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Abstract 
 
This report describes the knowledge gained and work performed during the EECE 571 

self-guided graduate level course focusing on the design and implementation of 

monolithic radio-frequency integrated circuits (RFICs).  

 

As part of the preliminary investigation, wireless standards were first investigated to 

learn the performance level and specifications required of modern communication 

systems. It was found that current and future applications demand for either ultra- low 

power as defined by the IEEE 802.15.4 (Zigbee) standard or high data-rate as defined by 

the IEEE 802.15.3 ultra-wide band standard. Also, the implementation of on-chip passive 

components was explored. It was found that spiral inductors has a low Q and is practical 

only in the range from 1 – 15nH. The metal- insulation-metal capacitor was found to be 

the only effective implementation for RFICs. Numerous types of resistors were found in 

the 90nm design kit, offering a wide range of resistance values. 

 

To gain experience with a modern fabrication process and CAD tools, a low-noise 

amplifier (LNA), a mixer, and a voltage-controlled oscillator (VCO) were designed, 

simulated, and taped out using a 90nm CMOS technology. The implementation of all RF 

front-end circuits allows the front-end to be designed as a whole, but does not exc use the 

designer from the details of each block. The LNA was used as a platform for a series of 

investigations, such as the application of a new LNA design methodology and the use of 

ASITIC to design on-chip inductors. Implementation details such as impedance matching, 

random noise, and linearity were also explored. The mixer, based on the Gilbert Cell 
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topology, was designed to evaluate the relatively difficult in providing conversion gain. 

Hence, an intelligent gain distribution between the LNA and the mixer can be achieved in 

subsequent front-end designs. The VCO, implementing an LC oscillator with MOS 

varactors, was implemented to evaluate the impact of the VCO waveform on the 

performance of the mixer and the phase noise performance of the VCO. 

 

To evaluate the performance level of current technology and to learn to operate 

laboratory instrumentations for accurate measurements, commercial circuits such as a 

LNA, a mixer, and a VCO were purchased and tested to verify their specifications. A 

digitally-controlled oscillator (DCO), taped out by the student, was also tested. Hands-on 

knowledge of test equipment is acquired through the use of a spectrum analyzer, a vector 

network analyzer (VNA), an oscilloscope, and a RF signal generator. Appropriate test 

methodologies were applied to the testing of scattering parameters, noise figure, dynamic 

range, intermodulation distortion, conversion loss, port isolation, frequency tuning, phase 

noise, supply sensitivity, and frequency pulling. 
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1.0 Introduction 
 
The demand for wireless communication and the improvement in high-frequency 

performance of the CMOS technology has made the implementation of monolithic radios 

on bulk CMOS of significant commercial value. These radio-frequency integrated 

circuits (RFICs) reduce the cost of manufacturing as analog and digital components can 

be integrated into a single system-on-chip.  

 

The objective of this self-guided graduate level course is to provide advanced training for 

the RFIC designer. The knowledge gained in this course is of paramount importance to 

the RFIC designer but is either not taught in the traditional course work or is taught 

superficially in fragments. This report documents the investigation of wireless standards, 

the design and use of on-chip components, non-ideal effects in circuits, CAD flow for 

tapeout, and hands-on circuit testing experience.  

 

 
Fig. 1.1. The integration of knowledge for RFIC design. 

 
Fig. 1.1 shows the integration of knowledge required for RFIC design. Section 2 – 4 of 

the report, corresponding to the three components of the course, are designed to answer 

the follow questions: 
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Preliminary Investigations (Sec. 2): 
 

1) What are current and emerging wireless standards? What are their applications? 
 

2) If passive components are to be implemented on-chip, what are the practical 
values of inductance, capacitance, and resistance? What are the different types of 
implementations? How are they designed? What are the importance layout issues? 

 
 
90nm RF Front-end Circuits Tapeout (Sec. 3): 
 

3) What is new in the 90nm technology that may impact how circuits are designed?  
 

4) How is the use of 90nm process design kit different from older technologies (i.e. 
how did the CAD flow change)?  

 
5) What type of analysis is required to simulate various performance specifications? 

 
6) What kind of performance such as power, gain, bandwidth, and noise can be 

expected from 90nm? 
 
 
Characterization of RF Circuits (Sec. 4): 
 

7) What lessons can the circuit designer learn from testing? 
 
8) What measurements are more difficult to be performed accurately? How can 

measurement accuracy be improved? 
 
9) What types of specifications are quoted on datasheets? What are typical 

performance levels of RF front-end circuits? What is the methodology for 
verifying each specification? 

 
10) How are test equipments such as the spectrum analyzer, the VNA, the 

oscilloscope, and the RF signal generator operated? What type of circuit does 
each of them test? 

 
11) What connectors, cables, and accessories are needed for testing? What are their 

specifications and functions? 
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2.0 Preliminary Investigations 
 
To arrive at reasonable target specifications and effective implementations, some 

preliminary investigations are required. This section presents a survey of low-power 

wireless standards and investigates the implementation of on-chip passive components to 

find the range of practical component values that are available as building blocks. The 

investigation also includes finding ways to minimize non- idealities in passive 

components. 

 

2.1 Low-Power Wireless Standards 
 
Current low-power wireless standards include Bluetooth (IEEE 802.15.1), ultra-wide 

band (IEEE 802.15.3), and Zigbee (IEEE 802.15.4) are briefly introduced. Full 

specifications are, however, not available as the purchase of licenses is required. 

2.1.1 Bluetooth (IEEE 802.15.1) 
 
The Bluetooth standard is designed for low-cost, short-distance (<10m) communication, 

with applications such as wireless personal area network (WPAN) [1]. The Bluetooth 1.0 

specifications were released on July 26, 1999. But the technology has only recently 

become cheap enough for widespread use. 

 

Bluetooth uses Gaussian frequency shift keying (GFSK) to modulate the data to 

frequencies around 2.4GHz. The frequency spectrum is divided into 79 channels spaced 1 

MHz apart. Data is transmitted at 1 Mbps. For security benefits and noise reduction, a 
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Bluetooth transmitter employs frequency hopping, switching channels up to 1600 times a 

second.  

 

Bluetooth is capable of point-to-point or point-to-multipoint communication. This 

flexibility allows Bluetooth to be used in a wide variety of applications. Because power 

consumption is a concern for mobile devices, Bluetooth has three power classes that can 

be used depending on the distance between communicating devices.  

 

Over the next few years, Bluetooth's use is expected to grow significantly. The Bluetooth 

consortium is currently writing the specifications for Bluetooth 2.0, which has been 

designed to complement existing Bluetooth devices and offer data transmission rates up 

to 12 Mbps. 

 

2.1.2 Low-power Ultra-wide Band (IEEE 802.15.3) 
 
The IEEE 802.15.3 for WPANs is building a new standard for high-rate 20Mbit/s or 

greater WPANs [2].  Besides a high data rate, the new standard will provide for low 

power, low cost solutions addressing the needs of portable consumer digital imaging and 

multimedia applications.   

 
The following summarizes the features of IEEE 802.15.3: 
 

• Data Rates: 11, 22, 33, 44, & 55 Mbps  
• Quality of Service isochronous protocol  
• Ad hoc peer-to-peer networking  
• Security  
• Low power consumption  
• Low cost  
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This standard has not yet been officially released. No frequency band has yet been 

allocated. 

2.1.3 Zigbee (IEEE 802.15.4) 
 
The Zigbee (IEEE 802.15) standard is designed for low data rate solutions with multi-

month to multi-year battery life and very low complexity [3]. It is operating in an 

unlicensed, international frequency band.  Potential applications are sensors [4], 

interactive toys, smart badges, remote controls, and home automation. 

 

Zigbee requires a minimum input 1dB compression point (P1dB) of -20dBm and a 

minimum input-referred third-order intercept point (IIP3) of -10dBm [5]. Since Zigbee is 

intended for short-range applications, such as sensor networks, its noise figure (NF) 

specification is rather relaxed and the NF for the entire receiver can be as large as 19dB. 

 
Zigbee features are summarized below: 
 

• Data rates of 250 kbps, 40 kbps, and 20 kbps  
• Two addressing modes: 16-bit short and 64-bit IEEE addressing 
• Support for critical latency devices, such as joysticks 
• CSMA-CA channel access 
• Automatic network establishment by the coordinator 
• Fully handshaked protocol for transfer reliability 
• Power management to ensure low power consumption  

 
Zigbee is currently allocated 16 channels in the 2.4GHz ISM band, 10 channels in the 

915MHz ISM band  and one channel in the 868MHz band.  
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2.2 Integrated Passive Components 
 
The integration of passive components on silicon eliminates the need for off-chip 

components, which reduces cost, power, size, and probability of failure. Integrated 

passive components are currently of lower quality compared to their off-chip counterparts, 

suffering from significant non- ideality (e.g. inductors with moderate resistance), strong 

temperature dependency, poor accuracy, and relative inefficient use of area. This section 

describes the design and use of integrated inductors, capacitors, and resistors from a 

circuit designer’s perspective. 

 

2.2.1 Inductor 
 
The design of on-chip inductors is important as the inductor may dominates the 

frequency selectivity of a RF circuit and consumes a large area. The frequency selectivity 

of an inductor, characterized by the quality factor Q, is a major design parameters to be 

optimized. As will be evident in the following sections, there is a tradeoff between Q, 

practical inductance values, and area consumption. 

 
Physical Dimensions 
 
On-chip inductors can be implemented in different shapes such as squares, octagons, and 

circles. The layout of a square spiral inductor is depicted in Fig. 2.1. According to Lee [6], 

although it may seem counterintuitive, the inductance depends very little on the shape. It 

depends on the physical dimensions as follows: 

1) N  The number of turns in the spiral 
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2) D The inductor’s inner radius (For a square spiral, D is the shortest distance   

between the center and the inner side of the spiral) 

3) W  The width of the wire 

4) S  The spacing between two wires 

5) T  The thickness of the wire. Once the metal layer is chosen, T is fixed. 

 

 
Fig. 2.1. The layout of a square spiral inductor. 

 
 
 The Pi Model 
 
The inductor model generated by ASITIC is the pi model, shown in Fig. 2.2. This model 

is only valid for a single frequency. R models the resistance of the spiral, L models the 

inductance. Cs and Rs respectively model the capacitance and resistance from the 

inductor metal to the substrate. 
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Fig. 2.2. Pi-model of inductor. 

 
 
Practical Inductance Values 
 
There is only a limited range of inductance values in which non- idealities does not 

significantly degrade circuit performance. The upper bound of the range of values is 

limited by the Q and the area. As the inductor is made larger for more inductance, such as 

increasing N (the number of turns) and D, the parasitics Cs1, Rs1, Cs2, and Rs2 increases, 

reducing Q. Even when a high Q is not required, the sheer size leads to high cost. 

Interestingly, the lower bound of the range of practical values is also limited by size, but 

with different implications. To reduce inductance for a square spiral, for example, the D 

is reduced, to reduce the space enclosed by the spiral. This causes the field flux on the 

four sides to start interacting. While the exact impact is still under investigation, it is 

speculated that the simulated value from ASITIC is no longer accurate. Also leading to 

inaccuracy is the reduction of inductance by reducing N to a very small value. In this case, 

the routing of the signal from the inductor’s two ports to the other parts of the circuit adds 

a non-negligible inductances. 
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It is found from simulating inductors with different dimensions that the practical range of 

inductance is between 1nH and 15nH, with a Q between 8 and 2.5 at 2.4GHz, 

respectively. 

 
 
Layout Density in 90nm 
 
The density requirement for the 90nm technology is very stringent. Since the inductor is 

most likely implemented with only the top or top two metal layers, the metal density 

requirements as enforced by the design rules are often violated. Below is a list of 

problems and solutions for inductor layout in 90nm: 

 

1)  Problem: Metal 7 cannot be wider than 12µm but a wide wire is required for a 

high-Q inductor. 

 

Solution: Use the inddmy CAD layer to enclose the entire inductor. This indicates 

to the design rule checker to bypass certain density requirements within the 

inductor boundary. But this introduces other inductor design rules. 

 

2)  Problem: Density is not enough for the inductor area. 

 

Solution: The centre space enclosed by the inductor spiral can be filled with 

metal dummies. This is actually recommended by ST Microelectronics in their 

90nm Design Rule Manual. The metal layers under the inductor can be filled with 

dummies with a negligible impact on the inductor [7]. In fact, if the entire chip 
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does not satisfy the poly and active density requirement, the inductor is a good 

place to increase the overall density level. 

 

3)  Problem: The corners of a square spiral inductor violate the metal density rule. 

 

Solution:  Due to the 90 degree turns of the inductor wires, the local metal density 

exceeds 90% in a 20µm x 20µm square. This rule is not present in older 

technologies. To overcome this, decrease metal density by either taking metal off 

the corners of the square spiral or increasing the spacing between wires. A wire 

width of 12µm and a spacing of 3µm is one practical choice that yields a good Q. 

 

2.2.2 Capacitor 
 
Amongst the different on-chip capacitors available in the 90nm technology, such as 

diffusion and fringe capacitors, the metal- insulator-metal (MIM) capacitor is the most 

efficient implementation for RFICs due to their relatively high Q and accuracy. The Q for 

MIM capacitors is usually higher than that of an on-chip inductor. Once the type of 

capacitor is chosen, the circuit designer can only choose the size of the capacitor, which 

is proportional to the capacitance. The MIM capacitor in the 90nm process design kit is in 

the cmos090 library, with the cell name cmimmk. The kit automatically calculates the 

capacitance based on 2fF/µm2. If MIM capacitor is used, it is necessary to ensure that the 

chip satisfies the CTM CAD layer density rule. 
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2.2.3 Resistors  
 
There are various types of resistors available in the 90nm technology. Table 1 

summarizes their dimensions and sheet resistance Rsquare. Wmin , Lmin, Rmin , are the 

minimum width, length, and resistance, respectively. The sheet resistance is calculated as 

the resistance divided by size of a resistor. 

 
Type Cell Name Wmin(µm) Lmin(µm) Rmin(µm) Rsquare(O) 
Unsilicided N+ Active rnodrpo 0.46 0.43 154 105 
Silicided N+ Poly rnpo 0.44 5 103 9.9 
N+ Poly rnpoi 0.1 0.6 240 11 
Unsilicided N+ Poly rnporpo 0.44 0.43 138 111 
Nwell rnwod 1.8 3 583 350 
Unsilicided P+ Active rpodrpo 0.46 2 855 154 
P+ Poly rppoi 0.1 0.6 240 10.1 
Unsilicided P+ Poly rpporpo 0.44 2 2620 451 

Table 1. Types of resistors and their sheet resistances. 
 
From table 1, it is evident that unsilicided P+ poly is a good choice for implementing 

high values of resistance while a N+ poly resistor is a good choice for implementing 

resistances close to 50O. 

 

It is also important to consider the current density that a resistor can handle without 

damaging itself due to joule heating. Since this information for a resistor is not available 

in foundry documentation, the current density for metal 1 is used for 1st-order calculation. 

In the 90nm technology, a current density of 3mA/µm satisfies the electro migration 

design rule. A current density of 10mA/µm is acceptable for a test chip as they operate 

for a relatively short time during measurements1. 

                                                 
1 A test chip with such current density was fabricated and verified by the UBC SOC group. This number is 
also confirmed by an engineer specialized in chip reliability. 
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3.0 90nm RF Front-end Circuits Tapeout 
 
Proficient CAD tool use is of paramount importance to realizing a design. To gain 

knowledge with current technology, the 90nm process design kit is used to implement a 

LNA, a mixer, and a VCO. While significant learning and investigation are behind the 

design of these circuits, this report does not explicitly discuss the design of the circuits as 

it is outside the scope of the course. This section details a vast amount of simulation 

results mainly for evaluating the performance level and power consumption that can be 

achieved in the 90nm technology. 

 

The 90nm technology used is provided by ST Microelectronics. As of the writing of this 

document, the design kit is immature, requiring a complicated procedure for post- layout 

simulation. It also lacks inductor models, which implies that the burden of designing the 

inductor is on the circuit designer, with ASITIC as the only tool for 2D field simulation. 

 

The layout of circuits in 90nm is most different from older technologies in density 

requirements. While older technologies only require metal density to be above a circuit 

percentage for the entire chip, 90nm requires that density has to satisfy the design rules 

locally as well. For example, in a 20 by 20 micron area, metal density has to be above 

20% and below 90%. It is interesting to note that the upper bound is not present in older 

technologies. Aside from metal and poly density, active density is now of concern. Active, 

with its CAD layer named OD, need to be above 25% in a 20 by 20 micron area, which is 

not always easy to achieve. 
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Aside from density restrictions, there are several significant changes in the 90nm 

technology: 

 

1) The 90nm 7-metal process has the top two metals being thick metals. An 

additional ALUCAP layer above the top metal can be used to lower the resistance 

of on-chip inductors.  

 

2) Three threshold voltage (VT) levels are available. Analog circuits often use the 

low VT transistor to reduce voltage headroom consumption, which increases 

swing. It is important to note that the VT separation changes with transistor length. 

For example, the VT of 280mV for a low VT transistor approaches the standard 

VT level of 350mV as the length of the low VT transistor increases [8]. 

 

3) The supply voltage has a nominal value of 1V. Considering standard VT is 

around 350mV, the supply is less than 3*VT. The supply over threshold voltage 

ratio is significantly less than, for example, the 0.18µm technology, with a VT of 

0.5V and a supply of 1.8V. This impacts on circuit topology as multi- level 

cascode structures reduce swing significantly. 

 

4) With a unity gain frequency of 150GHz from a 1V supply, it offers plenty of 

performance increase for low-power high-frequency operations. 
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All three components of the RF front-end are implemented to gain insight into the overall 

design of the front-end. The performance of each RF block greatly influences that of the 

others. For example, for the efficient distribution of gain, it is useful to compare the 

relative difficulty in providing gain from the LNA and the mixer. As another example, it 

is useful to evaluate how the VCO’s phase noise, duty cycle, and edge rate affect the 

mixer’s performance. The following LNA section is used as a vehicle to investigate 

various circuit design concepts while the mixer and VCO sections mainly serve as a 

reference. The layout of the entire design for the April 2006 90nm fabrication run is 

shown in Fig. 3.1. 
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Fig. 3.1. Layout of the entire designed submitted for the April 2006 90nm run.
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3.1 Low-noise Amplifier 
 
The LNA is designed for the 2.4GHz ISM band and is used as a platform to gain insight 

to several important circuit design concepts such as impedance matching, noise, and 

linearity. These concepts are discussed in the context of an LNA to give further relevance. 

The objective is to design a low-voltage low-power LNA. The layout of the 90nm LNA 

and 0.18µm LNA discussed in this section are depicted in Fig. 3.2 and Fig. 3.3, 

respectively. Area is mainly consumed by inductors and pads. The left inductor of Fig. 

3.2 uses the ALUCAP layer (Green) to further reduce resistance. The 90nm LNA is 

700µm x 370µm while the 0.18µm LNA is 1000µm x 1200µm. The significant area 

reduction is a result of an improved design. 

 

 
Fig. 3.2. Layout of the 90nm LNA taped out in April 2006. 
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Fig. 3.3. Layout of the 0.18µm LNA taped out in February 2006. 

 
 

3.1.1 Impedance Matching 
 
Impedance matching is necessary only when the circuit’s physical dimensions become 

greater than 10% - 20% of the wavelength of the signal. For example, a 2.4GHz signal, 

the wavelength is c/f = (3x108m/s) / (2.4GHz) = 0.125m. The critical dimension is 

therefore 0.125m x 20% = 25mm. The interconnects within an RFIC are typically in 

microns. Therefore, matching is not necessary within the chip. This is however not the 

case for the cables that interfaces the chip with test equipment. Therefore, matching is 

necessary at the input and output of the chip.  

 

One possible implementation of an LNA that is matched to 50O at its input and output is 

shown in Fig. 3.4. Input matching is accomplished with a matching network. In the  

circuit of Fig. 3.4, a T-match network is used, which includes Lm, Cm, and Lg. The source-

degenerated inductance Ls facilitates the input matching by modifying the real part of the 

input impedance. Rd is used to modify the real part of the output impedance to 50O. Ld is 



 23 

used to tune out the load capacitance and undesirable parasitic capacitances of the 

transistor at the center frequency to improve the gain. The LNA attempts to do matching 

in one stage. 

 

This LNA is designed to operate under low supply voltage, which makes the use of the 

cascode structure unattractive. In contrast with the cascode, the single transistor provides 

poor isolation between its gate and drain. This makes the LNA difficult to design as the 

input and output matching network cannot be tuned separately. 

 

 
Fig. 3.4. Schematic of the 0.18µm LNA. 

 
A slightly improved circuit, based on a new design methodology developed by the author, 

is shown in Fig. 3.5. This design is used in the 90nm run. The LNA is implemented in 

two stages, with a core stage and an output buffer. A significant change is the 

replacement of Lm by Cm. Cm is in parallel with the gate-source capacitance Cgs, which is 

the dominant capacitance of a FET. This allows the circuit designer to freely pick the 

width of M1 to optimize for other parameters because the variation in Cgs due to width 

change can always be compensated by Cm. The buffer provides unity gain and output 

matching to 50O. 
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Fig. 3.5. Schematic of the 90nm LNA. 

 
For completeness and reproducibility of results, the schematic used for SpectreRF 

simulations is shown in Fig. 3.6. Note that the RC network between the two stages 

models the parasitics of a pad, which is used to measure the DC value at the core stage’s 

output. The inductors are replaced with their pi models obtained by ASITIC simulations. 

The inductor below the resistor in the first stage is originally used for shunt peaking and 

now has a value of zero.  

 
Fig. 3.6. Cadence schematic of the 90nm LNA. 
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The scattering parameters of the 90nm LNA are depicted in Fig. 3.7. Parameters S11 and 

S22 confirm good matching. The low S12 also ensures good stability, as confirmed by 

stability factor simulation shown in Fig. 3.8. It is interesting to note that, due to poor 

matching, the 0.18µm has a stability factor of 0.9, which indicates conditional stability. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.7. Scattering parameters of the 90nm LNA. 
 

 
Fig. 3.8. Stability Factor of the 90nm LNA. 
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3.1.2 Noise Performance 
 
The noise discussed in this section is the noise inherent to active and passive circuit 

components such as a transistor and a resistor, not on interfering noise. Noise 

performance of RF circuits is important as the RF signal usually carries little power, 

which is susceptible to the noise generated by circuit components. Different physical 

mechanisms generate noise that can be characterized into thermal noise, shot noise, 

flicker noise, burst noise, and avalanche noise. A brief survey of noise mechanisms is 

provided below. For further information on random noise, please consult Lee [6]. 

 

Thermal noise is generated by the random motion of carriers in a conductor, which 

creates a randomly varying current and hence a random voltage via Ohm’s law.  

 

Shot noise is associated with carrier flow over an energy barrier, for example, a PN 

junction. The transition of a carrier over the barrier is a random event as it depends on the 

probability of an electron occupying a certain high state and of the electron having a 

certain directed component of velocity. 

 

Flicker noise is associated with carrier flow in the presence of traps. Small changes in 

the energy level of the conduction band due to defects creates wells into which electrons 

“fall”, and then escapes some time t later. The escape time has a statistical distribution 

related to the depth of the well. There is a tendency towards a long t, or low frequency. 

Flicker noise is also called 1/f noise or pink noise.  
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Burst noise is associated with heavy-metal ion contamination. It has a low-pass 

frequency response. Burst noise is currently not well understood. 

 

Avalanche noise occurs in reverse-biased junctions. It can be reduced by lowering the 

drain-to-source voltage. 

 

These noise mechanisms, except thermal noise, each dominates in particular frequency 

ranges as shown in Fig. 3.9. The RFIC designer should be aware of how these noise 

mechanisms contribute to noise figure and apply the appropriate techniques to reduce 

noise in the frequency range of operation. 

 
Fig. 3.9. Noise contributions at different frequencies. 

 
 

In terms of LNA design, to reduce noise, resistors are not used in the input matching 

network. Also, the flexibility of being able to choose the width of the core transistor M1 

in Fig. 3.5 is a great asset in lowering the noise of the transistor. As shown in Fig. 3.10, 

Voinigescu found that the optimal current density for low noise operation of the FET is 

0.15mA/µm [9]. With a tradeoff with other design goals, the 90nm LNA is biased at 

0.2mA/µm for near optimal device noise performance. 
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Fig. 3.10. Transistor unity power gain and noise [9]. 

 
The noise figure of the 90nm LNA is a low 3dB at 2.45GHz. As will be seen in section 4, 

the noise figure of 3dB is comparable with a commercial LNA that consumes much more 

power. Fig. 3.11 shows the noise figure simulation performed by a S-parameter analysis 

in SpectreRF. It is also interesting to note that the optimal current density yields the 

lowest noise figure at the tuned frequency of 2.45GHz. 

 

 
Fig. 3.11. Noise figure of the 90nm LNA. 
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3.1.3 Linearity 
 
For an amplifier, achieving good linearity is critical for the preservation of the input 

waveform. Linearity depends heavily on the DC operating point of the transistor, the 

supply voltage, and the threshold voltage. With the 90nm LNA employing a common-

source topology as depicted in Fig. 3.5 previously, the output swing of the core stage is  

bounded by the supply and the minimum drain voltage that keeps the transistor in 

saturation VDS, sat. Therefore, ideally, the transistor’s drain should be biased well within 

this range to avoid clipping. It is also important to note that the gate bias cannot be too 

close to the threshold voltage as an input down swing can turn off the transistor.  

 

The 1dB compression point for the 90nm LNA is -19dB, as shown in Fig. 3.12, which 

satisfies the requirement of -20dB for Zigbee. 

  

 
Fig. 3.12. 1dB compression point of the 90nm LNA 

 
A transient analysis is also run to verify operating points and voltage swing. Results are 

shown in Fig. 3.13. Vrf is the input RF waveform. V_Lg is the input to the transistor’s 

gate. Vmid is the output of the core stage. Vout is the overall output. 
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Fig. 3.13. Time domain response of the 90nm LNA. 

 
RF signals are usually expressed in terms of the signal’s power. As in the case of 

transient analysis, it is sometimes useful to convert the power to a voltage. The 

conversion procedure is illustrated by an example below: 

 
1) Convert the power value in dBm into a power in watts.  For example, a signal 

with power P(dBm) = -20dBm is equal to P(mW) = 10(-20/10) = 0.01mW. 
 
2) To find voltage, use the P = V2 / R.  For a 50O system, R = 50.  The 0.01mW 

signal is equal to 23mV. This is a RMS value.  
 
3) To convert to a peak value, multiply 23mV by root two to yield 32mV, which 

means the peak-to-peak voltage is 64mV. 
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3.2 Mixer 
 
The schematic of the 90nm mixer used for SpectreRF simulations is depicted in Fig. 3.14, 

which implements a Gilbert Cell. The stacking of transistors is permissible as the supply 

is 1V. The layout is shown in Fig. 3.15, with area mainly consumed by pads. 

 
Fig. 3.14. Cadence schematic of the 90nm mixer. 

 

 
Fig. 3.15. Layout of the 90nm mixer. 
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The conversion gain and noise figure of the mixer is shown in Fig. 3.16(a) and Fig. 

3.16(b), respectively. It is interesting to note the significant noise present at DC in Fig. 

3.16(b) is due to flicker noise. Fig. 3.16(c) shows the 1dB compression point obtained by 

a quasi-static periodic steady state (QPSS) analysis while Fig. 3.16(d) shows the 

frequency mixing obtained by a periodic AC (PAC) analysis. 

 

  
(a) (b) 

  
(c) (d) 

Fig. 3.16. Performance of the mixer. (a) Conversion gain, (b) Noise figure, (c) P1dB, 
(d) Frequency Mixing. 

 

3.3 Voltage-controlled Oscillator 
 
The schematic and layout of the VCO is depicted in Fig. 3.17 and Fig. 3.18, respectively. 

The VCO uses the LC cross-coupled topology. The area used is 800µm x 500µm, mainly 

consumed by the two 5nH on-chip inductors. 
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Fig. 3.17. Schematic of the VCO core. 

 

 
Fig. 3.18. Layout of the VCO. 

 
The tuning of the VCO with a control voltage between 0 and 1V is depic ted in Fig. 3.19. f 

is the frequency of operation while Id_avg is the average current consumption. The VCO 

tunes from 2.27GHz to 2.41GHz, which is designed to down-convert a 2.4GHz carrier to 

an intermediate frequency (IF) of 0-100MHz. 
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Fig. 3.19. Tuning characteristics of the VCO. 

 
Fig. 3.20 shows the VCO’s time domain waveform. Vout is the output of the VCO core 

while Vout2 is the output of a simple common-source buffer matched to 50O (connected 

to Vout+ in Fig. 3.17). It is interesting to note that the output swing of the core is actually 

higher than the supply voltage and lower than ground, due to inductance. 

 

 
Fig. 3.20. Output waveform of the VCO. 
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4.0 Characterization of RF Circuits 
 
To gain hands-on experience with testing RF circuits, several commercial circuits 

including a LNA, a mixer, and a VCO were purchased and tested. A DCO designed by 

the author and fabricated from a 0.35µm technology was also tested.  

 

Characterization of a circuit is the measure of circuit performance through the use of 

proper test methods and equipment. As the following sections show, analog testing is 

often not trivial, requiring an elaborate test setup and methodology to obtain accurate 

measurements. When a result is unsatisfactory, the engineer is confronted with the 

question of whether the poor result is due to a poor circuit design or inaccurate 

measurement. 

 

Fig. 4.1 shows the test equipment used. The Agilent 8510C (45MHz – 50GHz) vector 

network analyzer (VNA) is used to test the LNA. The Agilent E4440A (3Hz – 26.5GHz) 

spectrum analyzer is used to test the mixer, VCO, and DCO. The Agilent Infinium 

DSO81304A (13GHz 4-Channels) oscilloscope is used to observe the time domain 

waveform of the DCO. The Agilent 8648D (9kHz – 4GHz) synthesized signal generator 

and 83752A (0.01-20GHz) synthesized sweeper are used to generate the input signals. 

The power supply used is the LXQ-30-2 (0-30V, 0-2A) from Xantrek. All measurements 

are based on a 50 ohm system. 

 



 36 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Fig. 4.1. Test equipment used. (a) Agilent 8510C vector network analyzers, (b) Agilent 
E4440A spectrum analyzer, (c) Agilent Infinium DSO81304A oscilloscope, (d) Agilent 
8648D synthesized signal generator, (e) 83752A synthesized sweeper, and (f) Xantrek 
LXQ-30-2 power supply. 
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4.1 Low-Noise Amplifier 
 
The ZFL-1000LN LNA from Mini-Circuits (Fig. 4.2) is tested for scattering parameters, 

noise figure, linearity and intermodulation distortions. A review of terminology and tests 

methods associated with the LNA can be found in Mini-Circuits’ application note [10]. 

 

 
Fig 4.2. The ZFL-1000LN LNA from Mini-Circuits 

 

4.1.1 Scattering Parameters 
 
The Agilent 8510C VNA is used for measuring the scattering parameters (S-parameters) 

of the LNA. Before measurements can be made, calibration of the VNA is required. The 

calibration procedure is a series of S-parameter measurements by connecting each of the 

VNA ports to ground (via a ‘short’ termination), to a 50O load (via a 50O termination), 

to each together, and to an open (see Fig. 4.3(a)). This procedure is performed with the 

calibration kit shown in Fig. 4.3(b). 
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(a) 

 
(b) 

Fig 4.3. Calibration of VNA. (a) Calibration procedure, (b) Calibration kit. 
 
For a two-port device, such as the LNA, there are four S-parameters, namely S11, S21, 

S12, and S22. Parameters S11 and S22, each representing a return loss (RL), are the ratio 

of reflected power to incident power at the input and output ports, respectively. S21, the 

forward gain or simply gain of the LNA, is the ratio of output power to input power. S12, 

the reverse gain, also known as isolation, is the ratio of power measured at the input of an 

amplifier to the applied power at the output of an amplifier. S12 dictates the maximum 

forward gain achievable without leading to instability. A lower S12 implies a more stable 

amplifier. S-parameter measurement of the LNA can be performed with the connections 

indicated in Fig. 4.4. Power and ground connections of the LNA are not shown in this 

and subsequent similar figures to for simplicity. The measured S-parameters are shown in 

Fig. 4.5.  
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Fig. 4.4. Connection for S-parameter measurements.  
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(b) (c) 

Fig 4.5. Measured S-parameters. (a) S11 and S22, (b) S21, (c) S22. 
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The LNA is designed to operate from 0.1 – 1000MHz. It is evident from Fig. 4.5(a) that 

the measured gain meets the minimum gain of 20dB specified by the datasheet of the 

LNA. 

 

Since the input and output return losses are measured in S-parameters but the datasheet 

specifies them by the voltage standing wave ratio (VSWR), conversions are required. 

VSWR is related to return loss (RL) in decibels by the following: 

 

20

20

101

101
RL

RL

VSWR
−

−

−

+=  

 
From the datasheet, the VSWR for the input and output are 1.5:1 and 2:1 (typical), 

respectively. Based on the above formula, S11 and S22 are calculated to be -14dB and  

-9.54dB, respectively. It is evident from Fig. 4.4 that the LNA meets these specifications. 

 

It is interesting to note that the cable used to connect the LNA to the VNA affects the 

VSWR. A long cable allows the phase to vary greatly and cause a large variation in 

VSWR over the bandwidth, adding ripple to the response. 

 

4.1.2 Noise Figure 
 
Noise figure measurements are performed using the NF measurement system (personality) 

of the spectrum analyzer. Calibration of the spectrum analyzer is required prior to noise 

measurements. To calibrate, a noise source, such as the Agilent 346C (Fig. 4.6(a)), is 

connected to the spectrum analyzer (Fig. 4.6(b)). The noise characteristics of the noise 
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source is then entered into the analyzer so that, in conjunction with the noise signal, the 

analyzer can establish the zero NF and gain level, as shown in Fig. 4.7(a). The noise 

source is then replaced with the device under test, in this case the LNA (Fig. 4.6(c)). The 

spectrum analyzer then outputs the NF and gain of the LNA as in Fig. 4.7(b). Fig. 4.8 

shows the NF and gain measurements of Fig. 4.7(b) in table format. It is evident that the 

NF specification of 2.9dB and gain specification of 20dB are met. 

  

 
(a) 

 
(b) 

 
(c) 

Fig 4.6. Noise calibration. (a) Agilent 346C noise source, (b) Calibration setup, 
(c) LNA noise figure test. 
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Fig. 4.7. NF and gain measurement from the spectrum analyzer. (a) zeroed NF and gain 
after calibration, (b) NF and gain of the LNA. 
 

 
Fig. 4.8. NF and gain measurement in table format. 

 
 

4.1.3 Dynamic Range 
 
Dynamic range is the power range over which an amplifier provides useful linear 

operation, with the lower limit dependent on the noise figure and the upper level 

characterized by the 1dB compression point (P1dB). P1dB is the point at which the 

output power is 1dB below the expected value from linear operation. To measure P1dB, 
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as shown in Fig. 4.8(a), the output power of the RF source is increased until the LNA 

output begins to deviate from linear operation. It can be seen from Fig. 4.9(b) that the 

measured output-referred P1dB is around 5dBm, which is 2dBm above specification. 
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(b) 

Fig 4.9. Measuring linearity, (a) Test setup for P1dB, (b) Measured P1dB. 
 
 

4.1.4 Intermodulation Distortion 
 
Due to the nonlinearity of a circuit, the output can contain frequency components that are 

not the same as the input frequency. A two-tone third-order intermodulation distortion 

test measures the third-order products generated by a LNA input with two closely-spaced 

frequency components, as shown in Fig. 4.10(a). A standard figure of merit for 
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quantifying intermodulation distortion is the third-order intercept point (IP3). IP3 is a 

theoretical point on the output power versus input power curve where the desired input 

signal and third-order products become equal in amplitude as input power is raised. IP3 

has a frequency given by 2fRF2 ± fRF1, where fRF1 and fRF2 the two frequencies of two 

closely-placed input RF signals. In practice, the 3rd order term 2fRF2 - fRF1 is problematic 

because of its proximity to the input signals, rendering it very difficult to be filtered out. 

 

To test for the intermodulation distortion of the 0.1-1000MHz LNA, two 5dBm RF 

signals at 500MHz and 510MHz are inputted into the LNA. This produces two -15dBm 

third-order outputs at 490MHz and 520MHz as shown in Fig. 4.10(b). The 

intermodulation product IP3 is given by IP3 = P1 + (P1 – P3)/2, where P1 and P3 are 

power levels of the first and third order terms, respectively. The two-tone test on the 

LNA yields an IP3 of 15dBm, which meets the IP3 specification of 14dBm. 
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(a) 

 
(b) 

Fig 4.10. Intermodulation distortion test. (a) Setup of two-tone test, (b) 
Mixing of the two tones. 

 
 

4.2 Mixer 
 
The ZX05-C42 mixer from Mini-Circuits is tested for conversion gain, conversion 

compression, and isolations. A review of terminology and tests methods associated with 

the LNA can be found in Mini-Circuits’ application note [11]. 
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4.2.1 Conversion Loss and Conversion Compression 
 
Conversion loss, or similarly conversion gain for an active mixer, is a measure of the 

efficiency of the mixer in providing frequency translation between the input RF signal 

and the output intermediate frequency (IF) signal. Conversion loss is the ratio of the IF 

output to the RF input level and is a function of the local oscillator (LO) power level. 

When the LO power level drops below the designed level, the conversion loss increases. 

This effect can be measured by the setup shown in Fig. 4.11(a). Results are shown in Fig. 

4.11(b). 

 

 
(a) 

Conversion Loss vs. LO Power 
(RF Power=-10dBm)

8

8.5

9

9.5

10

10.5

11

5 6 7 8 9 10

LO Power (dBm)

C
o

n
ve

rs
io

n
 L

o
ss

 (
d

B
)

 
(b) 

Fig. 4.11. Conversion gain dependency on LO drive. (a) 
Measurement setup, (b) Measured results. 



 47 

Similar to gain compression, the conversion loss is a function of RF power level and can 

be tested with the setup depicted in Fig. 4.12(a). The RF power is swept while the LO 

power is held at 7dBm. The measured conversion loss is depicted in Fig. 4.12(b). The 

mixer’s data sheet indicates an average conversion loss of 6.1dB and a maximum of 

8.9dB. The device tested barely meets the worst case specification up to a RF power of  

-5dBm. 
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(b) 

Fig. 4.12. Measured conversion loss and conversion compression of the mixer. 
 
Conversion compression is a measure of the maximum RF input signal for which the 

mixer provides linear operation. Conversion loss increases, or similarly conversion gain 
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decreases, as the RF input level increases. The 1dB compression point is often used to 

describe the deviation from linearity between the RF input level and the IF output level. 

The compression point changes as a function of LO drive level. A LO drive of 7dBm is 

used for the measurements presented. At 6dBm of RF power, the conversion loss is 

9.9dB, 1dB above the expected performance from linear operation. Hence, the input-

referred 1dB compression point is 6dBm. 

 

4.2.2 LO Isolation 
 
LO isolation can be measured by the test setup shown in Fig. 4.13(a). The LO to RF 

isolation is determined by applying an LO signal and measuring the attenuated signal at 

the RF port with the IF port terminated with 50 ohms. The LO to IF isolation is the 

amount of attenuation of the LO signal measured at the IF port with the RF port 

terminated with 50 ohms. Normally, only the LO isolation is specified since for RF 

isolation the RF signal power is much lower than the LO drive level. Therefore, RF 

leakage is usually not a problem. Fig. 4.13(b) shows the measurements of LO-RF and 

LO-IF isolations. The data sheet indicates a LO-RF isolation of 35dB typical and 23dB 

minimum and a LO-IF isolation of 20dB typical and 12dB minimum. The mixer under 

test meets isolation specifications. 
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(b) 

Fig. 4.13. LO isolation measurement. (a) Test setup, (b) Measured results. 
 
 

4.2.3 Third-order Intermodulation Distortion 
 
Due to the nonlinearity of a circuit, the output can contain frequency components that are 

not the same as the input frequency. A two-tone third-order intermodulation distortion 

test measures the third-order products generated by a RF input with two closely-spaced 

frequency components. A standard figure of merit for quantifying intermodulation 

distortion is the third-order intercept point (IP3). For a mixer, the frequency of the third-
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order term is given by (2fRF2 - fRF1) ± fLO, where fRF1 and fRF2 are frequencies components 

of the RF input signals and fLO is the LO frequency. 

 

A two-tone test for measuring intermodulation distortion of a mixer requires 2 RF 

sources for generating the RF input with two frequency components and a third RF 

source for generating the LO. Due to the lack of three RF sources, a two-tone test for the 

mixer was not performed. For a detailed discussion on intermodulation distortion and the 

two-tone test, please see the section on LNA IP3 measurement or consult Mini-Circuits’ 

application note on two-tone tests [12]. 

 

4.3 Voltage-controlled Oscillator 
 
A VCO is an oscillator designed so that the output frequency can be changed by adjusting 

the voltage at its control port or tuning port. In a communication circuit, a VCO is often 

used as part of a frequency synthesizer for generating the carrier frequency in mixing. 

The model used for characterization is the ZX95-2500 from Mini-Circuits. 

4.3.1 Tuning 
 
A VCO’s tuning characteristics refer to changing the output frequency of the VCO by 

varying the tuning control voltage VTune as shown in Fig. 4.14(a). Tuning sensitivity is 

the slope of the tuning characteristic and is expressed as frequency change per unit 

voltage change (MHz/V). The VCO’s tuning characteristics is measured and the tuning 

sensitivity is approximated by finding the slope of the tuning curve as depicted in Fig. 

4.14(b). 
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(b) 

Fig. 4.14. VCO tuning. (a) Test setup, (b) Measured Results 
 

4.3.2 Phase Noise 
 
Phase noise measurement is very sensitive to interference. Accurate phase noise 

measurements are often impossible without custom construction of proper bias and 

control filtering circuits and shields. A detailed discussion on phase noise and its 

measurements can be found in Mini-Circuits’ application note [13]. 
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During the testing of the VCO, the frequency varies for such a large amount that the 

phase noise measurement system within the spectrum analyzer cannot track the 

oscillating signal. This is due to the lack of DC filtering, which for time limitations 

cannot be implemented. Therefore, phase noise measurements on the VCO are not 

accurate. The phase noise of the Agilent 8648D RF source is measured instead as shown 

in Fig. 4.15. The RF source meets its specification as indicated in the manual, except for 

the frequency of 500MHz2. 
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Fig. 4.15. Phase noise of the Agilent 8648D. 

 

4.3.3 Output Power 
 
The output power is the power of the fundamental frequency output ted from the oscillator, 

measured by the power transferred into the 50 ohm load. Fig. 4.16 shows the measured 

VCO output power for different resolution bandwidths (RBW). As Fig. 4.16 suggests, a 

higher RBW leads to more accurate measurements, because the spectrum analyzer’s 

                                                 
2 The fact that the measurement is below specification may be due to the lack of calibration of the RF 
source or an error in the measurement. 
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internal filter with a narrow bandwidth filters out some of the signal from frequencies 

adjacent to the carrier. 
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Fig. 4.16. Output power of the VCO for different resolution bandwidths. 

 

4.3.4 Harmonics 
 
Harmonics are output frequency contents at integer multiples of the fundamental 

frequency. They are generated by the nonlinearity of the circuit and are measured relative 

to the fundamental signal and expressed in decibels referenced to the carrier (dBc). 

Harmonics are generally too far away from the frequency of the desired signal to cause 

corruption. However, they may interfere with another frequency band and cause the VCO 

to violate emission regulations. Fig. 4.17 shows the harmonics of the VCO as a function 

of control voltage. Measurements are reasonably close to specification. 
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Fig. 4.17. Harmonic outputs for different tuning voltages. 

 
 

4.3.5 Frequency Pushing 
 
Frequency pushing, or supply sensitivity, is the change of output frequency 

corresponding to a given change in the supply voltage at a fixed tuning voltage, often 

expressed in MHz/V. A low sensitivity to supply fluctuation is desirable because, in a 

mixed-signal integrated circuit, the analog supply may be interfered by switching digital 

circuits. Fig. 4.18 shows frequency pushing, measured by raising the supply from its 

nominal value of 12V to 13V and taking the difference in the VCO output frequency. The 

measured performance is reasonably close to specification.  
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(b) 

Fig. 4.18. Frequency pushing. (a) Test setup, (b) Measured results. 
 
 

4.3.6 Frequency Pulling  
 
Frequency pulling is a measure of the frequency change due to different load levels. The 

RF leakage of the VCO to the power supply port is used to monitor frequency pulling. 

Fig. 4.19 shows the measurement setup, on which the following steps are applied [14]: 

 
1. Tune the phase shifter to get the maximum (or minimum) frequency with a Short 

connected to the VCO output. Record the frequency. 
 
2.  Change reflected phase by 180 degrees by switching the Short to an Open. 
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3.  Fine tune the phase shifter again to get to minimum (or maximum) frequency. 
 
4.  Calculate frequency pulling by taking the difference between the current 

frequency and the one previously recorded. 
 
 

 
Fig 4.19. Test setup for measuring frequency pulling [14]. 

 
Fig. 4.20 shows the frequency pulling characteristics of the VCO. Accurate frequency 

pulling measurements require an elaborate test setup. The measured results show the 

expected trend. 

 

Frequency Pulling

0

2

4

6

8

10

12

14

16

18

6 6.5 7 7.5 8

Tuning Voltage (V)

F
re

q
u

en
cy

 P
u

lli
n

g
 (

M
H

z)

Measured

Specification

 
Fig. 4.20. Frequency pulling of the VCO. 
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4.4 Digitally Controlled Oscillator 
  
A digitally controlled oscillator (DCO) is similar to a VCO except that a binary vector, 

instead of an analog control voltage, is used to control the output frequency3. The DCO is 

implemented in 0.35µm CMOS. It consumes 80mA (mainly spent on output buffers) 

from a 3.3V supply. The die micrograph is shown in Fig. 4.21. The following sections 

focus on the test results and their interpretation. For a discussion on test methodologies, 

please refer to the VCO section. 

 

 
Fig. 4.21. DCO die micrograph. 

 

4.4.1 Tuning 
 
The DCO oscillates between 400MHz to 1.7GHz as shown in Fig. 4.22. The input is an 

8-bit one-hot encoded binary vector en1-en8, which translates to 8 possible output 

frequencies. For example, one possible input to the DCO is to set en1 to a logic high and 

                                                 
3 The DCO tested was designed and submitted for fabrication in May 2005 by the author in his final 
undergrad year as a practical way to learn chip design. 
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en2-en8 to a logic low. It is found that the frequency of oscillation is not stable at the 

lowest designed frequency. Since the DCO core is a differential ring oscillator, with the 

lowest frequency signal generated by using the path through all delay elements, the 

failure of the lowest frequency setting may be due to the damage of the ‘last’ delay 

element. 
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Fig. 4.22. DCO tuning characteristics and current consumption. 

 
  

4.4.2 Phase Noise 
 
The phase noise performance for 1kHz, 10kHz, 100kHz, and 1MHz offsets at different 

output frequencies are depicted in Fig. 4.23. It is evident that phase noise performance of 

ring oscillators degrades as frequency increases. Fig. 4.24 shows the phase noise 

measured at 392MHz by the phase noise measurement system of the spectrum analyzer.  
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Fig. 4.23. Measured phase noise performance for different frequencies. 

 

 
Fig. 4.24. Measured phase noise performance at 392MHz. 
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4.4.3 Output Power 
 
As depicted in Fig. 4.25, the output power drops rapidly by more than 30dBm for the 

output frequencies of 806.4 MHz and above. This is not consistent with simulation results, 

which indicates that at 1.7GHz, the oscillator output is a 400mV peak-to-peak sine wave.  

 

It is also evident that the difference in output power between the two complementary 

outputs is significant. The mismatch is as large as 6dBm at 806.4MHz. The exact causes 

to the large power drop and mismatch are still under investigation. 
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Fig. 4.25. Output power across frequencies. 

 
To confirm that the measurement is accurate, the DCO is measured several times, with 

the results shown in Fig. 4.26. Trial 1 and 2 were performed on two separate days, with 

trial 3 performed immediately after trial 2 but with microwave SMA cables rated at 
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18GHz (RF SMA cables are rated at 4GHz). Due to time limitations, only one die was 

measured. Testing multiple dice is the next logical step in identify possible defects. 

 

Measurement Consistency
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Fig. 4.26. Multiple output power measurements to verify consistency. 

 
  

4.4.4 Time Domain Response 
 
The DCO’s time domain waveform is measured by the Agilent DSO81304A 13GHz 

oscilloscope. At 635.7MHz, the peak-to-peak swing is 324mV as shown in Fig. 4.27. At 

1.7GHz, the peak-to-peak swing is 2mV. The low output swing may be due to the 

improper design of output buffers. 
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Fig. 4.27. Time domain response of the DCO. 

 

4.4.5 Preliminary Test Conclusion 
 
The most unexpected result is the rapid output power drops by more than 30dBm for the 

output frequencies of 806.4 MHz and above. This is not consistent with simulation results, 

which indicates that at 1.7GHz, the oscillator output is a 400mV peak-to-peak sine wave.  

 

It is speculated that the drop may be caused by improper output buffer design. With the 

lack of knowledge in the current carrying capability of poly resistors and wires, the buffer 

was over designed. The inconsistency between simulated and measured results suggests 

that the models and/or analysises used are not accurate when the frequency of operation 

approaches the limit of the process technology. 
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5.0 Conclusion 
 
The process of arriving at the results presented in this report has proven to be an 

invaluable learning experience and achieves the core objective of bridging the gap 

between classroom knowledge and the practical implementation and circuit testing. 

 

Wireless standards were first investigated to learn the performance level and 

specifications required of modern communication systems. The implementation of on-

chip passive components was explored to find the range of practical component values 

that can be implemented without significant non- ideality. 

 

To gain experience with a modern fabrication process and CAD tools, a LNA, a mixer, 

and a VCO were designed and simulated, and taped out using a 90nm CMOS technology. 

Implementation details such as impedance matching, random noise, and linearity were 

investigated in the context of an LNA. 

 

As the last component of the course, commercial circuits such as a LNA, a mixer, and a 

VCO were purchased and tested to verify their specifications. Hands-on knowledge of 

test equipment is acquired through the use of a spectrum analyzer, a vector network 

analyzer (VNA), an oscilloscope, a RF signal generator, and other accessories. Test 

methods were learnt and applied to testing scattering parameters, noise figure, dynamic 

range, intermodulation distortion, conversion loss, port isolation, frequency tuning, phase 

noise, supply sensitivity, and frequency pulling. 
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