown in table 4.2.  

 

 

 

Figure 4.4: Schematic of BLIXER 

(Single-to-differential. Bias not shown). 
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 Table 4.2: Target values of RF-AMP and mixer. 

 

Parameter Value 

RF signal input 10.7 GHz – 12.75 GHz 

LO Frequencies Low Band: 9.75 GHz 

High Band; 10.6 GHz 

IF signal output  950 MHz – 2150 GHz 

Conversion Gain 27 dB 

SSB Noise Figure 9 dB 

Input IP3 -15 dBm @ 50 Ω load 

S11 -6 dB @ 50 Ω load 

Process CMOS 130 nm 

Current Consumption < 30 mA @ 3.3 V or less 

 

 

Figure 4.5: Simulated conversion gain and NF of investigated 

BLIXER, where output frequency is 950 MHz and LO frequency is 

RF - 950 MHz, R1 and R2 are 200Ω and 50Ω, respectively. 
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4.2.3 Noise Canceling LNA with LC Ladder Filter 
 

To increase the upper frequency limit, a noise canceling LNA with 

an inductor load and an LC ladder filter for an input-matching 

network is proposed. An LC ladder filter has the characteristic 

similar to a transmission line, and the gain flatness in the 

pass-band improves as the number of sections increases. Instead of 

using MIM capacitors for the LC filter, we employed the gate 

capacitances of CS FETs resulted in a topology of a distributed 

amplifier [7], which can cover a wider frequency range than a 

conventional amplifier. The basic distributed amplifier consists of a 

pair of transmission lines with characteristic impedances 

connecting the inputs of several transistors. In this implementation, 

the CS FETs (M2a, M2b and M2c) consist a part of the distributed 

amplifier and CG FET (M1) is used as an impedance matching 

device. 

 

 

Figure 4.6 shows the proposed RF-AMP with the operating 

frequency range in the 10-GHz band. The proposed RF-AMP has a 

distributed amplifier with a fifth order LC ladder filter covering the 

10-GHz band, and a CG FET with 50-Ω impedance matching. To 

increase the upper limit frequency to the 10-GHz band, we adopted 

 

 

Figure 4.6: Schematic of noise-canceling RF-AMP with a fifth order 

L-C ladder filter 
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an LC ladder filter of 20-GHz frequency bandwidth. The CS FETs 

are connected in parallel, and the drains are connected to a single 

cascode transistor to reduce the Miller effect. The inductance of L1 

is adjusted by the die position and the wire-bond length in a quad 

flat-pack no lead package (QFN). The inductances of L2 and L3 are 

adjusted with the post layout simulations. The overall gain of the 

distributed amplifier in the pass-band is proportional to the 

summation of trans- conductances. 
 

 

4.2.4 Current Re-using RF-Amplifier and Mixer 
 

To decrease the power consumption, it is effective to decrease the 

current consumption in a down-conversion IC because the IC supply 

voltage is only 3.3 V. The internal LDO does not make the clock 

noise compared with the DC-DC converter therefore an RF-AMP 

and a mixer in down-converter IC are supplied suitable voltage of 

2.8 V and 1.4V from internal LDOs.  

To decrease the current consumption, it is wasteful to arrange an 

RF-AMP and a mixer in a cascaded line. To decrease total current 

consumption, the current re-using technique is considered as the 

two-stage cascade circuits [8] - [9]. The AC-GND capacitor is 

implemented between the first and the second stage circuits, the 

current of the first and the second stage circuits is common used. 

Figure 4.7 shows the proposed schematic of an RF-AMP and a 

mixer. The circuit generates a 27-dB voltage gain in the 10-GHz 

band using the inductor loads and trans-conductance stages in a 

Gilbert cell mixer. Moreover, a current-reusing structure to reduce 

the supply current consumption is implemented, which has a 

Gilbert cell mixer cascaded on RF-AMP. Since the supply voltage of 

the single conversion front-end IC is kept stable at 3.3 V using an 

external voltage regulator, to reduce the total current consumption. 

The on-chip LDO generates a 2.8-V supply voltage to the circuit. The 

voltage of the AC-GND node is adjusted to half of the supply voltage. 

The total current consumption of the RF-AMP and mixer block is 11 

mA with 2.8-V supply voltage according to our simulation results. 
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4.3 IF-Amplifier 
 

4.3.1 Target Specification 
 

In a CMOS down-converter IC, a variable gain amplifier (VGA) 

structure is requested by LNB suppliers. A fixed conversion gain of 

a CMOS down-conversion IC is set when installed in a satellite 

antenna. The RF signal strength is different depending on the 

receiving location therefore LNB suppliers often must adjust the 

gain setting for a place of shipment. Furthermore, a constant 

output-3rd intercept point (OIP3) under various gain conditions is 

also requested. If an OIP3 is reduced in the low gain device, the 

receiving condition is deteriorated and a broadcasting satellite is 

 

 

Figure 4.7: Schematic of our proposed RF-AMP and mixer 

 (Single-to-differential. Bias is not shown) 

VB2B VB1BM1

M2a M2b M2c

L1 L2 L3

MixoutpMixoutm

LOpLOp
LOm

Half VDD
ACGND

RS

50ohm

VDD 2.8V VDD 2.8V



89 
 

un-received. 

In addition, a fixed conversion gain structure under the severe 

temperature variation is required once LNB suppliers often must 

adjust the gain setting. An LNB down-converter is the receiving 

device used in open air under the cold and hot weather areas. 

Therefore, the target gain variation of 3 dB or less from -30 degrees 

to 90 degrees is planned. Figure 4.8 shows the block diagram of the 

proposed IF-amplifier, which has a differential to single (D2S) 

buffer, a temperature-compensated VGA (TC-VGA) and a constant 

OIP3 VGA.  

Table 4.3 shows the target specification of an IF-VGA in a CMOS 

down-conversion IC.  

 
 

 

 

Figure 4.8: Block diagram of the proposed IF-amplifier, which has a 

D2S buffer, a TC-VGA and a constant OIP3 VGA. 

From

Mixer

D2S

Buffer

TC-

VGA

Output

Constant OIP3

VGA

 Table 4.3: Target values of IF-VGA. 

 

Parameter Value 

IF signal output (L-Band) 950 MHz – 2150 MHz 

Conversion Gain 15 dB, 11 dB, 7 dB, 3 dB 

Gain variation  

at -30℃ to +90℃ 

3 dB or less 

OIP3 +10 dB or more @ all gain settings 

S22 -10 dB @ 75 Ω load 

Process CMOS 130 nm 

Current Consumption < 30 mA @ 3.3 V or less 
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4.3.2 Conventional VGA 
 

The conventional VGAs operating from 950 MHz to 2150 MHz 

are designed using current steering circuits with analog bias control 

[8] - [11] as shown in Figure 4.9 (a) or digital control [12] - [13] as 

shown in Figure 4.9 (b). For these configurations, the distortion 

components produced at the transconductor stage are constant 

against gain variation and thus the IF-VGAs follow the constant 

input-3rd intercept point (IIP3) principle. When a VGA is expected to 

receive a desired signal A together with large interfered signal B as 

shown in Figure 4.10, LNB suppliers decrease the gain setting 

during manufacturing assuming. The desire signal (A→C) and the 

3rd distortion of interfered signal (E→F) when gain reduces. 

However the pair (desired, distortion) of (A, E) to (C, F) does not 

improve even if a VGA gain is decreased. 

 

 

(a)                                    (b) 

 

Figure 4.9: Schematics of current steering VGAs with analog bias control 

(a), and digital bias control (b). 
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4.3.3 Gate-Width Controlled CMOS VGA 
 

Conventional CMOS VGAs using a current-steering structure did 

not have a constant OIP3 property and the IF output signal was 

distorted upon receiving a 10-GHz band signal with large amplitude. 

In [14], the concept of a gate-width-controlled CMOS RF-amplifier 

was proposed, which is applicable to a CMOS down-converter IC in 

an LNB down-converter. A constant OIP3 property is shown in 

Figure 4.11, the desire signal (A’ → C’) and the 3rd distortion of 

interfered signal (E’ → F’). The difference of (C’, F’) is wider than 

(A’, E’). 

 

 

Figure 4.10: Plots of desired and 3rd distortion signals with 

current steering structures. 
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To analyze the nonlinearity of IF-VGA, the basic Shockley MOS 

model is used for the drain current in the saturation region using 

the α-power square-law model,  

.
α

THGSOXDS ) V-(V 
L

W
 µC 

2

1
=I  …(4.4) 

Here, µ, COX, W, L, VGS and VTH denote the carrier mobility, gate 

oxide capacitance, gate width, gate length, gate-source voltage and 

threshold voltage, respectively. Also, we define the overdrive voltage 

VOD as VOD = VGS - VTH. By taking derivatives of (5.4), we have 
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Figure 4.11: Plots of desired and 3rd distortion signals with a 

constant OIP3 property. 
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The gain of the amplifier, Gain, is described as a function of gm and 

RL as 

OD

LDS

V

RIα
=⋅ LRgm =Gain .   …(4.7) 

The transfer function can then be expressed as a Taylor series 

around the bias point, 

K+⋅+⋅+⋅ 32

ODDS V'm'
6

1
Vm'

2

1
Vm=I ODOD ggg

 

Then the peak signal IIP3 is given by 

|2|)1(

22
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8gm
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 =IIP3peak

−−
==

αα

ODV
 

and the RMS voltage IIP3 is given by 

|2|)1(

2
 =IIP3rms

−−
=

αα

ODV

  …(4.8) 

The RMS voltage OIP3 is obtained from (4.7) and (4.8) as 

|2|)1(

2
 =OIP3rms

−−

⋅
=

αα

α LDSRI

  …(4.9) 

The equations (4.7) and (4.9) indicate that we can realize the 

values of variable gain and constant OIP3 by adjusting the 

overdrive voltage VOD through changing the gate width while 

maintaining the bias current IDS constant.  

Figure 4.12 shows these results by comparing calculation and 

simulation results using simple single-ended transistor models, 

where α and IDS×RL are 1.3 and 0.75 V, respectively. The gap of 

about 6 dB in OIP3 arises from the nonlinearity of the output 

impedance (75 Ω). Since IDS×RL/2 is 0.375 V with 75-Ω matching, 

the maximum achievable output 1-dB compression point (P1dBout) 

is calculated as 3 dBm. Therefore, OIP3 is about 12 dBm at 75 Ω. 

This effect is not included in the simple model (4.4). 
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The proposed digitally controlled CMOS IF-VGA is shown in 

Figure 4.13, where the block diagram is shown in (a), the first 

amplifier in (b) and the second amplifier in (c). 

The differential signal from the mixer output is converted to a 

single-end signal in the differential to single-end (D2S) buffer. If the 

differential signal from the mixer has the phase-shift or the 

amplitude difference, the D2S buffer generates a DC-offset or a 

second harmonic. However, since the phase-shift and the amplitude 

difference are marginal, the DC-offset and second harmonic have a 

negligible impact on the single conversion front-end operation.  

The voltage of IDS×RL of the first amplifier is set to 0.66 V and 

the second amplifier is set to 0.75 V. In these cases, the calculated 

values of OIP3 of the single transistors are 22.5 dBm on the first 

amplifier and 23.5 dBm on the second amplifier with 75-Ω matching. 

Therefore, if IDS×RL is larger than 0.75 V, the nonlinearity of the 

transistors has a negligible impact on the OIP3 of the IC. 

By turning the switch transistors on and off digitally, the effective 

 

Figure 4.12: Plots of calculation and simulation results using simple 

single-ended transistor models  
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gate width W of the transconductance is controlled. Our target gain 

step is approximately 4 dB. In the case of maximum gain, all the 

switches are on. To decrease the gain, the number of on switches is 

decreased. To maximize the voltage headroom of the 

transconductance transistor using thin-oxide devices with smaller 

gate capacitances, thick-oxide transistors are used as cascode 

devices. With this technique, the voltage of 2.8-V supply voltage by 

the on-chip LDO can be used to increase VDS for higher OIP3. 

Figure 4.14 shows the simulation results of the proposed digitally 

controlled IF-VGA, the flatness of OIP3 is maintained for various 

gain setting at the output frequency of 1.5 GHz  

 

 
(a)  
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(c) 

Figure 4.13: Block diagram of a constant OIP3 VGA (a) and 

schematics of the first amplifier (b) and the second amplifier (c).  

S3
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1stAmplifier
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Constant
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Figure 4.14: Simulated results of OIP3 and Gain for various 

gain conditions 
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4.3.4 TC-VGA 
 

The gain of a common open-loop CMOS amplifier is followed by a 

temperature variation because the transconductance of an NMOS 

transistor has a temperature coefficient. The gain variation from -30 

degrees to 90 degrees is 3 dB or less, and only a constant-gm bias 

circuit is insufficient to achieve the target specification. Therefore, a 

temperature compensated VGA is proposed. Figure 4.15 (a) shows a 

schematic of a conventional band-gap reference (BGR) circuit, which 

produces an output voltage that is traceable to fundamental 

constants due to temperature variation. The temperature coefficient 

of the diode is independent of the temperature and equal to about -2 

mV/K. This linear decrease in the voltage of the diode referred to as 

being complementary to absolute temperature (CTAT). If a voltage 

that is proportional to absolute temperature (PTAT) is added to the 

CTAT voltage, the sum of the voltages will be independent of 

temperature. Figure 4.15 (b) shows the simulation results of the 

sum voltages of CTAT and PTAT voltages, which is used as a 

reference voltage (VREF).  

 

 

(a)                          (b) 

Figure 4.15: Schematic of the conventional BGR circuit (a) and 

simulation results of VREF and VPTAT (b).  
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Figure 4.16 shows the schematic of a TC-VGA circuit core 

consisting of the current-steering VGA. By adjusting bias voltages 

between a VB2A and a VB2B, the amplifier’s gain is adjusted by 

current control. The voltages of VB2A and VB2B are determined by 

VREF and the PTAT voltage VPTAT. At low temperature, the current of 

the transistor M2A is decreased to decrease the gain. Conversely at 

high temperature, the current of the transistor M2A is increased to 

increase the gain. 

 

 

 

4.3.5 Measurement Results 
 

A CMOS down-conversion IC are implemented in a 1P5M 130-nm 

RF-CMOS process with MIM capacitor and deep N-well structure. 

In the fabricated IC, the proposed circuits (an RF-amplifier, a mixer 

and an IF-VGA), occupies 0.9 mm × 0.5 mm die area and consumes a 

current of 27 mA with 2.8-V supply voltage. A 2.8-V supply voltage 

is generated by an on-chip LDO. A die photograph is shown in 

Figure 4.17. 

Figure 4.18 shows the measured conversion gain versus input RF 

frequencies. Figure 4.18 (a) shows the conversion gain at the 

9.75-GHz LO frequency for the RF input frequency from 10.7 GHz to 

11.7 GHz. Figure 4.18 (b) shows the conversion gain at the 10.6-GHz 

 

Figure 4.16: schematic of a TC-VGA circuit core 

consisting of the current-steering VGA. 
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LO frequency for the RF input frequency from 11.7 GHz to 12.75 

GHz. In the target specifications, the variable gain range is from 30 

dB to 42 dB, the gain step is about 4 dB, and the gain flatness of the 

desired frequency band is 3 dB.  

 

 

Figure 4.19 shows the plot of the conversion gain under 

variations in temperature at the gain setting of 30 dB and the 

9.75-GHz LO frequency for the RF input frequency from 10.7 GHz to 

11.7 GHz. The gain variation of 3 dB or less is achieved under 

variations in temperature from -30 degrees to 90 degrees. 

Figure 4.20 shows the measured OIP3 for various gain settings at 

the output frequency of 1.5 GHz and the LO frequency of 9.75 GHz. 

The constant OIP3 of 11 dBm is achieved under variations in 

conversion gains from 30 dB to 42 dB.  

Figure 4.21 shows the measured single side-band noise figure 

(NFssb) versus IF output frequency for various gain settings. Figure 

4.21 (a) shows the NFssb at the LO frequency of 9.75 GHz and 

Figure 4.21 (b) shows the NFssb at the LO frequency of 10.6 GHz. 

The NFssbs of below 9 dB are achieved under variations in 

conversion gains. Note that the maximum gain results in the worst 

NFssb of 9 dB. This is attributed to the low dynamic range of our NF 

meter. 

 

Figure 4.17: Die photograph of an RF-amplifier,  

a mixer and an IF-VGA 
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Figure 4.22 shows the measured S11 (Figure 4.22 (a)) and S22 

(Figure 4.22 (b)) versus frequency. Measured S11 is –7 dB or less 

and S22 is –17 dB or less. A comparison of the 10-GHz band 

integrated receiver block performance with previously published 

results is shown in Table 4.4. 

 

 

 

(a) 

  

(b) 

Figure 4.18: Plots of measured gain versus input RF 

frequencies, at the 9.75-GHz LO (a) and the 10.6-GHz LO (b) 

frequencies. 
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Figure 4.19: Plots plot of the conversion gain set to 30 dB under 

variations in temperature, and the 9.75-GHz LO frequency for the RF 

input frequency from 10.7 GHz to 11.7 GHz 

 
Figure 4.20: Plots of measured OIP3 under variations in 

conversion gains 
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(a) 

 

(b) 

Figure 4.21: Plots of measured NFssbs versus IF frequencies, at 

the 9.75-GHz (a) and the 10.6-GHz (b) LO frequencies. 
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(a) 

 
(b) 

Figure 4.22: Plots of the measured S11 (a) at the 50-Ω impedance, 

and S22 (b) at the 75-Ω impedance 
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4.4 Conclusion 
 

To realize the CMOS down-converter IC for broadcasting satellite 

with the lower current consumption, a constant OIP3 VGA structure 

at all gain setting and constant gain variation from -30 degrees to 90 

degrees, a 10-GHz band noise-canceling LNA, a current reusing 

RF-amplifier and a mixer, a constant OIP3 IF-VGA and a 

temperature compensated VGA (TC-VGA) were proposed. These 

circuits are implemented in CMOS 130-nm process and total current 

consumption is 27 mA at 2.8-V supply voltage.  

To operate a 10-GHz band RF-amplifier and a mixer using CMOS 

130-nm process, a noise-cancelling LNA with the distributed 

amplifier using the LC-ladder filter was proposed. Furthermore, the 

current re-using RF-amplifier and mixer were proposed for lower 

current consumption. The on-chip LDOs generate a 2.8-V supply 

voltage and a 1.4-V AC-GND voltage to these circuits. The total 

Table 4.4: Comparison of the 10-GHz band integrated receiver 

block (RF-AMP, mixer and IF-AMP) performance 

 

 [1] [15] This work 

Technology 0.8 µm  

BJT 

0.18 µm 

CMOS 

0.13 µm  

CMOS 

Current / 

voltage 

38 mA /  

3.3 V 

75 mA /  

1.8 V 

27 mA /  

2.8 V 

Conversion 

gain 

34 dB 50 dB 42, 38, 34, 

30 dB 

Gain variation 

-30℃~ 90℃ 

4 dB 4 dB 3 dB 

SSB Noise 

Figure 

9 dB 4.2 dB 9 dB 

OIP3 15 dBm 17 dBm 11 dBm 

Die area 4×2.5mm  

(w/ PLL) 

0.9× 

1.8mm 

0.9× 

0.5mm 
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current consumption of the RF-amplifier and mixer is 11 mA with 

2.8-V supply voltage according to the simulation results. 

To obtain a constant OIP3 VGA at all gain setting, a digitally 

controlled gate width VGA was proposed. By turning the switch 

transistors on and off digitally, the effective gate width of the 

transconductance is controlled. 4-dB gain step and +11 dBm OIP3 at 

all gain setting were achieved. 

To realize the constant gain under variations in temperature, a 

TC-VGA was proposed. It is current steering VGA which has bias 

voltages compared with a PTAT voltage and a temperature constant 

voltage. To realize a proposed CMOS down-converter IC with an 

RF-amplifier, a mixer and an IF-VGA, 3-dB gain variation under 

the temperature of -30 degrees to 90 degrees was proposed for a 

mass-production broadcasting satellite. 
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Chapter 5.  Conclusion 
 

5.1 Research Outcome 
 

In the beginning of this research, the outline of satellite 

applications, the significance of CMOS down-converter IC, the 

target specifications and the manufacturing issues were introduced. 

The satellite antennas are constructed in open air. In particular, a 

down-converter for a broadcasting satellite requires higher 

reliability under variations in temperature. In this study, a constant 

conversion gain and a wide range of operations was focused on a 

broadcasting satellite. In addition, a CMOS PLL synthesizer for 

satellite applications such as radio astronomy that operates at 

frequency of over 100 GHz was described. It will be capable of using 

ultrahigh-speed transceivers used in not only radio astronomy but 

also sensors and medical applications. Figure 5.1 shows a block 

diagram of a CMOS down-converter IC and main subjects in each 

chapter.  

In chapter 2, the techniques used in the integer-N-type PLL 

synthesizer for a CMOS down-converter IC with a range of 10-GHz 

and high-frequency circuits operating at frequencies exceeding 

100-GHz were described. In a 10-GHz-band down-converter IC for a 

broadcasting satellite, each circuit requires a small size, a low noise 
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and low power consumption. In addition, a higher reliability of 

operation is required to ensure the temperature tolerance necessary 

for open air. In this study, a 1-inductor VCO with switching 

varactors could achieve a wide range of operation and a low phase 

noise for solving the trade-off issues. 

In a 100-GHz-band on-chip PLL synthesizer, a VCO and dividers 

for a 134 GHz PLL synthesizer were described. The dividers have 

ILFDs which are used in the tuning of back-gate voltage to increase 

the operation range of divide-by-two. The developed LC-VCO has a 

fundamental oscillation range of 131.8 GHz to 134.3 GHz, which is 

controlled by the variable back-gate voltage. The dividers can cover 

the entire VCO oscillation range. When the PFD, CP and LF are 

operated, it will be possible to operate the 134-GHz on-chip PLL 

synthesizer.. 

In chapter 3, CMOS full-differential dual-modulus prescalers in 

integer-N-type PLLs were described. In the integer-N-type PLL, the 

dual-modulus prescalers must operate a low power consumption, 

high-frequency and a wide frequency of locking range. In this 

research, the first prescaler fabricated by in the CMOS 130-nm 

process was successfully operated in a range of 4 GHz to 6 GHz 

indicating its temperature tolerance. The other prescaler fabricated 

by the CMOS 65-nm process was successfully operated in a range of 

22 GHz to 23 GHz, and/or more a wider frequency range. The 100 % 

or more of operation range and the normalized energy consumption 

of 0.13 pJ were compared with those of previous prescalers, which 

showed that good performances were achieved. In addition, the 

tolerance of phase-difference deviation, the spurious noise and the 

phase noise degradation while reducing the supply voltage were 

checked to achieve the higher reliable prescaler,. The range of 

operational frequency decreases as the phase-difference deviation 

exceeds 90 degrees, finally reaching the range of 3.9 GHz - 7.9 GHz 

at 180 degrees of phase-difference deviation. A spurious noise arises 

and the phase noise degrades with decreasing supply voltage due to 

the quasi- or non-locking operation. The wide range operation and 

wide margin structure could be achieved in this proposed 

full-differential dual-modulus prescaler. 
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In chapter 4, CMOS amplifiers and mixer were described for a 

mass-production down-converter IC in a broadcasting satellite. To 

obtain the target frequency range of the 10-GHz band, a low-noise, 

low current and high-gain RF amplifier and the mixer architecture 

are described. Satellite applications are constructed in the open air 

and a constant conversion gain despite variations in the 

temperature is required. In this research, a TC-VGA is proposed. To 

maintain a linear output, a constant OIP3 IF-VGA is also proposed. 

The amplifiers and mixer were discussed to realize these target 

specifications. In particular, the achievement of target specification 

and 3 dB gain variation under the temperature of -30 degrees to 90 

degrees were achieved and could be mass-produced. A wide range 

and high reliability of operation under variations in temperature 

could be contributed.. 

 
 

 

 

Figure 5.1: Block diagram of a CMOS down-converter IC 
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5.2 Author’s Contribution 
 

By studying 10-GHz-band CMOS circuits for a down-converter IC 

with temperature tolerance, a “single-type” LNB down-converter 

using a highly reliable CMOS down-converter IC for a broadcasting 

satellite was realized. The total shipment of the LNB 

down-converter using the CMOS down-converter IC studied in this 

research has reached to 20 million in FY 2013 and has contributed 

to our corporate performance. 

A single-type LNB down-converter has a one-input and 

one-output system. The LO frequencies in a developing CMOS 

down-converter IC are limited to 9.75 GHz, 10.6 GHz, 10.75 GHz 

and 11.3 GHz. There are some types of LNB down-converter 

systems for various receiving areas. Now, our team is developing the 

CMOS “PLL-IC” for a different type of LNB down-converter, which 

has different LO frequencies of 9.71 GHz to 12.2 GHz, as shown in 

Figure 5.2. In a CMOS PLL-IC system, the amplifiers and mixer are 

not required but a PLL synthesizer is required. The CMOS VCO and 

PLL circuits proposed in this research can be used and improved in 

the CMOS PLL-IC being developed. Furthermore, our team plans to 

develop a “twin-type” LNB down-converter, as shown in Figure 5.3. 

A twin-type LNB down-converter has a two-input and two-output 

system. The detailed target specifications must be improved. 

However, the proposed CMOS amplifiers and mixer including the 

proposed CMOS VCO and PLL circuits will be contributed by this 

research. 

In addition, by studying CMOS circuits operating at frequencies 

exceeding 100 GHz, such as these used radio astronomy, sensors 

and medical applications, a high-frequency VCO and dividers for a 

134 GHz PLL synthesizer can be realized. A VCO has a 2 % 

oscillation range by the tuning back-gate voltage, and a divide-by-2 

divider also has a wide range of operation by the tuning back-gate 

voltage. The proposed dividers could cover the entire VCO 

oscillation range, and it will be possible to operate the 134-GHz PLL 

synthesizer is expected by using low-frequency circuits such as a 

PFD, a CP, an LF. In high-frequency CMOS circuits, a wide margin 
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and a wide range of operation could be realized. 

 

 

 
 

 

5.3 Summary of this research 
 

In the manufacture of common wireless receivers, there are many 

manufacturing requests, namely, small size, low power consumption, 

low noise and the achievement of target specifications. In addition 

to the manufacturing issues for satellite applications, a wide margin 

and a wide range operation are required because the satellite 

applications are used in open air worldwide from the equator to the 

arctic. Therefore, high reliability with temperature tolerance should 

be realized. In high-frequency applications such as radio astronomy, 

high-frequency operating circuits at frequencies exceeding 100 GHz 

 

Figure 5.2: Block diagram of a PLL-IC 
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Figure 5.3: Block diagram of a “twin-type” CMOS down-converter IC 
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must be developed. In this research, CMOS circuits in satellite 

receivers using the 10-GHz band and over 100-GHz band were 

studied. In particular, wide-margin, wide-range and constant-gain 

operation under variations in temperature was mainly described. 

In this study, a 10-GHz band 1-inductor VCO with switching 

varactor, full-differential dual-modulus prescalers based on ILFD, 

high-frequency LNA and current re-using mixer, temperature- 

compensated VGA, constant OIP3 VGA and other circuits were 

studied. These circuits have many general manufacturing issues of 

common wireless receivers, which are smaller size, low-noise-phase 

VCO, lower power consumption and to achieve the target 

specifications. In addition, satellite applications have unique issues 

of wider margin, wider range and constant gain operation under 

temperature variations. In the 100-GHz band, a 134 GHz VCO and 

dividers were focused. To provide these issues, 1-inductor VCO with 

switching varactor, wide-operating-range dividers and temperature- 

compensated VGA were proposed and realized. The system 

construction with highly reliable satellite applications could be 

realized. 

 

 

5.4 Future Works 
 

A CMOS down-converter IC for a single-type LNB 

down-converter was achieved in the mass-production stage. The 

development of other type 10-GHz-band PLL-IC and twin-type 

down-converter IC has been taken over by other team members. 

Recently, the author has been planning to continue research on 

applications requiring frequencies exceeding 100 GHz as below.  

1. A fundamental 134-GHz VCO and dividers for integer-N-type 

PLL synthesizer was realized however author could not 

operate a complete PLL at frequencies of exceeding 100 GHz. 

Now, one target is to realize the on-chip CMOS PLL at 

frequencies of exceeding 100 GHz. 

2. Analyses from the view point of higher and wider oscillation 

frequencies have not been carried out. The author is planning 
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to improve the VCO design for operating in a higher and wider 

oscillation range. We would like to develop a push-push 

technique and multi-VCOs.. 

3. To realize many sub-terahertz applications, not only 

oscillation circuits but also mixer and amplifier circuits should 

be realized. The author is planning to study mixer circuits 

operating at frequencies of exceeding the CMOS maximum 

frequency.  

4. In this study, an example of a higher frequency application 

exceeding 100 GHz is shown in radio astronomy, however, sub- 

terahertz applications have many possibilities, such as 

high-data-rate communications, microwave sensors and 

medical applications. We are planning to study practicable 

systems and investigate their probable applications in the 

future. 
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