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With continued introduction of new wireless applications, the available spectrum is 

becoming crowded. Because of this, interests for developing circuits and systems operating at 

higher frequencies have been increasing larger bandwidth and propagation properties of signals 

in the frequency range from 100 GHz to 3 THz have led to the recent increase in research efforts.  

For the communication over 30m, use of antennas are better than using transmission lines 

at the frequency above 60 GHz. Use of on-chip antennas at high frequencies makes systems 

compact and lower cost, as well as potentially improve their performance. The impact of realistic 

metal interference structures which can significantly modify the characteristics of on-chip 

antennas, such as a power grid, local clock trees and data lines have been investigated using EM 

simulations. In the presence of a power grid, the antenna pair |S12| can be traded off for improved 

stability of antennas characteristics and the predictability of on-chip antenna characteristics.  

The radiation of a patch antenna is due to the fringing fields. The ground plane in the patch 

antenna decreases the coupling to near by circuits. The design of patch antenna in CMOS 

processes is limited by the fixed relatively low dielectric thicknesses. These limit the input 

resistance and efficiency. The bond wires change the radiation direction by ~13º at the distance 
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of 50 μm from a patch for 250 GHz operation and decrease the input resistance by about 4 Ω. 

Increasing the separation to 150 μm, make the impact of bond wires negligible.  

A 182-GHz Schottky diode detector is demonstrated in foundry 130-nm CMOS 

technology. A 182-GHz AM modulator is implemented by changing the gate bias of PMOS 

current source of a push-push oscillator which utilizes the 2nd order harmonics. The operation is 

verified by the observation of 91-GHz AM signals at the fundamental using an OML harmonic 

mixer. The noise performance of a 250 GHz Schottky barrier diode detector with an on-chip 

patch antenna in 90 nm CMOS also have analyzed.  

To overcome the difficulties of electrical measurement techniques for submillimeter-wave 

circuits, optical techniques are utilized. The power and spectrum of 250-GHz and 410-GHz 

push-push oscillators have been measured using a bolometer (HD-3, IR Lab) and FTIR (IFS 

113v, Bruker). A 250-GHz push–push oscillator with an on-chip patch antenna fabricated using a 

90-nm CMOS process is demonstrated. A ring oscillator is incorporated for the generation of 

250-GHz AM signals. The 125-GHz AM signal is measured using a harmonic mixer and a 

spectrum analyzer. The radiated second harmonic power from the patch antenna is about -32 

dBm. A 410-GHz push–push oscillator with an on-chip patch antenna fabricated using low 

leakage transistors of a 45-nm CMOS process with 6 metal layers is demonstrated. The patch 

antenna size is 200 x 200 μm2. The radiated second harmonic power from the patch antenna is 

about -49 dBm. The 410-GHz operating frequency is the highest among the transistor circuits 

fabricated in any technology including the III-V technologies. These suggest the possibility of 

CMOS THz systems.  
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CHAPTER 1 
INTRODUCTION 

1.1 An Overview of Millimeter and Submillimeter-Wave Technology 

As more wireless services continue to be introduced, the available spectrum becomes 

crowded. Because of this, there has been a trend of developing circuits and systems operating at 

higher frequencies where wider bands are available. In 2001, the Federal Communications 

Commission (FCC) set aside a continuous block of 7 GHz of spectrum between 57 and 64 GHz 

for wireless communications. The unlicensed 7-GHz bandwidth is wide enough to accommodate 

high data rate communications such as wireless gigabit Ethernets, wireless USB’s, and wireless 

high definition televisions (HDTV) [1]. A 76-77 GHz frequency band is assigned for automotive 

radars. Automotive radars are employed in advanced cruise control systems, which can actuate 

accelerators and brakes to control the distances of other vehicles [2]. Imaging systems operating 

around 94 GHz have been used for medical applications and observations of earth atmosphere 

[3]. The millimeter-wave imaging systems can have higher resolution than microwave imaging 

systems. The wide bandwidth of millimeter-wave makes it possible to communicate at high 

speed and the short wavelength of millimeter-wave makes automotive radar and imaging systems 

compact. 

The potential bandwidth and propagation properties of carriers in the frequency range from 

300 GHz to 3 THz have led to the recent increased investment and research in terahertz 

technology. The major interest in terahertz technology is almost exclusively with the radio 

astronomy [4]. The rotational energy level of important molecules in biology and astrophysics, 

such as water, oxygen, chlorine and nitrogen compounds are in the terahertz range [5]. These 

levels can be used to unambiguously to identify these molecules in remote environments. Radio 

astronomers have identified hundreds of molecules in space and have thereby gained a great 
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amount of understanding of the structure and dynamics of the Universe, particularly with regard 

to the formation of stars in molecular clouds [6], [7]. There are now worldwide initiatives in 

terahertz technology.  

The uses of terahertz in advanced imaging, and bio-agent and chemical detection [4], [6] 

have been extensively studied. Its ability to penetrate objects enables the imaging systems to 

detect concealed weapons. Chemists use terahertz spectroscopy to study the structure and 

dynamics of a wide range of molecules. Other applications of terahertz technology include 

plasma diagnostics, studies of solid-state physics, compact range radars and more recently 

studies of biological macromolecules, such as DNA and proteins. In addition, terahertz radiation 

is nonionizing radiation, therefore health risks are minimal. These characteristics are due to the 

unique electromagnetic properties of terahertz radiation and can not be duplicated in other 

regions of the spectrum [6].   

A key limitation for wide scale utilization of millimeter-wave systems is the high cost of 

circuits. Additionally, industrial and commercial applications of millimeter-wave require 

compact and portable systems. Integration of transmitters, detectors, and on-chip antennas [8], as 

well as, baseband digital signal processing (DSP) circuits in CMOS should allow single-chip 

realization [8] of compact and low cost millimeter and sub-millimeter-wave systems.  

The development of terahertz technologies is impeded by the lack of standards and the 

inability to perform precise measurements to characterize noise, power, dielectric constants, and 

scattering parameters of systems and components operating at terahertz [9]. Optical measurement 

techniques and microwave measurement techniques are both required for terahertz systems. 

Power can be measured using a bolometer and frequency spectrum of the circuits can be 

measured using a Fourier transform infrared spectroscopy (FTIR).  
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1.2 Submillimeter-Wave Circuits in CMOS Technology  

With the rapid advance of high frequency capability for SiGe BiCMOS and CMOS 

technology, the operating frequencies of millimeter-wave fundamental VCO’s have reached up 

to 140 GHz [10], [11] The fundamental oscillation frequency is limited by the unity power gain 

frequency( ) of the transistors. The unity power gain frequency increases with the scaling of 

CMOS technology and the VCO operating frequency is expected to continue to increase. To 

obtain even higher operating frequencies, a push–push VCO [12], [13] using the second 

harmonic operating up to 192 GHz has been demonstrated in a 130-nm CMOS technology [12], 

[14].  

maxf

 

Figure 1-1. fT and fmax of transistors in InP, SiGe, and CMOS technology. 
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Advanced CMOS technology and frequency doubling techniques are key factors for the 

implementation of millimeter and sub-millimeter-wave VCO’s.  Figure 1-1 shows the required 

fmax and fT of transistors in various technologies. The measured fmax and fT of an NMOS 

transistor [63] of a 65-nm CMOS technology are plotted. The required fmax of NMOS transistor 

becomes higher than SiGe technology in 2011. The required fmax based on the international 

technology roadmap for semiconductors (ITRS) reaches over 1THz around 2010 and suggests 

the possibility of CMOS THz systems.  

The carrier transport in Schottky diodes only relies on the majority carrier conduction, in 

contrast to that in p-n junction diodes where the carrier transport involves both the minority and 

majority carrier. Since there are no minority carrier storage effects, these devices are potentially 

capable of operation up to the frequencies approaching the reciprocal of dielectric relaxation 

time of the semiconductor crystal [15]. However the series resistance and junction capacitance 

typically limit the high frequency capability before reaching the limit set by the dielectric 

relaxation. Schottky diodes with a cutoff frequency of greater than 1 THz have been 

demonstrated in the UMC 130-nm digital CMOS process [16]. Using such diodes, it should be 

possible to implement detectors operating in the high end of millimeter-wave to lower end of 

sub-millimeter-wave range in CMOS.  

1.3 Overview of the Dissertation 

This research focuses on the design and characterization of millimeter-wave and sub- 

millimeter-wave transmitters and Schottky diode detectors. The primary goal is to demonstrate 

the feasibility of implementing the components including antennas. Instruments using traditional 

microwave measurement techniques are not available for terahertz measurements, so a 

combination of optical measurement techniques and microwave measurement methods must be 

used to characterize the sub-millimeter-wave transmitters and diode detectors. This research also 
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seeks to investigate the feasibility of implementing circuits for future terahertz radios, sensor 

networks, and imaging systems using CMOS technology. 

Since on-chip antennas are necessary components, antenna structures that can be fabricated 

in silicon substrates are investigated and presented in chapters 2 and 3. Chapter 2 discusses on-

chip dipole antennas. It is found that these characteristics are strongly influenced by near by 

metal structures [17]. In order to enable circuits and system design with these constraints, a set of 

design rules for increasing the predictability of on-chip antenna characteristics are developed and 

presented. Various interference structures are discussed and their impact on on-chip antenna 

characteristics are studied. The impact of on-chip metal interference structures, such as power 

grids, local clock trees and data lines to on-chip antennas performance has been investigated 

using Ansoft High Frequency Structure Simulator (HFSS).  

Chapter 3 reviews the fundamentals of patch antennas. The key parameters of patch 

antennas are discussed. There are limitations on antenna performance when the patch and dipole 

antennas are implemented in a CMOS technology. A 3-D electromagnetic simulator is used to 

compare with the theoretical analysis. The results clearly show the factors which limit the 

performance of on-chip antenna fabricated in CMOS technology. Patch antennas also have 

interference phenomenon with metal lines in near fields region. Design rules should be defined 

for optimum performance while keeping the chip area acceptable. Also bond wires and packages 

are need for systems. The minimum allowable distance between antenna and bond wire are 

discussed.  

Chapter 4 describes the design of sub-millimeter-wave detectors. The basic set of detector 

parameters, tangential sensitivity, responsivity, and noise equivalent power (NEP) are reviewed. 

Optimization and trade-off of detector design for better sensitivity are presented. Since sub-
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millimeter-wave sources are not widely available, the amplitude modulated VCO has been 

designed and described. Design and analysis of a 250 GHz Schottky barrier diode detector with 

an on-chip patch antenna in 90nm CMOS also has been discussed in chapter 4. 

Instruments using traditional microwave techniques are not widely available for THz 

oscillator measurements. The optical measurement techniques are presented in chapter 5. The 

basics of the Michelson interferometer are presented to describe the operating principle of FTIR 

system. The FTIR system can specify spectrum of millimeter-wave and submillimeter-wave 

oscillators. Using a bolometer and a lock-in amplifier, power of the THz oscillator can be 

measured.  

Chapter 6 reviews the fundamentals of VCO. The design and measurements of 250GHz 

push-push VCO with an on-chip patch antenna is presented. Also a 410GHz push-push oscillator 

with an on-chip patch antenna is discussed in chapter 6.   

Finally, this research work is briefly summarized and possible future works are suggested 

in Chapter 7.  
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CHAPTER 2 
PREDICTABILITY IMPROVEMENT OF ON-CHIP DIPOLE ANTENNA 

CHARACTERISTICS 

2.1 Introduction 

An on-chip antenna is expected to be a critical component for millimeter and sub- 

millimeter-wave circuits and systems. A concern for on-chip antennas is how their characteristics 

are modified by nearby metal structures [17]. The effects of metal structures near on-chip 

antenna for intra-chip clock distribution system have been studied. A set of design rules for 

antenna layout has been proposed to improve predictability of antenna characteristics to improve 

predictability of antenna characteristics [18], [19]. To describe the performance of an antenna, 

definitions of various parameters are fist presented. Definitions of antenna parameters are 

specified. Antenna pair performance is compared with various transmission schemes using the 

Friis transmission equation [23]. 

2.2 Antenna Fundamentals and Definitions 

Key antenna parameters including directivity, gain, antenna input impedance, and antenna 

efficiency are summarized in this section. More detailed discussions of these parameters can be 

found in the references [20], [21]. 

2.2.1 Directivity 

The directivity D and the gain G are the most important parameters of an antenna. The 

directivity of an antenna is defined as the ratio of the radiation intensity (U, power per solid 

angle) in a given direction from the antenna to the radiation intensity averaged over all 

directions. The average radiation intensity is equal to the total power radiated by the antenna 

divided by 4π. If the direction is not specified, the direction of maximum radiation intensity is 

implied. The directivity can be expressed as 
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where, D is the directivity, U is the radiation intensity, U0 is the radiation intensity of an isotropic 

source, and Prad is the total radiated power. The directivity is a dimensionless ratio ≥1. 

2.2.2 Gain 

The gain of an antenna defined as the ratio of the radiation intensity, in a given direction, 

to the radiation intensity that would be obtained if the power delivered to the antenna were 

radiated isotropically. The radiation intensity corresponding to the isotropically radiated power is 

equal to the power delivered to the antenna divide by 4π. The gain G of an antenna is an actual 

or realized quantity which is less than the directivity D due to losses in the antenna. 
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where is the total antenna efficiency. te

2.2.3 Antenna Input Impedance 

Input impedance is defined as the impedance presented by an antenna at its terminals or the 

ratio of the voltage to current at a pair of terminals. 

ALrA jXRRZ ++=                                                                                                          (2.3) 

where,  is antenna impedance at the terminal, is the radiation resistance of antenna, is 

the loss resistance of the antenna and is the antenna reactance at the terminal. 

AZ rR LR

AX
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2.2.4 Antenna Efficiency 

The total antenna efficiency  is used to take into account losses at the input terminals and 

within the structure of the antenna. The losses of antennas may be caused by the mismatch with a 

transmission line and 

te

RI 2 losses caused in the conductor and dielectric. 

dcrt eeee =                                                                                                                       (2.4) 

where, is reflection efficiency re )1( 2Γ− ,  is conduction efficiency and  is dielectric 

efficiency. 

ce de

It’s not easy to separate  and  sometimes. The conduction-dielectric efficiency  can 

be used to describe antenna efficiency. The conduction-dielectric efficiency  is defined as the 

ratio of the power delivered to the radiation resistance to the power delivered to + .  
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2.2.5 Bandwidth 

The bandwidth of an antenna is defined as the range of frequencies within which the 

performance of the antenna with respect to some characteristics conforms to a specified standard. 

The bandwidth can be considered to be the range of frequencies, on either side of a center 

frequency (usually the resonance frequency, pattern, beamwidth, polarization, side lobe level, 

gain, beam direction, radiation efficiency) are within an acceptable value of those at the center 

frequency. For broadband antennas, the bandwidth is usually expressed as the ratio of the upper-

to lower frequencies of acceptable operation. For example, a 10:1 bandwidth indicates that the 

upper frequency is 10 times greater than the lower. For narrow bandwidth antennas, the 

bandwidth is expressed as a percentage of the frequency difference (upper minus lower) over the 

center frequency of the bandwidth. For example a 5-% bandwidth indicates that the frequency 

 22



 

range for acceptable operation is 5 % of the center frequency. Because the characteristics (input 

impedance, pattern, gain, polarization, etc) of an antenna do not necessarily vary in the same 

may, there is no one bandwidth for antenna. Usually there is a distinction made between pattern 

and input impedance variations. Accordingly pattern bandwidth and impedance bandwidth are 

separately specified to emphasize this distinction. 

2.3 Signal Transmission Using Antennas and Transmission Lines 

Antennas are transducers designed to transmit or receive electromagnetic waves. 

Alternatively, electromagnetic energy can be transported using transmission lines. At low 

frequencies and short distances, transmission lines are practical. But at high frequencies and long 

distances, use of antennas can be better because of available bandwidth. If a transmission line is 

used to send signal between a transmitter and a receiver, the power loss in a transmission line is 

proportional to . R is the communication distance and Re α2− α is the attenuation constant of a 

transmission lines. If antennas are used in a line of sight configuration, the received power is 

proportional to . As the distance increases at high frequencies, the signal losses and the 

costs of using transmission lines become large, and thus the use of antennas can be advantageous 

over use of transmission lines [21], [22]. 

2/1 R

Figure 2-1 shows the attenuation cased by antenna pairs and transmission lines. The 

attenuation constant of microstrip, coaxial cable, and waveguide are assumed to be 60, 13, and 3 

dB/meter respectively. Antenna gain is 4 dBi. The Friis transmission formula [23] is used to 

compare power transfer using antennas and using transmission lines at 60 GHz.  

                                    
( )2

2

4 R
GGPP rt

tr π
λ

=                                                                               (2.6) 

Pr and Pt are received power at a receiver antenna and transmitted power from a transmitter 

antenna respectively. Gt and Gr are the gain of the transmitter and receiver antenna. The equation 
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assumes that the antennas are in unobstructed free space, with no multipath. This condition is 

difficult to achieve in practical situations, due to reflections from buildings, and most 

importantly reflections from the ground. One situation where the equation is reasonably accurate 

is in satellite communications when there is negligible atmospheric absorption. Another situation 

is in anechoic chambers specifically designed to minimize reflections [21]. 
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Figure 2-1.  Attenuation by antenna pairs and transmission lines at 60 GHz.  

The λ  is wavelength in free space and R is distance between transmitter and receiver antenna in 

equation (2.6). The communication distance is varied from 0.1 to 100 meters. Signal 

transmission using the transmission line is preferred for short ranges. Signal transmission using 
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antennas has advantage over using transmission lines over 30 meters in Figure 2-1. An exception 

to this is optical cable communication [21]. 

2.4 An Overview of Intra-chip Wireless Clock Distribution System 

The increases of operating frequency and the die size projection to 2.4 x 2.4 cm2 for 

CMOS circuits have led to the investigation of wireless interconnection within and between IC’s. 

Uses of on-chip antennas [24], [25] as an alternative interconnect for clock distribution (Figure 

2-2) have been investigated [26], [27] to reduce skew and alleviate the dispersion problem [8], 

[28].  

                   

Figure 2-2.  Intra-chip clock distribution system. 

This intra-chip wireless clock distribution system has a transmitter in the center of the chip 

and distributed receivers across the chip to receive the global clock and provide the local clock. 

The wireless system uses on-chip antennas to transmit and receive the global clock signal. In 
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addition, to reduce the size of on-chip antennas, a much higher global clock frequency which is 

about 20 GHz is generated by the transmitter and used as the global clock. Because of this, at the 

receiver side, the high frequency global clock is divided down to a lower frequency for local 

clocking [28].  

On-chip antennas could also be used in communication links for sensor networks, radio 

frequency identifiers (RFID’s), and single chip radars.  On-chip antennas/inductors have also 

been used as near field couplers in RFIDs [8]. In all these applications, on-chip antennas are co-

located with circuits and the associated interconnects such as power grids, clock trees, and data 

lines. An on-chip antenna is also expected to be a critical component for millimeter and sub- 

millimeter-wave circuits and systems. A concern for on-chip antennas is how their characteristics 

are modified by nearby metal structures [17]. Because of this, the effects of metal structures near 

on-chip antenna for intra-chip clock distribution system have been studied. The metal structures 

significantly affect the on-chip antenna characteristics, such as gain, phase, and antenna input 

impedance [17], [18]. Approaches to better guarantee the characteristics of on-chip antennas are 

critical to provide predictability for the design community. The impact of power grid on the char-

acteristics of on-chip antennas has been presented. The metal structures near an on-chip antenna 

in the presence of a power grid have greatly reduced impact on antenna characteristics. 

Exploiting this, a set of design rules for antenna layout has been proposed to improve 

predictability of antenna characteristics [18], [19]. 

2.5 Antenna Measurements and Simulations 

The Finite Difference Time Domain Method (FDTD) and Finite Element Method (FEM) 

have been used for evaluation of a power grid [29] and other interference structures for on-chip 

antennas [30]. In order to validate the simulation results, a set of representative test structures 

consisting of 2-mm long linear dipole antenna pairs and varying interference structures have 
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been simulated using High Frequency Structure Simulator (HFSS) and compared with the 

measurements. The test structures were fabricated using the UF three metal layer process on 

20 Ω-cm silicon substrates [17]. The measurement setup is shown in Figure 2-3. This setup 

includes an HP network analyzer, baluns, semi-rigid cables and signal-signal probes [25], [26]. 

Baluns are used to convert the singled-ended signal to differential signal and vice versa. 

 

Figure 2-3.  On-chip dipole antenna measurement setup. 

 

 

Figure 2-4.  Simulated and measured structure. 
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Figure 2-5.  Comparison of simulation and measurement data of control structure. 
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The metal layers were separated using PECVD SiO2 layers. Figure 2-4 shows a structure which 

has been simulated and measured. The two 2-mm long linear dipole antennas are separated by 5 

mm. Figure 2-6 shows a structure with two 3-mm long and 100-μm wide metal bars (interference 

structure) which run parallel to the antennas. The spacing to antenna is 50 μm. Figure 2-5 and 2-

7 also show the simulated and measured |S12|, as well as phase, for the antenna pairs without and 

with the interference structure. Between 22 and 26 GHz, the presence of interference structure 

lowers |S12| between the antenna pair by ~ 20 dB. The simulated |S12| is in within 3-4 dB of the 

measurements especially at frequencies higher than 24. The measured and simulated phases are 

within 20 degrees of each other. 

 

Figure 2-6.  A simulated and measured structure. 
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Figure 2-7. Comparison of simulation with measurements data in the presence of an 

interference structure. 

 30



 

Having verified reasonable correspondence between the measurement and simulation results, 3-

D EM simulations are used to more rapidly evaluate the impact of a wide variety of interference 

structures.  

2.6 The Impact of Power Grids on Antenna Performance 

 

Figure 2-8.  Cross section of the interference structures and on-chip antennas.  

In particular, design rules for antenna layout have been developed for a back-end process 

with 5 metal layers of Al separated by SiO2 layers. The substrate resistivity is 20 -cm and 

thickness is 0.5mm. An aluminum metal plate is used in the back side of silicon substrate to 

represent a heat sink. For the EM simulation, actual structures must be simplified to shorten 

computation time and to reduce the memory requirement. This simplification may cause 

simulation errors, by the simulations should be verified with various simulation structural 

configurations. The results of EM simulation are affected by the boundary condition. A choice of 

boundary condition varies results even for the same structures at the same frequency. An 

appropriate air box and a boundary layer are required for accurate simulations. The perfectly 

Ω
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matched layer (PML) is used for radiation boundary. The power grid is formed using metal 5, 

data lines are formed in metal 2-4 layers in Figure 2-8.  

 

Figure 2-9. On-chip antennas with interference structures, (a) a planar view of a linear dipole 
antenna pair with perpendicular power lines, (b) parallel power lines, (c) power 
grid, (d) power grid with data lines 
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Figure 2-10.  Simulation results of structures in Figure 2-8. 
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The width and pitch of power lines are 250 μm. Figure 2-9 shows some of the simulated 

power line structures. Figure 2-10 shows the simulated results. The parallel metal lines in Figure 

3-10(a) decrease |S12| by 25 dB at 24 GHz. The perpendicular structure in Figure 2-10(b) 

increases |S12| by 6 dB and decreases the imaginary part of input impedance by 8 Ω . The power 

grid shown in Figure 2-10(c) decreases gain by 18 dB and changes input impedance from 52 to 

42 Ω . The structures with the parallel power lines and power grid in Figure 2-10 have similar 

input impedance, because the near field interaction is dominated by the parallel lines. 20-μm 

wide data lines are placed in metal 3 layer as shown in Figure 2-10(d). The length of data lines is 

2 mm, separation is 20 μm, and distance to antenna is 1.5 mm. Compared to the simulation 

results for the structures in Figures 2-9(c) and (d), the input impedance, gain, and phase of this 

structure show little difference. When the polarization of the incident wave is parallel to a 

densely packed wire grid, the reflection coefficient for the wire grid is close to -1. The power 

grid acts like a metal plate reflecting incident waves, therefore data lines have relatively small 

effects on the antenna performance. 

Input impedance, and magnitude and phase of S12 for antenna pairs (5-mm separation) are 

simulated at varying separations between the power grid and antenna at 24 GHz. Figure 2-11 

indicates that |S12| (dB) linearly depends on D1 and D2 in Figure 2-9. The power grid has 

significant effects on the characteristics of on-chip antennas. Compared to the control case, |S12| 

is reduced by ~20 dB. This is due to the destructive interference effects of reflected waves from 

the power grid. This is indeed a significant reduction. However, much of this can be recovered 

by using an AlN propagating layer in conjunction with antennas on thinned substrates. It has 

been shown recently that the gain can be improved by 10, 15 and 20 dB for 0.5, 1 and 2-cm 

antenna pair separations [17] over the best previously reported results by thinning the substrate 
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from 500μm to 100μm [31]. The cause for input impedance change is the near field coupling 

between the antenna and power grid. The separation D1 has more significant effects on the 

antenna performance than D2. |S12| (dB) is degraded dB/50μm. The phase does not change much 

with the variations of D1 and D2. The linear dependency of input impedance is about 1 Ω /50μm. 

The dependences of |S12|(dB), phase, real and imaginary part of impedance can be expressed as 

linear combinations of D1 and D2 in conjunction with a constant as given below.  

11067.12.692104.7)( 23
12 DDdBS ××+−××= −−                                                        (2.7.1) 

1103.1941.332102 22 DDPhase ××−+××= −−                                                             (2.7.2) 

11077.148.352107.1)(Re 23
11 DDZal ××++××= −−                                                   (2.7.3) 

11006.337.402102)Im( 23
11 DDZ ××+−××−= −−                                                        (2.7.4) 
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Figure 2-11.  (a) S12(dB), (b) Phase (C) real part of input impedance, and (d) imaginary of 
input  impedance of an antenna pair (5-mm separation) versus distance D1 and 
D2. The dashed line is simulated data and black line is curved fitted lines at 
24GHz. 

These equations can be used during the layout of antennas and power grid. D1 and D2 are in μm. 

 38



 

3.7 Design Rules for On-Chip Dipole Antennas 

275 m

275 m

A

B H trees

200 m

 

Figure 2-12.  Conceptual division of the chip area. A: area near the antenna. B: area under the 
power grid. 

 

(a)                               (b)                                 (c)                               (d) 

Figure 2-13.  (a) Antenna with a power grid, (b) antenna with a power grid and local clock 
trees, (c) antenna with a power grid and data lines, and (d) antenna with a power 
grid and dummy fills. 
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Table 2-1. Simulation results of antenna pairs at 24 GHz in the presence of interference  
structures shown in Figure 2-13. 

 

Structure Real(Z11) Im (Z11) |S12|(dB) Phase(°) 

(a) 42.6 -30 -60.4 40 

(b) 41.8 -34 -60.2 43 

(c) 42.8 -30 -60.5 36 

(d) 40.5 -26 -60.2 27 

The power grid acts like a metal plate reflecting incident waves, so data lines, the local 

clock trees, and dummy fills have relatively small effects on the antenna performance. The 

simulation results are listed in Table 2-1. For the wireless clock distribution system, because the 

transmitted clock is frequency divided by 8, the phase variations of 1% of a period or skew for 

the actual clock correspond to 28 degrees for the transmitted clock signal. One percent is one-

tenth of the typical skew/jitter tolerance and this can be used as the criterion to determine 

acceptability of variations. Based on this, all the structures in Table 2-1 are acceptable. The 

presence of a power grid reduces |S12|, however it makes the antenna characteristics to be almost 

independent of other metal structures. This allows definition of a relatively simple set of design 

rules for on-chip antennas. Table 2-2 lists the design rules when followed should make on-chip 

antenna characteristics more predictable. 
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Table 2-2.  Design rules.  

1 Wide power lines directly over antenna should be avoided in region A. D1 and 
D2 are 255 μm and 275 μm. 

2 Any metal structures can be placed in region B.  

3 Perpendicular metal lines to antenna off by 200 μm away are acceptable (Figure 
2-12).  

4 To run multiple perpendicular metal lines over antennas, the characteristics of  
antennas must be simulated using an EM software.  

5 
Short (length < 100 μm, width < 20 μm, and space > 20 μm) discontinuous 
metal lines are acceptable in the region A. These lines can be connected to 
transistors.  

6 Local clock trees can be placed over the area A and B.   

7 Dummy fills (size:10 μm x 10 μm and space > 10 μm) are acceptable in regions 
A and B 

2.8 Summary 

The signal transmission using transmission line and antennas are compared. At millimeter 

and sub-millimeter-wave frequencies, use of antennas for information transmission has 

advantage over use of transmission lines. The impact of realistic metal interference structures 

which can significantly modify the characteristics of on-chip antennas, such as a power grid, 

local clock trees and data lines have been investigated primarily using EM simulations. In the 

presence of a power grid, the antenna pair |S12| can be traded off for improved stability of 

antenna characteristics. This can be exploited to define a set of design rules to improve the 

predictability of on-chip antenna characteristics in the presence of other metal structures. 
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CHAPTER 3 
PATCH ANTENNAS IN CMOS TECHNOLOGY 

3.1 Advantages of On-Chip Antennas for Submillimeter-Wave System 

As the operating frequency is increased, wavelengths of electromagnetic waves and 

antenna sizes become smaller. Use of on-chip antennas at the upper millimeter and sub-

millimeter-wave frequencies need to occupy a small chip area and avoids the difficulty of 

interconnection between on-chip components and an external antenna. The parasitic inductance 

of bond wires for making the connection between on-chip components and an external antenna 

impedes signal transmission as well as causing coupling between bond wires. Since bond wires 

can cause unwanted resonance and radiation, they can degrade stability and cause 

electromagnetic interference with other chips and systems. On-chip antennas can make systems 

compact and reduce the loss and coupling problems caused by the bond wires. 

On-chip antennas can be co-located with digital and analog circuits, which is a key 

technology for realizing a true single chip radio [8]. For sensors, radars and imaging systems 

digital signal processing is necessary. For spectroscopy, Fourier transformation is needed to 

detect and increase sensitivity to molecules with multiple resonant frequencies [32]. Digital 

signal processing techniques can increase the resolution of radar and imaging systems. The 

precise control of physical dimensions in CMOS integrated circuits results high yield of 

millimeter-wave arrays with a large number of elements, which is necessary to lower cost. 

3.2 Fundamentals of Microstrip Patch Antenna  

As discussed in chapter 2, the performance of dipole antennas is significantly degraded by 

the conduction in the substrate. Conductivity of silicon substrates used in CMOS fabrication is 

about 2 to 20 Ω-cm. The energy in the reactive near field around the antenna is dissipated by the 

conductive silicon substrate. In addition, the characteristics of dipole antennas are significantly 
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affected by metal structure near the antennas. The technique to make antenna characteristics 

more predictable proposed in chapter 2 degrades antennas gain. The options are limited for intra-

chip communications. For inter-chip applications, especially when the desired signal 

transmission is perpendicular to the chip surface, there is a better option. The loss caused by the 

conductive silicon substrate can be avoided by putting a metal plate between the antenna and 

silicon substrate, although this metal plate increases capacitance and decreases radiation 

efficiency. A patch antenna [21] is consistent with these. In addition, the ground plane reduces 

the impact of near by metal structures on the antenna characteristics.  

Microstrip antennas are popular with antenna engineers for their low profile, for the ease 

with which they can be configured to specialized geometries, and low cost when produced in 

large quantities [21]. Figure 3-1 shows an edge-fed microstrip antenna. At the bottom, there is a 

ground plane, and a dielectric substrate separates the patch and ground plane. A rectangular 

patch is fed from a microstrip transmission line. The patch length is about half wavelength. The 

substrate thickness “h” is much less than a wavelength. The patch antenna belongs to the class of 

resonant antennas and its resonant characteristic is responsible for the narrow bandwidth [21]. 

The radiation from microstrip antennas occurs from the fringing fields between the edge of the 

microstrip antenna conductor and ground plane. The fringing fields act to extend the effective 

length of the patch. Thus, the length of a half-wave patch is slightly less than a half wavelength 

of dielectric substrate material. 
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(a) Geometry of the edge fed patch antenna. 

 

(b) Side view showing the electric fields. 
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(c) Top view of the patch antenna. 

Figure 3-1.  Half- wavelength rectangular microstrip patch antenna.  

An approximate value for the length of a resonant half-wavelength patch is 

r
dL

ε
λλ 49.049.0 =≈ ,                                                                    (3.1) 

where, λ is the free-space wavelength, dλ  is the wavelength in the substrate, and rε is the 

relative dielectric constant of substrate. 

The region between the conductors acts as a half-wavelength transmission-line cavity that 

is open-circuited at its ends. Figure 3-1(b) shows the electric fields associated with the standing 

wave mode in the dielectric. The electric field lines are perpendicular to the conductors as 

required by the boundary conditions and look much like those in a parallel plate capacitor. The 

fringing fields at the ends are exposed to the upper half-space and are responsible for the 

radiation. The standing wave mode with a half-wavelength separation between the ends leads to 
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electric fields that are of opposite phases. Therefore, the total fringing fields at the edges are 180° 

out of phase and equal in magnitude. The peak radiation is in the +z direction. The radiation edge 

can be thought as a slot. The width of a slot is often taken to equal to the substrate thickness. The 

patch radiation is linearly polarized in the x-z plane, that is, parallel to the electric fields in the 

slots. 

The radiation pattern of a rectangular patch antenna is rather broad with the maximum 

direction normal to the plane of the antenna. Pattern computation for the rectangular patch is 

easily performed by first creating equivalent magnetic surface currents.  

nEM as ˆ2 ×= ,                                                                      (3.2)  

where, is the fringe electric field in each of the edge slot.  aE

The factor of 2 comes from the image of the magnetic current in the electric ground plane. 

The far-field components are  
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β  is the usual free-space phase constant and equal to ( λπ /2 ). The first factor in equation 

(3.4) is the pattern factor for a uniform line source of width W. The second factor is the array 

factor for a two-element array along the x-axis corresponding to the edge slot [21]. 

Typical input impedances at the edge of a resonant rectangular patch range from 100 to 

400 Ω . An approximate expression for the input impedance of a resonant edge-fed patch is  
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Figure 3-2.  50- Ω  reflection coefficients of patch antennas with varying substrate thickness. 

The substrate thickness of dielectric layer between the patch and ground plane is a 

dominant design factor of patch antennas. There is a great deal of flexibility for the choice of 

dielectric thicknesses of a microstrip patch antenna design when a printed circuit board (PCB) is 

used. However, a given CMOS process has a fixed dielectric thickness between the top to bottom 

metal layers. Figure 3-2 shows the 50-Ω reflection coefficient of patch antennas with varying 

dielectric thicknesses. The patch antenna size is about 300 μm. A patch antenna with a 4 μm 

thick dielectric layer has the smallest input impedance at its resonant frequency and a patch 

antenna with a 10 μm thick dielectric layer has the largest input impedance at its resonant 

frequency. Relative dielectric constant of substrate is 3.7 and conductivity of metal is 4.6 × 107 

Simens/meter. Figure 3-3 shows the input resistance and radiation efficiency of patch at varying 
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dielectric thicknesses. When the thickness is 10 μm, the efficiency approaches 45% and the 

resistance becomes about 140 .  Ω
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Figure 3-3. Input resistance and radiation efficiency of patch antennas at varying dielectric 
thicknesses. 

The input resistance can be controlled by a quarter wave length transformer formed by the 

antenna feed. A thicker substrate increases efficiency and input resistance. CMOS processes with 

thicker dielectric layers are preferred for patch antenna design. 

Figure 3-4 shows the 50  reflection coefficient of patch antennas with varying different 

patch sizes. The trajectory of input impedance of patch antennas on a smith chart is mainly 

determined by the dielectric layer thickness. The patch size determines the resonant frequency.   

Ω
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Figure 3-4.  50- Ω  reflection coefficients for varying patch sizes. 
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Figure 3-5. Resonant frequencies and radiation efficiency for varying patch antenna size. 
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Figure 3-6. 50- Ω  reflection coefficients of patch antennas for varying dielectric constants. 

The frequency range in Figure 3-4 is from 240 to 260 GHz. If the patch size is increased, 

then the reflection coefficients rotate clockwise and the resonant frequency goes down. There is 

a little change of input impedance at the resonant frequency. Figure 3-5 shows the resonant 

frequencies and radiation efficiencies of patch antennas with varying sizes. As a patch becomes 

smaller, the resonant frequency increases and dielectric thickness to wavelength ratio becomes 

higher. This increases the input resistance and radiation efficiency. The efficiency of patch 

antenna improves with frequency, while the size becomes smaller. Cleary, use of on-chip 

antennas becomes easier at higher operating frequencies. 

Figure 3-6 shows the 50 Ω reflection coefficients of patch antennas for varying dielectric 

constants. The dielectric layer thickness is 8 μm. The patch antenna size is about 310 x 310 μm2. 
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Increasing the dielectric constant decreases the wavelength in the dielectric and decreases the 

resonant frequency at given patch size. The changes in dielectric constants do not significantly 

modify the trajectory in a smith chart and rotate the trajectory. 

3.3 Microstrip Patch Antennas on CMOS Technology 

Dielectric layers in a CMOS process have various thicknesses and dielectric constants. 

Antenna simulations solve a structure with dimensions on the order of a comparable with 

wavelength. For example a dipole antenna has a half wavelength and the surrounding air box is 

about 3/4 wavelength. So, simulation structures are bigger than that for discrete devices such as 

capacitors and inductors. It is not efficient in time to include all dielectrics in EM simulation. 

Sometimes, it is not possible to include all the dielectric layers. An effective dielectric constant 

can be used in simulations. 

First, a small section of a microstrip with all the dielectric layers can be simulated and 

propagation constant and characteristic impedance of the microstrip can be extracted. Second, a 

small section of a microstrip using a dielectric layer with an effective dielectric constant can be 

simulated. Propagation constant and characteristic impedance can be matched with the microstrip 

with all the dielectric layers by adjusting the effective dielectric constant. 

3.3 The Impact of Bond Wires on On-Chip Patch Antenna Performance 

As discussed at chapter 2, a concern for on-chip antennas is how their characteristics are 

modified by nearby metal structures. The interference study in chapter 2 shows that the metal 

structures significantly affect the on-chip antenna characteristics, such as gain, phase, and 

antenna input impedance and the impact on on-chip antenna performance increases with the size 

of metal structures. Approaches to guarantee the characteristics of on-chip antennas are critical 

for communication circuits and systems with on-chip antennas. The ground plane of the patch 
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antenna decreases the interference to nearby circuits. How the patch antenna characteristics are 

modified by nearby bond wires is another concern.  

 

Figure 3-7. Cross section of a patch antenna with bond wires. 
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Figure 3-8. Input resistance of patch antennas with varying distances to bond wires. 
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Figure 3-9. On-chip patch antenna directivity with varying distances to bond wires. 

 

Figure 3-10. Radiation pattern of patch antenna with varying distances to bond wires (φ=0º). 
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To study this, the effects of bond wires near on-chip antenna have been simulated. The Ansoft 

HFSS has been used for this purpose. Three bond wires are place near an on-chip patch antenna. 

The bond wire length is about 1mm in Figure 3-7. The distance from the bond wires to antenna 

has been changed and the antenna input impedance, resonant frequency, directivity, efficiency 

and radiation pattern have been simulated. Figure 3-8 shows the input resistance of on-chip patch 

antenna with varying distance to bond wires from 50 to 450 μm with 100 μm steps. The input 

resistance maintains about 101 Ω for spacing greater than 150 μm. The input resistance becomes 

97 Ω at 50 μm.  

Figure 3-9 shows on-chip patch antenna directivity with varying distances to bond wires. 

The directivity is about 5 down to 250 μm. It gradually decreases and reaches 4.3 at 50 μm. The 

efficiency of patch antenna is about 32 % for all cases. Figure 3-10 shows the radiation pattern of 

patch antenna with varying distances to bond wires at φ=0º.  Ideally, direction of peak radiation 

is normal to antenna patch antenna surface (φ=0º, θ =0º ).  The maximum radiation directions are 

360º (0º), 359º, 356º, 351º, 347º, 340º at the distances of 450, 350, 250, 150, 50 μm, respectively.  

3.4 Summary 

This chapter presented the basic properties of patch antenna. The radiation mechanism of 

radiation on patch antenna is discussed and the simple equations for the patch antenna size and 

input impedance are presented. The design of patch antenna in CMOS processes is limited by the 

fixed dielectric layer thickness, which limits the input resistance and efficiency. The impact of 

bond wires on on-chip patch antenna performance is presented. The bond wires change radiation 

direction by ~13º at the distance of 50 μm and decrease the input resistance by 4 Ω. The 

minimum distance from antenna to the bond wires can be set to 150 μm based on input resistance 

changes. 
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CHAPTER 4 
MILLIMETER-WAVE SCHOTTKY DIODE DETECTORS IN CMOS TECHNOLOGY  

4.1 Introduction 

The uses of millimeter and sub-millimeter-waves in radars, remote sensing, advanced 

imaging, and bio-agent and chemical detection [4], [40] have been extensively studied. A key 

limitation for wide scale utilization of these is the high cost of circuits. A 182-GHz Schottky 

diode detector fabricated in foundry 130-nm CMOS technology is presented in this chapter. The 

design of a Schottky barrier diode detector with an on-chip patch antenna in 90nm CMOS 

process also discussed. Integration of those type of detectors with an on-chip antenna and 

baseband electronics in CMOS should allow single-chip realization of low cost millimeter and 

sub- millimeter-wave systems [33]. 

4.2 A Schottky Barrier Diode in CMOS Technology 

Schottky barrier diodes due to their high operating frequencies and a low forward-voltage 

drop have been widely used. Operation of the Schottky barrier diode depends only on the 

majority carrier conduction, in contrast to p-n junction diodes which rely on both majority and 

minority carriers for their operations [16]. The series resistance and junction capacitance 

determines the frequency response for Schottky diodes. Schottky diodes with a cutoff frequency 

greater than 1 THz have been demonstrated in the UMC 130-nm digital CMOS process [16]. The 

diodes are formed by blocking n+ implant over selected diffusion regions in a n-well. The 

formation of diode requires no modifications to the existing CMOS flow [16]. A cross-section of 

a representative Schottky barrier diode cell is shown in Figure 4-1. A CoSi2-Si junction forms the 

Schottky diode. Ohmic contacts around the Schottky contact form the second terminal. To 

improve fcutoff given in (4.1), both the series resistance Rs and the capacitance Co must be lowered 

[16]. 
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Figure 4-1.  A Schottky diode implemented in CMOS process. 

To minimize Rs at given Co, the diode is formed by parallel connecting minimum area 

Schottky contacts (0.32 x 0.32 μm2) 

os
cutoff CR

f
××

=
π2

1                                                                                                (4.1) 

Using such diodes, it should be possible to implement detectors operating in the high end 

of millimeter-wave to the lower end of sub-millimeter-wave bands. To investigate this, a detector 

operating ~180 GHz has been implemented in the 130-nm CMOS process using a diode formed 

with 16 of the 0.32 x 0.32 μm2 cells connected in parallel. The series resistance of the Schottky 

diode is about 10 Ω  and junction capacitance is 12 fF at zero bias. 

4.3 Sensitivity Analysis of Schottky Barrier Diode 

The tangential sensitivity and noise equivalent power (NEP) are used to describe detector 

performance. Noise equivalent power is defined as the RF input power required to produce an 

output signal-to-noise ratio of unity, for signal with a bandwidth of the square root of one hertz 

[34]. The assumption of unit bandwidth is useful for examining devices operating at video 

frequencies in the 1/f noise region. Tangential sensitivity (TSS) is the lowest signal power level 
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for which the detector will have a specified signal-to-noise ratio at the output. Agilent 

Technologies specifies TSS at the output signal-to-noise ratio of 8 dB. The units for TSS are 

dBm or milli-watts. 

In this chapter, the basic operation of detectors is reviewed [34], [35]. The noise equivalent 

power is derived as a function of the ideality factor (n), series resistance (RS), and junction 

capacitance (CB). The noise equivalent power and tangential sensitivity are related to each other, 

and these parameters entirely depend on the ideality factor, series resistance and junction 

capacitance. The derivation shows the relation. It was assumed that all of the available RF power 

is absorbed by the device. The current-voltage function of a nonlinear device can be denoted by  

)(vfi = ,                                                                                                               (4.2) 

and 

    tAVv ωcos0 += ,                                                                                              (4.3) 

where,  is dc bias voltage and ac input voltage is0V cosA tω . 

Expanding (4.2) with a power series around and substituting (4.3) 0V
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The average ac power, P absorbed by the device can be found by multiplying (4.4.4) with 

the input voltage, tA ωcos and integrating over one period. This leads to the following 

expression for P 

( ) ( ) ( ) tAIiVvIi ωcos000 ⋅−=−⋅−                                                                              (4.5.1) 
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The first term in the bracket on the right-hand side of (4.4.4) is the detected current iΔ , the 

time average of quantity incrementally increased due to the application of ac power. The ratio of 

to P is called the current responsivity and can be written as. iΔ
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This current responsivity can be approximated as, 

[ ] [ ]Δ+=Δ−Δ+≅ 11 0210 βββ ,                                                                         (4.7) 
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The quantity, 0β is the low-level current responsivity of the device. The quantity Δ shows 

how at a given power level, the detector response deviates from true the square law operation.  
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where, n is a number greater than unity. 

RS

CBRB

V

I

V1

V2
I1I2

 

Figure 4-2  Equivalent circuit model of Schottky barrier diode.  

Figure 4-2 shows an equivalent circuit model of Schottky barrier diodes. The elements RB 

and CB are, respectively, the incremental resistance and capacitance associated with the junction, 

while R

B

)

S is the parasitic series resistance associated with the silicon substrate and contact. 
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The part of power absorbed in the device is dissipated in the parasitic series resistance RS. 

A simple analysis of the equivalent circuit in Figure 4-2 yields the following relation for the ratio 

of the power absorbed in RB (PB BB) to the total RF power, P 
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where, 0β ′ is the low-level current responsivity for the device. 

In order to calculate the sensitivity of Schottky diode, the noise properties of device must 

be known. Schottky diodes exhibit 1/f noise, in addition to white noise. The noise of Schottky 

diodes can be characterized in terms of noise temperature ratio t.  

The incremental detected current corresponding to a given input power P is simply  
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Figure 4-3.  Noise equivalent circuit model of the Schottky diode.  

The white noise current in the device is 
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kTti for a unit bandwidth. 

The noise equivalent power is that input power which results in equal output signal and noise 

power, or equivalently, equal signal and noise current at the output. 
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A device with 1/f nose has a noise temperature ratio given by the expression, 
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where,  is the noise corner frequency,  the video frequency, and  is the white-noise 

temperature ratio. 
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The NEP in equation (4.19) depends on the ideality factor (n), series resistance (RS), and junction 

capacitance (CB). It also depends on RF frequency (f), noise corner frequency (fN), and video 

frequency (fV).  
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Tangential sensitivity (TSS) is the lowest signal power level for which the detector will 

have a specified signal-to-noise ratio at the output. TSS can be expressed in (4.20), where B is the 

bandwidth of signal. 

)(log58 dBmBENPTSS dBdB ++=                                                              (4.20)  

 

Figure 4-4. NEP (pW/Hz1/2) with various number of cells. 

The NEP mostly depends on the diode characteristics. For a given diode, NEP and TSS can 

be calculated. The junction barrier resistance and capacitance are bias dependent, so the optimum 

bias point can be determined. Also, there is flexibility of choosing the number of diode cells and 

area of the Schottky diode cell in CMOS. The remaining parameters for the detector design are 

the number of cells and diode bias voltage. Figure 4-4 shows the NEP at the various number of 

0.32 x 0.32 μm2 Schottky diode cells in the 130-nm CMOS. The NEP varies from 2 to 5 

pW/Hz1/2 and the minimum number of cells shows the lowest NEP of 2.3 pW/Hz1/2. The 
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capacitance is a dominant factor in NEP calculation at 250 GHz. The structure with the minimum 

number of cells has the smallest capacitance and has the best NEP calculated using (4.19). The 

frequency is 250 GHz, the ideality factor (n) is 1.3, the white temperature ratio (tw) is 1.2 [34], 

the series resistance (RS) is 13 Ω, the noise comer frequency is (fN) is 1 MHz, and the video 

frequency (fV) is 10 MHz in the NEP calculation. The junction capacitance increases with bias 

voltage. The absorbed power (PB) decreases with the increase of the capacitance and the NEP 

decreases. The R

B

BB decreases with bias voltage from 2380 to 300 Ω when the applied bias 

changed from 0.2 to 0.5 V. The absorbed power increases with bias voltage when the junction 

capacitance effect is neglected. So, the optimum bias voltage can be found. Figure 4-5 shows the 

NEP at various bias voltage of diode. The figure shows the minimum point at 0.35 V and NEP is 

about 2 pW/Hz1/2. Figure 4-6 shows the fc at various bias voltage of diode. The fc is defined in 

(4.13) and included in NEP. When the operating frequency of the detector is fc, the absorbed 

power by the junction barrier is half of RF power (P). The fc in Figure 4-6 has highest value at 

0.4 V and the lowest NEP is at the bias voltage of 0.35 V. The minimum number of cells and 

optimum bias point is required to obtain the lowest NEP for a given Schottky barrier diode cell.  
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Figure 4-5. NEP (pW/Hz1/2) with varying diode bias voltage. 

 

Figure 4-6. fc with varying diode bias voltage.                            
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4.4 A 182GHz Schottky Barrier Diode Detector with a Modulator 

4.4.1 Design Considerations 

The diode described in section 4.2 can be used to implement a millimeter-wave detector. A 

detector operating ~180 GHz has been implemented using Schottky barrier diode fabricated in 

the 130-nm CMOS [33]. The diode is formed with 16 of 0.32 x 0.32 μm2 cells connected in 

parallel. The series resistance of Schottky diode is about 10 Ω  and junction capacitance is 12 fF 

at zero bias. The detector shown in Figure 4-7 consists of a matching circuit, a Schottky diode, a 

low pass filter, and an amplifier for driving 50 Ω . The diode has been forward biased through an 

1-k Ω (R3) resistor. The detector input impedance is conjugately matched to the signal source 

impedance at the frequency of 180GHz with C5, C6, and L7. The low pass filter consists of C7, 

C8, and L8. It has a corner frequency of ~10 GHz. The diode has poor isolation and input 

matching changes with the circuits connected to the second terminal. Because of this, impedance 

of low pass filter and amplifier stage should be considered for the matching at 180 GHz.  
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Figure 4-7. Schematics of modulator and detector. 
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C7 is a 400-fF capacitor and its impedance is close to short at 180 GHz, so C7 provides isolation 

to RF. It is straight forward to design the input matching circuits, when the diode is  followed by 

a low pass filter. 

To evaluate the detector, a source for modulated 180-GHz signal is needed. Since, such a 

source is not widely available. A 180-GHz signal generator has been integrated with the detector. 

CMOS millimeter-wave VCO’s with ~100-GHz fundamental operating frequency have been 

reported [10]. To obtain even higher frequencies, push-push topologies have been utilized to 

achieve operation at 131 [36] and 192 GHz [11] in 90 and 130-nm CMOS technologies. To the 

192-GHz VCO, buffers (M3-M6) are added to monitor the fundamental output (Figure 4-6). This 

lowers the frequency at push-push port to ~182 GHz. The amplitude of this VCO is modulated 

by changing the gate voltage of M7, or the bias current (Ibias) of the oscillator. The modulating 

signal is AC-coupled to M7 through a capacitor (C3). A shunt 50-Ω (R1) termination resistor is 

added to make the input amplitude at gate of M7 more predictable. The bypass capacitor, C4 is an 

AC-short for the signal near 180GHz, while it presents high impedance for the modulating 

signal. Since changing Ibias also modifies the drain voltage of VCO core transistors thus the 

capacitances of L-C tanks [11], the input signal should also modulate the output frequency. 

4.4.2 Experiment Results 

Figure 4-8 shows the voltage waveforms of modulation and detected signals across a 50 Ω 

load, when the VCO is modulated with a 10 MHz sine wave with 0.1 V amplitude. VDD of VCO 

is 1.75 V. The dc bias voltage at gate of M7 (Vbias) is 0 V. The 10-MHz input frequency is chosen 

to attenuate the un-intended feed through of modulation signal through C5 (50fF). The detected 

signal frequency is the same as that for the modulation signal. Figure 4-8 also shows the voltage 
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waveform when the VDD for VCO is 0.3 V at which the VCO no longer oscillates. The detected 

signal is nearly flat, indicating that as expected, the presence of a carrier is critical for detection.   
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Figure 4-8.  10-MHz input and output signals (VDD=1.75 and 0.3 V). 

Figure 4-9 shows the detector output with Vdiode=1.78 and 0V. The Vosc is biased at 0.3 V. 

When the Vdiode biased at zero voltage or Idiode = 0, the detector output is undetectable, indicating 

that the unwanted coupling is not propagating through the ground or power lines. The signals 

propagate through the Schottky diode and diode.  

Figure 4-10 shows the spectra at the fundamental output (fo) with and without 0.1-V 

amplitude 10-MHz single tone modulation signal at Vbias (M7) of 0 V. The AM side bands at the 

multiples of 10 MHz away from the carrier are seen due to the squaring of modulation signal. 

The carrier frequency in Figure 4-10 is shifted down by ~ 80 MHz probably due to the change of 

dc bias by the modulating signal.  

 67



 

0 40 80 120 160 200
-80

-40

0

40

80

A
m

pl
itu

de
(m

V
)

Time(ns)

 

 
Vdiode=1.78V

Vdiode=0V

 

Figure 4-9.  10-MHz input and output signals (Vdiode=1.78 and 0 V). 

 

Figure 4-10.  Spectra of modulated and un-modulated carriers (~91 GHz). 
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The peaks have a finite bandwidth because the oscillator is free running, and the FM signal could 

not be distinguished. To avoid loading the push-push port, the modulation is monitored at the 

fundamental output port. 

Another concern for the circuit is whether the detector is sensing the modulated signals at 

fundamental or the second harmonic. To examine this, a VCO test structure has been measured 

with Agilent 11970W (75-110GHz) and OML M05HWD (140 to 220 GHz) harmonic mixers, 

and an E4448A spectrum analyzer. The bias current is 15mA and VDD is 1.75V. Figure 4-11 

shows the power levels at the push-push port near the fundamental (fo ~ 91GHz) and two times 

the fundamental frequency (2fo ~ 182GHz) versus Vbias at the gate of M7. The power level for 

182-GHz signal is ~-20dBm after de-embedding the harmonic mixer and waveguide probe 

losses.  

 

Figure 4-11. Power at 91GHz (fo) and 182GHz (2fo) signals on the push-push port versus Vbias 
plot. 
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Due to the coupling through the substrate and metal interconnects, the signal near fo (~-32 dBm) 

also appears at the push-push port. The matching circuit preceding the Schottky diode should 

further attenuate the signal near fo by ~10 dB. Additionally, the power of signal near fo is 

relatively constant while the signal at 2fo changes by ~2 dB over the bias range.  This means the 

input signal more strongly modulates the signals near 2fo. Because of these, the circuit in this 

Vbias range should be detecting the 182-GHz modulated signal.  

As the diode detector bias current (Idiode) is increased, the output power increases because 

of a larger diode current change for a given input voltage swing. At much higher currents, the 

output power drops with input power.  The output power is peaked at the diode current and 

voltage of around 0.7mA and 0.45 V. Figure 4-11 shows the detector output power versus the 

amplitude of modulation signal at 10 MHz. The Vbias and VDD of modulator are 0 and 1.75 V. 

The detected signal power increases monotonically with the input amplitude. Although, data are 

not included, the circuit has been used to detect signals with modulation frequency up to 1 GHz. 

 

Figure 4-12. Detector output amplitude versus input modulation power. Vbias=0 V and 
VDD=1.75 V. 
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Figure 4-13. Die photograph of detector with modulator 

A micrograph of the circuit is shown in Figure 4-13. The chip size is 1120 x 600 μm2 

including bond pads. 

4.5 A Schottky Barrier Diode Detector with an On-Chip Patch Antenna in 90nm CMOS 

4.5.1 Design Considerations  

A 250-GHz Schottky detector with an on-chip patch antenna is also implemented in this 

chapter. The diode is formed with 14 cells (0.32 x 0.32 μm2) connected in parallel. The estimated 

series resistance of Schottky diode is about 25Ω and junction capacitance is 6 fF at zero bias. 

The measured series resistance of Schottky diode is about 120 Ω and junction capacitance is 

about 10 fF at zero bias. The large series resistance is caused by the shallow trench isolation 

(STI). The detector consists of an on-chip patch antenna, a matching circuit, Schottky diode, 

low-pass filter, and amplifier. The Schottky barrier diode is connected in shunt to reduce the 

impact of parasitic capacitance associated with the n-well.  
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Figure 4-14. Schematic of 250-GHz Schottky diode detector. 

The On-chip patch antenna has a patch area of 330 x 315 μm2. Metal 1 and 2 are connected 

together and used as ground. The pad layer is used to form the patch. The diode has been forward 

biased through a 2.5-kΩ (R1) resistor. T.L1, T.L2 and C1 comprise a matching circuit and provide 

50 Ω at the on-chip antenna. C1 is a 20-fF metal capacitor and presents high impedance to 

baseband signals. C2 is a 100-fF capacitor. C2 is almost a short at RF. C1 and C2 provide isolation 

between RF and baseband signals and simplifies the design of circuit. The transmission line is a 

grounded coplanar waveguide (GCPW). The ground plane of GCPW is made of metal 1-2 and 

pad layer is used for signal line. Amplifier, C3 and C4 have a band-pass response. The amplifier 

has low-pass response and the series capacitors have high pass-filter, so the band-pass response 

function is filters the low and high frequency noise. The pass band is 1 - 300 MHz with a load 

composed of 1 MΩ load resistor in parallel with a 10 pF capacitor. Figure 4-15 shows the 

voltage gain of the amplifier with 1 MΩ load and varying load capacitances. With 1 pF load 

capacitor, the gain and bandwidth becomes the largest. As the load capacitor increases,  
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Figure 4-15. Voltage gain of amplifier with various load capacitors. 
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Figure 4-16. Equivalent input noise of amplifier. 
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gain and bandwidth decreases. The amplifier generates noise and increases NEP. The noise of 

amplifier can be specified with an input noise voltage over frequency. Simulations show the 

minimum noise voltage of ~ 5 HznV / within the 1-30 MHz pass band in Figure 4-16. 

4.5.2 Experiment Results 

 

Figure 4-17. Die photograph of detector with a patch antenna 

Schottky barrier diode in the UMC 90-nm CMOS is used to implement a millimeter-wave 

detector. A detector operating ~250 GHz has been implemented. The chip size is 550 x 1100 

μm2. The measured series resistance of Schottky diode is about 120 Ω and junction capacitance 

is about 10fF at zero bias as shown in Figure 4-18. The estimated CB was about 6 fF and 
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measured CB is about 10 fF. The estimated RS was about 24 Ω and measured RS is about 124 Ω. 

The main reason of increase of series resistance is caused by the thicker sallow trench isolation 

(STI). Figure 4-19 shows the cross section of a Schottky diode in the 90-nm CMOS. The depth 

of STI is about 0.4 μm. As the Schottky diode area becomes narrow, the current can flow only 

through narrow area between the STI’s. The resistance increases with increasing STI depth and 

by decreasing Schottky diode area. The increased junction capacitance (CB) and series resistance 

(Rs) decreases the cut-off frequency and degrades the sensitivity of the detector in Figure 4-19.  

The tangential sensitivity increased from -68 dBm to -56dBm. A 250-GHz AM transmitter has 

been used as the signal source. The output power of the AM transmitter is about -34 dBm and 

path loss of the transmitter and the diode detector is about 36 dB at 1cm separation in Figure 4-

20. The antenna directivity is 5 and the efficiency is about 32 % in the path loss calculation. The 

input power to the detector is about -70dBm and is smaller than the sensitivity of detector and 

the amplitude modulate signal could not be detected. 
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Figure 4-18. Series resistance and capacitance at zero bias of Schottky diode. 

 

Figure 4-19. Cross section of the Schottky barrier diode. 

 

Figure 4-20. Calculated tangential sensitivity of the detector. 
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Figure 4-21. Path loss between two patch antennas. 

4.6 Summary 

Key parameters that are used to specify detector performance are presented. The NEP of 

diode detector has been estimated to be~2 HzpW / . A 182-GHz Schottky diode detector 

fabricated in foundry 130-nm CMOS technology is demonstrated. A 182-GHz AM modulator is 

implemented by changing the gate bias of PMOS and verified by the measurement of 91-GHz 

AM signals using OML harmonic mixer at the fundamental buffer output. When the VCO is 

modulated with a 10 MHz sine wave with 0.1-V amplitude, 10 MHz signal with 45mV 

amplitude is detected at the detector output. Design and analysis of a 250-GHz Schottky barrier 

diode detector with an on-chip patch antenna implemented in 90-nm CMOS are also discussed.  
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CHAPTER 5 
OPTICAL MEASUREMENT METHODS FOR MILLIMETER AND SUBMILLIMETER 

WAVE OSCILLATORS  

5.1 Introduction 

The measurement of submillimeter-wave oscillator is challenging. The output power of 

oscillator typically decreases with operating frequency. The harmonics mixer loss increases with 

frequency.  The down converted signal could be smaller than the noise level and can not be 

detected. Also, high-frequency probes are not available at THz. Off the shelf electrical probes go 

up to 325 GHz. To overcome the difficulties an optical technique is utilized. Power from an on-

chip antenna can be measured using a bolometer and the frequency spectrum of circuits can be 

measured using a Fourier transform infrared spectroscopy (FTIR) [37]. A combination of optical 

and electronic measurement techniques is required for terahertz systems.   

5.2 Bolometer 

A bolometer is an instrument for detecting and measuring radiation, e.g., visible light, 

infrared radiation, and ultraviolet radiation, in amounts as small as one millionth of an erg [38]. 

The bolometer was invented in 1880 by Samuel P. Langley. It consists of a radiation-sensitive 

resistance element in one branch of a Wheatstone bridge. Changes in radiation cause changes in 

the electrical resistance of the element. The radiation-sensitive element may be a platinum strip, 

a semiconductor film, or any other substance whose resistance is altered by slight changes in the 

amount of radiant energy falling on it, which heats the element [38]. Figure 5-1 shows a silicon 

bolometer (HD-3, IR Lab) with a preamplifier. The silicon bolometer element is mounted in the 

configuration in conjunction with a parabolic cone collector. The composite silicon element 

mounted on a cylindrical cavity. Liquid Helium is used to cool the bolometer to 4.2ºK. The 

change in radiation results resistance change. This will appear at the amplifier output. The optical 
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responsivity of the bolometer is 1.1 × 104 (V/W). The bolometer elements have limited 

bandwidth and silicon bolometer elements have constant responsivity up to THz.  

RL

12K
Bolometer

J-FET
120 F

Vout

VBias 9 V

window

Vacuum 
valve

Nitrogen 
can

Helium 
can

Parabolic cone collector

Bolometer

 

Figure 5-1.  Bolometer with preamplifier.  

 

Figure 5-2.  Power measurement using a bolometer and a lock-in amplifier.  

A bolometer and a lock in amplifier have been used to measure radiated power from an on-

chip antenna. The lock-in amplifier (ITHACO 393) is a homodyne receiver with an low pass 

filter with extremely lower bandwidth ( ~0.1 Hz) and use mixing, to convert the signal's phase 

and amplitude to DC [39]. We modulated the supply (VDD) of oscillator with 100 Hz. The 

modulated signals go to bolometer and lock in amplifier mixes the signal from bolometer and 
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100 Hz pulse from the signal generator. The measured power is the radiated power through the 

on-chip antenna. 

5.3 FTIR 

The FTIR (IFS 113v, Bruker) system shown in Figure 5-3 consists of a source, an 

interferometer, and a silicon bolometer. The design of many interferometers used for infrared 

spectrometry today is based on that of the two-beam interferometer originally designed by 

Michelson in 1891.  Many other  
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Figure 5-3.  FTIR measurement setup.  

two-beam interferometers have subsequently been designed that may be more useful than the 

Michelson interferometer for specific applications. Nevertheless, the theory behind all scanning 

two-beam interferometers is similar, and the general theory of interferometry is most readily 

understood by studying the way in which a simple Michelson interferometer is used for the 

measurement of infrared spectra [38]. 

The Michelson interferometer is a device that can divide a beam of radiation into two paths 

and then recombine the two beams after a path difference has been introduced. The variation of 

intensity of the beam emerging from the interferometer is measured as a function of path 
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difference by a detector. The simplest form of the Michelson interferometer is shown in Figure 

5-4. It consists of a beamsplitter, fixed mirror and movable mirror. The beamsplitter divides a 

beam from the source to the fixed mirror and movable mirror. It combines the reflected beams 

from the fixed mirror and the movable mirror. 

F

MO

 

Figure 5-4.  Michelson interferometer.  

An ideal beamsplitter transmits 50% of incident beam and reflects 50 % at all frequency 

range. Beamsplitters are made with thin dielectrics and have non-ideality caused by thickness as 

well as loss of dielectrics. The finite thickness causes multiple reflections in beamsplitters. So 

reflectance and transmittance depend on frequency and beamsplitters have a finite bandwidth. 

Figure 5-5 shows transmittance of FTIR with beamsplitters (Mylar, rε =3.2). A mercury source 

is used and 7-mil and 5-mil beamsplitter are used to measure the transmittance. The 7-mil 

beamsplitter has a null point around 500 GHz and 5-mil beamsplitter has one around 780 GHz. 

No signal is detected at null points. The appropriate beamsplitter must be properly chosen to 

measure the spectrum of millimeter-wave and submillimeter-wave oscillators. A 7-mil 

beamsplitter has been used for 250-GHz VCO measurements and a 5-mil beamsplitter has been 

used for 410-GHz oscillator measurements. 
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Figure 5-5.  Null points of beam splitters.  

5.4 Interferogram 

Consider an idealized situation where a source produces a pure signal tone sine wave. 

Assume the beam splitter is non-absorbing film whose reflectance and transmittance are both 

exactly 50 %.   The path difference between beams that travel to the fixed and movable mirrors 

and back to the beam splitter is 2(OM-OF) in Figure 5-4.  This path difference is 2δ.  When the 

fixed and movable mirrors are placed at the same distance from the beamsplitter (zero path 

length difference), the two beams are in phase on recombination at the beamsplitter. At this 

point, the beams constructively interfere in Figure 5-6(a).  The beam that is reflected by a mirror 

at normal incidence undergoes a phase change of 90º. The phase of the transmitted beam is 

unchanged. 
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Figure 5-6.  Reflected and combined waveforms at 400 GHz.  

For the beam incident to the detector, the beams to fixed and movable mirrors both 

undergo a total phase change of 270º and they are in phase at the beamsplitter. If the movable 

mirror is displaced a distance of λ0/4 as in Figure 5-6(b), the path length is 0.5λ0. At the 

beamsplitter, the beams are out of phase and destructively interfere. The amplitude of signals 

incident to the detector is zero. Once again, if the movable mirror is displaced a distance of λ0/2  

as in Figure 5-6(c), the path length is λ0. At the beamsplitter, the beams are in phase and 

constructively interfere. If the mirror is moved at constant velocity, the constructive and 

destructive interference occurs continuously. The amplitude of signal to the detector is 

sinusoidal. Assuming the frequency of signal from the source is 400GHz, the period is 2.5 ps and 

wavelength in air is 0.75 mm.  
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where VM is mirror velocity and tVM ×=δ .  

 

Figure 5-7.  Interferogram with mirror velocity (VM) of 10 cm/sec.  

Referring to the Inteferogram in Figure 5-7, the output of bolometer, shows the amplitude 

of signal from the interferometer. The intensity of combined beam as a function of the position 

of movable mirror can be expressed by (5.1). The mirror velocity is known, so equation (5.1) can 

be expressed in (5.2) and waveform in Figure 5-7(a) can be converted to waveform shown in 

Figure 5-7 (b). If the mirror velocity is 10cm/sec then the detected waveform is about 267 Hz. 

Finally, the 400 GHz signal can be indentified by detecting a 267 Hz sine wave. Figure 5-8 

shows an interferogram with finite mirror movement. The mirror movement is limited and the 
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FTIR system scan small portion of the interferomgram. The recovered spectrum is convolved 

with a sinc function in the frequency domain. Instead of having an impulse, a sinc function will 

appear in frequency domain.  

 

 

Figure 5-8.  Interferogram with finite mirror movement.  

Figure 5-9 shows the measurement setup with FTIR. A bolometer, interferometer and 

source are shown in Figure 5-9. The fabricated chips are mounted on PCB’s and placed on the 

source position. The measured spectrum shows the signals from the source with noise. 200 to 

1000 scans are made to average out the noise. Each measurement takes several hours. The 

background noise is time variant and should be measured for each experiment. When the source 

turned off, the measured signal is the background.  
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5.5 Summary 

This chapter presented the measurement of millimeter-wave and submillimeter-wave 

oscillators using FTIR system. Instruments using traditional electronic measurement techniques 

are not widely available for THz oscillator measurements. The operating principle of the 

Michelson interferometer is presented to describe the operation of an FTIR system. An FTIR 

system can specify spectra of millimeter-wave and submillimeter-wave oscillators. Using a 

bolometer and a lock-in amplifier, power of the THz oscillator can be estimated.  

 

Figure 5-9.  Measurement setup using an FTIR.  
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CHAPTER 6 
MILLIMETER-WAVE AND SUBMILLIMETER VOLTAGE CONTROLLED OSCILLATOR 

IN CMOS TECHNOLOGY  

6.1 Introduction 

As new wireless services continue to be introduced, the available spectrum becomes 

crowded. This has increased interests for wireless system at higher frequencies where larger 

bandwidths are available. The uses of millimeter and sub-millimeter-waves in radars, remote 

sensing, advanced imaging, and bio-agent and chemical detection [4], [40] have been studied. A 

key limitation for wide scale utilization of these is the high cost of circuits. Monolithic 

millimeter and sub-millimeter wave integrated circuits can provide the size, weight, and 

performance advantages. Traditionally, high electron mobility transistor (HEMT) and 

heterojunction bipolar transistor (HBT) MMIC technologies have been utilized in millimeter-

wave applications due to their higher power capacity and superior low noise performance. 

With the rapid advance of high frequency capability of CMOS technology, it is becoming 

possible to make CMOS circuits operating in the millimeter-wave frequencies [11], [41]. A 

millimeter-wave CMOS VCO with 140-GHz fundamental operating frequency has been reported 

[11]. For the millimeter-wave and submillimeter-wave communications, a simple transmitter can 

be made using a VCO with a VDD modulation circuit and an antenna. Signals received from an 

antenna can be recovered using a Schottky barrier diode detector. In this case, the oscillator 

frequency determines the maximum operating frequency of the system. The communication 

range is set by the output power of oscillator, when a power amplifier is not available. To design 

a VCO with good phase noise performance, and acceptable output power, the fundamentals of 

oscillators must be understood. 
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6.2 Basic Operating Principles of Oscillator 

An oscillator is a circuit that converts energy from a power source to ac energy by 

generating a periodic output. The circuit has a self-sustaining mechanism that allows its own 

noise to grow and eventually become a periodic signal [42], [43]. An oscillator can be 

represented as a feedback circuit shown in Figure 6-1. 

 

 

Figure 6-1.  Feedback of an oscillatory system. 
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For s = jω0, H(jω0) = 1, then, the closed loop gain approaches infinity at ω0. Under this 

condition, the circuit amplifies its own noise components at ω0. A noise component at ω0 

experiences a total gain of unity and returning to the adder. After the adder, the signals are 

amplified again by the amplifier and continue to grow until the nonlinearity limits the amplitude. 

As the amplitude increases, the amplifier saturates, dropping the loop gain to a low value at the 

peaks of waveform. Barkhausen’s criteria specify two conditions for steady oscillation. The loop 

gain, |H(jω0)|, must be equal to unity, and  the total phase shift around loop, ∠H(jω0) , must be 

equal to zero. Most RF oscillators include an LC tank as a frequency selective network for 

frequency stability as shown in Figure 6-2.  The resonator consists of inductor and capacitance of 

the cross-couple transistor.  
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Figure 6-2.  Feedback oscillatory system with a frequency selective network. 

The estimation of inductance and the quality factor of inductors are critical for determining the 

resonant frequency and output power of oscillators. 

6.3 LC Resonant Tanks 

 

L1 C1

L1

Rs

C1
Lp RpCp

(a) (b) (c)  

Figure 6-3.  LC resonators (a) Ideal LC tank, (b) realistic LC tank and (c) equivalent parallel 
RLC tank. 

The inductor L1 placed in parallel with a capacitor C1 in Figure 6-3(a) resonates at a 

frequency 110 /1 CL=ω . At this frequency, the impedances of the inductor, 01ωjL , and the 

capacitor, )/(1 01ωjC , are equal and opposite, therefore yielding infinite impedance. In practice, 

inductors and capacitors have parasitic resistances. The circuit in Figure 6-3(b) can be 

transformed to that in (c) to simplify the analysis.  
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where, sL RLQ /1ω= . 

The parallel network has the similar reactance at high but has the resistance  times 

the series resistance.  The quality factor of the RLC resonant tank in Figure 6-3(c) can be defined 

as 

LQ 2
LQ

ppppp CLRLRQ /// 0 == ω                                                                                         (6.4) 

where, ppCL/10 =ω  is resonant frequency of RLC tank in Figure 6-3 (c). The Rs is the series 

resistance of inductor due to the finite conductance of metal. Rs increases with frequency because 

of the skin effect [22]. High  is desirable to reduce power loss. At 200GHz, the skin depth of 

the conductor with a conductivity of 5.3 x 10

LQ

7 S/m is about 0.15 μm. It will be challenging to 

achieve high inductors Q in the submillimeter-wave frequency. 

6.4 Ring Oscillator 

One of the most popular ways of realizing digital-output CMOS VCO is to use a ring 

oscillator [44]. A ring oscillator in Figure 6-3 is realized by placing an odd number of open-loop 

inverting amplifiers in a feedback loop. The circuit is a form of negative feedback and the loop 

gain will be greater than unity when the phase shift around the loop becomes greater than 180°.   

 

Figure 6-4.  A ring oscillator realized using five inverters. 
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Each half-period, the signal will propagate around the loop with an inversion. 

Assuming each inverter has a delay of τinv and there are n inverters, then we have,  

          inv2
τnT

=                                                                                                                          (6.5) 

inv
osc 2

11
τnT

f ==                                                                                                              (6.6) 

where, T is the oscillation period of oscillator.  

The operating frequency of ring oscillator is inversely proportional to the number of stages 

and delay of each inverter stage in (6.5). By making the delay of the inverters voltage controlled, 

the oscillating frequency can be voltage controlled. In most integrated ring oscillators, fully 

differential inverters are used to obtain better power-supply rejection as shown in Figure 6-5. An 

even number of inverters can be used and inversion required around the loop can be achieved by 

simply interchanging the output polarity before feeding them back to the input. 

 

Figure 6-5.  A ring oscillator realized using fully differential inverters. 

Figure 6-6 shows a fully differential inverter with a programmable delay cell. The current 

source and loads are made voltage programmable capability. Assuming the current-source and 

loads are proportional to Vcntl with a constant proportionality constant of Kbias,  

cntrlbiasB VKI =                                                                                                                    (6.7) 

 91



 

The current IB is proportional to Vcntrl in (6.7). The delay of each inverter is proportional to 

the bandwidth of inverter. 

m

L
inv g

C
∝τ                                                                                                                          (6.8) 

where, CL is the load capacitance of the inverter and gm is the transconductance of the drive 

transistors of the inverter. 
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Figure 6-6.  A fully differential inverter with programmable delays. 

Since, the transconductance is proportional to the square root of bias current 

( Bm Ig ∝ ), the delay is inversely proportional to the square root of bias current (IB) and square 

root of Vcntl and therefore, operating frequency of ring oscillator is inversely proportional to the 

square root of Vcntl ( cntlosc Vf /1∝ ).  
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6.5 Push-Push Oscillator 

 

Figure 6-7.  Oscillators (a) fundamental oscillator, (b) oscillator with a frequency doubler and   
(c) push-push oscillator. 

Figure 6-7 shows three design approaches to generate submillimeter-wave signals. The 

first approach in Figure 6-7 (a) is to design a fundamental oscillator at the desired frequency. 

This is straightforward, but the devices must have sufficient gain at the frequency of interest. A 

traditional approach is to design an oscillator and include a frequency doubler as shown in Figure 

6-7 (b). The oscillator is operating at half of output frequency. Additional filters and amplifiers 

may be needed. This increases the circuit size and complexity. A push–push oscillator in Figure 

6-7(c) is a compact version of the oscillator with frequency doubler. A push–push oscillator 

consists of two fundamental oscillators operating at half desired frequency. The oscillator works 

at lower frequency, so the Q of resonators is higher especially due to higher varactor Q. The 

tunning range is also higher varactors are available.  The maximum oscillation frequency of 

VCO is limited by the unity maximum available power gain frequency, fmax of a transistor. 

Oscillation frequency higher than fmax of device can be obtained using push-push topology. A 

push–push VCO [12], [13] operating up to 192 GHz has been demonstrated in a 130-nm CMOS 

technology [12], [14]. 
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6.6 A 250 GHz CMOS Push-Push VCO with AM Modulation 

6.6.1 Design Considerations 
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Figure 6-8.  Push-push VCO. 

A 250-GHz CMOS push-push VCO is demonstrated. The VCO uses the nMOS cross-

coupled topology [45], [10] shown in Figure 6-8. The resonator consists of a single-loop circular 

inductor and accumulation mode MOS varactors. The bias current is injected in the middle of the 

inductor through a PMOS transistor, M3. The use of a PMOS current source allows utilization of 

the full range of the varactor without requiring tuning voltages above VDD or below zero [11]. In 

addition, the buffer for driving the 50-Ω load utilizes two tapered stages to lower the capacitance 

added to the LC tanks. The cross coupled core transistor size is 8.4 μm. The varactors are formed 

by two 0.5 x 0.18 μm2 fingers with contacts on both sides. The inductor trace was formed using 

the top metal 9 (copper) layer with a thickness of ~1 μm. The diameter of circular inductor is 

about 38μm and metal width is 2.4μm. The effective inductance ( ω/)( 11Zimag ) is about 140 pH 

and quality factor ( ) is about 13. In the push-push oscillator, the cross-)(/)( 1111 YrealYimag−
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coupled transistor pair generates differential signals and eliminates the concern for even-mode 

oscillation. At the virtual ground node, the differential fundamental signals are attenuated, and 

the 2nd harmonic is extracted. Quarter-wavelength transmission lines provide high impedance at 

the 2nd harmonic frequency. Two transmission lines and PMOS transistors are used for the 

symmetry. The grounded coplanar wave guide is used for transmission line. A microstrip needs a 

wider ground plane.  A coplanar waveguide confines fields in a relatively small area and shows 

stable characteristic impedance over a wide frequency range. Compared to a CPW, a grounded 

coplanar waveguide has an additional ground plane at bottom. The ground plane isolates the 

lossy silicon substrate and reduces coupling to other circuits. The signal line width is 11um and 

gap is 3um. Simulated loss is about 1.6 dB/mm at 250GHz. The metal 1 and 2 layers are shunted 

together and used for the ground plane. The pad layer is used for the signal line. The extracted 

2nd harmonics at push-push node is radiated through an on-chip patch antenna.  

Fully differential inverters with programmable delays are used to form a ring oscillator. 

The ring oscillator in Figure 6-9 generates about 10 - 30 MHz square waves and turns on and off 

the PMOS current source of push-push VCO and generate amplitude modulated output. The 

buffer stages control the amplitude of signal from the ring oscillator. A 125-GHz AM modulate 

signal is measured at the buffer output. The on-chip 30 pF bypass capacitor is used for the ring 

oscillator. However, this is not sufficient at 10 MHz. An off-chip 0.1-20 μF bypass capacitors are 

used on the PCB.  The on-chip patch antenna is formed using a pad layer and size of patch is 330 

x 315 μm2. The ground plane of patch is formed using the metal 1 and 2 layers. The dielectric 

thickness from the ground plane to patch is about 7 μm. The width of patch is 330 μm. The  

simulated antenna efficiency is about 32 % and directivity is about 5 at 250 GHz. A 20 μm x 40 
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μm inset is used to decrease input resistance of patch. The input resistance is 50 Ω at 250 GHz. 

The bandwidth of patch is about 10 GHz.  

6.6.2 Experiment Results 

 

Figure 6-10.  Die microphotograph of 250-GHz AM modulated signal generator. 

The fabricated 250 GHz VCO with a patch antenna is shown in Figure 6-10. The size of 

the circuit is 667 x 1100 μm2. The fundamental signal of VCO is measured on-wafer with an 

Agilent E4448A spectrum analyzer and an Agilent 11970W harmonic mixer. A 75-120 GHz W-

band wave-guide probe is used to measure the VCO fundamental output. 
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Figure 6-11.  Output spectrum of the 125-GHz VCO. 

Figure 6-11 shows the measured spectrum of the VCO at fundamental output buffers with 

modulation turned off. The supply voltage is 1.6 volt and bias current is 13 mA. The conversion 

loss of harmonic mixer is about 40 dB and the insertion loss of probe is about 2 dB around 120 

GHz. Thus, the output is estimated to be around -20 dBm. The VCO can be turned by varying 

bias currents about 4 GHz from 125 to 129 GHz. 
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Figure 6-12.  Output spectrum of the VCO with modulation and without modulation. 

Figure 6-12 shows the fundamental output of VCO with and without modulation. The 

ring oscillator is turned on and generates square wave around 12 MHz. The carrier frequency is 

shifted down about 120 MHz when the modulation is on.  125-GHz amplitude modulated signals 

are measured at the fundamental output.  Figure 6-13 shows the measured spectrum of the 250-

GHz push-push VCO. The 250-GHz second harmonic is generated by the push-push VCO and 

radiated through an on-chip patch antenna. The spectrum is measured using an Fourier transform 

infrared spectroscopy (FTIR). The 10 mil beam splitter and silicon bolometer are used in the 

FTIR measurements. Only the background noise is observed when the supply voltage of VOC 

was off.  The second harmonic power from the antenna is about -34 dBm measured. Table 5-1 

summarizes the performance of the 250 GHz VCO. 

 98



 

Figure 6-13.  Spectrum of the push-push VCO. 

Table 6-1.  Summary of 250-GHz push-push VCO.  
Chip size 1100 μm x 670 μm Patch size 330 μm x 315 μm 
VDD 1.6 V ANT directivity 5.1 
Bias current 13mA ANT efficiency 32 % 

Frequency 250.4 GHz Reflection 
coefficient 

50 Ω 

Tuning range 4 GHz Fundamental 
Power  

-20 dBm 

2nd harmonic 
power 

-32 dBm Technology UMC 90nm CMOS 
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6.7 410-GHz CMOS Push-Push VCO 

6.7.1 Design Considerations 

Two versions of 410-GHz push-push oscillators with and without the buffer for the 

fundamental output are fabricated in a 45-nm CMOS technology. Figure 6-14 shows a push-push 

oscillator with an on-chip patch antenna. The two stage tapered buffers like the 250-GHz VCO 

are used in order to reduce the capacitive load in the oscillator core. The transistor size of the 

first buffer is about 3 μm and the transistor size of the second buffer is about 12 μm [37]. Figure 

6-15 show the oscillator without buffers. The oscillator once again includes an on-chip patch 

antenna. 

VDD VDD
Patch 

Antenna

M1 M2

M3 M4
V1

V1

T.L1 T.L2

L1 L2

C1 C2
VBUF

T.L3

T.L4

M5M6

VBUF

T.L6

M7 M8

T.L5

f1+ f1-

2f1

Buffer BufferOscillator Core  

Figure 6-14.  Schematic of a Push-push VCO with on-chip patch antenna and buffers for the 
fundamental outputs. 
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Figure 6-15.  Schematic of a Push-push VCO with on-chip patch antenna without the buffers 
for the fundamental outputs. 

To increase the operating frequency of push-push VCO, the output buffer is omitted for the 

second version shown in Figure 6-15. The fundamental operating frequency of VCO in Figure 6-

15 is increased about 16 GHz. The varactor is not used to increase the operating frequency and to 

reduce the loss caused by the varactors. 

The width of the cross-coupled transistors is about 10 μm. The cross-coupled transistors 

need careful layout to reduce parasitic resistance and capacitance. Figure 6-16 shows the layout 

of cross-coupled transistors. The transistor M1 is shown at the top and M2 at the bottom in Figure 

6-16.  Transistor gates are contacted on both ends and folded into multiple fingers.  
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Figure 6-16. Layout of cross-coupled transistors. 

The resistance of a contact is about 60 Ω. To decrease the parasitic resistance, multiple contacts 

on the transistor gates are required. Each finger has 2 contacts on each side and connected using 

metal 2. The sources are connected together using the metal 1 layer. The transistors are directly 

cross connected from the drain to gate using the metal 2 and metal 3 layers. The top metal layer 

thickness is about 2 μm and has larger fringing capacitance than the lower metal layers. The 

lower metal layers are used to connect the transistor gates. The width of each finger is about 

0.6μm. Polysilicon dummy gates are also included for each finger.  

Figure 6-17 shows the differential circular inductor used in the push-push oscillator. To 

reduce the parasitic capacitance to substrate, only the top metal layer is used. The top metal layer 
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is about 2 μm thick and about 2 μm above the silicon substrate. The diameter is about 20 μm and 

metal width is 1.6 μm. The skin depth of copper with conductivity of 5.25 x 107 S/m at 200 GHz 

is about 0.155 μm. The metal width is about 10 times the skin depth. The polysilicon layer is 

used to form a patterned ground shield. The inductance can be increased by removing the 

patterned ground shield. However, the polysilicon ground shield is used to satisfy the density 

rules. Metal 1 and 2 layers are used to form a ground grid. The pitch is 2.5 μm and width of each 

metal layers are about 1 μm. The estimation of inductance and quality factor is important to 

properly set the operating frequency of the oscillator and output power. Ansoft HFSS is used for 

simulation and extraction of S-parameters. The effective inductance is about 40 pH and Qconv is 

about 8. This low value is caused by the skin effect and loss caused by the silicon substrate.  

 

 

Figure 6-17. Structure of circular inductor for the 410-GHz oscillator. 
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The operating frequency of oscillator is determined by the capacitance of the cross-coupled 

transistor and the circular inductor. The capacitance can be estimated by (6.9) [11]. 

dbgdgstotal CCCC ++= 4                                                                                                    (6.9) 

where, is gate-to-source capacitance, is gate-to-drain capacitance , and is drain-to 

body capacitance.  The simulated C

gsC gdC dbC

gs, Cgd, and Cdb are 3.8, 2.3, and 3 fF respectively, The 

operating frequency ( )2/(1 LCf π×= ) of the oscillator is about 205 GHz with a 40-pH 

inductor. The capacitances are extracted using CADENCE simulations. 

The transmission line length in Figure 6-18 is about quarter wave which is about 90nm. 

Grounded transmission lines are used for the transmission line. Figure 6-15 show the grounded 

coplanar waveguide. Signal line width (W) is 6 μm and gap (G) between the signal line and 

ground line is 4μm. The simulated loss of grounded coplanar waveguide is about 2.5 dB/mm at 

400 GHz. 

 

Figure 6-18. Grounded coplanar waveguide. 
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Figure 6-19. On-chip patch antenna. 

 

The on-chip antenna consists of a patch, dielectric and a ground plane as shown in Figure 

6-19. The pad layer is used for the patch and the dielectric thickness is about 4 μm. The metal1-5 

layers shunted together are used to the ground plane to reduce ohmic resistance and satisfy 

design rules. When a detector is fabricated in the same chip, the shielding of the antenna is 

important. As mentioned, the ground plane shields the antenna from the lossy silicon substrate 

and reduces the signal coupling with nearby circuits. The patch size is 200 x 200 μm2. Figure 6-

20 shows the resonant frequencies of the on-chip patch antennas with a square patch size. The 

resonant frequency is decreased from 320 to 430 GHz when the patch size creases from 240 to 

180 μm in the TI 45-nm process. 
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Figure 6-20.  Resonant frequencies of the on-chip patch antennas. 

 

Figure 6-21.  Efficiency with various dielectric thicknesses. 
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Figure 6-22.  Directivity and efficiency for varying sizes of patch. 

 

Figure 6-23.  On-chip patch antenna radiation pattern. 

YX

Z
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The antenna efficiency versus the dielectric thicknesses is plotted in Figure 6-21. To increase the 

dielectric layer thickness, the pad layer is used for the patch instead of the top metal layer.  

Figure 6-22 shows the directivity and efficiency for varying patch sizes. The smaller patch 

antenna has better efficiency at a given dielectric thickness. Figure 6-23 shows the patch antenna 

radiation pattern. The directivity is the highest in Z-direction and directivity is 5. 
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Figure 6-24.  2nd harmonic power at the push-push node (Qbypass = 0.2, Rsub = 200 Ω). 

Figure 6-24 and 6-25 shows the simulated 2nd harmonic power at the push-push node using 

cadence. The output power increases from -38 to -14 dBm when inductor Qind (ωL/R) is 

increased from 6 to 15. Qbypass is 0.2 and the substrate resistance, Rsub of transistor is 200 Ω. If the 

Qind is 4 then the push-push oscillator no longer oscillates.  Figure 6-21 shows the 2nd harmonic 

power with various substrate resistance with Qind of 6 and Qbypass of 0.2. When the Rsub is 200, 
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the output power is about -38 dBm. If Rsub can be very small value or large value then the power 

consumption at the substrate decreases and the 2nd harmonic power increases. The quality factor 

of circular inductor has the most dominant effects on the the 2nd harmonic output power. Figure 

6-24 also suggests that the output power can be increased up to -15 dBm by increasing the 

quality factor of inductor using a better backend process. 
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Figure 6-25.  2nd harmonic power at the push-push node (Qind = 6, Qbypass = 0.2). 
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6.7.2 Experiment Results 

GND

GND

VDD

VBUF

V1 GND

GND

f1+
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Figure 6-26. Die microphotograph of push-push oscillator with output buffers. 

 

Figure 6-27. Output spectrum of the 189-GHz fundamental Oscillator. 
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Figure 6-28. Die microphotograph of push-push oscillator without output buffers. 

Figure 6-26 shows the push-push oscillator with buffers. A fundamental signal is measured using 

an OML harmonic mixer with a GGB waveguide prove. Figure 6-27 shows spectrum of the 

fundamental signal of the push-push oscillator. A 189GHz signal has been measured. Loss of 

harmonic mixer according to OML is about 60 dB. The measured data are de-embedded and 

plotted in Figure 6-27. The chip size is 350 × 840 μm2.  

A die microphotograph of the version of the push-push oscillator is shown in Figure 6-28. 

Not including the buffers increases the output frequency. Figure 6-29 shows the spectrum of 

push-push oscillator measured using an FTIR. There is a 410-GHz signal and also the 

fundamental output is seen the figure. The 2nd harmonic power measured with a bolometer is 

about -49 dBm.  The low output power form the oscillator is due to the low gain of transistors at 

the frequency and losses of from thin metal layers and dielectrics, as well as the mismatch 
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between the resonant frequencies of patch antenna and oscillator. The output power can be 

improved by using a better back-end process. The chip size is 390 x 640 μm2 in Figure 6-28. The 

supply voltage is 1.5 volt and bias current is about 11 mA. When the bias current is changed 

from 11 to 7 mA, the oscillation frequency of oscillator is decreased from 413 to 410 GHz in 

Figure 6-30. 

 

 

Figure 6-29. Spectrum of the 410-GHz push-push oscillator measured using an FTIR. 
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Figure 6-30. Frequency and power of push-push oscillator at varying bias currents. 
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Figure 6-31. Operating frequencies of published VCO. 

 113



 

Operating frequencies of published VCO’s with years are shown in Figure 6-31. Until 2000, 

published papers used InP devices to implement millimeter-wave oscillators. SiGe fundamental 

and push-push VCO’s operating at the millimeter-wave frequencies were first reported around 

2000. The CMOS fundamental and push-push VCO’s operating in millimeter frequencies around 

2000.  The 189-GHz fundamental oscillator and 410-GHz push-push oscillator are also plotted in 

Figure 6.31. The 410-GHz push-push VCO has the highest operating frequency among the 

VCO’s fabricated with 3-terminal devices in all transistor technologies. 

Table 6-2.  Calculated and measured power.  
Measured Power -47 dBm 
2nd Harmonic Power -49 dBm 
Antenna loss 7 dB 
Mismatch loss 2 dB 
Calculated Push-push Pout  -40 dBm 
Simulated Pout with inductor Q of 6 @200GHz, bypass cap Q 
of 1 @400GHz and Rsub of 200Ω 

-38dBm 

Table 6-3 compares the operating frequency and output power of recently published 

millimeter-wave and submillimeter-wave VCO’s implemented in InP, SiGe, and CMOS 

technologies. The highest operating frequency of the VCO using InP technology is 346GHz. The 

highest operating frequency of SiGe VCO’s reached 278GHz in 2007. 
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Table 6-3.  Comparison with recently reported VCO’s in InP, SiGe, and CMOS technologies.  
Year Freq(GHz) Pout(dBm) Topology Technology Ref 
1993 131 -8 Fundamental [48] 
1995 213 -30 Fundamental [49] 
1999 108 -5.6 Push-push [50] 
1999 134 -10 Fundamental [51] 
2000 150 -10 Fundamental [52] 
2001 147 -19 Fundamental [53] 
2005 215 -10 Push-push [54] 
2007 346 -16 Fundamental 

InP 

 

[55] 
2003 150 -5 Push-push [56] 
2004 115 -14 Fundamental [57] 
2004 100 12 Fundamental [58] 
2005 190 -4.5 Push-push [59] 
2007 278 -20 Push-push 

SiGe 

[60] 
2005 114 -26 Push-push [13] 
2005 131 -11 Push-push [36] 
2006 140 -19 Fundamental [61] 
2006 192 -20 Push-push [12] 
2008 189 -27 Fundamental [54] 
2008 410 -49 Push-push 

CMOS 

[54] 
 

Table 6-4.  Summary of 410GHz push-push VCO.  
Chip size1 390 μm x 640 μm Patch size 200 μm x 200 μm 
VDD 1.5 V ANT directivity 5 
Bias current 11mA ANT efficiency 22 % 

Frequency 410 GHz Reflection 
coefficient 

50 Ω 

Tuning range 3 GHz Fundamental 
Power  

-27 dBm 

2nd harmonic 
power 

-49 dBm Technology TI 45nm CMOS 
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6.8 Summary 

A 250 GHz push–push oscillator with an on-chip patch antenna fabricated using a 90-nm 

CMOS process is demonstrated. A ring oscillator is included for generation of 250-GHz AM 

signals. 125-GHz AM signals are directly measured using a waveguide probe. A 410 GHz push–

push oscillator with an on-chip patch antenna fabricated using low leakage transistors of a 45-nm 

CMOS process with 6 metal layers is demonstrated. The 410-GHz operating frequency is the 

highest among the circuits fabricated using transistors including those fabricated in III-V 

technologies. 
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CHAPTER 7 
SUMMARY AND FUTURE WORK 

7.1 Summary 

Use of on-chip antennas at high frequencies makes systems compact and lower cost as well 

as potentially improving their performance. At 60GHz, communication using antennas over 30 

meters can have lower loss than that using transmission lines. The impact of realistic metal 

interference structures which can significantly modify the characteristics of on-chip antennas, 

such as a power grid, local clock trees and data lines have been investigated primarily using EM 

simulations. In the presence of a power grid, the antenna pair |S12| can be traded off for improved 

stability of antennas characteristics and the predictability of on-chip antenna characteristics.  

Microstrip patch antennas are popular for their low profile, for the ease with which they 

can be configured to specialized geometries, and their low cost when produced in large 

quantities. The radiation mechanism of patch antenna is discussed, and the simple design 

equations for the patch antenna size and input impedance are presented. The impact of bond 

wires on on-chip patch antenna performance is presented. The bond wires at the distance of 50 

μm from a patch antenna change radiation direction by ~13º and decrease the input resistance by 

about 4 Ω.  

A 182-GHz Schottky diode detector with an AM modulator is demonstrated in a foundry 

130-nm CMOS technology. The detector consists of a 180-GHz RF matching circuit, a Schottky 

diode, a low pass filter, and an amplifier. The diode formed with 16 of 0.32μm x 0.32μm cells 

connected in parallel. This detector proves the possibility to build a detector operating near the 

top end of millimeter wave range using CMOS.  

The output power of oscillator may decrease with operating frequency. The harmonics 

mixer loss increases with frequency.  The down converted signal at the harmonic mixer output 
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could be smaller than the noise level, which makes the measurement not possible. Also, probes 

that work at THz are not possible. Off the shelf electrical probes go up to 325 GHz. To overcome 

the difficulty of electrical measurement techniques, optical techniques are utilized. The power 

and spectrum can be measured using a bolometer and FTIR. A 250-GHz push–push oscillator 

with an on-chip patch antenna fabricated using a 90-nm CMOS process is demonstrated. A ring 

oscillator included for the generation of 250 GHz AM signals. A 410 GHz push–push oscillator 

with an on-chip patch antenna is fabricated using the low leakage transistors of a 45-nm CMOS 

process with 6 metal layers. The 410-GHz operating frequency is the highest among the circuits 

fabricated in any technology including the III-V technologies. These suggest the possibility of 

CMOS THz systems.  
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7.2 Future work 

7.2.1 250-GHz Detector Measurement with a High Power Source 

The input power to the detector is about -70dBm and is smaller than the sensitivity of 

detector and the amplitude modulate signal could not be detected. A novel Schottky barrier diode 

in foundry CMOS that uses a polysilicon gate ring for separating the Schottky and n-well contact 

is realized. This new Schottky barrier diode increases the cut-off frequency by ~2 X over a 

conventional SBD structure [62]. By using these Schottky barrier diodes, the sensitivity can be 

improved and make the detection of amplitude modulate signal possible. 

7.2.2 Output Power Improvement of THz VCO 

The output power of 410GHz oscillator is about -50 dBm. The inductor, bypass capacitor 

and substrate resistance affect the output power of the push-push oscillators. The push-push 

oscillator output power can be improved by increasing quality factor of inductors and capacitors 

and optimizing the substrate resistance as well as better matching the antenna to the oscillator 

outpout frequency. 
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APPENDIX  
FTIR MEASUREMENT PARAMETERS  

Advanced Resolution 0.1 cm-1 Sample Scan 512 scans 

 Save Data from 1cm-1 to 40 cm-1 Result spectrum Transmittance 

Optic Beamsplitter Mylar 250μm Optical Filter  OPEN 

 Aperture 3 ; 10mm Detector 1 ; Bolometer 

 Scanner velocity 8 ; 14.864kHz Sample signal gain 4 

Acquisition 
 

Wanted high 

frequency limit 

100 cm-1

 
Wanted low 

frequency limit 

0 cm-1

 FT size 32k High pass filter Open 

 Low pass filter 7; 137 Hz Acquisition Mode Single Sided 

 Correlation Mode No   

FT Phase Resolution 16 Phase 

interferogrampoints 

55 

 Phase correction 

mode 

Mertz Apodization function Norton-Beer, 

Medium 

 Zero filling Factor 4 Interferogram size 4470 points 

 FT size 32k 
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