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The demand for wireless applications has grown at a tremendous rate over the past 

few years. With the development of sub-micron complementary metal oxide 

semiconductor (CMOS) technologies, it has become possible to implement radio 

frequency (RF-CMOS) circuits in low cost CMOS technology at higher frequencies. The 

use of CMOS for design of RF circuits enables the design of a true single chip radio with 

the RF and baseband circuits put together on the same substrate. Also, with the increase 

in frequencies the antenna size becomes smaller and hence the use of an on-chip antenna 

becomes feasible making the radio a true single chip transceiver.  

This dissertation presents the design, implementation and experimental 

performance of up and down-conversion mixers operating at frequencies above 20-GHz, 

built in 130nm logic CMOS process. Two up-conversion and two down-conversion 

active mixers were designed. The up-conversion dual-gate mixer exhibits very linear and 

broad-band performance at low power levels and is suitable for applications in the 22-29 



xiv 

GHz ultra wide-band range. The down-conversion mixers achieved excellent noise figure 

and broad-band response while maintaining very low power consumption. Tradeoffs 

between power consumption and the frequency response were demonstrated by the 

design of a narrow-band and a wide-band down-conversion mixer. It was observed that 

the narrow-band circuit exhibited similar performance at almost half the power 

consumption of the broad-band design. The LNA and Down-converter module can meet 

the requirements of Digital Cellular Systems (DCS1800), Personal Communications 

System (PCS1900) and Universal Mobile and Telecommunications System (UMTS) 

standards in a heterodyne as well as homodyne architecture, which demonstrate the use of 

CMOS in applications usually dominated by Gallium Arsenide (GaAs) devices. The ease 

of operation and ubiquitous nature of wireless communication led to the idea of wireless 

transfer of actual power as well. Wireless power transmission systems operate at higher 

power levels, which necessitate the use of technologies like Gallium Nitride (GaN) 

suitable for high power handling capabilities. In this work, the design and measurement 

of a high-power high-voltage radio-frequency to direct-current (RF-to-DC) GaN rectifier 

circuit are presented which is an essential module of a wireless power transmission 

(WPT) system. Using high power devices can be a key to reduce the size of overall WPT 

system. 
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CHAPTER 1 
INTRODUCTION 

1.1 CMOS Technology: High-Frequency Low-Power Applications 

Wireless technologies have evolved exponentially over the past few decades. 

Commercial application driven demands have made the research in the field of wireless 

products very competitive. Everything from hand-held devices to widely spread sensors 

now rely on wireless technology for their operation. For typical radio frequency (RF) 

applications at the beginning of the wireless era, SiGe used to be the technology of choice 

because of its excellent performance at high frequencies [1]-[5]. Previously, baseband 

circuits in transceiver systems used to be implemented in complementary metal oxide 

semiconductor (CMOS) technology and the RF section was mainly done in other 

technologies. With the ever increasing demand to build a true single chip radio with both 

RF and Digital circuitry has drawn a lot of attention in the field of CMOS RF circuit 

design. Over the past decade extensive research has been done on RF-CMOS circuits 

mainly for commercial applications in the frequency range of 900MHz (GSM) 2.45 GHz 

and 5.8 GHz (WLAN). True CMOS transmitters and receivers have evolved that achieve 

comparable performance to their SiGe counterparts. The process of putting all the basic 

blocks needed for a transceiver has brought down the cost rapidly. With the increasing 

crowding of frequencies in the lower frequency bands due to increase both in the number 

of applications and users has led researchers to shift to higher frequencies where the 

available frequency spectrum is not as crowded yet. Again for a long time at such higher 

frequencies hetero-junction bipolar (HBT) technologies dominated the RF design area 
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because of their superior performance at higher frequencies. Technology scaling in 

CMOS has made it possible to achieve very high cut-off frequencies and CMOS is 

starting to gain popularity as the technology of choice for RF circuits at such frequencies 

or higher. The driving force for this evolution is the reduction in cost associated with 

CMOS technology. RF-CMOS circuits operating in the 22-29GHz ultra wide-band range 

are becoming possible [6]-[9]. Such circuits can be used in radars, wireless local area 

networks; local multipoint distribution services (LMDS) and other ISM band 

applications.  

Single chip transceiver concept requires the RF building blocks to be put on the 

substrate which is primarily optimized for digital needs. A primary challenge encountered 

by RF circuit designers using the digital process is the need to develop suitable accurate 

models of active devices and passive components for use in RF circuit design. Digital 

design is always done using a specific set of rules. The main tradeoffs in digital circuits 

are between speed and power consumption, whereas design of RF circuits involves 

tradeoff among several factors like linearity, gain, noise, speed, power dissipation etc. 

Lack of accurate modeling for analog components in such technology has made it 

difficult to optimize the design without requiring several iterations. RF circuits usually 

lag behind to utilize the full potential in terms of speed offered by a scaled digital 

technology. Also with continued scaling, the supply voltage requirement for deep sub-

micron devices has become very low, of the order of about 1.0-V [10]. This supply 

voltage limitation makes it even harder to achieve good linearity performance desirable 

for successful operation of RF circuits. 
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 Most part of this dissertation is devoted to design of CMOS high frequency low 

power mixers built in Digital CMOS process. The mixers described in this work were 

built as individual components to evaluate their use in a fully integrated CMOS 

transmitter and superheterodyne receiver system-with operating frequency of 24-GHz. 

The schematic of the transmitter and receiver utilizing the designed mixer blocks are 

shown in Figure 1-1 and Figure 1-2. 

 

Figure 1-1. A 24-GHz transmitter system  

 

Figure 1-2. A 24-GHz super-heterodyne receiver system 

The primary goal of the system is to minimize the power consumption; hence the 

main design focus was to reduce the current consumption of individual blocks as much as 

possible. The up-conversion mixers in different architectures were designed for the 

transmitter. Two down-conversion mixers to be used after the LNA to convert the RF 

signal to first IF frequency were designed. Finally passive mixer block was designed to 

convert the first IF signal down to baseband.  
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While low cost CMOS technologies have already achieved high levels of 

integration in hand-set receivers. The challenge to use CMOS circuits for base station 

applications still remains a challenge and is still dominated by GaAs and SiGe 

technologies. Implementation of base-station silicon chipset in CMOS technology has 

also been addressed, which proves the usefulness of CMOS for base-station as well 

receiver front end design. 

1.2 Gallium Nitride (GaN) Technology: High-Power Applications 

The RF/microwave technologies also bring to fore their applicability to Wireless 

Power Transmission (WPT). In order to fully exploit the benefits of “Wireless” it is 

imperative that the wireless communication systems are endowed with on-board energy 

harvesting devices to power themselves. One type of energy harvesting device is the RF-

to-DC rectifying antenna that converts RF energy to DC power. Such a capability would 

lead to elimination of exhaustible battery power supplies that are currently being used. 

This essentially requires designing rectification circuits that can efficiently generate DC 

power at high frequencies of operation. Historically, WPT draws attention from energy 

industry as an innovative way to deliver electricity. Today, a wide spectrum of problems 

can be addressed using WPT. Spatially separated intractable sensors can now be powered 

wirelessly, thereby eliminating the need for human maintenance, which was 

indispensable previously due to the necessity for timely replenishments of portable power 

sources. It also finds usage in a number of military applications where power could be 

transmitted to sensors located in hostile locations. 

 Even though CMOS is the technology of choice for design of wireless 

communication systems for low power applications, it is not suitable for use in high-
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power rectification and other applications. This is due to the lower power handling 

capability of CMOS technology. On the other hand, new wide-bandgap device 

technologies like Gallium Nitride (GaN) have shown to achieve very high breakdown 

voltage which makes them a viable option in the design of high power rectifier circuits. 

For instance, in space applications between a base-station and a receiver where very high 

power levels can be transmitted and cost is not a major issue, technologies like GaN 

emerges as a good alternative. Oscillators using GaN high electron mobility transistors 

(HEMT) can achieve high power levels even at higher frequency levels. CMOS devices 

with very large device size might be used but the frequency response degrades as 

compared to GaN devices with similar power handling capability. Design of high 

performance oscillators using GaN HEMT devices is addressed. GaN HEMT diodes have 

been used to achieve (Radio Frequency-to-Direct Current) RF-to-DC rectification at 

power levels of around 30 dBm and have shown to achieve even better performance with 

further increase in power levels.  

1.3 Overview of the Dissertation 

This Ph.D. work mainly focuses on the design of frequency converter devices to be 

used in a 24 GHz transmitter and receiver system. CMOS design has been the primary 

focus for low power designs and use of GaN devices has also been evaluated for high 

power applications. Low power, high frequency CMOS mixer have been designed in 

130-nm CMOS technology and serves as important building blocks of an ultra small 

sized transceiver chip which is projected to occupy an area of 1.5 mm2. 

An overview of performance metrics of mixers such as noise figure, linearity, 

conversion gain, isolation, power consumption has been described in Chapter 2.  It also 

describes the design and the measured results of a double-balanced Gilbert-cell up-
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converter which operates in K-Band converting signals from 2-3 GHz to K-Band. The 

mixer was built in Digital Logic process which was not optimized for RF applications. 

Due to this the measured performance showed considerable deviations from simulated 

results. Discrepancy analysis to determine the cause of such deviations has been 

addressed. Chapter 3 describes the design and measured performance results of a dual-

gate up-conversion mixer. The design was focused to achieve broad-band performance 

while keeping the power consumption low as was the case in Gilbert-cell design. The 

design achieves a 3-dB conversion gain band-width of 10-GHz at the output port and 2-

GHz at the input port. Chapter 4 describes the design of two down-conversion mixer 

modules both implemented in double-balanced Gilbert-cell architecture. The designs 

differ from each other in the choice of device size and matching network. Very low noise 

figure performance has been achieved. The narrow-band mixer achieves similar 

performance as the broad-band design while consuming just half the power required for 

the broad-band mixer thereby verifying the tradeoff between power consumption and 

bandwidth response. Chapter 5 describes the measured performance of a CMOS passive 

ring mixer to be used at the receiver end after the first active mixer (Figure 1-2) to 

convert the signal from 2.7-GHz down to baseband. Matching network was not used so 

the design can reversibly be used to convert signals from baseband frequencies up to 

higher frequencies and vice versa. The measured results for both cases have been 

presented. Chapter 6 describes the design and measured performance of an LNA+down-

converter fabricated in 0.25-µm CMOS process. Both LNA and mixer achieves broad-

band and linear performance which makes them suitable for use in DCS1800, PCS1900 

and UMTS bands in superheterodyne as well as direct conversion architecture. Chapter 7 
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describes the measurements and modeling of high power GaN HEMT devices. High 

power oscillator circuit have been designed which can achieve output power level of 

21.5-dBm at 1.8-GHz and a phase noise of -127 dBc at 1-MHz offset. Chapter 8 

describes the design of an RF-to-DC rectifier circuit for high power wireless power 

transmission applications, implemented using GaN diode. Design equations for choice of 

a suitable Schottky diode to be used at given power level and frequency of operations are 

discussed. Lastly a summary of the work and suggestions for future work are listed in 

Chapter 9. 
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CHAPTER 2 
DOUBLE-BALANCED GILBERT-CELL UP-CONVERSION MIXER  

2.1 Introduction 

Mixers are frequency translation devices which provide either the sum or difference 

of two frequencies as required by the transmitter or the receiver, respectively. In contrast 

with other frequency translation devices like dividers and multipliers, the modulation 

properties of the signals are preserved when it goes through a frequency translation in a 

mixer. Any device with non-linear characteristics can be used for mixing of two signals 

but it is difficult to achieve the desired performance like a mixer. Mixers should have 

high linearity, low noise and adequate frequency response based on the desired frequency 

range. Mixers can be broadly classified in two categories, passive and active. These 

topologies have their own design trade-offs. Choice of a passive or active topology 

primarily depends on the system specifications for power consumption, linearity and 

noise. Mixers are typically implemented in CMOS, Si-bipolar (Si BJT) and GaAs 

MESFETs. These choices offer tradeoffs between performance and cost and should be 

taken into consideration for desired mixer performance.  

In a transmitter and receiver chain, the overall performance depends on the 

performance of the individual blocks. Typical RF parameters that are used to characterize 

a transceiver performance are gain, noise figure, gain compression, third order non-

linearity and power consumption [11]-[13]. Section 2.2 describes the performance 

metrics of a mixer block which in turn affects the performance of the whole system.  
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2.2 Mixer Performance Characterization Parameters 

2.2.1 Power Consumption 

For wireless applications that run off batteries it is required to keep the power 

consumption low. Power optimization of a mixer should be done in a way as to not 

increase the power consumption of other building blocks like low noise amplifier (LNA) 

and voltage controlled oscillator (VCO) and thereby increasing the overall system power 

budget. For example, if the noise figure of a mixer is high, gain requirement for the LNA 

increases, which in turn increases the power consumption of the LNA. Also if the gain of 

LNA is high then the linearity requirement of the down-converter needs to be increased 

to meet the system linearity specifications, which in turn increases the power 

consumption of the mixer. Mixers should be operable with lower local oscillator (LO) 

power level. If the required LO power level is high, power consumption of the LO output 

buffer increases. So the power consumption optimization for a mixer should be 

considered from overall system perspective thereby minimizing overall power budget. 

2.2.2 Conversion Gain 

Mixer stages are required to have some amount of signal amplification. In a 

heterodyne receiver chain the downconversion mixer is followed by IF filters which have 

high losses associated with them. The downconversion mixer should provide some gain 

to compensate for the loss of IF stage thereby reducing the noise contribution due to the 

IF stages. However, gain should not be very large as mixer output can get saturated due 

to the presence of a strong signal. Gilbert-cell topology is a highly favored architecture in 

CMOS technology for mixer design because of the conversion gain associated with it. 

Though its performance is not as broad as passive mixers, it can operate with low LO 

power levels. This is primarily important in low supply voltage technologies where it is 



10 

 

difficult to generate high LO drives especially at high frequencies. Conversion gain for 

mixer is specified as power gain in the designs presented in this work. 

2.2.3 Gain Compression 

Gain compression for a mixer is specified in terms of 1-dB compression point 

which is defined as the power level where the power gain is reduced by 1-dB compared 

to the linear gain response of the mixer for smaller power levels. Figure 2-1 shows the 

gain response of the mixer as a function of input power level demonstrating the 1-dB 

compression point. Voltage supply limitations and presence of non-linearities in mixer 

causes gain compression when the input signal magnitude is high.  

 
Figure 2-1. Gain compression in a non-linear device 

Behavior of gain compression is different when it is caused by circuit non-

linearities and voltage supply limiting. In modern CMOS technologies where voltage 

supply headroom is of the order of 1 V, this effect has become more severe. Gain usually 

drops more gradually when the main cause of compression is circuit non-linearity rather 

than supply voltage limiting. When input signal power level exceeds 1-dB compression 

point, signal at the output port gets distorted. This distortion further can cause amplitude 
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modulation to phase modulation conversion. Due to phase modulation of the desired 

signal, the detection accuracy is reduced, which in turn increases the bit error rate and 

deteriorates system performance. A high 1-dB compression point is desired for a mixer as 

large undesired blocker signals may be present at the input of the mixer. Overloading of 

the mixer occurs in such cases, which leads to reduction of conversion gain for the 

desired signal, which is undesirable as it can lead to an increase in the noise contribution 

of IF stages on the system noise figure. 

2.2.4 Third Order Intermodulation Distortion 

Circuit non-linearities can produce undesirable intermodulation products at 

different frequencies at the output of the mixer along with the desired sum/difference 

frequency. In heterodyne receiver architecture third order intermodulation is the 

dominant non-linearity, which causes unwanted signals to fall in the desired signal band. 

Due to the odd-order nonlinearities in the transfer function of the mixer, the presence of 

two undesired signals in the adjacent channel give rise to third-order intermodulation 

(IM3) products at the output of the mixer. 

 
Figure 2-2. Spectrum showing the corruption of desired channel due to third-order   

intermodulation 
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If two adjacent channel frequencies are f1 and f2, two IM3 products are generated at 

frequencies of 2f1-f2 and 2f2-f1. As shown in Figure 2-2, one of the IM3 products can 

corrupt the desired signal if it falls within the desired channel. As power levels increase, 

other higher order non-linearities start to become important. Power of fundamental signal 

increases linearly and power of third harmonic increases as the cube of the input signal 

power. The desired fundamental output signal and IM3 product can be linearly 

extrapolated and the point of intersection of the two curves gives the IIP3, which is 

shown in Figure 2-3. 

 
Figure 2-3. Gain response of fundamental and third-order intermodulation product 

2.2.5 Noise Figure 

Noise figure is an important figure of merit used in receiver systems to specify the 

noise performance of the circuit. Input signal to noise ratio divided by the output signal to 

noise ratio is referred to as noise factor.  It can be expressed as,  

     
in

in

out

out

S
NF S
N

=     (2.1)   
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and the noise figure is defined as, 
                                                             10 log( )NF F=                                                (2.2) 

where Sin and Nin are the signal and noise power levels at input and Sout and Nout are 

signal and noise power levels available at the output. Noise figure is always referred to 

some source impedance which is generally 50 Ω in RF systems. When used in a receiver 

chain, a low value of noise figure for the mixer is needed to relax the gain requirements 

of the LNA. In mixers, noise in the RF and image band mixes with the LO and gets 

translated to IF. Two kinds of noise figures can be defined for a mixer, Double Side Band 

(DSB) and Single Side Band (SSB). For heterodyne architecture, single side band noise 

figure should be measured. It is called single side band because only one of the side 

bands (RF band) of LO is converted to IF and the other band (Image band) is rejected by 

the image reject filter, as is shown in Figure 2.4. In the case of homodyne architectures, 

double side band noise figures are defined. Here the RF signal is directly converted to 

baseband. As evident from Figure 2-5, it is called double band as signal side lobes from 

both sides of LO are converted to baseband. For single side band the noise contributors 

are twice as many as compared to double side band. The noise power is normally 3 dB 

higher than the corresponding double side band measurement. 

 
Figure 2-4. Single Side-band signal translation to IF (SSB) 
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Figure 2-5. Double Side-band signal translation to baseband (DSB) 

2.2.6 Port Return Loss 

For optimum power transfer from the input port to the output port the impedances 

should be matched. If the input port impedance is not matched to source impedance, part 

of the incident power gets reflected back. Ratio of this reflected power to the incident 

power is defined as return loss at that port. Typically the RF and LO port impedances are 

matched to 50 Ω, whereas IF impedance is most often matched to IF filter. RF impedance 

matching helps to avoid signal loss due to reflection and also reduces passband ripple for 

filter inputs. Impedance matching at LO port can be a little relaxed and return loss 

degrades. In such cases high LO drive might be needed for optimum performance, which 

in turn leads to higher power consumption for the overall receiver. Also, if excessive 

amount of LO signal is reflected back it may give rise to LO-pulling. A typical figure of 

merit for return loss is -10 dB. 

2.2.7 Port-To-Port Isolation 

Good isolation between the mixer ports is imperative for nominal operation of the 

receiver. Otherwise, signal corruption due to unwanted leakage from other signals 

becomes an issue. High amount of LO to RF isolation is generally desired because the 

two frequencies are usually close to each other. In a transmitter system, if a large amount 

of LO signal appears at the RF port it might start to leak from the antenna causing 
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potential corruption of the desired signal of the neighboring systems. Good amount of 

LO-IF and RF-IF isolations are also desired though they are not as critical as LO-RF 

isolation. If large amount of LO or RF signals appear at IF port then the large signal 

response might be degraded leading to a lower value of 1-dB compression (P1dB) for the 

mixer. 

2.3 Design Considerations: Gilbert-Cell Mixer 

Gilbert Cell is a four quadrant linear multiplier. It is the most commonly used 

topology for double balanced mixers in monolithic systems [14]-[15]. It provides 

reasonable conversion gain, good rejection at RF and LO ports and reasonable noise 

figure. Double-balanced structure means if either the LO or RF signal is zero, then output 

is always zero. Double-balanced topology has inherent advantage of high port-to-port 

isolation because of symmetry in its architecture. This configuration can be modified to a 

single balanced configuration using a common source transconductance stage and a 

switching pair. The single balanced topology suffers from high LO port to RF port 

feedthrough as compared to the double balanced structure. It has lower noise figure than 

the double-balanced architecture because of less number of noise generating sources. The 

basic design procedure is similar for both topologies. Double balanced structure offers 

the flexibility to be driven by single ended input and LO signals. In such cases the other 

side of the transconductance pair or the switching quad is ac-grounded. Gilbert-cell 

topology is shown in Figure 2-6. It includes a tail current source (M7), a differential 

transconductance stage (M1, M2), and a switching quad (M3-M6). The output can be 

driven to a resistive or reactive tuned load. Mixer schematic can primarily be divided into 

three stages, the driver stage, switching stage and load stage. The driver stage is required 
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to amplify the input signals in order to compensate for the attenuation caused by the 

switching stage. It also helps to reduce the noise contribution due to the switching stage. 

 
Figure 2-6. Gilbert-cell mixer core 

In low voltage designs the tail current source used for biasing can be replaced with 

an inductor. It helps to increase the available voltage supply headroom for active devices. 

The simulation models for the design were from 130 nm Digital CMOS Logic process. 

The technology offers eight layers of copper metallization. Input and output matching 

networks for the Gilbert-cell mixer are shown in Figure 2-7. 

 
 

Figure 2-7. Up-conversion Gilbert-cell mixer with input and output matching networks 
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2.3.1 Bias Point Optimization 

Optimization process starts from dc-analysis. The circuits were designed to achieve 

broad-band performance while keeping the power consumption as low as possible. 

Optimum performance requires active devices to be biased at appropriate dc-quiescent 

points. Degenerated transconductance stage (lower stage) pair (M1, M2) is biased at a 

fixed operating point in saturation region. Saturation region offers largest conversion gain 

and the current also becomes less susceptible to voltage variations across the transistors 

[12]. With the assumption of long channel approximation, the transconductance (gm) of a 

transistor operating in saturation region is given by, 

( )m n ox GS TH
Wg C V V
L

μ= −         (2-3) 

Conversion gain of mixer is directly proportional to the transconductance of the 

lower transistors. Gain improvement can also be achieved by keeping L constant and 

increasing W. Since transconductance is directly proportional to bias current (Equation 2-

4), 

     2
( )
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m

gs th
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V V

=
−

        (2-4) 

Increasing the bias current also helps to improve conversion gain. Also source 

degeneration can be reduced to boost the gain of the circuit at the expense of some drop 

in linearity. Gate overdrive voltage (VGS-VT) can be used to control the linearity of the 

circuit. Switching pairs M3-M4 and M5-M6 are biased in saturation region and then 

driven with a LO drive to establish paired on-off switching. In presence of LO signal one 

of the branches conduct at a time. When VLO is high enough, current through one switch 

becomes saturated and other switch is closed. In presence of degeneration VLO required 

for proper switching is larger compared to the non-degenerated case. VLO also increases 
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with increase in over-drive voltage levels. Bias points for the LO-transistors should be 

chosen so as to provide enough voltage headroom at the output which is required to 

prevent higher input signals from clipping. Increasing the current also helps to improve 

conversion gain. Also source degeneration can be reduced to boost the gain of the circuit 

at the expense of some drop in linearity. If resistive degeneration (Rs) is used with a load 

resistance of (RL) the transconductance of the degenerated driver stage (Gm) becomes,  

1
m

m
m s

gG
g R

=
+

                                                    (2-5) 

The driver stage converts the input voltage signal to current signal which then mixes with 

the switching LO signal (which can be represented as a Fourier Series) to give the 

resulting IF stage output current, which can be approximated as    

4 4x cos( )x cos cos3 .....
3o m IF IF LO LOI G V t w t w tω

π π
⎛ ⎞= − +⎜ ⎟
⎝ ⎠

                  (2-6) 

where, I0 is the output current, VIF is the amplitude of RF signal and Gm is the 

transconductance of the degenerated driver stage and IFω  and LOω  are the IF and LO 

frequencies, respectively. LO switching has been assumed to be perfect for this case i.e. 

LO signal is assumed to be a perfect square wave. For an up-conversion mixer the sum 

term is required and the difference term can be filtered out at the output. Assuming the 

load impedance to be RL at output node the conversion gain becomes,         

2
v m LA G R

π
=                                                   (2-7)  

The gain expression is valid only for LO amplitudes greater than Vgs-Vth of the 

switching pair devices. In case of lower LO amplitude the assumption of perfect 
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switching is not valid and the conversion gain reduces. Both the switching transistors are 

on for a fraction of time (Δ) which can be approximated as, 

2 2( )gs th

LO LO

V V
V ω

−
Δ                                               (2-8) 

During time interval Δ, no mixed signal appears at the output and gain contribution for 

this interval can be subtracted from overall gain and gain can be expressed as, 

2( )2 2(1 ) 1 gs th
v m L m L

LO LO

V V
A G R G R

T Vπ π π

⎛ ⎞−Δ
= − = −⎜ ⎟⎜ ⎟

⎝ ⎠
                    (2-9) 

2.3.2 Local Oscillator (LO) Transistor Size Optimization 

After the dc operating points are fixed to appropriate values, the need to optimize 

conversion gain and linearity of the mixer as a function of LO signal amplitude arises. 

Conversion gain increases with an increase in the LO drive level to higher value because 

of improved switching of LO devices. Typically, the transconductance stage dominates 

the nonlinearity of the mixer. This holds true if the cut-off frequency (fT) of the device is 

much higher than the frequency of the LO signal (typically more than 10 times). Still the 

switching pair contributes a little towards the non-linearity performance. Linearity of the 

mixer is increased with an increase in the LO signal amplitude up-to a certain level, after 

that non-linearity of the switching pair dominates the mixer linearity and causes linearity 

degradation at large LO amplitudes [16]. Degradation in linearity is caused by the non-

linearity of Cgs of the LO switch transistors. High LO switching leads to high amount of 

current being pumped into the common source point of the switching pair through the 

non-linear capacitance Cgs .This leads to degradation in linearity and conversion gain. At 

high frequencies larger size for LO transistors leads to increased load at the LO port and 
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reduces the available LO swing, which might again lead to gain degradation. The LO 

transistor size was chosen to be 20-µm for the design. 

2.3.3 Input/Output Matching Networks 

Due to variations associated with the fabrication process, it is desired to keep the 

quality factor for the input and output matching networks to be low [17]-[18]. A high 

value of quality factor can reduce the power consumption but the circuit becomes more 

susceptible to process variations and a wide-band response cannot be achieved. A Qin 

value of 1.5 is chosen for the input matching network in order to accommodate wide 

range of input signals. Inductive degeneration Ls (Ls1 and Ls2) along with gate inductance 

Lg (Lg1 and Lg2) has been used to match the input impedance to the source impedance of 

50-Ω.. A simplified approximate expression for the impedance Zin looking into the gate 

of transistors M1 and M2 can be written as (Equation 2-10), 

0
1 ( )
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                (2.10) 

 
Optimization of gain was the prime goal for the design and Ls (100-pH) is made 

very small. Hence Ls can be neglected in Equation-2.10 compared to Lg. Quality factor of 

the input matching network (Qin) including the source impedance Z0 can be expressed in 

terms of Lg and capacitances 

0 0
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                                (2-11) 

 

Using Equation 2-11, the value of Lg is found to be ~8 nH for the chosen Qin value 

of 1.5. Owing to this large value the gate inductors occupy a significant amount of chip 

area. Sizes of transistors M1-M2 are calculated based on the requirements for Cgs and Cds 

and are fixed for the chosen Qin. Transconductance (gm) is governed by conversion gain 
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requirement and current consumption of the circuit. Large sized transistors (M1-M2) 

were required to provide the necessary amount of capacitance for the IF of 3-GHz, which 

comes from the low Qin requirement. Effectively choice of a particular Qin value sets the 

entire input matching network. A large inductor Lc is inserted between the ground and the 

common node of the source degeneration inductors (Ls1 and Ls2). Inductance value of 8.5 

nH is chosen. The inductor provides an impedance of ~160-Ω looking into the inductor at 

the input frequency of 3-GHz. It helps to reduce the effect of common mode signal on the 

operation of the circuit. 

For the output matching network, an L-section consisting of a shunt-L-series-C is 

used. To achieve broad-band response at output it is required to choose a low value for 

the quality factor of output matching network (Qout), which leads to a reduction in 

conversion gain. The drains of the cross coupled transistor pairs M3-M5 and M4-M6 are 

connected to the power supply through the inductors Ld1 and Ld2, respectively. The 

inductor resonates with the capacitance at the output node which includes output 

capacitance of transistors and the series drain capacitance Cd (Cd1 and Cd2). Capacitance 

Cd1 and Cd2 are realized using metal insulator metal capacitors (MIM) capacitors. Metal 6 

and 8 are used for top layer and bottom plate is formed using metal 5 and 7. These MIM 

capacitors have associated parasitic capacitance (Cpar) associated whose value was chosen 

to be ~10% of actual MIM capacitance value in the simulations. This parasitic 

capacitance (Cpar) makes is difficult to achieve high gain and broad-band response 

simultaneously. A higher value of inductance is favorable to achieve high gain, which 

decreases if series capacitance Cd and hence, Cpar is high. Voltage drop across Cd is high 

when the chosen value for Cd is low. Ld value is chosen to get good gain at expense of 
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broad-band response. Simulated peak conversion-gain was 8-dB for the chosen values of 

Ld and Cd. Simulation results included the effects of parasitic associated with the metal 

interconnects in layout. A die photo of the fabricated mixer is shown in Figure 2-8. The 

chip occupies an area of 870µm x 600µm. LO ports are terminated with 50-Ω resistors to 

better control the amplitude of LO signal during testing. Layout is made symmetrical to 

minimize the offsets caused by unbalance and also to maintain a high common mode 

rejection. An on-chip bypass capacitor is placed between the ground and Vdd node to 

reject the power supply noise affects on the performance of the mixer. 

 
Figure 2-8. Up-conversion Gilbert-cell mixer  

2.4 Experimental Results 

The noise figure and gain of an up-conversion mixer are not as important as they 

are for a down-conversion mixer because the baseband signal to noise ratio is typically 

higher for a transmitter. It is important that the up-converter mixer should be operable 

with moderate LO power so as to avoid interference and unwanted LO-feedthrough 

problem, which are caused by mixer imbalances due to asymmetry in layout and the 

variations associated with the fabrication process. The performance was characterized 
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using a pair of ground-signal-signal-ground probes and dc probe for Vdd. Four bias Tees 

were used to bias each of the differential RF and LO signal. Baluns were used at IF and 

LO port to convert the single ended signal from the signal generator to differential 

signals. The differential RF output was combined using a balun to single ended signal. 

Measurement setup to determine the conversion-gain of the mixer is shown in Figure 2-9. 

 
Figure 2-9. Measurement setup for the differential mixer 

 

 

Figure 2-10. Measured input return loss 
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Broad-band performance was achieved for the mixer at the IF port. Figure 2-10 

shows the impedance matching for the IF input. Measured return loss was better than -10 

dB between 2.3-3.6GHz. The circuit operated optimally at 2.8 GHz where maximum 

conversion gain was achieved. For the output impedance matching, the return loss was 

better than -10 dB for a range of 4.3 GHz from 17.5 GHz to 21.8 GHz. A plot of 

measured return loss at the output port is shown in Figure 2-11. 

 

Figure 2-11. Measured output return loss  

Conversion gain for the circuit was measured for varying IF signals where the LO 

was varied to keep the RF constant at 20 GHz. Measurements were performed at a 

current consumption of 6.8-mA with a 3 dBm LO drive level. A 3-dB conversion gain 

bandwidth of 1.1-GHz between 2.2-3.3 GHz was achieved at the IF port. Gain bandwidth 

is defined as the frequency range where the gain drops by 3-dB from the peak value of 1-

dB. Measured conversion-gain versus IF is shown in Figure 2-12. Measured 3-dB 

conversion gain bandwidth at output port was 5-GHz which is shown in Figure 2-13. The 

measured conversion gain increases with the increase in current because of an increase in 
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the transconductance value and peaks at 1.7-dB at a current consumption of 8-mA. There 

is no further increase in gain as the transistor nonlinearites start to become significant and 

gain compression occurs. A plot of current consumption versus the conversion gain is 

shown in Figure 2-14. 

 

Figure 2-12. Measured conversion-gain versus IF  

 

Figure 2-13. Measured conversion-gain versus RF  
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Figure 2-14. Measured conversion-gain versus current consumption  

Linearity performance of the mixer was evaluated at a current consumption of 6.8 

mA. The circuit achieved an input referred 1-dB compression point of -12 dBm, when the 

input LO power was 3-dBm. Figure 2-15 shows a plot of measured output power level 

versus input power level. 

 

Figure 2-15. Measured 1-dB compression response  
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Small amount of degeneration used in the design is the main cause of this not so 

good linearity. Performance deviations were observed between the simulated and the 

measured performance of the circuit. A discrepancy analysis to find the cause of such 

deviations is described in the next section. 

2.5 Simulation and Measurement Discrepancy Analysis 

Discrepancies were observed between measured and simulated conversion-gain and 

the optimum frequency of operation. The goal was to achieve optimum performance at 

intermediate frequency of 2.7-GHz and RF of 24-GHz. In high frequency circuit design, 

it has generally been observed that there are always some parasitic that are not accounted 

for in the simulation model files and the optimum frequency of operation of RF circuits 

shift to a lower value than expected. Figure 2-16 shows the shift of optimum frequency of 

operation from 27-GHz down to 20-GHz. 

 

Figure 2-16. Simulated and measured output return loss 
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Figure 2-17 shows the deviation between measured and simulated conversion gain 

performance versus the input intermediate frequency. 

 

Figure 2-17. Simulated and measured conversion-gain versus IF 

A margin of 15% was taken as a guideline, and the circuit was simulated to operate 

optimally at RF of 27 GHz (which is almost 15% higher than the desired RF of 24 GHz). 

The simulated conversion gain was around 8 dB. The measured response however, 

deviated from the simulated response in optimum frequency of operation as well as 

achieved conversion gain. The measured conversion gain was ~1 dB and the optimum 

frequency of operation shifted down to 20 GHz. 

One reason for this mismatch is possibly the values of passive components in the 

circuit. MIM capacitors and spiral inductor values used in simulation did not match well 

with actual values which caused gain and frequency mismatches. MIM capacitors had 

parasitic capacitances associated with them whose value was taken as 10% of actual 

capacitor value in simulations. Test circuits were designed for the on-chip components to 
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verify their values with that used in the simulation [19]. Measurement of test structures 

showed that the actual capacitance was 1.2 times the value used in simulations. Also 

parasitic capacitance of MIM capacitors was 15% instead of 10% of the actual value. 

Inductor test structure results showed that measured inductance and bond-pad capacitance 

values were also a little higher than that used in the simulation. On using the corrected 

values of passive elements in cadence simulations, the operating frequency shifted down 

to 26-GHz. It is concluded that the deviations associated with the values of passive 

elements is not the main cause for disagreement between measurements and simulations.. 

Another reason for the frequency shift was because of incorrect simulation models for the 

active transistors. A test structure to compare the measured and simulated performance of 

the active transistor was built (width=14-µm length=0.13-µm). From the measured 

behavior of the transistor, it was concluded that the drain to body (Cjd) and source to body 

(Cjs) capacitances were almost two times the ones used in the simulation files. 

The effect of the measured series resistance between the substrate and ground was 

also taken into account. The Rsub (45-Ω) between the body of the transistor to chip ground 

was much higher than that used in cadence simulations (10-Ω). At low frequency values, 

effect of Rsub mismatch does not effect the output resistance of the transistor as the Q of 

Cjd ( 1
jd sub

Q C Rω= ) is high and hence, equivalent parallel representation of Rsub 

( 2(1 )par subR R Q= + ) is high. At high frequency Q drops down to a low value and Rpar 

decreases. Lowering of Rpar decreases the output resistance of the transistor (Rout) which 

lowers the conversion gain. LO transistor width for the mixer design was 20-µm and due 

to unaccounted Cjd and Rsub the optimum frequency of operation shifted down to 20-GHz 

and achieved conversion gain was also lower than simulation. A corrected model that 
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matches the actual performance for a transistor is shown in Figure 2-18, where additional 

capacitances and resistances are added to match the simulated performance to actual 

performance of the active device. The reduction in gain is also attributed to the fact that 

measured current was 2-mA less than expected. This leads to a decrease in the 

transconductance which in turn leads to a reduction in conversion gain.  The quality 

factors of the on-chip inductors were lower than expected which also contributed to the 

reduction in gain. 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 2-18. Corrected model for MOS device 

2.6 Conclusion 

Measured performance of a double-balanced Gilbert-cell up-conversion mixer 

fabricated in 130-nm CMOS Logic process shows that it is possible to achieve reasonable 

performance from CMOS up-conversion mixers for frequencies in K-band range. The 

designed circuit was one of the first to be implemented in CMOS technologies that 

worked at frequencies of 20-GHz or higher at relatively lower power consumption levels. 

The mixer achieved a 3-dB conversion gain bandwidth of 1.1-GHz at the input (IF) port 

and a 3-dB conversion gain bandwidth of 5-GHz at the output (RF) port. The circuit also 
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achieved good isolation performance between the ports. Linearity performance of the 

circuit still needed to be improved. To improve the linearity another test structures was 

designed in dual-gate topology. Results of the dual-gate mixer are presented in Chapter 3. 
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CHAPTER 3 
DOUBLE-BALANCED DUAL-GATE UP-CONVERSION MIXER 

3.1 Introduction 

Dual-gate topology also has been a popular choice to build active mixer along with 

the common Gilbert-cell topology [20]-[25]. Such mixers have been widely used in hand 

held radios and communication systems for several decades. These mixers typically 

exhibit good intermodulation characteristics and reasonable noise figure. In dual-gate 

architecture, LO and RF signals are applied to two separated gates. Good isolation 

between the RF and LO ports can be achieved in this architecture. It also becomes easier 

to match LO and RF separately to the input impedance which results in optimum 

performance at low power levels. LO-to-RF isolation is very important in a transmitter 

system as LO signal might leak to the RF port and then leak through the antenna causing 

interference to adjacent channels. In practice, it is difficult to fabricate an actual four-

terminal dual gate device with controlled characteristics. Furthermore the absence of 

theoretical distortion analysis for such four terminal devices makes the optimization of 

performance characteristics very difficult in such mixers.  This difficulty can be 

alleviated by using a pair of cascode transistors to serve as a dual-gate device [26]. Use of 

cascode transistors as a dual-gate device provides the flexibility to choose different sizes 

for the transistors which is useful when the two input frequencies are widely spaced. A 

double balanced topology has been chosen for the mixer design because of its inherent 

property of good isolation between the ports. Figure 3-1 shows the schematic of the 

designed mixer with input and output matching networks. 
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Figure 3-1. Double-balanced dual-gate up-conversion mixer with input and output 
matching networks 

Although the topology looks similar to commonly used Gilbert-cell, the principal 

of mixing operation is very different in a dual-gate mixer. In a dual-gate mixer, a finite 

LO signal must be present at the drain of the lower FET which causes the Vds of the 

transconductance stage (lower stage) to change. Due to this, the transconductance of the 

lower FET (gm) is modulated by switching the device between linear and saturation 

regions. In a Gilbert mixer, the LO signal at the drain of the differential pair is ideally 

zero and the mixing is caused by switching action of the LO pair between cutoff and 

saturation region [18]. In a Gilbert mixer, the transconductance stage is primarily biased 

in saturation region whereas in a dual-gate mixer the lower FET operates in linear region 

during most of the LO cycle, resulting in lower transconductance than a FET biased in 

saturation region. Because of this, the conversion gain of Gilbert cell design is normally 

higher than that for dual-gate architecture. Dual-gate mixers, on the other hand, have 

moderately better intermodulation performance than the Gilbert cell. The design 
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considerations and choice of component parameters for the dual-gate mixer are described 

in next section. 

3.2 Design Considerations: Dual-Gate Mixer 

3.2.1 Bias Point Optimization 

DC-biasing plays an important role to achieve optimum performance in a dual-gate 

mixer design. In dual-gate topology transistors are biased such that upper transistors (M5-

M8) remain in saturation throughout the operation and the lower transistors (M1-M4) 

operate in linear region near the edge of saturation. Although the dual-gate topology 

employs the cascode structure, biasing scheme makes their operations very different from 

cascode amplifiers. For cascode amplifier to achieve maximum conversion gain both 

upper and lower transistors should operate in saturation region. In dual-gate mixer, upper 

transistor remains in saturation and lower transistor remains in linear region most of the 

time [21]. A simple dual-gate schematic to describe the DC-current characteristics is 

shown in Figure 3-2. 

 
Figure 3-2. Dual-gate device using cascode structure 
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Current in the lower FET is controlled by the voltage VG1S1 and current in the upper 

FET is controlled by VG2S2. Voltage VDS1 is floating and it takes values between Vdd and 

0 so as to satisfy the requirement of equal current in M1 and M2. Due to changes in 

VG2S2, the voltage of the floating node (VDS1) also changes. For maximization of 

conversion gain, both transistors should operate in saturation; this can only happen over a 

narrow range of gate-bias voltages when an LO signal is applied to the gate of M2. M1 

and M2 are simultaneously in saturation when VD1S1 and VD2S2 are greater than VDS1,sat 

and VDS2,sat. For such a situation, the required bias condition should be such that VG1S1 is 

approximately equal to VG2S2. The amplitude of the LO signal at the gate of M2 is 

generally high, and VG2S2 changes according to the applied LO level. This disturbs the 

condition of equal gate-source voltages for M1 and M2, which makes it difficult for both 

M1 and M2 to be in saturation at the same time. In presence of LO signal, VD1S1 keeps 

switching between low and high values. This in turn modulates the transconductance (gm) 

of M1. Figure 3-3 shows a plot of the time varying transconductance of the lower 

transistor in presence of LO signal at gate of upper transistor. 

 

Figure 3-3. Time varying transconductance of lower transistor 

When VD1S1 is low, M1 operates in linear region and the transconductance is low, 

and the drain to source conductance (gds1) is relatively high. When VD1S1 increases to a 
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high value, M1 goes into saturation, transconductance (gm1) increases and the drain to 

source conductance (gds1) decreases. The fluctuation of M1 between linear and saturation 

regions causing modulation of transconductance (gm1(t)) and conductance (gds1(t)) is the 

only mechanism possible for mixing to occur in dual-gate topology. Upper transistor is 

biased such that it remains in saturation throughout LO cycle and its transconductance 

remains almost constant. If device M1 was to be kept in saturation throughout the time of 

operation, the parameters would remain unchanged with applied LO signal and mixing 

would not occur. 

3.2.2 Local Oscillator (LO) Transistor Size Optimization 

The cascode structure based dual-gate design provides flexibility to choose 

different gate widths for upper and lower transistors and optimizes the design according 

to the frequency inputs. As the IF frequency (2.7-GHz) for the up-conversion mixer is 

lower (~7 times) than the LO frequency (21.3-GHz)), in order to match the input port and 

to achieve conversion gain, the transconductance transistors are chosen to be larger than 

the LO transistors. The choice of LO transistor sizes depends on the tradeoff between 

noise figure, linearity and the amount of LO drive available in the low power 

environment. If the LO transistors are chosen to be the same as that for the 

transconductance stage, then the parasitic capacitance at the floating nodes (F1-F4 in 

Figure 3-1) increases, leading to a decrease of the voltage swing at the node thereby 

degrading conversion gain. With an increase in the LO drive level modulated 

transconductance of lower transistors increases which increases the conversion gain. 

Figure 3-4 shows a plot of the minimum and maximum LO voltage level for different 

chosen widths of LO transistors.  
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Figure 3-4. Simulated available LO voltage level versus LO transistor width  

 

Figure 3-5. Simulated conversion-gain and input P1dB versus LO transistor width  

For smaller size of LO transistors peak-to-peak LO swing is larger which 

increases the amplitude of the modulated transconductance and hence conversion gain. 
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Also the minimum level of LO signal is lesser for smaller size which ensures operation of 

lower transistor in linear region for a larger fraction of time as compared to larger device 

and hence linearity is also better for smaller sizes. Figure 3-5 shows the simulated 

conversion gain and input 1-dB compression point versus different transistor widths. 

In presence of a larger LO drive the lower transistor remains in linear region for a 

longer period of time and improves the linearity of the circuit. A larger width for the LO 

transistor can result in some improvement in noise figure but noise is not an important 

design criterion for an up-converter design so the sizes of the LO transistor (M5-M8) gate 

width has been kept to be 20µm to make the load for LO drivers not excessive. 

Conversion gain of a dual-gate mixer is proportional to the amplitude of the modulated 

transconductance which is directly proportional to available LO drive. Although, at very 

high LO drive non-linearities of LO transistors start to dominate and prevent further 

improvement in overall linearity.  

3.2.3 Input/Output Matching Networks 

To achieve broad-band impedance matching and tolerance to component variations 

at the IF and RF ports, the quality factors of the input and output matching networks (Qin 

and Qout) are designed to have low values. A value of ~1.0 for Qin is chosen. The 

measured 3-dB conversion gain bandwidth for input signals (IF) is 2.2-GHz. Gate 

inductor Lg (Lg1 and Lg2) and source degeneration inductor Ls (Ls1 and Ls2) are used to 

match the input to 50-Ω. For this particular value of Qin and resonant frequency of 2.6 

GHz, Lg value of 6.6-nH can be obtained using Equation 2-6. Because of its large value, 

this inductor occupies a significant amount of chip area. Having source degeneration also 

helps improve the linearity at some expense of conversion gain. The transconductance 

(gm) is limited by the maximum tolerable current consumption and partially determines 
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the conversion gain. Assuming the use of minimum channel length devices, once Qin is 

set, the widths of transistors M1-M4 can also be determined using Equation 2-6. IF 

transistor gate widths are chosen as 165-µm, to provide the capacitance required for input 

matching, at IF of 2.7-GHz. A large inductor Lc (~7.0-nH) has been placed between the 

ground and the common node of the degeneration inductors.  At resonance frequency of 

2.6-GHz this provides an impedance of ~115-Ω. This helps to reduce the effects of 

common mode signals in the circuit 

For output matching, an L-matching network consisting of a shunt Ld (Ld1 or Ld2), 

and a series Cd (Cd1 or Cd2) has been used. The drains of coupled transistors M5-M6 and 

M7-M8 are connected to the power supply through the inductors Ld1 and Ld2 (0.34-nH). 

The quality factor of output matching network is kept low to cover the 22-29-GHz band 

for ultra-wideband applications. The quality factor Qout is chosen to be ~2.2 at the centre 

frequency of 25-GHz, which is related to the quality factor of drain inductor (QLd)  and 

resistance looking into drain of LO transistors (D1-D2 in Fig. 1) as expressed in Equation 

(4) [24]. To achieve Qout of 2.2, inductor Q (QLd) only needs to be ~8.9 at 25-GHz 

(Equation (3)). One terminal of the drain inductors Ld1 and Ld2 is connected to Vdd, which 

is an AC ground. For each output side the spiral inductor Ld (Ld1 or Ld2) along with its 

parasitic series resistance RLd (~6Ω) can be equivalently represented with a parallel 

combination of Ld(1+1/QLd
2) and RLd(1+QLd

2). For QLd of ~8.5, Ld(1+1/QLd
2) is ~Ld. A 

simplified schematic of the output matching network is shown in Figure 3-6. 
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Figure 3-6. Simplified schematic of output matching network 
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To match the impedance at the output port, shunt resistance of ZL in Fig. 4 should 

be RLd(1+QLd
2) || Rds, where Rds (~460Ω) is the resistance looking into the drain nodes D1 

and D2 in Fig. 1.  When this is satisfied, Qout at the resonant frequency (ωRF) is given by 

Equation 3-2. 
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The conversion gain for a dual gate mixer can be represented as, 

2 2
1, 0 d LdT m amp in out LG g Q Z Q R Q≅                                        (3-3) 

Gain is directly proportional to the amplitude of modulated transconductance 

(gm1,amp) which can be increased with a higher LO drive level. A higher LO drive level 

thus is essential to achieve gain in dual-gate mixers. Also gain is proportional to the 

quality factors Qin and Qout. This shows that to achieve broad-band frequency response as 
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quality factor are lowered the gain also decrease. Also the gain is proportional to QLd and 

can be increased by choosing a higher value for Ld.The LO ports have been terminated 

with 50 Ω resistors. This helps to achieve broad-band impedance matching to cover the 

wide LO signal range and to better control the applied LO signal amplitude at the ports 

during testing. The effects of parasitic associated with the spiral inductors, metal 

interconnects and bond pads have also been taken into account. The chip occupies an area 

of 600µm x 860 µm. An on-chip bypass capacitor has been placed between the ground 

and Vdd. The die micrograph is shown in Figure 3-7. In the layout, shielded pads are 

employed at RF, LO and IF ports [25]. The ground shield reduces the signal power loss 

and noise generation associated with the substrate resistance. Wide ground rings are 

placed around all the transistors at minimum distances allowed to reduce the substrate 

losses. To mitigate the LO feed-through problem, the layout was made symmetric. 

 

Figure 3-7. Dual-gate up-conversion mixer 
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3.3 Experimental Results  

The mixer was characterized on wafer using differential (GSSG) probes. 

Measurements were performed at an LO power level of 3 dBm. Measurement setup was 

similar to the setup used in Figure 2-9. The measured LO-to-RF isolation was better than 

30 dB, LO-to-IF isolation was better than 55 dB and IF-to-RF and IF-to-LO isolations 

were both better than 50 dB. Isolation between LO-to-RF and LO-to-IF was better than 

30 and 50 dB for LO frequency variation from 14-26-GHz as is shown in Figure 3-8. 

Good impedance matching was achieved at the input (IF) and output (RF) ports. 

Measured input port return loss was better than -10dB between 2.4 to 3.5 GHz. For 

output port measured return loss was better than -10 dB between 19.5 to 25 GHz. Figures 

3-9 and 3-10 show the impedance matching at the IF and RF ports, respectively. 

 

Figure 3-8. Isolation between LO-to-RF and LO-to-IF ports  
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Figure 3-9. Measured input return loss 

 

Figure 3-10. Measured output return loss 
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Measurements were performed to characterize the performance for a wide range 

of input frequencies. For this measurement IF and LO were varied in a manner so as to 

keep the RF constant at 23-GHz.  A 3-dB conversion gain bandwidth of2.1-GHz was 

achieved between 1.5-3.6 GHz. Figure 3-11 shows the plot of conversion gain for 

different IF at a current consumption of 6.8 mA with Vdd=1.2V. Maximum conversion 

gain of 0.7 dB is achieved at IF of 2.3 GHz. The circuit also exhibited broad-band 

performance at the RF port. Input signal frequency (IF) was kept fixed at 2.3 GHz and 

LO frequency was varied to achieve different output frequency (RF). LO power level was 

kept at 3 dBm for the measurement. Current consumption was kept constant at 6.8 mA 

from 1.2 V supply. Measured 3 dB conversion-gain bandwidth was 10 GHz between 18-

28 GHz as is shown in Figure 3-12. The power consumption for the measurement was 

8mW and the applied LO signal power was 3-dBm. 

 

Figure 3-11. Measured conversion-gain versus IF 
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Figure 3-12. Measured conversion-gain versus RF 

Primary emphasis of this design was to achieve improved linearity response as 

compared to the previously measured linearity of the Gilbert-cell up-conversion mixer. 

The mixer had a simulated conversion gain of 5 dB with input 1-dB compression point of 

-6.0 dBm. Linearity response was also characterized for a wide range of input and output 

frequencies. Similar to conversion-gain, the mixer achieved flat linearity response at both 

input and output ports. The measurement setup used to measure the third order 

intermodulation response is shown in Figure 3-13. 

 

Figure 3-13. Measurement setup to determine third-order intermodulation (IIP3) 
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Measurements were performed at a current consumption of 6.8 mA from a supply 

of 1.2 V. LO power was kept at 3 dBm. Third order intermodulation characteristics and 

gain compression were measured. For input port 1-dB compression and OIP3 were flat 

over more than 1.5 GHz of input frequencies. Figure 3-14 shows the measured linearity 

performance with varying IF. Measured 1-dB compression and OIP3 performance at 

output port is shown in Figure 3-15. OIP3 values of better than 2dBm and an output 1-dB 

compression value of better than -9 dBm were achieved for a wide range of 10 GHz. The 

flat linearity and gain performance achieved by the design demonstrates that CMOS 

mixer for ultra-wide band applications can be successfully implemented in CMOS 

technology. The behaviors of conversion-gain and 1-dB compression behavior as a 

function of LO drive were also characterized. At a fixed bias point, as the LO drive is 

increased, the lower FETs operate in the linear region for a larger fraction of an LO cycle, 

and overall linearity is improved. A plot of measured output 1-dB compression point and 

conversion gain versus LO drive at a constant current consumption of 6.8mA is shown in 

Figure 3-16. Conversion gain is also improved as the amplitude of modulating 

transconductance also increases with increased LO drive [11]. An increase of LO power 

beyond 6.0 dBm does not further improve P1dB as the non-linearity of LO transistors 

becomes dominant. 

Measured conversion-gain and 1-dB compression performance were also 

characterized as a function of current consumptions of the circuit while keeping LO 

power fixed at 3 dBm. At current consumption of 9 mA the circuit achieved a gain of 1.7 

dB and an output 1-dB compression point of -3.4 dBm. Figure 3-17 shows the measured 

conversion-gain and 1-dB compression performance versus varying current consumption.  
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Figure 3-14. Measured output P1dB and OIP3 versus IF 

 

Figure 3-15. Measured output P1dB and OIP3 versus RF 
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Figure 3-16. Measured output P1dB and OIP3 versus LO power 

 

 

Figure 3-17. Measured output P1dB and OIP3 versus current consumption 
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3.4 Conclusion 

The design and measured characteristics of a broadband CMOS up-conversion 

mixer working at K-band are presented. By carefully choosing the quality factors of the 

input and output matching networks, wide band response was achieved at IF and RF ports 

for a simple dual-gate configuration. A list of the performance of present design and 

previously published CMOS [27]-[28] and SiGe [29]-[31] mixers operating at similar 

frequency ranges is shown in Table 3-1. The dual-gate mixer presented in this paper 

achieves very good isolation between all the ports and flat linearity response over a 

bandwidth of more than 10-GHz at output RF port, while consuming only 8 mW from a 

1.2 V supply. Compared to the 20-GHz Gilbert cell up-conversion mixer [27], OP1dB is 4-

6 dB higher while consuming the same power. These results successfully show that an 

up-conversion mixer for ultra-wideband radars operating in the 22-29 GHz [32] can be 

implemented in low-cost and low-voltage Logic CMOS process. 

Table 3-1. Performance summary of mixers operating in K-Band  
 

 

 

 

 

 

 

 

 

 

Reference/ 
Technology 

RF 
[GHz] 

LO 
Power 
Level 
[dBm] 

Gain 
[dB] 

Output 
P1dB 

[dBm] 

OIP3 
[dBm] 

Power 
[mW] 

[27] 0.13µm 
CMOS 

20 3       1 -11  -- 8.0 

[28] 0.13µm 
CMOS 

16.6-
19.6 

--       4 4.2  13  93 

[29] SiGe 
HBT 

20 7.5 11 1 10 32 

[30] SiGe 
HBT 

(fT 85 GHz) 

28 -- 
 

3 -5 -- 742 

[31]  SiGe 
(fT 47GHz) 

17 5.4 9 -- -10 17.8 

This work 18-28 3 -2  –  0.7 -7.0 - -5.2 3 - 5.8 8.0 
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CHAPTER 4 
DOUBLE-BALANCED GILBERT-CELL DOWN-CONVERSION MIXER 

4.1 Introduction 

Down-conversion mixer is a key block that affects overall linearity and noise 

performance of a receiver system. Design of a down-conversion mixer involves 

optimization of noise performance in additions to linearity and gain. Lower noise figure 

(NF) for mixer can help reduce the NF and gain requirements of preceding LNA stage 

and thereby reduce the power consumption of LNA. Good third order linearity is also 

required in order to avoid signal corruption due to falling of unwanted signals in the 

desired band. Some gain should be associated with a down-conversion mixer to help 

reduce the noise contribution of further stages. In order to optimize the power 

consumption it should be operable with lower LO power level so that power consumption 

of LO driver can also be kept low. For the 24-GHz receiver chain, the down-converter 

mixer converts signals from 24-GHz down to IF of 2.7-GHz. Gilbert cell designs have 

shown to achieve a good tradeoff between the required performance parameters. Design 

considerations for performance optimization of mixer are described below.  

4.2 Design Considerations: Broad-Band Gilbert-Cell Mixer 

4.2.1 Input Matching and Driver Stage 

Double balanced Gilbert cell mixer topology has been chosen for the design. To 

optimize the performance all transistors should be biased in saturation region. When 

driver stage transistors are biased in saturation their gain is maximum, this helps to 

compensate for the effect of loss due to the switching stage. LO stage transistors should 
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also be biased in saturation. Schematic of the circuit with input and output matching 
network is shown in Figure 4-1.   

 

Figure 4-1. Down-conversion Gilbert-cell mixer with input and output matching 
networks 

Linearity of the differential pair driver stage and thus overall linearity can be 

improved by adding degeneration. Degeneration can be resistive, capacitive or inductive. 

Reactive degeneration is preferred over resistive degeneration in down-conversion mixers 

as reactive elements do not introduce additional noise as compared to resistor. Amount of 

degeneration is limited by gain and linearity tradeoff. Driver stage using inductive 

degeneration has shown to achieve better linearity for same bias current and 

transconductance levels [33], so inductive degeneration is the best tradeoff between noise 

and linearity.   

Gate inductors Lg1 and Lg2 are used along with the degeneration inductors Ls1 and 

Ls2 to match the input to 50Ω. The design was targeted to achieve broad-band response 

hence the quality factor of the input matching network (Qin) was chosen to be ~1. A 

lower value of Qin also helps to reduce the gate induced noise and thus lowers noise 
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figure. For this choice of quality factor, the value of inductors Lg1 and Lg2 can be 

approximated from Equation 2-6, which also gives an estimate of the transistor sizes 

based on the requirements for capacitance Cgs and Cgd. Minimum allowable length of 

0.12µm has been used for the transistors. Use of minimum channel length devices 

increase the transconductance of the driver stage and hence gain. As can be seen from 

equation (2-16), transistor sizes (M1-M2) are inversely proportional to Qin. For smaller 

Qin larger sized transistors are needed which provide higher transconductance and more 

gain for driver stage which in turn helps to compensate for signal associated with 

switching stage. So the choice of lower Qin to achieve broad-band response proves to be 

little beneficial for noise figure performance. Width of driver stage transistors was 32 µm 

for the chosen Qin value of 1.  

4.2.2 Local Oscillator (LO) Transistor Size Optimization 

A proper choice of LO power level and LO transistor sizes is important to achieve 

good noise figure performance. Size of the LO transistors are decided by the tradeoff 

between the linearity and noise figure performance. In order to achieve good noise figure 

performance it is required to minimize the loss associated with the switching stage. For a 

given LO amplitude it is desirable to increase the size of the switching transistors till the 

conversion gain of the switching stage reaches it maximum value of 2/π. Further increase 

in size is not preferred as it does not increase the gain of the switching stage and may lead 

to an increase in the noise coming from the LO port. It also introduces higher 

capacitances which cause deterioration in performance at higher frequencies and also 

represents a large load to the LO signal. For optimization, noise figure performance was 

simulated for different chosen values of LO transistor widths, keeping the minimum 

length of 120-nm. Minimum channel length is preferred for the switching pair devices as 
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larger length reduces the gain of the switching stage. Longer channel length also requires 

larger channel widths for operation with similar LO amplitude and bias current which 

introduces higher capacitance and degrades the performance at higher frequencies. 

Simulated noise figure versus the LO transistor size is shown in Figure 4-2. For the 

present design the LO transistor sizes were kept to be 50 µm which shows good 

performance in terms of noise figure and linearity tradeoffs. 

 

Figure 4-2. Simulated noise figure versus LO transistor size 

Also the noise figure decreases with an increase in the amplitude of the LO signal 

[34]-[36]. In Figure 4-3 Δ (Equation 2-8) represents the time when both the transistors of 

a switch pair are ON. Time interval Δ shortens with increase in LO signal amplitude. At 

lower LO power levels the both transistors are simultaneously on for a larger fraction of 

period. During this time the switches act like cascode amplifiers and contribute more 

noise at the output. This increases the noise figure at lower LO power levels. After 

certain LO amplitude the time interval Δ does not improve much and also the loss of the 
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switching stage becomes constant thereby reducing any further improvement in noise 

figure with increase in LO amplitude. A plot of simulated noise figures versus LO power 

level is shown in Figure 4-4. 

 

Figure 4-3. Local Oscillator (LO) waveform with different amplitudes to show the time 
when both transistors of a switch pair are ON 

 

Figure 4-4. Simulated noise figure versus LO power 

Keeping the LO power constant at -1 dBm the simulated noise figure values at 

different input  frequency values is shown in Figure 4-5. Design was optimized at 3-GHz 
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and with chosen width of 50µm for the LO transistors a noise figure of 8-dB can be 

obtained at 3-GHz.  

 
Figure 4-5. Simulated noise figure versus frequency 

4.2.3 Output Matching Network 

Broad-band response was desired at output so as to accommodate large range of IF 

signals. For the output matching network two sections of shunt-L-series-C networks are 

employed. Using two sections can help to achieve lower quality factor as compared to 

one shunt-L-series-C and thereby increasing impedance matching range at output. The 

drains of transistor pairs M3-M5 and M4-M6 are connected to the power supply through 

the inductors Ld1 and Ld2. These provide a convenient way to bias the circuit while not 

significantly reducing the voltage supply headroom as there is only small DC voltage 

drop across the inductors. The inductors also add lower noise. Ld1 and Ld2 are designed 

to have a larger value so as to maximize the conversion gain.  
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A 1.5-nH inductor, Lc has been inserted between ground and the common node of 

source degeneration inductors. This provides an impedance of around 180Ω looking into 

the inductor at 19 GHz and helps to reduce the effect of common mode signals. LO ports 

have been terminated with 50-Ω resistors. This ensures broad-band impedance matching 

at LO ports and also helps to control the amplitude of LO signal during testing. Parasitic 

associated with bond-pad and interconnects were taken into account during 

layout/simulations. The chip occupies an area of 770µm*690µm and the die photograph 

is shown in Figure 4-6. 

 

Figure 4-6. Down-conversion Gilbert-cell mixer (broad-band) 

4.3 Experimental Results: Broad-Band Down-Conversion Mixer  

Special attention was paid to make the layout symmetric so as to minimize the 

mismatches that causes unwanted feed-through. Performance was characterized using 

GS-SG probes. The quality factor of the input matching network (Qin) was chosen to 1. 

Transconductance (gm) was limited by power consumption, and can be controlled by 
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setting VGS-VTH. Assuming use of the minimum channel length devices, once Qin is set, 

widths of transistors M1 and M2 were chosen to be 34µm, to meet the capacitance 

requirements. Mixer was characterized at Vdd=1.2V. Measurement setup is similar to 

setup shown in Figure 2-9. Measured input return loss was better than -10 dB between 

16-21 GHz as is shown in Figure 4-7. 

 

Figure 4-7. Measured input return loss 

At input port, 3-dB conversion gain bandwidth was calculated with a variable RF 

and LO, while keeping IF constant at 2.7GHz. The measurements were done at a current 

consumption of 5.7mA at Vdd=1.2V. The circuit achieved a 3-dB bandwidth of 6 GHz at 

input frequency range of 16-22 GHz. Plot of conversion gain as a function of RF is 

shown in Figure 4-8. Due to lower choice of quality factor for the output matching 

network, broad-band impedance matching has been observed at output port. Return loss 

is better than -10 dB for a band-width of more than 2-GHz. (Figure 4-9)  
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Figure 4-8. Measured conversion-gain versus RF  

 

Figure 4-9. Measured output return loss 
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Figure 4-10. Measured conversion-gain versus IF 

Broad-band matching at output port also ensured fairly flat conversion gain 

response at the output. A 3-dB conversion gain bandwidth of 1.4 GHz was obtained at the 

output around IF of 2.7-GHz which is more than 50% of the IF value. Measurements 

were done at a current consumption of 5.7mA at Vdd=1.2V. Gain variation is ±1 dB for a 

bandwidth of more than 1-GHz around the IF of 2.7-GHz, as is shown in Figure 4-10. 

Isolation performances were also measured for the circuit. RF-IF, LO-IF, LO-RF are 

better than 36dB, 50dB and 41 dB respectively, which are excellent and are almost 

constant over the respective frequency range. 

Gain compression and intermodulation response have also been measured. The 

circuit shows an input 1-dB compression point of -12dBm at a current consumption of 

5.7mA with Vdd=1.2V. The third order intercept point has been measured with a two tone 

input signal. An IIP3 of -2dBm has been achieved at same power consumption.  Figure 4-

11 shows a plot of output power versus input power when the RF and IF are kept to be 

19GHz and 2.7GHz respectively. 
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Figure 4-11. Measured input P1dB and IIP3 response  

Measurement setup to measure the noise figure of the down-conversion mixer is shown 
in Figure 4-12.  

 

Figure 4-12. Noise figure measurement setup 
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At input frequencies around 20 GHz, there is significant loss associated the baluns 

and probes. To measure the actual noise figure of the mixer chip, it is required to 

calibrate the losses of baluns and probes at RF and IF frequencies [37]. Losses at RF 

frequencies were 4-5dB and 1-2dB at IF frequencies. As noise figure meter calibrates up-

to the output of noise source, noise figure of entire system including baluns and probes at 

RF and IF ports was measured. Noise figure of standalone mixer can then be determined 

using Friis’ equation [38].      
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Figure 4-13. Measured noise figure versus LO power 

A plot of measured noise figure performance with varying LO power at IF = 2.3 

GHz, is shown in Figure 4-13. Noise figure as low as 7.6 dB can be achieved when LO 

power is 3-dBm. Noise figure increase at lower LO power levels as both of the switch 
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transistors are simultaneously on for a larger fraction of period. During this time the 

switches act like amplifiers and contribute more noise at the output, which increases the 

noise figure. The switching pair transistors should be driven with large LO signals to 

reduce their noise contribution. In low voltage and low power environment, available LO 

signal is limited by linearity, power consumption and voltage supply headroom. Noise 

figure performance was also observed as a function of output frequency and shown in 

Figure 4-14. Noise figure stayed below 13 dB for a bandwidth of 1-GHz between 2.5-

3.5GHz. 

 

Figure 4-14. Measured noise figure versus frequency at different LO power 

4.4 Experimental Results: Narrow-Band Down-Conversion Mixer 

Design emphasis of previous mixer was to achieve broad-band performance by 

lowering the quality factors of the input and output matching networks and also to 

achieve reasonable noise figure performance. Power consumption of the circuit increases 
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for lower choice of quality factors. To evaluate the penalty associated with the wide 

bandwidth response another Gilbert cell down-conversion mixer was designed to achieve 

an output bandwidth of 500MHz. The quality factors were chosen to keep the power 

consumption at around half of the broad-band mixer. A die photograph of the mixer is 

shown in Figure 4-15.  

 

Figure 4-15. Down-conversion Gilbert-cell mixer (narrow-band) 

Measured input and output return loss is shown in Figure 4-16. The mixer 

achieved comparable performance as the broad-band mixer in terms of conversion gain, 

noise figure and linearity characteristics, at around half power consumption compared to 

the broad-band design. Conversion gain was measured as a function of current 

consumption, shown in Figure 4-17. Mixer was able to achieve a conversion gain of 

around 2.8-dB at current consumption of 5mA from Vdd=1.2 V.  
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Figure 4-16. Measured input and output return loss 

 

Figure 4-17. Measured conversion-gain versus current consumption 
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Table 4-1 lists the measured performance summary of narrow band and broad-

band mixer. Similar performance for narrow-band mixer was obtained at half of the 

power consumption of broad-band mixer, which verifies the tradeoffs between band-with 

and power consumption under similar performance conditions. 

Table  4-1. Measured performance summary of broad-band and narrow-band down-
conversion mixers 

Specifications Broad-Band Narrow-Band 

Supply Voltage 1.2 V 1.2 V 

Peak Conversion Gain 1 dB 1 dB 

3 dB, BW Gain 1.4 GHz 500 MHz 

RF-IF Isolation 36 dB 31 dB 

LO-IF Isolation 50 dB 45 dB 

LO-RF Isolation 41 dB 38 dB 

|S11| (-10 dB BW) 5 GHz 4.5 GHz 

|S22| (-10 dB BW) 1.7 GHz 0.55 GHz 

Power Consumption 6.9 mW 3.5 mW 

IIP3 -2 dBm -3 dBm 

LO Power 1 dBm 1 dBm 

 

4.5 Conclusion 

Performance of published CMOS mixer designed in Logic CMOS process, 

operating at K-Band is presented. Circuits were simulated to operate around 24-GHz but 

the optimum frequency of operation was shifted down due to unaccounted parasitic as 

described in chapter 2. The circuit achieved a conversion-gain bandwidth of 1.4 GHz at 

the output port and an excellent noise figure performance. Noise figure value as low as 8 

dB was measured at a low LO power consumption of 1 dBm. Compared to previous 
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published mixers the power consumption is especially low. Mixer operated successfully 

at a low power consumption of 8 mW from a 1.2 V supply. When used in a receiver, this 

mixer can significantly relax the noise figure and gain requirements of LNA and help to 

minimize the overall power consumption of the receiver. A performance summary of 

mixers operating in K-band frequency range is listed in Table 4-2. 

Table 4-2. Performance summary of mixers operating in K-Band and above 

Reference/ 
Technology 

 
RF 

[GHz] 

 
Gain 
[dB] 

 
Noise 
Figure 
[dB] 

Linearity 
[dBm] 

Power 
Consumption

[mW] 

[10]/ 0.8µm  
SiGe HBT 

17 9.0 11.5 
(DSB) 

-10.0 
(IIP3) 

18 

[41]/Si Bipolar 11.2 16.1 9.4 
(DSB) 

-14.1 
(Input P1dB) 

42 

[42]/SiGe HBT 30 2.9 17 
 

-1 
(IIP3) 

32.4 

0.13µm CMOS 
(Narrow-Band) 

This work 

 
20 

 
1 

 
9 

 
-3 

(IIP3) 

 
3.6 

0.13µm CMOS 
(Broad-Band) 

This work 

 
19 

 
1 

 
9 

 
-2 

(IIP3) 

 
7 
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CHAPTER 5 
DOUBLE-BALANCED PASSIVE RING MIXER 

5.1 Introduction 

Passive mixers have superior frequency response and linearity characteristics as 

compared to active mixers [11]. A popular topology is the balanced ring structure, where 

the differential LO signal is fed to the gates of the transistors and input and output are 

taken from the interconnected source and drain nodes [42]-[43]. As there is no drain to 

source bias, there is no current consumption for this circuit. Mixer schematic is shown in 

Figure 5-1. 

 

Figure 5-1. Passive CMOS ring mixer 

 Mixer schematic has four transistors, M1-M4. Transistors M1-M2 are driven by 

LO+ signal and transistors M3-M4 are driven by LO- signal, which are 1800 out of phase. 

When M1-M2 are on, IF port is connected to BB port with a positive polarity, when M3-
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M4 are on IF port is connected to BB port with a negative polarity. M1-M4 acts as 

switches on application of LO signals. Each switch is driven into the “on” and “off” state 

when the LO signal is applied to the gate. For optimum transfer of LO power level, the 

LO signal should be applied along with a dc gate bias around the threshold voltage of the 

transistors, so as to make the switching action more efficient [44]-[45]. In the “on” state 

the transistor’s drain to source impedance (Ron) is equivalent to the low drain-to-source 

channel resistance Rds(t). In the “off state the drain-to-source impedance (Coff) is 

equivalent to the drain-to-source capacitor and it can be assumed that the channel 

resistance is very high during this stage. When driven by a sinusoidal LO signal, 

theoretical optimum conversion loss for a double balanced passive mixer is, 

    220log( ) 3.9Loss dB= = −Π     (6.1) 

The drain to source resistance depends directly on the transistor geometry, as 

shown  

    
{( ) }ds

n ox gs th ds

LR
C W V V Vμ

=
− −

   (6.2) 

where L is the gate length, µn is the average electron mobility in the channel, Cox is the 

gate oxide per unit area and W is the gate width. Equation 6.2 shows that, minimum Rds 

can be achieved with a small L and a large W. Usual tendency is to use a large W, but it 

leads to higher capacitance between the gate-to-source and drain-to-source nodes, which 

degrade circuit performance at higher frequencies. Also a higher gate voltage swing can 

reduce the resistance. From the two state representation, the maximum operating 

frequency of the passive mixer is controlled by the Ron and Coff product. Fully differential 

structure of the mixer provides virtual ground at each port by the cancellation of even 
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order harmonics. Because the “on” stage representation of such transistor switches is a 

resistor, this topology can achieve broad-band frequency response. The disadvantage of 

using such a mixer is that the LO drive required for their successful operation is high, 

which might be difficult to generate in a low power environment. LO ports are terminated 

with 50-Ω terminations, so as to give a better control on the amount of LO drive available 

for the circuit and achieve good return loss for L port. Matching was not used for both 

input and output ports, which makes this design suitable for use as an up-converter as 

well as a down-converter. Width of 100-µm was chosen for transistors. Simulated return 

loss at input and output ports is shown in Figure 5.2 

 

Figure 5-2. Simulated return loss at input and output ports 

Special consideration has to be incorporated in the layout to achieve optimum 

performance. Wider metal lines have been used to minimize the parasitic series 

resistance, in order to enable the device to handle larger signals. Care was taken in the 
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layout in order to achieve exact symmetry in RF, LO and IF paths. The chip occupies an 

area of 740-µm 550-µm. The die photograph is shown in Figure 5-3. 

 

Figure 5-3. Passive CMOS mixer die-photo 

5.2 Experimental Results: Down-Conversion Passive Mixer 

The performance of the mixer was characterized using ground-signal-signal-ground 

(GS-SG) probes. A DC voltage of 300-mV was applied to the gates along with the LO 

signal. Conversion gain depends on the amount of LO drive, which is required to be high 

for this circuit. The transistors show a better switching action for a higher LO drive, 

which in turn decreases the conversion loss. Measurements were performed with RF of 

2.7-GHz and the IF was kept at 100-MHz. A plot of conversion gain with LO power is 

shown in Figure 5-3. The gain compression characteristics were measured with different 

LO amplitude levels. An input 1-dB compression level of -3 dBm was measured when 

the LO power level was 1.5-dBm. A plot to show the 1-dB compression points at 

different LO drive levels is shown in Figure 5-4.  
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Figure 5-4. Measured conversion-gain versus LO power- Down-conversion passive mixer 

 
Figure 5-5. Measured conversion-gain versus RF power- Down-conversion passive mixer 
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Input third order intermodulation point (IIP3) of +7dBm was also achieved by the 

system (Figure 5-6). As input and output ports are symmetrical the design was also 

suitable for up-conversion configuration. Results are shown in the following section 

 
Figure 5-6. Measured IIP3 response 

5.3 Experimental Results: Up-Conversion Passive Mixer 

For an up-converter the performance was measured to evaluate the broad-band 

performance of the circuit. Input frequencies of 100MHz and 200MHz and LO 

frequencies of 1-GHz and 2-GHz, were used in the measurement. Circuit performance 

remained almost flat for all the input combinations. Conversion gain was measured for all 

the inputs with a varying LO power level, conversion gain of better than -6.5 dB was 

observed for an LO power level of 3 dBm, which is shown in Figure 5-7. Also the 1-dB 

compression point was measured with different input frequencies, for varying LO power 

level. Input referred 1-dB compression point of -2 dBm was achieved at an LO power 

level of 3 dBm. The measured results are shown in Figure 5-8. Isolations performance 
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was also measured. Isolations of better than 22dB, 25 dB were achieved between the BB-

IF and BB-LO ports, respectively.  

 
 
Figure 5-7. Measured conversion-gain versus LO power- Up-conversion passive mixer  

 

Figure 5-8. Measured conversion-gain versus RF power- Up-conversion passive mixer 
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5.4 Conclusion 

A passive ring mixer built in 130-nm CMOS technology has been presented. It can 

be used for down-conversion of RF signal to base-band and up-conversion of base-band 

signal to RF frequencies. Circuit can be used for wide range of RF input frequencies. 

Good conversion gain, gain compression and third order intermodulation performance 

has been achieved by the design at relatively low LO power requirement. 
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CHAPTER 6 
BASE STATION RECEIVERS: DOWN-CONVERTER MODULE 

6.1 Introduction 

Increasing demand to support multimedia applications requires high data rates. 

Third generation (3G) cellular wireless systems offer low cost, high-capacity mobile 

communications with data rates of up to 2 Mbit/s, with global roaming and advanced data 

services. For commercial applications it is required to develop low cost, high dynamic-

range radios, both for base transceiver stations (BTS) and for mobile stations (MS). 

Advancement in CMOS technologies have already made it possible to achieve high level 

of integration for hand-set transceivers but the reduction of size and cost of base stations 

circuits using CMOS technology still remains a challenge. Typically base station radios 

use high performance but costly GaAs technology, with a low level of integration and a 

high number of external RF passive components [46]-[47]. Recently, it has been 

demonstrated that it is possible to meet GSM base station specifications using silicon 

BiCMOS and CMOS heterodyne receivers in 900- and 1800-MHz bands [48]-[50], and 

BiCMOS and SiGe direct-conversion receivers in UMTS band [51], [52].  

 Universal Mobile Telecommunication System (UMTS) is becoming the popular 

choice for third generation air interface. GSM and UMTS base-station specifications 

impose stringent linearity and sensitivity requirement on the receiver front-end as 

compared to that of user terminals [53]-[54]. Unlike a handset which receives and 

transmits just one channel at a time, a base station system supports multiple channels 

simultaneously and thus requires a higher dynamic range. Receivers suitable for BTS 
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applications must meet two demanding requirements: low noise figure and high linearity. 

While silicon RFIC technology is steadily improving, it is still challenging to achieve 

noise figure (NF), linearity, and phase noise requirements with presently available 

devices. For heterodyne receivers input and output third order intercept points (IIP3 and 

OIP3) are considered. For direct-conversion receiver architectures second order 

intermodulation products can cause corruption of the desired signal band. For such 

receivers, input and output second order intercept points (IIP2 and OIP2) must be 

considered [55]-[56]. This chapter discusses the performance of a down-converter 

(LNA+down-conversion mixer) module with broad-band performance suitable to meet 

the requirement of 2-G and 3-G systems. System level specifications for 2-G and 3-G 

BTS receivers are described in the following section. 

  6.2 Base Station (BTS) Receiver Specifications 

6.2.1 Digital Cellular System (DCS1800) and Personal Communications System 
(PCS1900) Specifications 

DCS1800 and PCS1900 specifications can be derived from GSM 0.5.05 document 

[53]. These two standards essentially use the same specifications. Reference sensitivity 

level for base station receiver for both DCS1800 and PCS1900 is -104 dBm. To meet the 

desired BER performance the Signal to Noise ratio (S/N) of 9-dB is specified. Band-

width (B) for both systems is 200-kHz and operating temperature is 290-K. Using 

Equation 6.1 the NF of the system can be achieved as, 

   174 10log( )ref
SNF S dBm B N≤ + + +    (6-1) 

Equation 6.1 gives an NF value of 8-dB for both standards. For intermodulation 

(IIP3) requirements the references sensitivity should be maintained when two tones of 

interferer signals (Pint) and a signal 3-dB above the reference sensitivity are input to the 
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receiver. Pint is -49dBm for both DCS1800 and PCS1900. Carrier to intermodulation ratio 

is 12-dB for both cases. Equation 6-2 provides the IIP3 requirements of the receiver for a 

given interferer and signal power level.  

    int
int

( )
3

2
ref

CP S NIIP P
− −

≥ +    (6-2) 

IIP3 value of -8dBm for DCS1800 and -17dBm for PCS1900 can be obtained from 

Equation 6-2. For Direct conversion receivers a high value of IIP2 is required. The AM 

suppression characteristics set the IIP2 requirement for DCS1800 and PCS1900 and are 

same for both standards. A single modulated blocker, with power level of -35 dBm for 

normal BTS, causes the second order intermodulation due to even order non-linearities in 

the receiver. The required signal should be -101dBm, which is 3 dB above the base 

station receiver reference sensitivity level of -104 dBm. To keep the DC product below -

9dBc, the second order intermodulation product (IM2) level must be lower than -110 

dBm. The required IIP2 can be calculated using Equation 6-3: 

   ker ker2 ( 2)req bloc blocIIP P P IM= + −                (6.3) 

 Equation 6-3 shows that minimum IIP2 required at the antenna input is 40-dBm, 

which is very stringent.  

6.2.2 Universal Mobile Telecommunications System (UMTS) Specifications 

The requirements for a UMTS receiver are based on the technical specifications 

established by the 3rd Generation Partnership Project (3GPP).  In particular, document 

3GPP TS 25.104 (UTRA FDD: Radio Transmission and Reception) [54] covers the RF 

requirements for the entire base station. UMTS, or wide-band CDMA (WCDMA) 

standard is based on direct sequence spread spectrum technology, with code division 
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multiple access (CDMA) scheme. User information bits are spread over a wide 

bandwidth by multiplying the user data with quasi-random bits (called chips) derived 

from CDMA spreading codes. All users in one cell share same frequencies all the time, 

and signal is “spread” over the whole bandwidth of a channel. This “spreading” of the 

signal results in a processing gain, allowing for the detection of signal levels below the 

noise floor. The receiver sensitivity is specified as –121 dBm for a 12.2 kbps channel. At 

this level, the bit error rate (BER) is expected not to exceed 0.1%. Eb/N0 of 5.2 is required 

to achieve this BER performance. For a bit rate (R) of 12.2 kbps and bandwidth of 

3.84MHz this Eb/N0 is equal to signal to noise ratio (SNR) of -20 dB. In UMTS system 

the quantity R/B is called as processing gain. SNR of -20 dBm implies that in UMTS 

system it is possible to detect signals which are lower than thermal and interference 

power levels. This implies that to achieve the desired BER of 0.1%, SNR should be at 

least –20 dB.  Reference sensitivity requirement for 3GPP is -121-dBm and channel 

bandwidth (B) is 3.84MHz. Using Equation 6-1, the maximum noise figure that can be 

tolerated is 7 dB. Thermal noise floor of a 3.84GHz channel is -108 which gets increased 

to -101dBm for NF of 7-dB. With the required –20 dB SNR, a signal level of –121 dBm 

could still be detected with the required BER.  

The IIP3 specification of the UMTS receiver is defined by intermodulation 

characteristics in TS 25.104 [54], which states that reference performance should be met 

when the following three signals are present at the BTS antenna input: a –115 dBm 

wanted signal, a –48 dBm unmodulated interferer at 10 MHz offset, and a –48dBm 

modulated interferer at 20 MHz offset. As SNR is -20 dB, intermodulation component 

combined with noise can be 20 dB higher than the wanted signal and the signal can still 
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be detected. In the worst case that intermodulation component and noise have the same 

power, the signal to interferer ratio doubles to -17 dB. Using Equation 6-2 an IIP3 

requirement of -23 dBm can be calculated. IIP3 requirement for UMTS systems is 

significantly more relaxed than that for 2G GSM receivers [57]. Similar to IIP3, IIP2 

requirements for direct conversion receivers are also more stringent for DCS1800 and 

PCS1900 and are very relaxed for UMTS band. Here a modulated blocker with average 

power level of -40dBm is applied at 10 MHz offset. Wanted signal level is -115 dBm, 

and an SNR requirement of -20 dBm sets the maximum tolerable IM2 level to -95dBm. 

Using Equation 6-3, IIP2 is calculated to be +15dBm at the antenna connector. 

In summary, UMTS has a tighter specification in receiver noise figure, whereas 

GSM (DCS1800 / PCS1900) has a tighter specification in receiver linearity. Therefore, to 

design a receiver chip set that meets all base station requirements of UMTS, DCS1800, 

and PCS1900, the integrated receiver should have its NF meeting the UMTS requirement 

of 7dB, and IIP3 and IIP2 meeting the DSC1800 requirements of -17dBm and 40 dBm 

respectively. Table 6-1 summarizes NF, IIP3, and IIP2 requirements for DCS1800, 

PCS1900 and UMTS bands. 

Table 6-1. Base station receiver specifications 
Standard DCS1800 PCS1900 UMTS 

Frequency 1710-1785 1850-1910 1920-1980 

NF [dB] 8 8 7 

IIP3[dBm] -17 -17 -23 

IIP2[dBm] 40 40 15 

6-3 Design Considerations and Experimental Results: Low Noise Amplifier (LNA) and 
Down-converter 

Both chips were designed using 0.25-µm CMOS process. This process offers five 

metal levels, with 3 µm thick top level metal for improved inductor quality factor (Q). 
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Top level metal was also used for RF signal routing whenever possible, as well as in the 

layout of CMOS devices, to minimize resistive loss in conductor. Substrate resistivity 

was about 10 Ω/cm. Inductor Q values of around 10 were achieved for inductance of 1 to 

12-nH. All inductors, including the input matching inductor of LNA, were integrated on 

chip. 

6.3.1 Low-Noise Amplifier 

Low noise amplifier is typically the first stage in wireless receivers and thus 

determines the sensitivity of the receiver chain. Linearity is also an important parameter, 

particularly in BTS applications, since a number of wanted and unwanted signals with 

wide variations in signal strength can be present at the receiver input. Therefore an LNA 

typically must exhibit low noise figure (NF) and high linearity simultaneously. Since 

CMOS devices exhibit minimum NF of under 0.5 dB [58] and low third-order 

intermodulation distortion due to near square-law current versus voltage behavior [59]-

[60], it is possible to achieve good NF and linearity simultaneously [61]. It was also 

demonstrated that it is possible to achieve both low NF and high IIP3 for LNA’s in 0.25-

µm BiCMOS technology, using optimum device size and bias current [62]. The 

schematic of the LNA is shown in Figure 6-1. A single stage, common source 

configuration was chosen for optimum linearity and NF. The gate size of about 170-µm 

was selected to provide best linearity and NF input match at the design frequency, 

without degrading gain significantly. Minimum NF (NFmin) of this large device was 

measured to be 0.5-0.8 dB at 1-2 GHz, for drain bias of 3 V, and drain current in the 

range of 10-60 mA. Since the device NFmin is sufficiently low, it was possible to use 

series on-chip inductors for input matching and still meet the NF specifications. 

Degeneration inductance was added at the source terminal, to improve the IIP3, and the 
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input and output return losses. A current mirror with smaller transistor size was used to 

set the gate bias voltage, and help with process and temperature compensation.  Drain 

voltage is supplied through a biasing inductor, which in parallel with the small capacitor 

forms a high impedance RF choke across the three frequency bands of interest. Chip size 

for LNA is 1.2 mm x 1.1 mm. A die photograph of the LNA is shown in Figure 6-2. 

 

Figure 6-1. Broad-band low-noise amplifier  

 

Figure 6-2. Low-noise amplifier die-photo  
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Figure 6-3 shows the LNA S-parameters across the three frequency bands of 

interest.  Gain of over 12-dB is achieved across the whole bandwidth, with S22 better than 

-15dB, and S11 close to -10dB, without any external matching.  

 

Figure 6-3. Measured LNA S-parameters 

The LNA also achieves good noise figure performance. Noise figure is below 1.6 

dB in all three bands as is shown in Figure 6-4. In addition, input P1dB of above 4dBm 

and IIP3 as high as 13dBm were achieved as is shown in Figure 6-5. LNA performance 

was evaluated for bias current from 10mA to 40mA, with minimum performance 

degradation. With 3V bias voltage, bias current of 28 mA was found to be the optimum 

bias point for best linearity and noise figure. With half the drain current, IIP3 is lowered 

only by about 1dB, and NF is increased by only about 0.2 dB. This makes CMOS 

amplifier performance very robust to changes in bias conditions due to process and 

temperature variations. 
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Figure 6-4. Measured noise figure versus frequency 

 

 

Figure 6-5. Measured input P1dB and IIP3 versus frequency 
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6.3.2 Down-Converter 

The down-converter consists of an active LO balun and a passive mixer. Passive 

mixers achieve a higher linearity than active mixers, and are thus more suitable for base 

station receivers. The resistive FET mixer, traditionally implemented using GaAs FET 

devices, has a very high input IP3 compared with other mixer types [11]. Due to the fact 

that a single MOSFET transistor device can be used as a switch, CMOS mixers can also 

be realized in passive form, achieving similar performance at much lower cost [42]. In 

addition, passive CMOS mixers require no DC bias, and thus exhibit lower 1/f noise [63], 

[64], making them particularly suitable for direct conversion architectures. Schematic of 

the down-converter block is shown in Figure 6-6 

 

Figure 6-6. Down-converter (passive mixer, LO buffer and IF buffer) 



85 

 

The LO buffer amplifier converts single-ended LO input to differential output of 

sufficient power (around 10-dBm) to drive the double-balanced resistive MOSFET mixer 

for high IIP3. The circuit configuration is a differential amplifier with one input terminal 

AC grounded. Cascode structure provides very good isolation between output and input 

that makes impedance matching easier. A common-mode rejection output impedance 

matching network and an LC resonator at coupled source node provide enhanced 

common mode rejection that keeps the phase balance close to 1800. The chip size is 2.4 

mm x 1.5 mm. A die photograph of the down-converter is shown in Figure 6-7.  

 

Figure 6-7. Down-converter module die-photo 

The down-converter return loss at IF, RF (and LO) ports is shown in Figure 6-8 and 

6-9 respectively. RF return loss is lower than -15dB over the three bands of interest, 

while it is close to -10dB at the LO port, which is less critical for the receiver 

performance. IF return loss is lower than -12dB for frequencies up to 500 MHz, 

indicating that the down-converter is suitable for a wide range of IF frequencies, as well 
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as for direct conversion architecture. The chip operates with a bias voltage of 3V and the 

current consumption is 40mA.  

 

Figure 6-8. Measured return loss at IF port 

 

Figure 6-9. Measured return loss at RF and LO ports 
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A conversion loss of better than -7dB was obtained for the frequency ranges of all 

standards as is shown in Figure 6-10. Lowest conversion loss of -6.5 dB was achieved at 

2-GHz for an LO power of 4-dBm.  

 

Figure 6-10. Measured conversion gain versus frequency 

             

Figure 6-11. Measured input P1dB, IIP3 and IIP2 versus frequency 
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Measured input P1dB, IIP3 and IIP2 for different RF frequencies are shown in 

Figure 6-11 and were found to be above 8-dBm, 17-dBm and 57-dBm respectively for 

the frequency range of 1.7-GHz to 2.5-GHz. This highly linear second and third order 

response makes the use of this downconverter suitable for both heterodyne and direct 

conversion receivers. 

6.4 System Level Modeling and Simulations 

To evaluate the performance of the chip set when implemented in base station 

receivers, both heterodyne and direct-conversion architectures were designed and 

simulated. Standard off-the-shelf parts were selected for external components. System-

level receiver chain performance was simulated using Agilent ADS. The behavioral 

models for the LNA and the down-converter were constructed in Agilent ADS based on 

the measured data. These models incorporate both linearity and NF data as a function of 

frequency, in addition to the S-parameters. The Amplifier, DataAccessComponent 

(DAC), Mixer and Mixer2 components in ADS library have been used for the modeling 

purpose. The measured data for the S-parameters, the noise figure and the linearity (P1dB, 

IIP3 and IIP2) can be specified in a file for different frequency values and can be selected 

based on an index mapping to a particular operating frequency. This index can be chosen 

for a particular frequency band and linked to the stored values of the performance 

parameters in the file which is accessed by the DAC component.  The DAC in turn is 

invoked by the amplifier/mixer instance. The performance parameters are then retrieved 

from the data stored in the file. This behavioral modeling provides a convenient and fast 

way of measuring the system level performance such as the noise figure and the 

intermodulation performance of the complete receiver chain based on the measured 

performance of individual blocks.  
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6.4.1 Heterodyne Receiver Performance 

 The indirect-conversion architecture is shown in Figure 6-12. Two LNA stages 

were used to provide sufficient gain. For heterodyne receiver architecture, the choice of 

IF frequency is critical to the system performance, mainly due to the high-order mixing 

products (spurs) generated after down-conversion mixer.  

 

Figure 6-12. Heterodyne receiver architecture 

The high-order spurs may cause the receiver to fail the system test when strong 

blockers are present. In this design the IF frequency was chosen at 170 MHz. Calculation 

of NF includes components from the antenna connector to the analog-to-digital converter, 

whereas the calculation of IIP3 includes components from the antenna connector to the 

channel-select filter where out-of band third-order intermodulation products are removed. 

As indicated in Table 6-2, the heterodyne receiver chain achieves NF lower than 4.5dB 

and IIP3 higher than -5dBm in all three bands, thus meeting and exceeding DCS1800, 

PCS1900 and UMTS requirements outlined in Table 6-1. 

Table 6-2. Simulated receiver chain performance  
Heterodyne Receiver 

Standard DCS1800 PCS1900 UMTS 
NF [dB] 4.2 4.3 4.3 

IIP3[dBm] -4.4 -3.7 -3.1 
Direct Conversion Receiver 

NF [dB] 5.4 5.6 5.8 
IIP2 

[dBm] 
40.5 42.4 44.2 

IIP3[dBm] -0.4 0.3 1.2 
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6.4.2 Homodyne Receiver Performance 

The receiver performance was also evaluated in direct-conversion architecture, as 

shown in Figure 6-13. Compared to the heterodyne design, this architecture is simpler 

and requires no image reject filter. A passive channel-select filter is used in this design so 

that its linearity would not be a limiting factor of the system linearity performance. Since 

the RF input port of the mixer is AC-coupled, the low frequency second order 

intermodulation component at the LNA output is significantly attenuated. However, the 

LNA amplifies in-band blockers. Therefore the linearity of the mixer will dominate the 

IIP2 performance. Since GSM specifications set a tighter IIP2 requirement, a 3-dB 

attenuator is inserted before the second stage LNA to improve the linearity and meet the 

stringent IIP2 specification for DCS1800. 

 

Figure 6-13. Homodyne (direct-conversion) receiver architecture 

As shown in Table 8-2, in this architecture IIP3 and IIP2 of better than 0-dBm and 

40-dBm respectively were achieved in all three bands, with a noise figure of less than 6 

dB, indicating that 2G and 3G specifications are met. Although the 3-dB attenuator 

increases NF slightly, the improvement in linearity increases IIP2 to meet the stringent 

GSM requirement. Considering the tradeoff between noise figure and linearity, a tunable 

attenuator can be used to set the optimal value to meet the requirement in each band. 
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6.5 Conclusion 

Measured performance of a broad-band LNA and down-converter are presented. 

The circuits achieved good linearity as well as noise figure for a wide frequency range. 

Measured performance of the blocks is modeled in ADS which is then used to perform 

system level simulations to verify the use of the designed circuit. It has been shown that 

with the LNA and down-converter module, the noise and linearity specifications of 

DCS1800/ PCS1900 and UMTS bands can be met in both super-heterodyne as well as 

direct-conversion receiver. The results successfully demonstrate that CMOS devices can 

be used for base station receiver applications that have stringent linearity requirements.
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CHAPTER 7 
LOW-PHASE NOISE HIGH-POWER OSCILLATOR 

7.1 Introduction  

Though the semiconductor industry in today’s world is dominated by silicon 

transistors, Gallium Arsenide (GaAs) based High Electron Mobility Transistors (HEMTs) 

and hetero-junction bipolar transistors (HBTs) have a reputated niche for high-frequency 

capabilities. Gallium Nitride (GaN) devices, on the other hand, have emerged as the 

material of choice for handling both high frequencies and high power. As far as power is 

concerned however, GaAs-based devices are not ideally suited due to the smaller 

bandgap of GaAs. In addition to being a narrow bandgap device, GaAs substrate has 

higher thermal resistivity than silicon, which makes it difficult to remove the heat 

generated in high-power applications. Also, the critical electric field of GaAs is about 

one-fifth of GaN. Silicon Carbide (SiC) metal-semiconductor field-effect transistors 

(MESFETs) can be a good choice for high power applications because of their excellent 

thermal conductivity [65]-[68]. However, SiC has very low electron mobility compared 

to GaN which is due to the absence of heterojunction technology in this material system. 

Also SiC substrates are expensive and have very low manufacturing yield. These factors 

make it difficult for SiC to compete in the cost-sensitive commercial market. Silicon 

Germanium (SiGe) HBTs are another alternative which find applications in many 

microwave and mixed signal products. SiGe HBTs can offer cost effective high 

performance products previously unavailable on a silicon platform. However, the SiGe 

HBT device structure remains a relatively low power configuration and is an unlikely 
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candidate for high power applications. Another device suitable for high power 

applications is the Silicon laterally diffused metal-oxide semiconductor (LDMOS). These 

structures result from pushing the limits of silicon power MOS transistor technology to 

its high-frequency limits. Silicon LDMOS offers excellent cost and performance ratios in 

this segment. However, due to the increasing demand of speed, power handling capability 

and linearity of next-generation systems, continued use of Silicon LDMOS is 

questionable. GaN devices offer an advantage over other materials in terms of power 

handling, high frequency operation as well as cost. Table 7-1 lists the properties of 

different substrate materials. 

Table 7-1. Comparison of different substrate materials 
Property Silicon GaAs SiC GaN 

Suitable for high power Medium Low High High 

Suitable for high frequency Medium High Medium High 

HEMT Structure No Yes No Yes 

Low Cost Yes  No No Yes 

GaN has an energy gap value that approaches 3.4-eV at room temperature, enabling 

GaN devices to support peak internal electric fields about five times higher than silicon or 

gallium arsenide (GaAs). Higher electric field strength results in higher breakdown 

voltages - a critical attribute for handling high power requirements and for achieving 

much higher efficiencies through the use of higher supply voltages. GaN devices have 

higher electron mobility than Si and GaAs which can further be enhanced by using 

AlGaN material with GaN. Efficiency refers to the ability of the transistor and 

amplifier/oscillator to convert electrical power into output power. One way of achieving 

higher efficiencies using GaN is through higher supply voltages. GaN devices are mostly 
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suitable for power amplifiers [69]-[70]. Higher data rate modulation schemes and 

multicarrier amplification systems currently being designed require high-linearity power 

amplifiers, which depend on power transistors with high compression points, excellent 

thermal stability and increasingly high frequency response. High power density allows a 

smaller chip to handle large amount of power which can result in more chips per wafer 

and hence lower costs. GaN oscillators have shown to achieve high output power and 

good phase noise performance [71]-[74].   

7.2 Gallium Nitride (GaN) High Electron Mobility Transistor (HEMT): Measurements 
and Modeling 

GaN HEMT structures were available as discrete parts and their use in the design of 

a circuit required the development of suitable models for simulations. Hence, IC-CAP 

modeling software was used to obtain Curtice cubic model for the measured DC and AC 

performance and the parameters were further optimized in Agilent Advanced Design 

System (ADS) simulator. Figure 7-1 shows a die photograph of the HEMT device. 

Simulated model performance matched closely to the measured data for both AC and DC 

performance. Figure 7-2 and 7-3 shows the matching of measured and simulated AC and 

DC performance respectively.  

 

Figure 7-1. Gallium Nitride HEMT  
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Figure 7-2. Measured and modeled S-parameter performance 

 
Figure 7-3. Measured and modeled DC I-V performance 
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Table 7-2 lists the extracted parameters of the developed Curtice-cubic model 

which closely matched the measured behavior of the HEMT device. 

Table 7-2. Extracted Curtice-cubic model parameters 
Parameter Value Parameter Value 

Beta 8.527m Rgd 54.12Ω 

Gamma 2.35 Rd 7.2 Ω 

A0 284.6m Rg 1 Ω 

A1 138.7m Rs 12.4 Ω 

A2 21.05m Ld 23pH 

A3 1.035m Lg 10pH 

Cgs 1480fF Ls 10pH 

Cgd 55.89fF N 4.3 

Cds 80fF Is 85.5nA 

 

7-3 Design Considerations: Oscillator 

To evaluate the performance of the HEMT device, an oscillator circuit was 

designed at 2 GHz. Simulation results showed that the oscillator could achieve an output 

power level of 24.0 dBm at a current of 49 mA from a 10 V supply. The simulated 

efficiency for DC-to-RF power conversion was 51%. Better efficiency implies a better 

phase noise response. Schematic of the oscillator circuit is shown in Figure 7-4. 

Capacitive degeneration was used at the source. This provides a negative resistance 

looking into gate node of the HEMT. A large sized inductor was placed in parallel with 

the capacitor to provide DC current path from Vdd to ground. Transmission lines network 
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was used at the gate node which provides an inductive component at the frequency of 

operation. Length of the transmission lines was adjusted to make the circuit oscillate at a 

frequency of 2 GHz. Gate and drain biasing was provided using large inductors which 

acts as short to DC current. Output signal was taken at the drain node through a 

transmission line with characteristic impedance of 50 Ω. The circuit was fabricated on 

FR4 board (dielectric constant - 4.4, loss tangent - 0.02, thickness -1.6mm). A die photo 

of the oscillator circuit is shown in Figure 7-5. 

 

Figure 7-4. Negative impedance oscillator circuit (Oscillator - I) 

 

Figure 7-5. Fabricated oscillator circuit board (Oscillator - I) 

Another oscillator circuit was built in a common source configuration. The 

schematic of the circuit is shown in Figure 7-6.  
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Figure 7-6. Feedback oscillator circuit (Oscillator-II) 

A phase shift of 1800 is provided by the common source configuration and a 

feedback circuit was built using transmission lines and bypass capacitors which provides 

another 1800 of phase shift for the signal at 2-GHz. This circuit also was fabricated on 

FR-4 substrate. Gate and drain biasing was provided using large inductors which acts as 

short to DC current. Output signal was taken at the drain node through a transmission line 

with characteristic impedance of 50 Ω. A die photo of the oscillator circuit is shown in 

Figure 7-7. 

 

Figure 7-7. Fabricated oscillator circuit board (Oscillator-II) 

7.4 Experimental Results 

The circuit ware designed to operate at 2.0-GHz but actually operated optimally at 

1.88-GHz and 1.73 GHz respectively. Circuit-I achieved an output power level of 21.5-

 

RLoad 
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dBm at a current consumption of 50.4mA from a 10 V supply and circuit-II achieved an 

output power level of 20.5-dBm. Measured conversion efficiency from DC power to RF 

power was 28% and 16% respectively. The main cause of such reduction in efficiency 

from simulated value is the change in behavior of the circuit after including bond-wires. 

In simulations, the inductance associated with the bond wires was taken as 1mm which 

was less than the actual inductance. Measured DC current under similar bias condition as 

the stand alone device was less which leads to a decrease in the expected power level. 

Measured spectrum of the oscillator I and II are shown in Figure 7-8 and 7-9 respectively. 

Power level of the second harmonics signal is 21.0 dB below fundamental signal power 

level for circuit I and is 20 dB below for circuit II.  

Tuning range of the oscillator I was 110-MHz when the gate voltage was varied 

from -0.5 V to 3.5 V and was 76-MHz for oscillator II. Gate capacitance changes with the 

change in bias voltage which causes a shift in the frequency of oscillation. Figure 7-10 

and 7-11 shows a plot of the operating frequency and respective power levels with 

different gate bias voltages for circuit I and II respectively. Output signal power level was 

more than 17.0 dBm for the entire tuning range for both the oscillators. A plot of 

achieved efficiency with different gate bias voltages is shown Figure 7-12. According to 

Leeson’s formula phase noise of an oscillator circuit is inversely proportional to output 

power level. 

2

0
2

1 1( ) 10 log 1 1
2 2

c
m

m s m

f fFkTL f
f Q P f

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

                        (7-1) 

where Q is the loaded quality factor, f0 is the oscillation frequency, fc is the flicker 

corner frequency of the device, fm is the offset frequency and Ps is the output power. 
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Output power level has been maximized to achieve better phase noise performance. 

Phase noise performance was measured using HPE5500 Frequency Discriminator. Phase 

noise response for the circuits are shown in Figure 7-13 and 7-14 respectively. At 1-MHz 

offset phase noise is -130dBc/Hz from the 1.88 GHz carrier for circuit I and -126dBc/Hz 

from the 1.73 GHz carrier for circuit II. 

 

Figure 7-8. Measured output spectrum of oscillator-I 

 

Figure 7-9. Measured output spectrum of oscillator-II 
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Figure 7-10. Frequency and output power versus gate bias voltage (Oscillator-I) 

 

Figure 7-11. Frequency and output power versus gate bias voltage (Oscillator-II)  
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Figure 7-12. Measured DC-to-RF conversion efficiency versus gate bias voltage 

 
Figure 7-13. Measured phase noise versus offset frequency (Oscillator-I) 
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Figure 7-14. Measured phase noise versus offset frequency (Oscillator-II) 

7.5 Conclusion 

Design and measured results of two high power oscillator circuit fabricated on FR4 

substrate using high power GaN HEMT are presented. Output power level of 21.5-dBm 

and 20-dBm were achieved at frequency of 1.88- GHz and 1.71 GHz. A DC-to-RF 

conversion efficiency of 28% and 16 % was achieved by designs I and II. The designs 

achieved comparable performance as previously published results on AlGaN/GaN HEMT 

oscillators [72]-[74]. 
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Table 7-3. Performance summary of GaN oscillators 
 

Reference 

Fundamental 

Frequency 

[GHz] 

Fundamental 

Power 

[dBm] 

 

Efficiency 

[%] 

Phase Noise 

100 kHz               1MHz 

               [dBc/Hz] 

[72] 6 27 13.9 -92 -120 

[73] 5 20.5 14.1 -105 -123 

[74] 4.16 25.9 8.8 -86.3 -115.7 

this work 1.71 20 16 -98 -125 

this work 1.88 21.6 28 -102 -130 
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CHAPTER 8 
HIGH-POWER RECTIFIER USING GALLIUM NITRIDE DIODES 

8.1 Introduction 

Portable device market has grown exponentially and continued efforts have been 

undertaken to make things small as well as ‘wireless’ for ease of use. In order to fully 

exploit the benefits of “wireless” it is imperative that the wireless communication 

systems are endowed with on-board energy harvesting devices to power themselves. The 

RF/microwave technologies bring to fore their applicability to Wireless Power 

Transmission (WPT). WPT applications involve transmission of very high power 

microwave signals over large distances. WPT is suitable for space applications as well as 

earth-based remote terrain for distribution of electricity. Historically, the idea of WPT 

began over 100 years ago as a concept proposed by Tesla. Continuing efforts for WPT 

were carried by researchers in Japan and U.S.A which did not prove to be successful for 

commercial use. Due to the abstruse nature of problems associated with generating high 

power at microwave frequencies, WPT was confined to being a highly futuristic research 

goal and was never really close to a practical implementation. Due to advanced research 

in the field of microwave tubes, it became possible to generate high power at microwave 

frequencies. In 1960, Raytheon Company developed high-power microwave tubes which 

had the (Direct Current-to-Radio Frequency) DC-to-RF conversion efficiency of 81%, 

which further led to the modern era of WPT [75]. Later on, Raytheon developed a 

rectenna (antenna and rectifier) circuit which achieved good (Radio Frequency-to-Direct 

Current) RF-to-DC conversion efficiency. Continuing efforts led to increased RF-to-DC 
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conversion efficiencies. Best conversion efficiency ever recorded was achieved by 

Brown, Raytheon Company [76]. A conversion efficiency of 90.6% was achieved at a 

microwave power level of 8 W, using GaAs-Pt Schottky barrier diode. Traditionally, high 

frequency communication is congenial for high directivity and low transmission losses. 

Experiments were also carried to realize WPT at higher frequencies (35-GHz) [77]-[78]. 

This was done in order to achieve reduction in the size of the transmitting and receiving 

antenna and to increase the transmission range. The components required to generate 

high power levels at 35-GHz were expensive and the efficiency was also not good. 

However, as system needs arise and device technologies advance, WPT at higher 

frequencies may be practical in near future.  

Today, a wide spectrum of problems can be addressed using WPT. Spatially 

separated intractable sensors can now be powered wirelessly, thereby eliminating the 

need for human maintenance, which was indispensable previously due to the necessity 

for timely replenishments of portable power sources. It also finds usage in a number of 

military applications where power could be transmitted to sensors located in hostile 

environs. Also sharing the same microwave spectrum are the ISM (Industrial, Scientific 

and Medical) applications in which a growing interest has been demonstrated for WPT 

(Wireless Power Transmission) systems. For civilian applications, perennially running 

wireless devices like cell phones and biological electronic accessories like pacemakers 

are a few examples.  

8.2 Properties and Principles of Beamed Microwave Power Transmission for Free Space 
Transmission 

Beamed microwave power transmission has the following unique features as a 

means of transferring energy from one point to another, 
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 No need for massive cables for energy transportation from source to 

destination 

 Transfer of energy at the speed of light and flexibility to change direction of 

energy transfer 

 No energy is lost in transmission in space through vacuum and very little 

loss in Earth’s atmosphere at lower frequencies 

 Energy transfer between points is independent of gravitational force 

between the source and destination 

Collection efficiency between the transmitter and receiver antenna through free 

space if directly related to the sizes of the transmitter and receiver apertures, the distance 

over which the energy is being sent and frequency of the microwave beam. A relationship 

between these parameters has been studied and experimentally verified by Goubau’s and 

other. The relationship between the parameter τ  and aperture to aperture collection 

efficiency is shown in Figure 8-1, where is given by given Equation 8-1, [79]  

 

Figure 8-1. Collection efficiency between receiver and transmitter apertures as a function 
of Goubau’s parameter 
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t rA A
D

τ
λ

=                                                         (8-1) 

where, At is the transmitter area aperture, Ar is the receiver area aperture, λ is the 

wavelength of microwave beam and D is the separation between the two apertures. 

Collection efficiency is also affected by atmospheric attenuation which is related to 

operating frequency and weather conditions.  

In order to achieve very high collection efficiencies the transmitted beam 

characteristic should be truncated Gaussian tapered distribution with very low side band 

levels. A tapered distribution results in a higher power density at the transmitter aperture. 

The choice of the taper depends on the system constraints of collection efficiency, 

sidelobe levels, peak power density, and size of the apertures. A tapered Gaussian 

distribution at the transmitter results in a similar distribution at the receiver. Conversion 

efficiency at the receiver is strongly related to the power density distribution across the 

receiver aperture. With the assumption of a uniform taper at the transmitter and negligible 

mismatches the directivity can be expressed as, 

0 2

4 tmAD π
λ

=                                                     (8-2) 

This directivity expresses the gain factor by which the main beam is amplified in a 

certain direction. Atm is the maximum effective transmitter area. For aperture antennas 

Atm is same as At. The magnification is reduced by decay of field strength by a factor 

( 2

1
4 Dπ

). Using directivity gain and decay expression the peak power density at the 

center of the receiver aperture at a distance D from the transmitter can be expressed as, 

, 2 2
t t

d center
A PP

Dλ
=                                                 (8-3) 
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where Pd,center is the peak density of receiver power which is achieved at the center of the 

aperture. Power density and achieved DC output power across the receiver follow the 

same distribution as the transmitter. Gaussian distribution at the receiver is specified in 

terms of peak power density and half power beam bandwidth (HPBB) which can be 

approximately written as [80], 

2
0 32400 32400

4 t

HPBB
D A

λ
π

= =                                     (8-4) 

Using HPBB the half power beam radius can be achieved for the Gaussian distribution on 

the receiver aperture which can be expressed as 

0

360hp
HPBBr Dπ

=                                                 (8-5) 

The Gaussian power density distribution on the receiver aperture is given by 

2

, 2( ) exp ( ) ln(2)d d center
hp

rP r P
r

⎡ ⎤
= −⎢ ⎥

⎢ ⎥⎣ ⎦
                                      (8-6) 

Total power received can be obtained by integrating the power density distribution over 

the aperture area. Average power density is given by total power divided by the total 

area, which can be written as 

 
( ).

, d rx
d average

rx

P r dA
P

A
= ∫                                               (8-7) 

Equation 8-7 shows that for given total received power level a high value of Pd,average 

requires a smaller receiver area. Power handling capability of the receiver depends on 

material type of antenna, total antenna area and the power density rating of the rectifying 

elements. Power handling of rectifying diodes is related to their breakdown voltage. 

Rectifying elements are the bottleneck to achieve high efficiency at higher power density 
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levels. To increase the power handling capability of this bottleneck link it is required to 

use diodes that give high efficiency at higher power levels. GaN diodes with very high 

power handling capability can serve as a good candidate for WPT systems involving very 

high power density transmission.  

8.3 Wireless Power Transmission (WPT): System Configuration 

Wireless power transmission system can be viewed as a system that transfers 

electrical power from one location to another without support of actual cables. WPT 

system can be integrated to other systems at relatively low implementation cost. It was 

estimated that power carried through a microwave beam can be four times less expensive 

than electricity produced by photovoltaic panels [81]. Most important requirement for a 

WPT system is to achieve high overall transfer efficiency (DC-to-DC). WPT system 

consists of three major building blocks as shown in Figure 8-2. The first block converts 

the DC (or AC) power to microwave energy. Microwave energy is then radiated through 

an array of antennas and converted to a focused beam. This focused beam is then radiated 

across free space towards the collector antenna. Microwave energy is then collected using 

receiver antenna which is then rectified back to DC power according to rectenna 

efficiency. The choice of antennas used at transmitter and receiver ends depends on the 

power handling capability of the devices and the collection efficiency. Overall efficiency 

of the WPT system can be divided in three sub-efficiencies: DC-to-RF conversion 

efficiency (ηt), collection efficiency (ηc), RF-to-DC rectification efficiency (ηr). To 

achieve maximum system efficiency it is required to maximize the efficiency of 

individual stages. Efficiency of a system can be expressed as the ratio of useful output 

power to the total input power delivered to the system. (Equation 8-8)  
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Figure 8-2. Simplified wireless power transmission system 

    x100 %out

in

PEfficiency
P

=     (8-8) 

For the transmitter, it is required to achieve high levels of microwave power from 

DC. Vacuum tube devices such as magnetron can efficiently convert DC power into RF 

power. Magnetrons with DC-to-RF conversion efficiency in the range of 70% to 85% are 

available in lower frequency ranges of 1-5 GHz. Magnetrons are cheap devices and can 

provide high power levels at good efficiency compared to typical solid-state FET device. 

Suitable choice of antenna type and size is required for both transmitter and receiver end. 

Slotted waveguide antenna can be used at the transmitter end when magnetrons are used 

as RF sources. Slotted waveguide antennas are a suitable choice for transmission of RF 

power when magnetrons are used as the RF source. These antennas have high efficiency 

and high power handling capability. Such structures can also provide a low cost solution.  

Efficiency of antenna is defined as the ratio of antenna gain and directivity. A large 

number of antenna and sources need to be used to achieve sufficiently high RF power 

levels. The radiated RF power should be efficiently collected by a receiver antenna which 
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is usually larger in size compared to transmitter antenna. For a constant collection 

efficiency at fixed operating frequency, the parameter τ  is constant and transmitter and 

receiver aperture area product is also constant as described in Equation 8-x. Transmitter 

antenna size can be maximized to enhance the beamed characteristics but is limited by 

the approximation of far field region of operation which depends on the separation 

between the receiver and transmitter. Typically receiver aperture area is kept larger than 

transmitter to efficiently collect the radiated energy. An array of smaller antenna 

elements which are connected to the rectifier circuit comprises the whole receiver system. 

In order to achieve a reduction in the number of antenna elements, it is required to collect 

higher power levels per unit area which can be used by the rectifier circuit to achieve 

high DC output power. RF-to-DC conversion efficiency of a Schottky barrier diode at 

higher power levels is limited by the breakdown voltage. GaN diodes prove to be a 

suitable candidate for rectification when RF input power levels are very high because of 

their excellent power handling capabilities. CMOS and GaAs Schottky diodes have fewer 

parasitic and can provide good conversion efficiency at higher frequencies [82]-[83]. 

However these devices suffer from the limitation of requiring many such devices in order 

to achieve larger output voltages. This is turn, leads to an increase in the overall area as 

the requirement for the number of antenna elements also increases. GaN Schottky diodes 

are suitable for applications requiring high DC voltage levels, which becomes possible 

due to their high breakdown voltages. The following section describes the relationship 

between diode parameters and achievable efficiency at different power levels and load 

conditions. 
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8.4 Effect of Diode Parameters on RF-to-DC Conversion Efficiency 

Diode conversion efficiency ηd is key measure to determine the overall efficiency 

of the WPT system. Diode efficiency is defined can be defined as the following ratio, 

dc output power
RF power incident on the dioded

η =                                      (8-9) 

Efficiency of the rectifier circuit at a particular frequency depends on the electrical 

parameters of the diode. A diode model suggested in [84]-[85] is used to approximately 

predict the behavior of rectification efficiency.  

 

Figure 8-3 Equivalent representation of Schottky barrier diode 

In Figure 8-3, Rs is the series resistance, Vbi is built in potential, Cjo is the zero bias 

junction capacitance and V0 is the DC voltage level across the load resistance RL. The 

model takes into account the electrical parameters of the diode and the losses at the 

fundamental frequency of operation only. Effect of other harmonics is assumed to be 

negligible. A dynamic variable θon which depends on the input power applied to the diode 

is defined as, 
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Closed form equations for efficiency were determined which are expressed below [85]. 

RF-DC rectification efficiency can be expressed as, 

1
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Equations 8-11 - 8-14 give an estimate of the maximum achievable efficiency for 

diode with fixed parasitic values when the RF input power level is changed. To get an 

estimate of the efficiency values with varying RL, V0 can be kept constant in Equation 

8.10 and θon can be determined for different RL values. GaN diode used in this work had 

Rs=19.5 Ω, Cjo=1.4pF and Vbi=1.3 V. For the chosen V0 and RL values, output DC power 

available at load can be determined using Equation 8.15. Corresponding values of 

efficiency with available DC output power level gives the amount of input RF power 

level.  

2
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VPower
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=             (8.15) 
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d

PowerPower
η

=              (8-16) 
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Efficiency has been plotted with different RL values for three different values of V0 

(20-V, 25-V and 30-V) in Figure 8-4. Plot of efficiency versus the corresponding input 

power level is shown in Figure 8-5. 

 

Figure 8-4. Efficiency versus load resistance 

 

Figure 8-5. Efficiency versus input power level 
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Conversion efficiency increases with an increase in RL for constant V0 and then 

saturate with further increase in RL values. A larger chosen value of V0 helps to achieve 

better efficiency. Considering the achievable efficiency, RL and V0 values input RF 

power level can be obtained. A list of RL, efficiency and corresponding input power level 

is shown in Table 8-1. It can be seen that maximum achievable efficiency increases with 

an increase in RL value when RF power level is simultaneously decreased. Maximum 

efficiency of around 80% can be achieved for RL values greater than 2000 Ω and input 

power level of around 25 dBm. 

Table 8-1. Input power level versus corresponding efficiency and RL values 
V0 = 20 V V0 = 25 V V0 = 30 V 

Load 

Resistance 

[Ω] 

 

Eff. 

[%]   

Input 

Power 

[dBm]  

Load 

Resistance

[Ω] 

 

Eff. 

[%]  

Input 

Power 

[dBm]  

Load 

Resistance 

[Ω] 

 

Eff. 

[%] 

Input 

Power 

[dBm]   

210 56.80 38.75 238  58.5 36.50 216 51.4 35.17 

408 67.30 35.15 400 66.5 33.65 400 65.7 31.83 

617 72.60 33.00 610 72.0 31.52 633 71.3 29.47 

825 75.70 31.60 820 74.8 30.00 808 73.6 28.27 

1000 77.50 30.60 1000 76.6 29.10 1044 75.7 27.04 

1250 79.20 29.60 1380 78.8 26.80 1250 76.7 26.28 

1560 80.50 28.55 1640 79.8 25.90 1500 77.9 25.25 

1970 81.70 27.50 2080 80.7 25.50 2190 79.1 23.63 

2530 82.50 26.30 2530 81.2 24.85 2485 79.3 23.07 

3090 82.80 25.45 3060 81.4 24.00 3030 79.4 22.20 

4100 82.60 24.20 4070 81.2 22.75 4120 78.9 21.00 

5150 82.40 23.30 5110 80.6 21.80 5050 77.0 20.12 
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Theoretical estimation of achieved efficiency was also desired for changing V0 

conditions when RL was kept constant. Different values of θon were obtained from 

Equation 8-10 and efficiency was calculated using Equation 8-11. The corresponding 

input power level was calculated from efficiency, RL and V0 values. Plots of efficiency 

versus V0 and input power level are shown in Figure 8-6 and 8-7 respectively.  

 

Figure 8-6. Efficiency versus DC output voltage level 

 

Figure 8-7. Efficiency versus input power level 
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Conversion efficiency increases with an increase in V0 for constant RL. In actual 

devices, efficiency starts to fall when V0 becomes higher than half the breakdown voltage 

of the device. Considering the achievable efficiency, RL and V0 values of the input RF 

power level can be obtained using Equations 8-8 and 8-9. A list of RL, efficiency and 

corresponding input power levels is shown in Table 8-2. It can be seen that the maximum 

achievable efficiency increases with an increase in RL value when RF power level is 

increased. Maximum efficiency of around 80% was achieved for V0 values greater than 

30 V and input power level of around 35 dBm. 

Table 8-2. Input power level versus corresponding efficiency and V0 values 
RL = 500 ohm RL = 1000 ohm RL = 1500 ohm 

Output 

Voltage 

(V) 

 

Eff. 

(%)   

Input 

Power 

(dBm)   

Output 

Voltage

(V) 

 

Eff. 

(%)   

Input 

Power 

(dBm)   

Output 

Voltage 

(V) 

 

Eff. 

(%)   

Input 

Power 

(dBm)  

2.32 46.64 13.63 2.85 51.40 15.00 2.35 46.5 13.75 

5.72 59.20 20.43 5.50 62.40 19.86 5.90 64.0 20.40 

7.60 62.17  22.69 11.63 71.30 25.78 11.00 72.4 25.30 

11.00 65.24 25.73 15.64 73.70 28.22 15.00 75.5 27.75 

19.40 68.47 30.40 18.09 74.70 29.42 20.90 78.2 30.50 

24.80 69.47 32.48 21.39 75.70 30.82 25.90 79.5 32.30 

30.40 70.15 34.20 23.52  76.30 31.61 33.90 80.90 34.5 

39.10 70.83 36.25 29.28 77.30  33.45 48.65 82.30 37.6 

45.63 71.18 37.35 38.64 78.40 35.80 62.00 83.00 40.0 

54.68 71.53 39.22 45.90 78.90 37.27    
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Results presented in Table 8-2 show that efficiency increases with an increase in 

the output voltage level, when the input power level is increased. In order to achieve 

highest efficiency, a higher load at a high input power level is required. This observation 

is in contrast to the observation from Table 8-1, where highest efficiency was achieved at 

higher load resistance values at lower input power levels. The two behaviors contrast 

with each other and it can be concluded that there exists an optimum load resistance 

value for a desired input power level that gives the highest RF-to-DC rectification 

efficiency. It was concluded that a resistance RL=1000 Ω gives highest efficiency of 80% 

when operated at a power level of around 30 dBm.  

8.5 Experimental Results: Gallium Nitride Ring Diodes 

GaN Schottky diodes were available in a ring structure. Four different sized diodes 

were available. Due to limitations imposed by minimum size required for wire-bonding 

in such a structure, only the biggest size diode was suitable for use. Inner diameter of the 

diode was 200-μm. Due to their very high junction capacitance value; these diodes were 

suitable for operation only at low frequencies.  A die photo of the ring diode is shown in 

Figure 8-8. 

 

Figure 8-8. Gallium Nitride ring diode device 
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The diode had a very high break-down voltage (> 120-V) which is essential for 

high voltage RF-to-DC rectification. Forward bias characteristics of the diode are shown 

in Figure 8-9. Diode had a series resistance of 10 Ω and a junction capacitance of 5 pF.  

 

Figure 8-9. Forward DC-IV characteristics of GaN ring diode 

 

Figure 8-10. Measured RF-to-DC conversion efficiency and DC output voltage versus 
input power  
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Good efficiency could only be achieved at 300MHz. A plot to show the measured 

efficiency and output voltage level versus the input power is shown in Figure 8-10. To 

achieve better efficiency at higher frequency level, it was required to minimize the 

parasitic capacitance value. Smaller sized ring diodes could not be used because of 

constraints of wire bonding. HEMT devices were available which could also be used as 

rectifier diodes. Experimental results of RF-to-DC rectification efficiency using HEMT 

devices are described in the following section.  

8.6 Experimental Results: Gallium Nitride HEMT Diodes 

In order to achieve good efficiency at higher frequency level, junction capacitance 

plays an important role as was the case with GaN ring diodes. GaN HEMTs were 

available which had lower junction capacitance compared to ring diodes. A die photo of 

the HEMT which was used as a Schottky diode is shown in Figure 8-11.  

 

Figure 8-11. Gallium Nitride HEMT device 

Diode behavior can be achieved using a HEMT by connecting the drain and gate 

node of the device. Due to the layout of the device, it was difficult to connect the gate and 

drain together without introducing unwanted parasitic inductances. Therefore, only the 

gate-source diode was used. DC and small signal parameters were measured and diode 

model was derived using IC-CAP modeling software. Model parameters of diodes used 
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were  Is = 7.1 nA, N=3.8, Rs = 19.5 Ω, BV > 45V, Cjo=1.4pF. A plot of measured and 

modeled forward bias characteristics of the HEMT diodes is shown in Figure 8-12. 

 

Figure 8-12. Forward DC-IV characteristics of HEMT diode 

 A half wave voltage-doubler configuration has been used owing to its ability to 

achieve higher voltage output as compared to a single rectifier diode [86]-[87]. Single 

diode circuit on the other hand has the advantage of simplicity and lower cost. Figure 8-

13 shows the schematic of the rectifier circuit.  

 

Figure 8-13. Voltage-doubler rectifier circuit 

X 
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In Figure 8-13, one Schottky diode is placed in parallel with the input RF signal. 

This lowers the input impedance and makes the design of matching network easier. 

During the negative half of the input cycle, diode D1 is forward biased whereas D2 is 

reverse biased. The capacitance C1 is then charged to the peak voltage of the incoming 

signal. During the positive half of the input cycle, D1 is off whereas D2 is on. At node X 

the incoming RF signal now increases the voltage already present on C1 and therefore 

increases the voltage across the load. Capacitor C2 acts as DC-pass filter which reflects 

the microwave energy arising from the diode thereby producing DC voltage across RLoad. 

Figure 8-14 shows a photo of the AlGaN/GaN HEMT device used as a diode and the 

fabricated circuit on FR-4 board (relative permittivity=4.4, thickness=1.58 mm).  

 

Figure 8-14. Fabricated circuit board on FR-4 substrate 

Two metal traces are put on each side of the signal trace to ease connections of 

shunt elements to ground. The traces are connected to the ground plane on the back using 

via holes. Wire-bonding is used to connect the diodes to the metal traces. The effect of 

wire-bonding inductance was taken into account during the design. GaN diodes used in 

this work have a breakdown voltage of about 45-V and a relatively high ideality factor. 
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The ideality factor of these devices is ~3.8 which makes them not as suitable for use at 

lower input power levels; thus the achieved efficiency at lower power levels would not be 

high.  

The circuits were measured using a power amplifier to boost the RF power level 

from the signal generator up to 30-dBm for high-power measurements. Figure 8-15 

shows a plot of the maximum achieved RF-to-DC conversion efficiency and 

corresponding DC output voltage level versus input power level with RLoad=1-kΩ, at the 

frequency of 900 MHz. 

 

Figure 8-15. Measured RF-to-DC conversion efficiency and DC output voltage versus   
input power (Rload=1-kΩ) 

To evaluate the use of the rectifier circuit to achieve even higher voltage levels, a 

load impedance of 5.4-kΩ was used. At 1-W input power, the circuit achieved an output 

voltage of 51-V at 900-MHz but conversion efficiency decreased to 51%. Figure 8-16 
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shows the variation of RF-to-DC conversion efficiency and corresponding DC output 

voltage level versus input power level with RLoad=5.4-kΩ.  

 

Figure 8-16. Measured RF-to-DC conversion efficiency and DC output voltage versus 
input power (Rload=5.4-kΩ) 

 
 

Figure 8-17. Measured RF-to-DC conversion efficiency versus frequency for different 
values of load resistance 
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To evaluate the frequency response of the circuit, measurements were performed 

for a frequency range  of 600-MHz to 1300-MHz with a constant input power level of 1-

W. Efficiency remained better than 65% up to 1100-GHz for load impedance of 1000-Ω. 

At up to 1000-MHz, efficiency better than 60% was achieved for a range of load 

impedance from 815-Ω to 1.3-kΩ, as shown in Figure 8-17.  

Another test board was built with similar configuration. Inductance and capacitance 

values at the input side were tuned to make the circuit operate optimally at little higher 

frequencies. Efficiency response of the new test board was measured between 1-GHz– 

1.7-GHz. Efficiency values of better than 63% were achieved up to 1.4GHz for load 

impedance of 815 Ω. Figure 8-18 shows the achieved efficiency versus frequency for an 

input power level of 1W for different values of load impedances. 

 
Figure 8-18. Measured RF-to-DC conversion efficiency versus frequency for different 

values of load resistance 
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8.7 Conclusion 

A high power high efficiency RF-to-DC rectifier was fabricated using GaN 

Schottky diodes. The circuit achieves high output DC voltage and good RF-to-DC 

conversion efficiency. Conversion efficiency of 79% is achieved at 900-MHz at an input 

power level of 1-W. The circuit can also achieve high output DC voltage level of around 

50-V at increased load condition (RLoad=5.4-kΩ), at the expense of a reduction in 

conversion efficiency. Use of such high power rectifiers in a receiver system with high 

power density levels at the transmitting and receiving antenna can lead to a decrease in 

size of antenna elements required for a given power level. The experiment results show 

that high breakdown voltage GaN diodes indeed are a suitable candidate for high-voltage, 

high-power RF-to-DC rectifiers. 
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CHAPTER 9 
SUMMARY AND SUGGESTIONS FOR FUTURE WORK 

9.1 Summary 

The work presented in this dissertation is focused on design of frequency converter 

devices (mixers, oscillators, RF-to-DC rectifiers) for wireless applications. Part of the 

work is focused on high frequency low power circuit design (mixers) in 130 nm Logic 

CMOS technology and the other is based on high power circuit design (oscillator and RF-

to-DC rectifier) using high power GaN technology.  

Design of RF-CMOS circuits with good performance at high frequencies becomes 

more challenging when such circuits are designed in a technology developed specifically 

for digital applications. Mixer designs presented in this work were all designed in a Logic 

CMOS process. Furthermore, in applications requiring high dynamic range, such as base 

station receivers, SiGe mostly outperforms CMOS devices. Measured performance of a 

high linearity LNA and down-converter module suitable to be used in such receivers is 

presented. Mixers presented in this work are primarily designed as test structures to 

evaluate their use in a 24-GHz system called as µNode, which is being developed by the 

SIMICS research group at the University of Florida. The µNode is a true single chip 

radio incorporating on-chip antenna, transmitter, receiver, base-band processor and a 

sensor, thereby eliminating the need for high frequency packaging and hence the cost. 

The µNode system is intended to be capable of wireless transmission and reception at 24-

GHz over short distances.  
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An active up-conversion active mixer is designed in a Gilbert-cell topology. The 

design is among the first up-converters in standard CMOS technology that achieves 

reasonable performance at frequency of 20 GHz. This mixer has been used in the µNode 

transmitter system. The mixer achieves a conversion gain of 1-dB and input 1-dB 

compression power of -12 dBm at a power consumption of 8-mW. Good isolation 

performance is also achieved. To increase the linearity of the mixer, a dual-gate mixer 

topology is also investigated. This mixer is designed to operate at a center frequency of 

24-GHz with a broad-band response in order to also be applicable in the 22-29 GHz ultra-

wide band range. Both input and output ports exhibit broad-band performance. 

Measurements are performed at a power level of 8 mW similar to the previous Gilbert-

cell design. The circuit achieves a 3-dB conversion gain bandwidth of 2.1 GHz and 10 

GHz at the input and output ports respectively. Excellent isolation performance between 

the ports, which is almost flat over the wide frequency range, is also achieved.  A very 

flat 1-dB compression and third order intermodulation response is achieved in the 

frequency range of 17-29 GHz.  

An active down-conversion mixer is designed in a Gilbert-cell topology to convert 

signals from 24 GHz down to 2.7 GHz. Due to inaccurate simulation models, the circuit 

operates optimally at 20 GHz. An excellent single side band noise figure of 8.5 dB is 

measured at LO power level of 0 dBm. Measured noise figure in the frequency range 2-

3.5 GHz was less than 10 dB. The circuit also achieves a 3-dB conversion-gain 

bandwidth of 1.4 GHz at the output port, which is almost 50% of the intermediate 

frequency of 2.7 GHz. The circuit achieves an IIP3 of -2 dBm at a power consumption 

level of 6.9 mW from a 1.2 V supply. A narrow band down-conversion mixer has also 
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been designed with different quality factors for input and output matching networks. The 

performance of this mixer is comparable to the broad-band design, at almost half of the 

power consumption. This design demonstrates the performance tradeoff between 

frequency response and power consumption of the mixer.   

Advancement in CMOS technologies has made it possible to achieve high levels of 

integration in hand-set radios but their use in base station receiver applications still 

remain a challenge. The measured performance of an LNA and down-converter module 

is presented which achieves high linearity and low noise figure. System level simulations 

demonstrate the use of the module in a multi-band receiver. Specifications of 

DCS1800/PCS1900 and UMTS standards are met in super-heterodyne as well as direct-

conversion receiver architecture, which demonstrates that it is indeed possible to use 

CMOS based devices in base station receiver. This will lead to higher levels of 

integration and cost reduction for such systems.  

CMOS technologies have shown to have the cost advantages over non-CMOS 

alternative but due to their lower breakdown voltages is it not conducive for use in high 

power applications. GaN devices prove to be a good alternative for high frequency and 

high power applications due to their inherent property of high breakdown voltages. A 

high power oscillator has been designed which can achieve an output power of 21.5 dBm 

at 1.88 GHz with an efficiency of 28%. Measured phase noise is -128dBc at 1 MHz 

offset. The ease of operation and ubiquitous nature of wireless communication has led to 

the idea of wireless transfer of actual power as well. Wireless power transmission 

systems operate at higher power levels, which necessitate the use of technologies like 

GaN. Also, the design and measured performance of a high-voltage RF-to-DC rectifier 
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circuit has been presented which is an essential module of a WPT system. Using highly 

directive antennas, higher power density can be achieved at the receiver which can be 

efficiently converted to DC power. The number and size of antenna elements required to 

achieve a given DC output power level can thus be reduced, by transmission of power at 

higher density levels.  

9.2 Suggestions for Future Work 

Development of high power high efficiency RF-to-DC rectifier circuits at higher 

frequency using high performance GaN devices with reduced capacitance. Also, the use 

of GaN devices to build high efficiency, high power oscillators which can be used as 

transmitter source for the WPT system can be exhibited. It is important to achieve higher 

efficiency from a WPT system at higher frequency levels in order to reduce the size of 

the antenna elements. 
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